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PREFACE

We are glad to present the Proceedings of the XV Scientific Meeting of the Sociedad
Española de Astronomı́a (SEA) under the title “Highlights of Spanish Astrophysics XI”, an
initiative that the Society started in printed format, back in 1998, after the III Scientific
Meeting held in La Laguna. After four difficult years caused by the covid-19 pandemic, with
the 2020 Scientific Meeting held online, the Spanish astronomical community gathered again
in La Laguna in September 2022, retaking our biennial meetings.

The Meeting, with more than 500 enthusiastic people registered, was especially stimulating
in several aspects:

- We have a very active young community of Ph.D. students and postdocs. They presented
extremely interesting papers in all areas. Being aware that a research career is a long-distance
race, we can say without complacency that the future of astronomy in Spain is assured.

- Spanish research centres are involved in major international scientific and instrumental
projects, on the ground and in space. It is much easier to make a list of projects in which
our community is not involved! Although bureaucracy and financial difficulties do not ease
the way for progress on these initiatives, the community is stubborn and its achievements are
there for all to see.

- As far as SEA is concerned, we are already close to 1000 members, practically all the
people –staff, postdocs and PhD students– working in astronomy in Spain, according to the
V SEA Report on human resources presented during the Meeting. The SEA Board, its com-
missions and working groups will continue working to contribute to the cohesion of Spanish
astronomy, serving the community to the extent of their possibilities and competences, al-
ways in the spirit of channelling the aspirations of the collective and its individual members.
There is a lot of work to be done, such as, for example, that the percentage of 28% of women,
practically unchanged since we have data, will increase over time.

That being said, it is now the time to say thanks. We would like to express our gratitude
to all the people involved in the preparation phase, in the day-to-day conference happening,
and also in the “post-processing” of the scientific information acquired. We owe it to all of
them that the event was a great success.

We are very grateful to our host institution, the Instituto de Astrof́ısica de Canarias, and
its Director, Prof. Rafael Rebolo, for their support in all aspects, logistics and financial;
without their help the meeting would not have had the quality standards we enjoyed. We
also appreciate the willingness of the Universidad de la Laguna, which allowed us to hold our
sessions on its premises.

We thank the Scientific Organizing Committee (SOC) for the careful reading of the
manuscripts and the effort to fit the program in the best possible way so that we could
all somehow participate. The SOC was made up of the following persons: Luis Bellot
(IAA), Paula Benavidez (UA), Asunción Fuente (OAN), Álvaro Labiano (ESAC), Nanda
Rea (IEEC), Mónica Vázquez-Acosta (IAC), Gustavo Yepes (UAM), Adriana de Lorenzo
Cáceres (IAC) and Minia Manteiga (UDC, Chair).

We also thank the Local Organizing Committee (LOC) for the continuous work before and
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during the meeting, and for their availability to help in any circumstance and at any time.
The LOC was composed of the following persons, all of them researchers at the Instituto de
Astrof́ısica de Canarias: Íñigo Arregui, Giuseppina Battaglia, Claudio Dalla Vecchia, Mart́ın
Gómez, Jonay González, Elena Khomenko, Adriana de Lorenzo Cáceres, Ignacio Mart́ın,
Savita Mathur, Hannu Parvianen, Helmut Dannerbauer, and Maŕıa Jesús Mart́ınez González
(Chair).

Finally, we are very grateful to our conference proceedings referees, who have diligently
undertaken the work of critical reading, at the cost of their time. Our referees were: Santiago
Pérez-Hoyos (UPV/EHU), Ricardo Hueso (UPV/EHU), Mónica Vázquez-Acosta (IAC), José
Acosta Pulido (IAC), Gustavo Yepes (UAM), Ana Ulla (UVIGO), Juan Antonio Belmonte
(IAC), Luis Bellot (IAA), Carlos Dafonte (UDC), Francisco Garzón (IAC), Arturo Manchado
(IAC), Adriana de Lorenzo Cáceres (IAC), Miguel Cerviño (CAB), Asunción Fuente (OAN),
José Antonio Caballero (CAB) and Paula Benavidez (UA). Minia Manteiga, responsible for
the editing process, does not want to fail to thank the help provided by Ángel Gómez and
Daniel Garabato (UDC) in the final compilation of the volume.

Benjamı́n Montesinos Minia Manteiga
SEA President SEA Vicepresident

SOC Coordinator
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navidez, A. de Lorenzo-Cáceres, M. A. Fuente, M. J. Mart́ınez, M. Vázquez- Acosta, C. Dafonte

(eds.), 2023

Barium stars and their white-dwarf companions, a

key to understanding evolved binaries.

Escorza, A.1
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Abstract

A rich zoo of peculiar objects forms when evolved stars with extended and loosely-bound

convective envelopes, such as Asymptotic Giant Branch (AGB) stars, undergo gravitational

interaction in binary systems. For example, Barium (Ba) stars are main-sequence and

red-giant stars that accreted mass from the outflows of a former AGB companion. This

companion is now a dim and, in most cases, not directly detectable, white dwarf (WD). The

orbital properties of barium stars can help us constrain interaction mechanisms in binary

systems with giant components, and their chemical abundances are a tracer of the nucle-

osynthesis processes that took place inside the former AGB star. This contribution presents

the most recent observational constraints concerning the orbital and stellar properties of

Ba stars, which have increased in quantity and quality in the past few years thanks to

long-term radial-velocity monitoring programs and to the accurate distances provided by

the Gaia mission. However, until recently, important uncertainties affected the properties

of their faint white dwarf companions, which contain key information about the formation

of Ba stars. Combining radial-velocity data with Hipparcos and Gaia astrometry, we accu-

rately measured the orbital inclinations of these binary systems and obtained the absolute

masses of these otherwise hidden white dwarfs. The stellar and orbital properties of Ba

stars, including the WD companion masses, are essential for our understanding of these

systems and are important input parameters for binary evolution and AGB nucleosynthesis

models.

1 Introduction

About half of the stars in our Galaxy are born with a companion, forming so-called binary
systems. In these systems, the two components are gravitationally bound and orbit one
another during their evolution. Interactions between the two stars, which can range from
subtle tidal effects to common envelope evolution and mergers, including different forms
of mass transfer such as wind pollution or Roche-Lobe Overflow, can have large effects on
their individual evolutionary pathways. Additionally, binary interactions affect not only the
fate of these orbiting stars but also the evolution of the orbital parameters of the system.
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Unfortunately, many aspects of interaction physics in binaries are not yet well understood,
and investigating the products that result from interacting systems is crucial to unravel
the physical mechanisms involved. These statements apply to binary systems all across
the Hertzsprung-Russell (HR) diagram, but here, we focus on low- and intermediate-mass
systems, with components with initial masses between 1 and 5 M⊙.

One of the prototypical families of post-interaction binaries in the mentioned mass range is
Barium (Ba) stars. Ba stars are main-sequence or giant stars that show a surface enhancement
of several heavy elements (including barium, which gives them their name) that should not
yet be overabundant at these evolutionary stages [4]. These elements are synthesized by the
slow-neutron-capture-process (s-process) of nucleosynthesis in the interior of late Asymptotic
Giant Branch (AGB) stars [27]. Currently, it is widely accepted that these elements were
transferred from a former AGB companion during a phase of mass transfer in the system [34].
This former AGB star, having already evolved into a cool white dwarf (WD), is currently too
dim to be directly detected in most systems [44]. However, the orbital motion of the Ba star
and its WD companion is detectable, and understanding the observed orbital properties of
Ba-star systems, as well as the stellar properties of Ba stars and their polluters, is a key to
the interaction history of these systems [24, 25].

This manuscript is mainly a summary of my Ph.D. Thesis [15], which was awarded the
Premio SEA Tesis in 2021 and the opportunity to contribute to these proceedings. However,
in order to make this contribution up to date, it also includes the part of my current work
that is directly related to the thesis. The manuscript presents the most recent stellar and
orbital observational constraints collected with the aim of shedding light on some of the open
questions concerning Ba stars. With this purpose, we exploit the synergy between Hipparcos
and Gaia data, broadband photometry, high-resolution spectroscopy, radial-velocity moni-
toring programs, and state-of-the-art stellar and binary evolutionary models. In Sect. 2, we
describe the methodology followed to accurately locate Ba stars on the Hertzsprung-Russell
(HR) diagram and determine their masses [12]. Section 3 presents the orbital properties of
main-sequence and giant Ba stars [26, 13] and in Sect. 4, we present and discuss the masses
of the faint WD companions [16]. In Sect. 5, we compare all these observations with binary
evolution models [14] in order to investigate the evolution of these systems along the Red
Giant Branch (RGB), and finally, in Sect. 6, we discuss the potential of this work and present
a sample of very well-known Ba star systems that can be used to constrain binary evolution
and nucleosynthesis models.

2 The HERMES-Gaia HR diagram of Barium stars

With the availability of the revolutionary parallaxes and distances provided by the Gaia mis-
sion [19, 20, 21], it is possible to construct Hertzsprung-Russell diagrams with unprecedented
accuracy. Additionally, by comparing the position of stars in the HR diagram with evolution-
ary tracks, the evolutionary masses of single or apparently single stars can also be determined
[40]. Figure 1 shows a schematic representation of the methodology used to accurately locate
Ba stars on the HR diagram and determine their masses. We use a grid search method to find
the MARCS atmospheric model [22] that best fits the spectral energy distribution of each
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Figure 1: Schematic representation of the methodology used in [12, 13, 26, 30, 31] among
others to accurately locate Ba and related stars on the Hertzsprung-Russell (HR) diagram.
Broadband photometric data is compared to synthetic photometry, obtained by integrating
MARCS atmospheric models [22] with the response curve of different broadband filters. Spec-
troscopic constraints are also considered in order to determine the best-fitting model and the
line-of-sight extinction value. Finally, combining the integrated flux with the Gaia distance
[2], the luminosity is derived and used together with the temperature obtained in the previous
step to design an HR diagram like that of Ba stars shown in Fig. 2. Figure from [15].

star in the sample. Initially, we applied this method to over 400 Ba and related stars found in
the literature and obtained some interesting mass distributions and preliminary results [12].
However, our extensive tests showed that there are important degeneracies, mainly between
the temperature and the line-of-sight extinction and between the metallicity and the mass,
that cannot be lifted using only broadband photometry. Because of this, at a later stage, we
included constraints obtained from HERMES [37, 38] high-resolution spectra in our method-
ology [30, 31, 26, 13]. We showed that having independent knowledge of the metallicity is
crucial, in order to use a grid of evolutionary tracks of the corresponding metallicity.

Once the best combination of stellar parameters and line-of-sight extinction is found, the
stellar fluxes, integrated from the spectral energy distributions, are combined with the Gaia
distances [2] to determine the accurate luminosities. We compared the location of Ba stars
on the HR diagram with STAREVOL evolutionary models [41], computed for this specific
sample (left panel in Fig. 2) and also determined the most probable evolutionary mass
for each target, taking into account the timescale of the different evolutionary phases and
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Figure 2: Left: Hertzsprung-Russell diagram of dwarf (squares) and giant (circles) Ba
stars. STAREVOL tracks are over-plotted and used for mass determination. Right: Mass
distribution of dwarf and giant Ba stars. Figures adapted from [13].

of tracks with different initial masses. We concluded that Ba giants have masses from 1 to
5 M⊙, with their mass distribution peaking around 2 M⊙, while main-sequence Ba stars cover
a much narrower mass range than their giant counterparts, from 0.9 to 1.6 M⊙ (right panel
in Fig. 2), opening questions about the observational biases against hotter main-sequence
polluted objects. Additionally, the deficit of low-mass barium giants was associated to binary
interaction between the evolving Ba star and its WD companion, given the fact that low-mass
stars reach large radii at the tip of the red giant branch. This was investigated by [14] and
it is discussed in Sect. 5.

3 The e logP diagram of Barium stars

Giant Ba stars have been intensively investigated since their discovery, but main-sequence
Ba stars were discovered later and are much less sampled and studied than their giant coun-
terparts [35]. Since the polluting episode is expected to happen when the Ba star is still in
the main-sequence phase [25], the properties of these systems are essential to have a complete
picture of the formation and evolution of Ba stars. Recently, we presented the largest system-
atic study of the orbital properties of main-sequence Ba stars and a thorough comparison of
these properties to those of the Ba giants [13]. This work was based on radial-velocity data.
We combined recent radial-velocity measurements from HERMES [37, 38] and SALT-HRS
[5, 9] high-resolution spectra with archival radial-velocity data from CORAVEL [3].

Fig. 3 shows the two main orbital parameters, the period and the eccentricity, of main-
sequence and giant Ba stars in an eccentricity-period diagram or e logP diagram. Main-
sequence Ba stars show orbital periods between 200 and 11 000 days and eccentricities over
the whole range from 0 to over 0.8, similar to Ba giants. We note that the observational
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Figure 3: e logP diagram of dwarf (squares) and giant (circles) Ba stars. Figure adapted
from [13].

effort behind Fig. 3 is enormous, and that some of these systems have been part of multi-
decade radial-velocity monitoring programs with different instruments, especially with the
CORAVEL spectrometers and the HERMES spectrograph.

The orbital properties of Ba stars are not well understood [36]. Binary evolution and
interaction models predict that systems with periods below 3000–5000 days should have
negligible eccentricities after interacting with an AGB star [23]. However, the region of the
e logP diagram occupied by Ba stars is also populated by several other families of post-mass-
transfer evolved binaries, making this figure one of the biggest unresolved puzzles concerning
evolved low- and intermediate-mass binaries.

4 The masses of the white dwarf companions

As mentioned above, the white dwarf companions of Ba stars are dim, cool, and difficult to
observe via direct methods. However, they contain key information about binary interaction
processes, about the s-process of nucleosynthesis, and about the formation of Ba stars. Re-
cently, we combined the radial-velocity data used to determine the orbits presented in Fig. 3
with Hipparcos and Gaia astrometry and with the Hipparcos-Gaia catalogue of accelerations
(HGCA; [6, 7]) in order to use the dynamical information of these systems to determine the
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Figure 4: Mass distribution of the WD companions of Ba star. Data from [16]

masses of the faint companions. We used the software package orvara [8], designed to simul-
taneously fit a single Keplerian model to any combination of radial-velocity and astrometric
data using a parallel-tempering Markov chain Monte Carlo method. Adopting Gaussian pri-
ors for the Ba star masses (obtained as described in Sect. 2) and for the parallaxes (from
Gaia EDR3 [21] or from the Gaia DR3 non-single-star catalogue [18] when available), and
assuming uninformative priors for the orbital elements and the WD masses, we determined
new orbital inclinations and companion masses for 60 Ba star systems. This combination of
data allowed us to constrain new orbits and improve the orbits for the longest-period systems.
Additionally, we unravelled a new triple system that was not known before (HD 218356) and
constrained the orbits and the masses of the two companions, and we discovered a neu-
tron star candidate accompanying a thought-to-be Ba star that is probably a normal giant
(56 UMa, [17]).

Figure 4 shows the WD mass distribution obtained. The weighted average is slightly more
massive than that of field WDs, and there is an excess of WDs with masses higher than 0.7
- 0.8 M⊙ considering the 1σ uncertainties. This indicates that they might come from AGB
stars that are more massive than 3 M⊙ [33], and these AGB stars would be more massive than
what the abundance ratios on Ba star atmospheres and theoretical models of the s-process
of nucleosynthesis seem to expect [32, 30, 10].
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Figure 5: Evolution of the period and the eccentricity of binary systems formed by a main-
sequence Ba star of 1.5 M⊙ with solar (red circles) or subsolar (blue triangles) metallicity. The
squares represent the initial orbital elements, the lines show the evolution of these elements
as the Ba star evolves along the red-giant branch, and the coloured symbols show the orbital
parameters at the moment of He-core ignition. Empty squares indicate systems that merge at
both metallicities due to binary interaction. Those with a cross only merge at solar metallicity,
and the systems with shaded squares reach core-He burning stage at both metallicities. Figure
from [14].

5 The evolution of Ba stars along the Red Giant Branch

The distributions of masses, periods, and eccentricities presented above provide strong con-
straints to theoretical studies. Here, we focus on the comparison between main-sequence
and giant Ba stars, which allows us to investigate the evolution of the binary orbit between
these two phases [14]. Our detailed binary evolution models, computed with the BINSTAR
code [42, 11], showed that a second stage of binary interaction, this time between the main-
sequence Ba star and its WD companion, also takes place in some of these systems, affecting
the distribution of orbits and masses observed among Ba giants. Our models suggest that
main-sequence Ba stars of less than 2 M⊙ in systems with periods below 500 to 1000 days
(depending on mass and metallicity) will merge with their WD companions and never become
core-He-burning giants. As an example, Fig. 5 shows the evolution, on an eccentricity-period
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Table 1: List of Ba stars with well-constrained orbital parameters (we list here the period, the
eccentricity, the semimajor axis, and the inclination and refer to [26, 13, 16] for the remaining
parameters), Ba star and WD masses, and recently determined chemical abundances from
high-resolution spectra.

Star ID P [days] e a [AU] i [◦] MBa MWD Abund.
BD-14◦2678 3481 ± 205 0.25 ± 0.05 7.0 ± 0.5 93 ± 18 3.0 ± 0.2 0.67 ± 0.10 [39]
HD5424 1906 ± 17 0.19 ± 0.05 3.7 ± 0.4 30 ± 3 1.3 ± 0.4 0.52 ± 0.11 [30, 39]
HD16458 2017 ± 15 0.10 ± 0.03 4.2 ± 0.5 61 ± 12 1.90 ± 0.10 0.74 ± 0.15 [30]
HD20394 2248 ± 8 0.16 ± 0.06 4.6 ± 0.5 31 ± 3 2.0 ± 0.2 0.49 ± 0.1 [39]
HD27271 1681.1 ± 1.0 0.224 ± 0.007 4.2 ± 0.3 103 ± 5 2.9 ± 0.2 0.70 ± 0.09 [30]
HD40430 6147 ± 278 0.26 ± 0.02 9.4 ± 0.8 23.4 ± 0.6 2.3 ± 0.2 0.7 ± 0.12 [39]
HD43389 1688.4 ± 1.4 0.083 ± 0.017 4.0 ± 0.7 111 ± 3 1.8 ± 0.4 0.76 ± 0.25 [30, 39]
HD49841 897.5 ± 1.9 0.162 ± 0.015 2.8 ± 0.1 109 ± 19 2.85 ± 0.10 0.82 ± 0.16 [39]
HD50082 2883 ± 6 0.19 ± 0.02 5.1 ± 0.9 63 ± 3 1.6 ± 0.3 0.56 ± 0.18 [30]
HD51959 11195 ± 475 0.30 ± 0.05 11.8 ± 1.0 163.2 ± 0.8 1.2 ± 0.1 0.51 ± 0.08 [39]
HD53199 8233 ± 175 0.255 ± 0.010 11.7 ± 0.5 103 ± 7 2.5 ± 0.1 0.64 ± 0.05 [39]
HD58121 1217 ± 5 0.135 ± 0.019 3.4 ± 0.5 121 ± 4 2.6 ± 0.5 0.67 ± 0.19 [39]
HD59852 3477 ± 80 0.14 ± 0.08 6.6 ± 0.8 26 ± 4 2.5 ± 0.3 0.62 ± 0.15 [39]
HD87080 274.31 ± 0.05 0.162 ± 0.016 1.05 ± 0.10 60 ± 12 1.38 ± 0.15 0.70 ± 0.18 [1]
HD88562 1451.0 ± 1.0 0.203 ± 0.013 2.9 ± 0.3 87 ± 9 1.0 ± 0.1 0.48 ± 0.09 [30, 39]
HD91208 1770 ± 3 0.178 ± 0.018 4.2 ± 0.4 134 ± 2 2.3 ± 0.2 0.83 ± 0.14 [39]
HD95193 1652 ± 5 0.13 ± 0.02 4.12 ± 0.15 81 ± 25 2.7 ± 0.1 0.71 ± 0.08 [39]
HD104979 18518 ± 1205 0.12 ± 0.04 21.1 ± 1.7 147.8 ± 1.6 2.7 ± 0.2 0.94 ± 0.14 [29]
HD107541 3583 ± 47 0.09 ± 0.04 5.5 ± 0.8 128 ± 3 1.1 ± 0.2 0.55 ± 0.16 [39]
HD107574 1384.8 ± 1.5 0.083 ± 0.005 2.99 ± 0.12 166.3 ± 0.4 1.11 ± 0.05 0.74 ± 0.06 [29]
HD119185 25385 ± 5114 0.61 ± 0.08 23 ± 3 98 ± 13 1.7 ± 0.2 0.65 ± 0.08 [39]
HD123949 8544 ± 12 0.9167 ± 0.0007 10.8 ± 0.9 122 ± 72 1.3 ± 0.3 0.78 ± 0.15 [30, 39]
HD139195 5296 ± 14 0.32 ± 0.02 8.8 ± 0.3 97.6 ± 1.1 2.6 ± 0.1 0.66 ± 0.05 [43]
HD143899 1461.8 ± 1.2 0.18 ± 0.04 3.66 ± 0.15 124.6 ± 2.5 2.4 ± 0.1 0.66 ± 0.06 [39]
HD178717 2912 ± 14 0.46 ± 0.03 5.2 ± 0.8 35 ± 4 1.6 ± 0.9 0.53 ± 0.16 [30]
HD180622 4045 ± 30 0.08 ± 0.04 6.9 ± 1.2 100 ± 6 1.8 ± 0.3 0.80 ± 0.25 [39]
HD183915 4344 ± 20 0.41 ± 0.04 7.1 ± 1.2 174.3 ± 0.3 1.8 ± 1.0 0.61 ± 0.19 [39]
HD200063 1743 ± 8 0.07 ± 0.04 4.3 ± 0.5 115 ± 5 2.0 ± 1.3 0.95 ± 0.26 [39]
HD201824 2922 ± 23 0.30 ± 0.04 5.5 ± 1.1 59 ± 66 1.7 ± 0.4 0.78 ± 0.28 [39]
HD204075 2367 ± 9 0.26 ± 0.05 6.0 ± 0.4 133 ± 5 4.5 ± 0.3 0.67 ± 0.10 [43, 39]
HD205011 2846 ± 5 0.23 ± 0.02 5.3 ± 0.9 74 ± 5 1.8 ± 0.3 0.61 ± 0.19 [43]
HD210946 1521 ± 0.9 0.109 ± 0.011 3.9 ± 0.5 114 ± 8 1.8 ± 0.5 0.86 ± 0.26 [39]
HD216219 3948 ± 23 0.09 ± 0.05 6.2 ± 0.4 33.5 ± 1.8 1.45 ± 0.10 0.63 ± 0.08 [28]

diagram, of two grids of 20 models each. All the systems modelled for this plot start their
evolution with a main-sequence Ba star of 1.5 M⊙ and a WD companion. The grid plotted
in red corresponds to systems with solar metallicity, while the dark blue one shows systems
with sub-solar metallicity. The squares represent the initial orbital elements of the modelled
binary systems when the Ba star was a main-sequence star. The lines show the evolution of
these elements along the giant branch of the Ba star, and the coloured symbols show the final
orbital parameters at the onset of He-core burning. We show that depending on the metal-
licity, the Ba stars in many of these systems (those without a corresponding final symbol)
will never ignite their helium cores. As mentioned before, we concluded that even though
we observe such Ba star systems in the main-sequence phase, these systems will likely merge
and not become part of the Ba giant population.
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6 Conclusions and discussion

Despite the efforts to describe the properties and evolution of Ba stars, further research
is necessary to entirely understand their formation and evolution. From the observational
side, identifying main-sequence Ba stars with higher masses is needed to complete the full
evolutionary picture. Additionally, larger samples should be built, making use of large spec-
troscopic surveys. Of course, further theoretical research is also necessary. The orbital
properties of this family of post-interaction binary systems cannot be properly explained yet,
and the exact mass-transfer mechanism responsible for the pollution of Ba stars is not well-
defined. In any case, the observational constraints presented in [15] and in this contribution
are important for future investigation of interaction mechanisms in low- and intermediate-
mass binary systems as well as of AGB nucleosynthesis models. To help with this purpose,
we have collected in Table 1 a sample of well-known Ba stars that can be used to constrain
the mentioned models. The table only includes systems with well-constrained orbits, masses
available for both the Ba star and the WD, and stellar parameters and individual abundances
determined from high-resolution high signal-to-noise spectra. The table lists their main or-
bital parameters (period P , eccentricity e, semimajor axis a, and inclination i) determined
as described in Sects. 3 and 4, the Ba star masses determined as described in Sect. 2, and
the WD masses determined as described in Sect. 4. In order to ensure the quality of the
orbital inclinations and the WD masses, we only included systems with a significant orbital
acceleration in the HGCA (see [16] for more details). Since the work summarized here did
not focus on the chemistry of Ba stars, we list in the last column of the table recent references
where the individual chemical abundances of several elements, including s-process elements,
were determined from high-quality spectra.

These are exceptional times for stellar and binary evolution research. New telescopes,
instruments, surveys, and theories keep coming, providing new pieces to solve this and many
other puzzles. Low- and intermediate-mass stars are very common, and they are major
contributors of carbon, nitrogen, many heavy elements, and dust to their host galaxies, and
since at least half of them evolve in binary systems, nucleosynthesis and interaction physics
are essential to our understanding of stellar evolution and the chemical evolution of galaxies.
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Abstract

In the last decades important improvements have been made towards better access and
working conditions for women in science. However, we are still far from reaching gender
equality in the scientific field. We still suffer from gender stereotypes during childhood,
subtle gender bias in academic and scientific evaluations, unequal work-life responsibilities,
gender pay gap and challenging glass ceilings, among many other factors, that prevent real
equal opportunities in the development of women’s careers.

The Women and Astronomy Committee of the Spanish Astronomical Society works to
progress towards gender equality in the Spanish astronomical community by organizing
and promoting activities that raise awareness on this issue and contribute to eliminating
gender inequality factors in the scientific and research environment.

In this proceedings paper, we summarize the report presented by the Committee at the XV

Spanish Astronomical Society meeting in September 2022 in La Laguna (Tenerife). First

of all, we present the report of our activities during the 2020-2022 period. Then, we have

identified a number of key areas where we need especially to work now. We present our

upcoming projects classified in the following lines of work: early stages of the research career,

increasing awareness and providing tools to the community, actions at the institutional level,

work-family balance, addressing harassment, and diversity and LBTI+ initiatives.

1 Introduction

The situation of gender inequality in the scientific field is currently well-diagnosed (e.g. [1]),
both as the reflection of gender inequality factors in society and as the result of specific issues
in the scientific context. The Spanish research environment, and particularly the Spanish
astronomical community, follows this general trend, with some progress seen over the last
years, although there is still much room for improvement [2].

In this context, the Women and Astronomy Committee1 (CMyA, in its Spanish acronym)
of the Spanish Astronomical Society (SEA) was founded in 2010 with the aim of collaborating
in a better diagnosis of the existing inequalities in the Spanish astronomical community and
their causes, as well as to organize activities that contribute to their elimination. Throughout
its history, the CMyA has organized activities along different lines: scientific outreach focused
on increasing the visibility of Spanish women astronomers, specific analysis of the causes for
inequality throughout the different stages of the scientific career, creation of networks among
Spanish women astronomers, increasing community awareness on this issue, etc.

The SEA held its XV biannual scientific meeting last September 2022 in Tenerife, Spain.
In this conference the CMyA presented the report of its activities during the period 2020-
2022, as well as the key projects that intends to carry out over 2022-2024, in order to promote
the involvement of the community. This paper of the conference proceedings is a summary

1https://www.sea-astronomia.es/comision-mujer-y-astronomia

https://www.sea-astronomia.es/comision-mujer-y-astronomia
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of the CMyA oral contribution. Due to our usual work context, several of the references
provided are in Spanish.

2 Summary of CMyA activities in 2020-2022

Over the past two years, a total of 19 people (17 women and 2 men) have been part of the
core group of the CMyA, currently composed of 13 members. The committee’s bylaws have
been renewed, and are published in its webpage. The CMyA holds monthly meetings, and
organizes its activity through different working groups. The CMyA can also count on the
support of the so-called Extended Group, made up of SEA members who wish to receive
information on gender and science and collaborate with particular activities, which currently
has around 60 members. The minutes of the CMyA meetings are available for all members
of the Extended Group, as well as for all SEA members under request.

The activities carried out in this two-years period are classified in five main areas:

1. Outreach. In the framework of February 11, International Day of Women and Girls in
Science, the CMyA organizes activities aimed at giving visibility to women astronomers
and to promote scientific interest among children and young girls. These past two years
we have celebrated the fourth and fifth editions of the activity Chat with a Woman As-
tronomer, an annual online activity in which for twelve hours anyone can chat with
professional woman astronomers to ask questions about astronomy or their professional
careers. More than 50 woman astronomers participate each year, chatting with hun-
dreds of people and dozens of schools. The CMyA also organizes creativity contests
for children (short stories in 2021, videos in 2022), publishing the winning entries on
the SEA website and its social networks. We also highlighted the work of women as-
tronomers at the banner of the SEA main webpage and helped other institutions to
advertise their own activities. All the information can be found in the CMyA webpage.

2. Analysis. In 2021 we conducted a survey among SEA members, with the goal of ob-
taining a detailed diagnosis of the situation of gender inequality in the Spanish astro-
nomical community and its effect on scientific careers. The survey was answered by 225
people (25% of SEA members), of which 34% were women. The results, which show the
existence of the so-called ”scissors” diagram, were provided for SEA human resources
studies. We also carried out a specific study on the possible gender-differentiated effect
of COVID-19 lockdown on the number of astronomical publications. No biases were
found against women in 2020 with respect to previous years, although the study should
be extended to 2021 and 2022. Results were published in 2021 SEA Summer Newsletter.

3. Awareness-raising. In 2020 we organized a colloquium at the 2020 Spanish Astro-
nomical Society online meeting where we presented an open document with informa-
tion, statistics, resources and tools for SEA members to better understand the factors
of gender inequality in our work environment and be able to contribute to mitigating
or eliminating them in their daily work. The document will be updated on an ongo-
ing basis. In March 2022, under the ”synergies” SEA scheme, we organised the online

https://www.sea-astronomia.es/comision-mujer-y-astronomia-11-de-febrero
https://www.sea-astronomia.es/boletin/impacto-del-covid-19-en-la-productividad-de-las-astrofisicas-en-espana
https://youtu.be/aHMdsrQDlgg
https://docs.google.com/document/d/1jD4HNEC4gq4VekFwvJ7Ot6Ykn8WI6pCxcypU_nPMve8/edit?usp=sharing
https://www.sea-astronomia.es/sinergia-sea-desigualdad-de-genero-en-ciencia
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meeting entitled ”Gender inequality in Science: diagnosis and debate for progress to-
ward real equality”. The event included a talk that reviewed the current situation of
gender inequality in science with updated data, both in general in the world and in the
specific case of Spanish astronomy. This was followed by a round table discussion with
female experts in the field and a debate with the audience, aimed at complementing
the analysis with the various opinions and experiences in the community. The event
was attended by more than 90 people.

4. Mentoring. Under the motto ”Walking together Towards the Sky”, we launched
the first edition of the Mentoring program (see Manjavacas et al. in this Proceeding
series), with more than 50 women participating as either mentors (25) or mentees (27).
The Mentoring program included two training sessions for mentors, and different small
workshop sessions targeting common issues for young female astronomers (i.e. impostor
syndrome). Peer mentoring sessions for both mentors and mentees were held every two
to three months, with a specific goal of building networks and sharing experiences.
As the second edition of the Mentoring program starts, most of the participants in the
previous year decided to continue (∼80%), and a survey among the participants showed
a high fraction of satisfaction, with an average score of 9 out of 10.

5. Communication and collaborations. We have dedicated important efforts to make
visible the role of women in astronomy and to raise awareness about the importance
of advancing towards equality, both in professional environments (e.g. contributed talk
at the European Astronomical Society -EAS- meeting in June 2022) and in the media
(numerous interventions and publications in radio and newspapers). Our involvement
also includes collaborating in different actions with other institutions, such as the EAS
”Inclusion and diversity” working group (since January 2022), or the working groups
on mentoring of both the IAU (since 2022) and the Spanish Ministry of Science and
Innovation (since May 2022).

3 Challenges in the first stages of the academy

The effects of gender inequality in scientific careers are observed in two different types of
segregations: a horizontal one and a vertical one. The horizontal segregation describes the
fact that, even in countries where there is gender parity among university students, there
is an imbalance among academic disciplines, with men outnumbering women in science and
engineering disciplines. This is the result of gender stereotypes associated with science that
are transmitted since childhood and throughout pre-university education, and whose effects
are detectable from a very early age [3]. In Spain, studies also show the influence of these
effects (e. g. [4]). A Vertical segregation implies that women who decide to embark on a
professional scientific career are less likely to reach the highest and decision-making positions
than their male counterparts, which is reflected in the well-known scissors diagram [1, 2].

The effect of both phenomena can be seen in Figure 1, which shows the evolution between
2002 and 2022 of the percentage of women in the field of Astronomy and Astrophysics in
Spain, according to the latest report on human resources in Astronomy and Astrophysics of

https://www.sea-astronomia.es/sinergia-sea-desigualdad-de-genero-en-ciencia
https://www.sea-astronomia.es/programa-mentoria
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the Spanish Astronomical Society [5]. There is no gender parity (at least 40-60%) even in
the undergraduate stage, and the numbers worsen in the subsequent stages. The evolution
over the last 20 years is particularly worrying, since not only there is no significant growth
of the women percentage, but in recent years there is also an important decrease at the
undergraduate and graduate stages, which will constitute the scientific community in the
coming decades.

Figure 1: Evolution between 2002 and 2022 of the percentage of women in the field of
astronomy and astrophysics in Spain. Different colours correspond to different stages of the
scientific career, and the total number is indicated in black.

Women scientists in the early stages of their careers suffer the consequences of both hor-
izontal and vertical segregation. On the one hand, they carry the effects of a stereotypical
upbringing that has left them less self-confident and in the minority among their peers. On
the other hand, they try to compete in a work environment in which they are judged more
harshly [6], have fewer reference figures to follow and will encounter more obstacles to progress
(e.g. [7]). To overcome this situation, it is essential to create support and communication
networks, and to promote greater self-confidence in young women astronomers.

In this context, in 2021/2022 we launched the first edition of the SEA Mentoring pro-
gram for young women astronomers (see Sec. 1 and Manjavacas et al. in this Proceedings
series), which is currently starting its second edition. This program generates mentor-mentee
pairs, composed of a junior and a senior female astronomers, to promote the transmission
of knowledge and experience, as well as professional orientation. Furthermore, the program
also includes a specific training program for mentors, peer-mentoring sessions for mentors
and mentees so that they can share their experiences, and specific thematic sessions, such as
one about the impostor syndrome. All of this also generates a solid network of collaboration
and support among Spanish women astronomers.
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4 Increasing awareness and providing tools to the community

Gender inequality in science today is not only a consequence of past inertia, but the result
of current factors of inequality that require active and direct action for their disappearance.
All of us (women, men, non-binary) can play a relevant role in this process, detecting the
manifestations of gender inequality in our daily work and carrying out small daily actions
that contribute to the creation of more egalitarian work environments.

In this line of action, in recent years the CMyA has organised training activities focused
on providing information, data and tools to promote awareness and actions by SEA members
with respect to gender equality. Two examples are the colloquium on the open document
with tools, organised and published in 2020, and the synergy with a round table of experts,
organised in 2022 (see Sec. 2).

These previous activities have provided the community with an overview of the current
situation of inequality and its general causes. We now consider that it is convenient to go a
step further and to address separately the different aspects that make up this multifaceted
situation, providing more detailed and complete information and the opportunity to specifi-
cally discuss each of them. We are therefore organizing a training course on gender, inclusion
and science for 2023, with 10 online seminars on different topics taught by experts in the
corresponding subjects. The subjects to be covered are the following:

1. Introduction: advances and challenges to reach gender equality in science.

2. University education with gender perspective.

3. Subtle gender bias in the scientific career.

4. Gender diversity and inclusion.

5. Inclusive language.

6. Harassment.

7. Inclusion of gender perspective in scientific projects.

8. How to be an ally.

9. Equality plans in scientific institutions.

10. Glass ceiling.

5 Actions at the institutional level

The involvement of institutions is essential to advance towards equality, since they have the
capacity to apply measures to modify unequal work dynamics in a general, effective and last-
ing manner. In particular, the implementation of affirmative action policies is necessary, i.e.
measures and strategies aimed at eliminating situations, prejudices, behaviour and cultural



18 Projects for gender equality in the Spanish astronomical community

and social practices that prevent an undervalued or discriminated social group from achieving
a real situation of equal opportunities. This is established in the Spanish Constitution itself,
which states that (Article 9.2) ”It is the responsibility of the public authorities to promote
the conditions so that the freedom and equality of the individual and of the groups in which
she/he is integrated are real and effective; to remove the obstacles that prevent or hinder
their fullness and to facilitate the participation of all citizens in political, economic, cultural
and social life”.

Furthermore, the Spanish legislation [8] establishes that it is mandatory for all compa-
nies with more than 50 employees to have a Gender Equality Plan, defined as “An ordered
set of measures, adopted after carrying out a diagnosis of the situation, aimed at achieving
equal treatment and opportunities between women and men in the company and eliminat-
ing discrimination based on sex”. To ensure its effectiveness, a Gender Equality Plan must
include: (i) A detailed diagnosis of the gender equality situation in the corresponding insti-
tution, with statistics dis-aggregated by sex. (ii) Adequate affirmative action policies for the
improvement of gender equality within the institution, appropriate to the circumstances and
timeframe considered by the gender equality plan. Their implementation and application
should be accessible to all staff members. (iii) Financial resources and qualified personnel
for the implementation of the measures considered. (iv) Periodic evaluation of the measures,
based on indicators to check their degree of adequacy and compliance.

Aiming to create an inclusive work environment and to help mitigate the inequalities pre-
viously mentioned, there are some examples of affirmative actions at institutional level that
can be implemented in the different areas:

1. Dynamics in the workplace. It is essential to create an inclusive and gender-equal
institutional environment. Possible measures:

• Improvement of the visibility of women’s work (seminars given by women, networking
between women, promote outreach activities with gender parity).

• Use of inclusive language in all communications.

• Explicit and active condemnation of sexist attitudes.

• Ensuring work-life balance (see Sec. 6).

2. Promotion, evaluation, and selection processes. The existence of unintentional
subtle gender bias hinders objectivity in evaluation processes. Some possible measures to
ensure objectivity and avoid discriminatory attitudes:

• Specific training on gender equality and subtle bias for those who participate as reviewers
in selection processes.

• Consideration of the influence of work-life balance factors (e.g. maternity leave) for men
and women in the criteria applied in selection, hiring and promotion processes.

• Gender parity composition (at least 40-60%) in selection, scientific and time allocation
committees, PhD tribunals, project evaluation panels, etc.

• Whenever possible, blind evaluations.

https://www.boe.es/buscar/pdf/2007/BOE-A-2007-6115-consolidado.pdf
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• Transparency, clarity and publicity in the evaluation and selection criteria.

3. Conferences and workshops. These events are a fundamental scenario for publiciz-
ing scientific work and creating collaborative networks. It is therefore important to guarantee
gender equality in their organization and course. Possible measures:

• Gender parity composition (at least 40-60%) in scientific and local organizing committees
(SOC and LOC).

• Gender parity among invited speakers.

• Work-family measures: Childcare service provided during the conference, financial as-
sistance for researchers travelling with minors, etc.

• Provide the option to attend remotely, to facilitate the attendance of those who cannot
travel (also convenient in ecological terms).

4. Workload distribution. It is important to ensure that measures adopted for parity
do not result in an excessive workload for women scientists. The extra participation of women
in parity committees should be compensated by a discharge of responsibilities in other areas.

The SEA is not an ordinary scientific institution, but a collaborative society of astronomers
in Spain. Therefore, its capacity to implement institutional measures is lower, and it has little
direct influence on the working conditions of its members. However, it also has the capacity
to act, both through the direct application of measures in its normal operation and through
the example it can set for other ordinary institutions. For this reason, the CMyA, with the
support of the SEA management board, considers the following lines of action:

- Update of the SEA’s Gender Equality Plan. Compliance and evaluation of measures.

- Ensuring the use of inclusive language in the SEA official email communications, official
documents, forms, web, etc.

- Systematisation of the human resources statistics dis-aggregated by gender.

- Gender parity among the speakers participating in SEA’s conferences and events.

6 Work-life/work-family balance

When talking about work-family balance, it is relevant to take into account that this is a
transversal issue, related to the overall work-life balance. Considering the case of Spain, the
data show that nowadays the distribution of household work and the care of children and
dependents continues to be very unbalanced, with women dedicating many more hours than
men [9]. Therefore, the labor consequences derived from work-family balance are also suffered
mainly by women, generating an important factor of inequality. Thus, although the final goal
must be to achieve a general work-life balance, we focus mainly in the work-family aspect,
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as it is still a gender inequality cause. It is clear that an improvement of the work-family
balance is necessarily linked to the concept of co-responsibility.

To improve the work-family balance in the work environment we consider measures taken
at three different levels:

� Governmental level: laws and regulations. States have the capacity to establish
legislative and regulatory frameworks to produce better work-family balance possibil-
ities, as well as a more balanced distribution of the associated responsibilities. State
action is essential, since its measures are more lasting and produce greater social trans-
formation. In addition, they reach the entire population, without depending on the
specific work environment in which people work. In Spain, important steps have been
taken in recent years, such as an increase in the number of weeks of maternity and
paternity leaves (16 weeks in each case). There are also specific regulations for public
employees (a specific gender equality plan [10] and additional measures such as flexible
working hours [11], the possibility of reduced working hours, etc.). However, there is
still much room for improvement to achieve a good work-life balance and an equilibrium
in the distribution of responsibilities.

� Institutional level: gender equality plans and group policies. Institutional
equality plans can and should include measures to facilitate work-family reconciliation.
Some examples would be creche grants, after-school activity grants, technological facil-
ities, measures aimed at facilitating flexible working hours, etc. Furthermore, the issue
of work-family balance can be taken into account in smaller groups and daily contexts,
such as the organization of a research group. This can be done independently of the
corresponding institution work-life policies, and it has a great effect, even if it is in a
short-range environment. Some of the possible measures are: ensuring digital discon-
nection outside working hours, schedule working meetings exclusively during working
hours (with no time extensions), flexible working plans to take into account possible
personal circumstances of any group member (not only family-care), ensuring that no
member of the group misses out on participation or leadership opportunities due to
family circumstances (e.g. maternity leave), etc.

� Personal level: co-responsibility and self-care Last but not least, work-life, and
specially work-family balance implies a personal responsibility inside one’s own family.
It is necessary to deconstruct some of the ideas learned in the childhood about family
roles. The article What Causes the Child Penalty? Evidence from Adopting and Same-
Sex Couples [12], compares the ”child penalty” between heterosexual couples and same-
sex couples, showing that the penalty is lower in same-sex couples. It therefore considers
that the variation is due to the different family roles associated with gender. The
definition of the different roles inside a couple is obviously an internal decision, but
the traditional social tendency to assign women greater responsibility for caregiving
must be taken into account by both partners in order to build real co-responsibility. In
this regard, some websites and citizen platforms, such as the so-called Club de Malas
Madres (Bad Mothers Club), provide videos related with work-life balance, self-care
and motherhood, among other resources.

https://www.boe.es/boe/dias/2021/01/01/pdfs/BOE-A-2021-2.pdf
https://www.boe.es/buscar/pdf/2019/BOE-A-2019-2861-consolidado.pdf
https://www.boe.es/buscar/pdf/2019/BOE-A-2019-2861-consolidado.pdf
https://www.dropbox.com/s/1f0g8kza4ozkd89/child_penalty_samesex_latest.pdf?dl=0
https://www.dropbox.com/s/1f0g8kza4ozkd89/child_penalty_samesex_latest.pdf?dl=0
https://clubdemalasmadres.com/
https://clubdemalasmadres.com/
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The CMyA has a work-family balance working group, focused on discussing measures to
improve work-family balance that can be implemented at the SEA level. We also distribute
information on measures that can be taken in the work environments of SEA members.

7 Addressing harassment

Harassment is one of the least openly discussed issues when considering labor rights and
equality, and nevertheless it has devastating consequences. According to a survey by the
Spanish Ministry of Science and Innovation conducted in 2021, 8.6% of female researchers
admitted having suffered sexual harassment[13]. And yet this number probably does not
reflect the full reality of the problem, both because of the difficulty many victims have in
becoming aware of their situation and, if they do, the reluctance to acknowledge it publicly.
Aware and concerned about this, the CMyA has decided to take actions to give visibility to
this problem, with the aim of mitigating its consequences and creating a space in which to
provide support and advice to victims.

According to the Spanish penal code, harassment can be defined as a situation in which,
without necessarily involving explicit or non-explicit threats or the direct use of violence,
a person harasses another in a repeated and insistent way, altering the victim’s life and
attempting against his/her integrity, regardless of the intention. The Spanish penal code
also defines different types of harassment (e.g. [8], art. 7), as well as their sanctions (e.g.
[14], art 184): workplace harassment, harassment based on gender, on sexual orientation,
psychological harassment and sexual harassment, among others.

Harassment situations are more likely to occur in hierarchical environments[15], especially
those in which some people are heavily dependent on others in higher positions, as is the case
in academia. In addition, the risk of harassment increases in environments where there are
more men than women, as is the case of many scientific fields. The book “Acoso: MeToo en
la ciencia Española” [15], published in 2021, reflects through testimonies how the hierarchical
system present in Science encourages harassment situations to occur.

There are several concerns regarding harassment that should be taken into account. A
particularly striking one is the self-identification of the victim. In many cases, victims are not
able to identify their situation as harassment, due to its subtle and non-explicit characteristics
and the scarce knowledge that still exists on this subject. In this regard, the existence of
harassment protocols is an essential tool to help identify and deal with these situations.
Fortunately, many Spanish institutions now have anti-harassment protocols, but it is still
necessary to increase the knowledge of their staff about them.

Another key issue is the concern of victims that their testimony will not be considered or
believed, and the repercussions that a report may have on their professional career due to
the hierarchical structure of academia. It is also important the discouraging nature of the
complicated bureaucracy associated with reporting, and the feeling of lack of support during
the process.

To help address and mitigate this problem, the CMyA has decided to implement in the
coming years a series of actions:
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- Compiling the anti-harassment protocols of Spanish scientific institutions and publish
them on the CMyA website, to promote awareness and provide easy access to them.

- Revising SEA’s gender equality plan to include anti-harassment measures.

- Providing SEA members with a confidential point of contact at which to provide infor-
mation and accompaniment on harassment issues.

- Creating ”violet contacts” at SEA scientific meetings to contact and report possible
situations of harassment that may occur.

- Including a session on harassment in the training course organized for 2023 (Sec. 4).

8 Diversity and inclusion: LBTI+ initiatives

In order to further strengthen the diversity, equity and inclusion of Women in Astronomy,
we have created a new LBTI+ working group within the CMyA, following the initiatives
proposed in the equality plans of both the General State Agency ([10] Eje 6, Medida 6) and
the Superior Council for Scientific Research 3rd equality plan (Eje 6, Medida 4). The new
LBTI+ group will pay special attention to the well-being of the LBTI+ female astronomers,
as they can suffer situations of special vulnerability (a.k.a. multiple types of discrimination
or intersectionality). In this regard, we want to boost the LBTI+ visibility and to make the
SEA members aware of their vulnerable situation.

The equality plans presented by AGE and CSIC propose a study of the situation of
the LGTBI+ collective. We aim to include a section on the gender perspective in future
sociological and human resources studies to analyze the situation of the LGTBI+ collective
in the SEA. This action has also been launched by the European Astronomy Society (EAS).

We also promote a series of very simple actions, such as:

� Apart from working on the visibility of the collective every day of the year, we plan
to introduce a small logo on the SEA website during the month of June, the month of
Pride. This initiative has also been carried out by other European institutions, such as
the University of Amsterdam or the University of Heidelberg, and also in the USA.

� For the sake of the diversity of our society, we will include a session focused on the
richness of gender and identity within the training course we are organizing for 2023
(see Section 4), with the main goal of training and updating SEA members regarding
the evolution of society and the new generations of SEA in relation to gender identity.

� Organization of talks where the efforts of the LBTI+ community in Astronomy are
made visible, highlighting the intersectionality of the problems they suffer.

� Creating an area in the SEA website to store informative, formative and practical mate-
rial that relates science and LBTI+, such as links to websites like PRISMA (Association
for Affective-Sexual and Gender Diversity in Science, Technology and Innovation).

https://www.iff.csic.es/wp-content/uploads/2022/04/20220405_III_PIG_AECSIC.pdf
https://prismaciencia.org/
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It is worth mentioning that the SEA does not currently have a commission focused on
LGTBI+ issues. Here we are approaching this topic in an intersectional way, focusing on
women and science. We are aware that this may not be enough, but if we are able to make
this gains strength, we will propose the creation of a new LGTBI+ commission.

9 Conclusions

The CMyA will continue in the next years working along the lines described above, pushing
for a real gender equality within our community. The contribution of the whole community
at all levels, from individuals to group leaders and institute directors, will be essential for a
real step forward in this direction.
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Abstract

The Very Long Baseline Interferometry (VLBI) technique allows us to synthesize virtual

telescopes with optical apertures as large as the Earth’s diameter (and beyond). With these

apertures, when observing at millimeter wavelengths, it is possible to obtain images of the

radio universe with a diffraction limit of just a few tens of micro-arcseconds, which is high

enough to resolve the “photon rings” of the closest supermassive black holes (SMBH) to the

Earth. In these proceedings, we discuss about the challenges of doing VLBI at such short

wavelengths and the scientific exploitation of this kind of observations, with an emphasis on

the results published by the Event Horizon Telescope (EHT) Collaboration for SgrA* and

M87*.

1 Introduction

One of the most exotic predictions of the Theory of General Relativity (GR) is the existence
of event horizons in black holes. These are regions where time and space exchange their
metric signs, still observers cease to exist as seen from distant reference frames, and two
causally-disconnected parts of the Universe meet. The direct observation of black holes at
the spatial scales of their event horizons is a way to probe the edge of space and time, which
marks the frontier of the Universe that can be accessible to us. Monitoring black holes at
these spatial scales may allow, in a longer term, to probe how matter, magnetism, space and
time interact and behave in these extreme regions, to test GR (and/or alternative theories of
spacetime) in gory detail.

Just a few decades ago, the enterprise of imaging black holes at the scales of their event
horizons was in the realm of fiction. The pioneering works of Jean-Pierre Luminet [24]
gave us a glance of how these images would look like under ideal conditions, while the more
realistic simulations by Heino Falcke [16] demonstrated the feasability of getting observational
signatures of the presence of an event horizon (the so-called “black hole shadow”) via high-
resolution observations at radio wavelengths with the Very Long Baseline Interferometry
(VLBI) technique.
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The World had to wait many years of technological developments in Radio Astronomy
to have stable and sensitive VLBI receivers at millimeter wavelengths; short enough to pro-
vide the spatial resolutions needed to image the scales of the event horizons of the closest
supermassive black holes (SMBH) to the Earth, specifically those at the center of galaxy
M87 (known as M 87*) and our Galactic Center (known as Sgr A*). Here, the critical roles
of Shep Doeleman in the american side (Harvard/MIT), and Anton J. Zensus and Thomas
Krichbaum in the european side (MPIfR), together with other several pioneers of millimeter-
VLBI, cannot be stressed enough.

Two main teams (in California and Europe) were responsible of the development of the
first VLBI receivers at 230 GHz (wavelength of 1.3 mm) starting in the 80s−90s decades
of the last century, with the first reported VLBI detection at this frequency (actually, at
215 GHz, between the IRAM-30m telescope at Pico Veleta in Spain and the Plateau de Bure
interferometer, the current NOEMA, in the french Alps) from year 1995 [20]. The mm-
VLBI technology has improved relatively fast since then. In Spain, for instance, the Centro
Astronómico de Yebes (CAY), part of the Instituto Geográfico Nacional (IGN), has become
a World-leading institution in the development of mm-wave heterodyne receivers.

Shep Doeleman, the founding director of the Event Horizon Telescope (EHT), was the PI
of the first VLBI observations of Sgr A* and M 87* at 230 GHz, originally made with just
three stations (CARMA in California, SMT in Arizona and JCMT in Hawaii), but good
enough to extract some important structural information from the underlying SMBH images
(e.g., [4, 5]).

Some years later, with the arrangement of the EHT, new VLBI observations of M 87*
and Sgr A* at 230 GHz were finally taken, with an array large and sensitive enough to bring
imaging capabilities: the first scientific observations of the modern version of the Event
Horizon Telescope took place in April 2017 (see the distribution of EHT stations in Figure 1,
left). And, finally, a few years after those observations were taken, the first images of these
black holes were revealed to the World by the EHT Collaboration [6, 13].

In the following sections, we will briefly describe how VLBI works and will discuss about
the challenges inherent to the mm-wave VLBI observations. Then, we will discuss about the
theory behind the images of black holes at the scales of their event horizons, and will briefly
summarize some of the main results reported by the EHT Collaboration.

2 Astronomical Interferometry in a nutshell

VLBI is based on the Aperture Synthesis technique (e.g., [28]), which enables the combination
of a set of small telescopes, in order to “synthesize” a large virtual telescope. Such large syn-
thesized apertures are key to achieve the diffraction-limited high angular resolutions needed
to image black holes at the scales of their event horizons (a few tens of µas).

The small telescopes that are combined in the Aperture Synthesis are equiped with het-
erodyne receivers, which coherently sample different points of the frontwave coming from the
observed source. The signals of all these telescopes are recorded and combined (correlated)
among all pairs of telescopes, in such a way that it is possible to use all these cross-correlations
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Figure 1: Left, array distribution of the EHT in the observing campaign of year 2017. Right,
theoretical SNR of all the baselines associated to IRAM-30m (PV) in year 2017, assuming a
perfect atmosphere and a correlated flux density of 0.1 Jy.

to synthesize the optical aperture of one single “virtual” telescope, with a size equivalent to
the maximum distance among the individual elements of the interferometer. The very basic
concepts of this technique are sketched in Figure 2. Let us ellaborate on this figure:

In panel (a), we show a set of individual small telescopes (in red) and a giant telescope
(in yellow), as large as the space occupied by the set of red telescopes. Panel (b) shows the
optical aperture (in Fourier space) generated by the interferometer (in red) and the giant
telescope (in yellow). For the giant telescope, the aperture is equal to the autocorrelation
of its pupile (which we assume to be a perfect circle of size equal to that of the primary
reflector surface); for the interferometer, the aperture is determined by the relative positions
among all the pairs of telescopes, as seen from the direction to the source. We notice that
the interferometer acts like a severe “mask” applied to the whole aperture (since there are
only a few points measured in Fourier space!). That mask filters out a large fraction of the
spatial frequencies of the observed source structure.

In panel (c), we show the Point Spread Function (PSF, i.e., the instrumental response
to a point source) of the giant telescope (i.e., having a full aperture), which is equal to an
Airy disc (the sidelobes of the Airy disc are far too weak to be seen with the color palette of
this figure). In panel (d), we show (using a similar contrast for the color palette) the PSF
corresponding to the sparse aperture of the interferometer, which (due to the large masked
regions in Fourier space, see panel (b) in red) suffers from relatively large artifacts (i.e., very
high sidelobes and secondary peaks). Ellaborated image reconstruction algorithms are needed
to get rid of all the convolution artifacts produced by these so-called “dirty” interferometric
PSFs (see, e.g. [7, 14]).
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Figure 2: Sketch of how Aperture Synthesis works. (a) array distribution (red) and giant
telescope with an equivalent resolution (yellow). (b) apertures of the interferometer (red)
and the giant telescope (yellow). (c) and (d), PSFs of the two instruments.

3 The challenge of VLBI at millimeter wavelengths

Observing with VLBI at very high frequencies (millimeter wavelengths) adds some extra
problems to the Aperture Synthesis technique described in the previous section. The main
problem of mm-VLBI is the relatively low sensitivity of the antenna receivers. It is techni-
cally challenging to properly amplify and mix the wideband high-frequency signals, adding a
minimum thermal noise across the full signal chain. On the one hand, the reflector surfaces of
the antennas have to be built with an extremely high precision (tens of microns), which limits
the effective surface of big radiotelescopes. On the other hand, the heterodyne technology at
such high frequencies is not very efficient, compared to centimeter wavelengths.

An additional problem (which combines very badly with the first one) is the relatively
short coherence time of the atmosphere at these high frequencies1. In VLBI, there is a rule
of thumb about the coherence time (not very accurate; just valid for order-of-magnitude
discussions): for a given observation, the coherence time in minutes is equivalent to the
observing wavelength in centimeters. That is, for the EHT (observing wavelength of 1 mm)

1The coherence time can be defined as the integration time of the interferometric observables, such that the
random variations of the atmosphere over each station introduce a loss of 10% in the cross-correlated signal.
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the coherence time is of the order of just a few seconds (actually, in [7] there is a more
precise estimate of the coherence time of the EHT baselines, which can easily reach more
than 20 seconds in most cases).

These two problems combined (i.e., the short coherence time and the limited sensitivity,
which implies the need of long integration times to have good detections) prevented the
possibility of obtaining VLBI images at 1 mm for many years; until the EHT came online
on April 2017. The game changer that allowed to extract the maximum potential of the
EHT antennas was the addition of the ALMA telescope to the EHT array (see [18, 26, 25]
for details). Figure 1 (right) shows the theoretical SNR of a typical observation (correlated
flux density of 100 mJy) for all baselines associated to Pico Veleta (PV), as a function of
the integration time (if no atmospheric effects were present). The baseline to ALMA is so
sensitive, that there are clear detections after an integration time of just one second (or
even a fraction of a second!), which allows to correct for the rapid atmospheric effects, in
a way similar to the adaptive optics of optical telescopes. Once these effects are corrected
for the whole array (thanks to the baselines to ALMA), much longer integration times can
be applied to the whole EHT, ensuring good detections across all the antenna pairs. The
interested reader will find more details about the data calibration and analysis in the EHT
publications [6, 7].

4 Black hole images at the highest resolutions

What do we see when we observe a black hole with a spatial resolution similar to the size
of its event horizon? The first answer to this question came from Jean-Pierre Luminet [24],
who realized that the image of the accretion disc could be heavily deformed by the space
curvature (the well-known gravitational lensing effect) and, in addition to this, the image of
a ring would appear around the black hole, as a result of the presence of the so-called photon
sphere of the black hole. The photon sphere is the region around a black hole where closed
photon orbits can exist. Since these orbits are all unstable, photons that orbit arbitrarilly
close to the photon sphere can eventually escape from that region (after performing a given
number of orbits around the black hole) and propagate in direction to the Earth, to be (much)
later sampled by the EHT antennas.

The size of the ring associated to the photon sphere encodes precise information about the
mass of the black hole, to the point that it can be used either to estimate the mass/distance
relation of the black hole, or (if that quantity is already known) to test GR and the spacetime
metric of the SMBH.

In Figure 3 (top left), we show an image similar to the results published in [24], where
we have used a geometrically thin disc around a Schwarzschild black hole. The inner radius
of the disck is set at the innermost stable circular orbit (ISCO). The vertical orange line
marks the spin axis of the accretion disc and the dashed blue line marks the edge of the event
horizon. The ring image of the photon sphere (about 2.6 times larger than the size of the
event horizon) is clearly seen in the image, surrounded (after a small gap) by the image of
the accretion disc.
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Figure 3: Simulated images of Schwarzschild black holes surrounded by accretion discs. The
color palette helps identify the origin of the light rays in the images. Bottom panels, disc
models used in the simulation; top panels, black hole images (Doppler boosting has been
disconnected, for clarity). Left, the case of a geometrically thin disc; right, the case of a
geometrically thick (but optically thin) disc. The event horizons are shown as dashed blue
lines (top panels) and blue spheres (bottom panels).

However, in real black holes, the accretion discs may not be geometrically thin, especially
if the discs are radiatively inneficient (e.g., [27]). These thick geometries add an extra com-
plexity to the images of the black holes, mixing the ring image from the photon sphere with
the emission from the disc.

To further complicate this, black holes can also rotate, deforming the photon spheres and
the ring images, in ways that depend on the orientation to the observer. In a rotating black
hole, there is also an ergosphere, where space is being rotationally dragged at superluminal
speeds (with respect to distant observers), heavily affecting the dynamics of the accretion
and, as a consequence, the black hole images. If the rotation of the black hole is high (Kerr
rotation parameter, a, close to unity), the ISCO, the ergosphere, and the photon sphere may
even coexist spatially, at similar distances to the black hole. In Figure 4 (left panel) we
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show how the size of the ISCO, the ergosphere, and the radii of the photon orbits depend on
the black hole rotation (a parameter). Notice that the retrograde (marked as +) orbits are
always larger than the prograde ones (marked as −). The red and blue shaded regions give
the range of sizes of the radial photon orbits and “Ergorad” refers to the (equatorial) radius
of the ergosphere.

In the same Figure 4 (right panel), we show a representation of the Kerr metric for a = 0.9,
showing the retrograde (prograde) photon spheres in dark (light) orange, together with some
representative photon orbits at those regions (frame-dragging effects, which introduce strong
precession in the orbits, are not included, for clarity). The white orbit shown corresponds to
the photons with no angular momentum with respect to the rotation axis of the black hole.
The ergospheres (outer and inner), the event horizons (outer and inner) and the physical
singularity are shown (respectively) in green, red, light grey, dark grey and blue.

When all these effects are properly taken into account, the conclusion is clear: detecting
(and measuring the size of) the ring associated to the photon sphere is not an easy task.
Strong contamination from the accretion disc must be taken into account, which in turn
depends on many unknown parameters: from the amount of rotation of the black hole (and
the orientation of the spin axis with respect to the Earth) to the brightness distribution of its
accretion disc. In the next sections, we give a very brief description of the strategy followed
by the EHT Collaboration to “calibrate” the effect of the accretion disc in the image of M 87*
(and Sgr A*).

Figure 4: Left, size of the ISCO (in green; retrograde + and prograde −), photon orbits
(red/blue for retrograde/prograde) even horizon (magenta) and ergosphere at the equator
(black), as a function of Kerr rotation parameter, a. Right, sketch of the phton sphere
(retrograde/prograde in dark/light orange) and other peculiar surfaces (see text) for a Kerr
black hole with a = 0.9.
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5 The EHT images of M87* and SgrA*

Several active galactic nuclei (AGN) were observed during the EHT campaign of April 2017.
Results have been published for some of them (e.g., [23, 22, 21]). In any case, the two
most important targets of the whole campaign were M 87* and Sgr A*. The image of M 87*
was published about two years after the observations were taken (this gives an idea of the
complexity of the calibration and analysis of mm-VLBI data), while it took five years to
publish the results on Sgr A* (this gives an idea of the additional complexity in the analysis
of this source, for reasons that are discussed in Section 5.2).

Figure 5: Images of M 87* (left) and Sgr A* (right) published by the EHT Collaboration
[6, 13]

5.1 M87*

The image of M 87* (shown in Figure 5, left) was the first observational confirmation of the
shadow predicted in [16]. The central brightness depression (the shadow) is surrounded by
an assymmetric ring, which is (partially) associated to the photon sphere around the black
hole. Actually, only about 10−30% of the brightness in the M 87* image may be related to
the photon sphere (e.g., [8, 3]).

By using a large set of realistic simulations of M 87* (with different rotations, orientations,
levels of accretion, etc.), the EHT Collaboration estimated the expected range of biases
between the size of the observed M 87* image and the size of the underlying photon sphere
ring. Adding this “disc contamination” into the analysis and error budget allowed to have
a relatively precise estimate of the ring angular size, θring ∼ 42µas [8, 9, 10], which in turn
could be used to estimate the mass of M 87* (given its known distance), giving the value of
MM87∗ = (6.5 ± 0.7) × 109 M⊙. This value could then be compared to other independent
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estimates, based on either the gas or the stellar bulk dynamics at the central region of the
galaxy. The results, which are compatible with the mass estimate of M 87* coming from the
stellar dynamics, can be understood as the first confirmation of GR using the most extreme
gravitational lensing effect detected to date (i.e., the ring image of a photon sphere).

5.1.1 Polarization: magnetic field and jet launching

Two years after the publication of the M 87* image in total intensity, the EHT Collaboration
published its polarized version [11, 12], which encodes precise information about the magnetic
field geometry at the innermost side of the accretion disc. This information made it possible
to constrain the parameter space of the accretion considerably, which also helps to better
characterize the “disc contamination” on the estimate of the ring size. These constrains
from the polarization also provide valuable information on the physics of accretion and jet
launching in M 87*. From the results in [12], the launching of the relativistic jet in M 87*
is very likely related to the Blandford-Znajek mechanism [2], where the poloidal component
of the magnetic field in the disc, coupled to the presence of an ergosphere, originates an
extraction of rotational energy from the black hole by the magnetic field, which is transferred
to a plasma propagating along the jet at relativistic speeds. In Figure 6, we show the polarized
image of M 87* (corresponding to the observations on April 11, 2017) and a sketch of the
magnetic field geometry that could originate the BZ process.

The curly distribution of the polarization angle along the ring (which is represented by the
lines of the “wind plot” shown in Figure 6, left) is a combination of the (poloidal dominated)
magnetic field in the disc and the light-ray bending due to the space curvature produced by
the SMBH.

5.2 SgrA*

Even though the angular scales of the images of M 87* and Sgr A* look similar (see Figure 5),
their linear scales are completely different. On the one hand, M 87* is located at a distance
of ∼ 16.8+0.8

−0.7 Mpc (e.g., [1]), which translates (for a gravitational size of θg = 3.8 ± 0.4µas
[10]) into a gravitational radius of ∼64 AU. On the other hand, Sgr A* is at a distance of only
∼ 8 kpc, which translates (for a gravitational size of θg = 9.6+2.8

−1.4 µas [15]) into a gravitational
radius of ∼0.04 AU (i.e., ∼ 1600 times smaller than M 87*). The dynamical times in both
black holes are thus completely different. While in M 87* the dynamical scale is of several
days (which means that the image of the ring is not expected to change much during an
observation epoch of just several hours), the variability timescale of Sgr A* is just of a few
minutes, which means that the image of Sgr A* may change completely, many times, during
one single observing epoch of a few hours. In addition to this, the interstellar scattering
produced by all the medium of the galactic disc situated between Sgr A* and the Earth,
affects the spatial frequencies of the black hole image, which is an effect that also has to be
taken into account during the analysis.

One of the basic tenets of the Aperture Synthesis technique is that the source structure
should remain stable during the several hours needed to fill (by means of the Earth rotation)



Mart́ı-Vidal, I. 33

Figure 6: Left, “wind plot” version of the polarized image of M 87*, published by the EHT
Collaboration in 2021 [11, 12]. Right, sketch of an accretion disc with poloidal magnetic
field that gets “rolled up” due to the rotation of the central black hole.

the synthesized aperture of the interferometer. Therefore, the rapid variability of the image
of Sgr A* required the development of a complete set of new algorithms (as well as a whole
suite of simulations and tests) to confidently reconstruct an average image of Sgr A* (e.g.,
[14]). All these extra works delayed the publication of the long-awaited image of our Galactic
Center by several years!

But the prize was worth the long waiting time. The distance to (and the mass of) Sgr A*
are known with much higher precision than those of M 87*, thanks to the precision astrometry
monitoring works on the Sgr A* field (see [17, 19] and references therein). This means that
an estimate of the ring size of Sgr A* can provide more stringent tests of GR than that
of M 87*, as well as restrictive tests of alternative spacetime metrics of the black hole. In
one of the papers of the EHT Collaboration [15], several of such tests are presented, which
combined with those on M 87*, have become a consistent test of GR covering several orders
of magnitude in the mass of the black holes.

6 Conclusions

The images of M 87* and Sgr A* published by the EHT Collaboration in 2019 and 2022
represent an inflection point in observational Astrophysics. Before April 2019, the immediate
neighbourhood of an event horizon could only be imagined and simulated. Now, thanks to
the EHT, it has become routinely possible to observe the innermost side of the accretion discs
in SMBH and the regions where light is bent in orbits around the edge of space and time.
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And this is just the beginning for the EHT. The images shown in Figure 5 are the first
frames of a great movie that now starts to be recorded; a movie where we will see how
black holes feed and produce their relativistic jets, one of the most energetic and misterious
phenomena in the Universe.

Acknowledgments

This work has been partialy supported by the GenT program of Generalitat Valenciana (Project
CIDEGENT/2018/021) and by MICINN Project PID2019-108995GB-C22.

References

[1] Bird, S., Harris, W. E., Blakeslee, J. P. & Flynn, C. 2010, A&A, 524, 71

[2] Blandford, R. D. & Znajek, R. L. 1977, MNRAS, 179, 433

[3] Broderick, A. E., Pesce, D. W., Gold, R., et al. 2022, ApJ, 935, 61

[4] Doeleman, S. S., Fish, V. L., Schenck, D. E., et al. 2012, Science, 338, 6105, 355

[5] Doeleman, S. S., Weintroub, J., Rogers, A. E. E., et al. 2008, Nature, 455, 7209, 78

[6] EHT Collaboration 2019, ApJL, 875, 1

[7] EHT Collaboration 2019, ApJL, 875, 3

[8] EHT Collaboration 2019, ApJL, 875, 4

[9] EHT Collaboration 2019, ApJL, 875, 5

[10] EHT Collaboration 2019, ApJL, 875, 1

[11] EHT Collaboration 2021, ApJL, 910, 12

[12] EHT Collaboration 2021, ApJL, 910, 13

[13] EHT Collaboration 2022, ApJL, 930, 12

[14] EHT Collaboration 2022, ApJL, 930, 14

[15] EHT Collaboration 2022, ApJL, 930, 17

[16] Falcke, H., Melia, F. & Agol, E. ApJL, 528, 13

[17] Ghez, A. M., Salim, S., Weinberg, N. N., et al. 2008, ApJ, 689, 2

[18] Goddi, C., Crew, G. B., Impellizzeri, V., et al. 2019, The Messenger, 177, 25

[19] GRAVITY Collaboration 2018, A&A, 618, L10

[20] Greve, A., Torres, M., Wink, J. E., et al. 1995, A&A, 299, L33

[21] Issaoun, S., Wielgus, M., Jorstad, S., et al. 2022, ApJ, 934, 145

[22] Janssen, M., Falcke, H., Kadler, M., et al. 2021, Nature Astronomy, 5, 1017

[23] Kim, J-Y., Krichbaum, T. P., Broderick, A. E., et al. 2020, A&A, 640, 69

[24] Luminet, J.-P. 1979, A&A, 75, 228



Mart́ı-Vidal, I. 35

[25] Mart́ı-Vidal, I., Roy, A., Conway, J. & Zensus, A.½J. 2016, A&A, 587, 143

[26] Matthews, L. D., Crew, G. B., Doeleman, S. S., et al. 2018, PASP, 130, 983

[27] Narayan, R., Sadowski, A., Penna, R. F. & Kulkarni, A. K. 2012, MNRAS, 426, 3241

[28] Thompson, A. R., Moran, J. M. & Swenson, G. W. 2017, Interferometry and Synthesis in Radio
Astronomy, Springer (3rd edition)



Highlights of Spanish Astrophysics XI, Proceedings of the XV Scientific Meeting of the Spanish Astro-

nomical Society held on September 4–9, 2022, in La Laguna, Spain. M. Manteiga, L. Bellot, P. Be-
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Abstract

The Dark Energy Survey is a large scale program to study the properties of dark energy

through photometric observations of a large volume of the southern sky, in the optical

and near-infrared, from the CTIO Blanco telescope in Chile. It ended its observations

in 2019 and is currently preparing its final results, which include more than 500 nights

of observations. It has already provided independent constraints on several cosmological

parameters and models for half of the data, and in particular, its results have been combined

with the Planck observatory measurements creating the most precise set of values to date.

ESO instruments, both spectroscopic and photometric, have provided a fundamental input

to many of these results, especially for redshift calibration and infrared complementary data.

We briefly review these various contributions.

1 Introduction: the Dark Energy Survey

The Dark Energy Survey (DES) is a photometric survey of the Southern sky that took place
during 570 nights from the Blanco 4 meter telescope in Cerro Pachón, Chile. Its goal is to pin
down the nature of dark energy starting from the recommendations of the Dark Energy task
force [14], using several probes: measurement of the redshift-distance relationship through
supernovae Ia and the baryon acoustic oscillation peak (BAO); the combination of large
scale structure distribution of galaxies and the weak lensing effect of these on the images
of background galaxies and the number of clusters as a function of mass and redshift. In
addition, other cosmological parameters and fundamental physics parameters can be explored
by detecting strong lensing systems and measuring H0, finding counterparts to gravitational
wave events, and with the exploration of the Galactic neighborhood, ascertain the nature of
dark matter. The instrument used to carry out DES is the Dark Energy Camera (DECam
[7]) which uses for this survey the grizY bands (Figure 1). In reality, two types of surveys are
combined in DES, one covers 5000 square degrees in a homogeneous fashion in the five bands,
plus a time domain survey returning to the same areas every few days to detect transient
phenomena which are potential supernova of type Ia of potential cosmological interest (Figure
2).
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Figure 1: Standard bandpasses for DECam, valid for both data releases from DES. The need
for ESO observations comes from a higher spectral resolution and blue and infrared (beyond
Y ) coverage.

.

Figure 2: Layout of the wide field and supernova surveys of DES. From [11].
.

It ended on January 2019 and the participants of the international collaboration managing
it are currently analyzing the complete data set (Year 6 or Y6). The main findings for the first
half of the data set (Y3) are summarized in [18, 16, 19], and point to the ΛCDM cosmological
model as being compatible with the data, with cosmological parameters in line with those
found by the Planck satellite [20] measuring the cosmic microwave background at a vastly
different redshift (see Figure 3, left).
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Figure 3: Left: The Y3 key project results on the S8 − ΩM parameter plane. The gray
contour corresponds exclusively to the combination of DES large scale structure and weak
lensing data (the 3x2pt probe). In green, the prediction, assuming the ΛCDM model, from
the Planck analysis. Right: Parameter constraints for a constant equation of state value in
the w − ΩM space using three years worth of supernovae Ia detections. Contours are 68%
confidence intervals.

The data used in these results have been made public through successive data releases in
2017 (DR1, [15], for Y3 data) and 2021 (DR2, [17], covering the complete data set of Y6),
and the latest cosmology-tuned catalogs as well for Y3 at [11, 8].

2 The Dark Energy Survey and ESO collaborations

Despite DECam being such a powerful instrument, it is restricted to the visible and near
infrared wavelengths, and the need for imaging for measuring the shapes of the objects
for instance, limits the spectral resolution to broad band photometry. This restricts the
information one is able to get out from individual sources, which would be accessible through
dedicated spectroscopic observations. In order to alleviate this, observations from other state
of the art instruments are necessary, and in particular, ESO instruments have been able to
close this gap either by direct observation proposals on competitive time allocation calls or
by usage of the vast archival information in the form of spectral and photometric catalogs.

In the following sections, we go through a few examples that demonstrate the pivotal role
that ESO has played in obtaining these cosmological constraints.
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2.1 X-SHOOTER spectra for supernovae

One of the core results from DES is the measurement of cosmological constraints from super-
novae Ia data, effectively extending the original dark energy detections from the late 1990s.
In [16], the first results from a combination of spectroscopically confirmed supernovae from
the DES sample plus a low redshift subsample from the literature, are discussed, finding
ΩM = 0.331±0.038 for a ΛCDM model, and an equation of state for dark energy compatible
with the cosmological constant both for the wCDM and w0waCDM models.

A fundamental element in the compilation of these supernova data sets is to have spectro-
scopic redshifts for the largest amount of these transients as possible, in order to construct
the Hubble diagram. As detailed in [13], a devoted follow-up program partnered up with
DES (OzDES, [5]) mainly focused on low to intermediate redshift transients. However, in
order to cover the faintest objects to avoid any selection bias due to OzDES not being able
to access these, a large spectroscopic follow-up campaign complemented de OzDES observa-
tions. In particular, a ∼ 14-night program was awarded at the VLT with the X-SHOOTER
instrument. Thanks to this, 89 candidates on faint host galaxies (Figure 4, left) were followed
up and those identified as Ia, added to the Hubble diagram of [16]. As can be seen in Figure
4 (right) the VLT spectra represent a significant fraction of the supernovae used at redshifts
z > 0.4.

Figure 4: (left) The i-band magnitude distributions of the spectroscopically observed tran-
sients using VLT for the work in [13]. The lighter shaded histogram corresponds to confirmed
supernovae of type Ia (right) Redshift histogram of all 251 spectroscopically confirmed SNe
Ia in the first three seasons of DES (from [13]). The VLT data is an important contributor
in the high redshift range.
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2.2 MUSE data cubes for time delay cosmography

Time delay cosmography is a technique that allows the measurement of the Hubble parameter
from the measurement of the time varying luminosity from objects whose light is being
deflected by an intervening strong lensing system ([21]). An external collaboration of DES, the
STRIDES project [23], has exploited the strong lens systems found in DES data, and obtained
very relevant results to the current Hubble parameter tension research. A single system in
DES data with these rare characteristics has already found 4% constraints to the Hubble
parameter [12]. In order to make these complex measurements, external complementary
spectra have to be obtained: the velocity dispersions of the lensing system, which can give
an accurate estimate of the mass model, and the redshift distribution of objects in the line
of sight of the time varying object that we are using to measure its delay.

In [3], these spectroscopic campaigns are detailed for two strong lensing systems, including
DES 0408-5354, which was used in [12]. Observations using the MUSE instrument [1] at
the VLT as part of an ESO program were used during two nights. The DES image for
this system is shown in Figure 5 (left), whereas the redshifts for the ensemble of objects
measured by MUSE’s IFU is shown on the right. This distribution of objects along the
line of sight, plus the measurement of the width of the spectral lines for the G1 lensing
object, provides key information for the model parameters to be fitted in the extraction of
cosmological information.

Figure 5: (left) The image of the DESJ0408-5354 system, from [12] (right) Redshift his-
togram 101 objects in the vicinity of this system, taken by MUSE. G1 corresponds to the
central lensing system, from [3]

.

2.3 VIPERS data for accurate redshift distributions

Galaxy samples used for cosmological inference in photometric surveys need a well charac-
terized N(z), or redshift distribution. In the DES BAO analysis, the project leads used the
archival ESO VIPERS data [22] as a reference. This catalog was built with the intention of
providing a complete set of galaxies with spectroscopic information for the range of redshifts
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in 0.5 < z < 1.2, which is precisely the range of interest for DES BAO studies at the depth
that the survey operated. Out of the ∼ 90000 galaxies over 23.5 square degrees of the catalog,
a subselection of them are a subsample over that area of the complete DES BAO sample.
We can then use the redshift distribution of said sample as a representation of how the true
N(z) looks like for that sample, within statistical errors, given the characteristics of VIPERS
(Figure 6).

In addition, we can also use VIPERS to validate our photometric redshift estimates from
the DNF code [24].

Figure 6: N(z) sample comparison for the different DES BAO redshift bins, using the DNF
estimates and the spectroscopic dataset. From [4].

.

2.4 Infrared photometry from VISTA

Besides spectroscopic observations, DES can be complemented with imaging in other wave-
lengths towards bluer or redder parts of the spectrum. The blue and ultraviolet are useful, in
broad terms, for understanding the physics of the nearby Universe, as well as for instrumental
purposes (to fine tune calibration). In the case of dark energy studies, we can use infrared
data to understand better the estimation of photoz at higher redshifts.

In particular, DES has benefitted from a close collaboration with the VHS survey [2],
using the VISTA telescope and camera, with whom it has had a close cooperation since the
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start, with early access to data releases and members belonging to both collaborations. This
survey spans a very large area which, despite not covering completely the DES footprint,
does provide complementary infrared information that helps with object classification and
selection of stars for PSF extraction [8][11], especially through the use of the Ks band, at
least for the brighter sources at i < 21. VISTA adds the J, H and Ks infrared bands spanning
wavelengths from 1 micron to beyond 2 microns.

In addition, in the supernova fields, DES has produced very deep coadd images [9] to serve a
multitude of purposes but, in particular, to provide very accurate redshifts for objects in those
regions using u band from DECam, and deep VISTA data (Figure 7). These practically noise
‘free’ objects in these deep fields, can be stored as reference objects for synthetic simulations
to be injected in other parts of the wide footprint [6]. The estimated redshifts using the
main survey’s optical filters for those same injected objects can be used to make a mapping
between the main survey less accurate redshifts and their true counterparts in the deep fields,
so that a probability that a given wide survey galaxy belongs to one type of galaxy or another
can be created [10]. In this way a complete N(z) distribution can be built profiting from the
deep field information, using this link to the wide field observations.

Figure 7: Location and layout of a few supernova fields of DES, with an overlay of pointings
from ESO VISTA surveys. From [9].

.

3 Summary

The Dark Energy Survey has been able to profit from the state of the art astronomical
facilities, complementing its observations with spectroscopic data and imaging in infrared
wavelengths. This has been approached from three different angles:

� Through participation in competitive calls for observation time.

� Through the use of archival data.
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� Through direct agreeements or close collaborations with ESO-linked surveys. For in-
stance, since their early data releases, a close collaboration with the KiDS survey has
been established to understand the root cause for the slight differences seen in the
measurement of the S8 − ΩM parameters.

The examples shown in this contribution show some cases from different areas of cosmology
where ESO data has been a core contribution to obtaining some of the most constraining
results on cosmological parameters to date.
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[4] Carnero-Rosell, A., Rodŕıguez-Monroy, M., Crocce, M. et al. 2022, MNRAS, 509, 778

[5] Childress, M.J., Lidman, C., Davis, T.M., et al. 2017, MNRAS, 472, 273

[6] Everett, S., Yanny, B., Kuropatkin, N. et al. 2022, ApJS, 258, 15

[7] Flaugher, B., Diehl, H.T., Honscheid, K., et al. 2015, AJ, 5, 150

[8] Gatti, M., Sheldon, E., Amon, A., et al. 2021, MNRAS, 504, 4312

[9] Hartley, W., Choi, A., Amon, A. et al. 2022, MNRAS, 509, 354

[10] Myles, J., Alarcon, A., Amon, A. et al. 2021, MNRAS, 505, 4249

[11] Sevilla-Noarbe, I., Bechtol, K., Carrasco-Kind, M. et al. 2021, ApJS, 254, 24

[12] Shajib, A.J., Birrer, S., Treu, T. et al. 2020, MNRAS, 494, 6072

[13] Smith, M., D’Andrea, C., Sullivan, M., et al. 2020, AJ, 160, 267

[14] The Dark Energy Task Force arXiv:astro-ph/0609591

[15] The DES Collaboration 2018, ApJS, 239, 18

[16] The DES Collaboration 2019, ApJL, 872, L30

[17] The DES Collaboration 2021, ApJS, 255, 20

[18] The DES Collaboration 2021, Phys. Rev. D 105, 023520

[19] The DES Collaboration 2022, arXiv:2207.05766

[20] The Planck Collaboration 2020, A&A 641, A6



Sevilla-Noarbe, I, et al. 45

[21] Refsdal, S. 1964, MNRAS, 128, 307

[22] Scodeggio, M., Guzzo, L., Garilli, B., et al. 2018, A&A, 609, A84

[23] Treu, T., Agnello, A., Baumer, M.A., 2018, MNRAS, 481, 1041

[24] Vicente, J. de, Sánchez, E. & Sevilla-Noarbe, I., 2016, MNRAS, 459, 3078

[25] Vernet, J., Decker, H., D’Odorico, S. et al. 2011, A&A, 536A, 105



Highlights of Spanish Astrophysics XI, Proceedings of the XV Scientific Meeting of the Spanish Astro-

nomical Society held on September 4–9, 2022, in La Laguna, Spain. M. Manteiga, L. Bellot, P. Be-
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Abstract

In this contribution, we will show our results from a sample of 20 pairs of nearby seemingly

isolated twin galaxies differing in nuclear activity. Firstly, we present a comparison of the

parameter of the spin (λR), measured in a region dominated by the galaxy disc. This

parameter allows us to assess the rotational support of a galaxy taking advantage of IFU

data. Secondly, we will also present our most recent results on the stellar content of the

sample. For this, we used full spectral fitting of the optical spectra recovering the star

formation history (SFH) of our galaxies. The idea that every massive galaxy goes through

a few short active phases during its life is becoming popular. In this scenario, we should

not expect to find large-scale differences between the twins either in dynamics or stellar

population properties over longer-timescales than the current AGN episode. However, the

results presented here indicate that some galaxies are more likely to go through active phases

than others, at least in the redshift (0.005 < z < 0.03) and mass ranges (1010 < M⊙ < 1011

M⊙) considered in this work.

1 Introduction

Active galaxies are these showing strong emission coming from their nuclei. In the case of
normal galaxies the nuclear emission has a stellar origin, but in active galactic nuclei (AGN)
the emission is produced by accretion of matter into a super-massive black hole (SMBH) (see
[13, 1] for reviews). Although only a small percentage of galaxies in the nearby Universe
currently show nuclear activity (< 10% according to [16]), it is thought that all massive
galaxies might experience episodes of activity for at least some part of their evolution. In
fact, AGN are considered as key ingredients to the evolution of galaxies. Therefore, unveiling
the mechanisms that trigger AGN is crucial for our understanding of the formation and
evolution of galaxies (see [9] for a review). While major mergers are often associated with
the triggering of powerful AGN, less luminous AGN would be driven by secular processes,
like disc instabilities or bars. Over the last few years, several observational studies have tried
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NGC1093
Active galaxy

NGC5947
Non-active galaxy

NGC7549
Non-active galaxy

Figure 1: Color-composite SDSS images of an active galaxy (left panel) and two possible
non-active twin candidates (middle and right panels, respectively), according to our numer-
ical criteria. The green (red) tick (cross) identifies the selected (discarded) NGC1093 twin
candidate according to our visual criteria. Each image has a field of view of 90”Ö90”. North
is up and east to the left.

to identify AGN triggering mechanisms in the local Universe (e.g. [11, 12]). Despite these
efforts, the main drivers for AGN triggering in isolated galaxies still remain unclear.

The aim of this work is to try to shed some light on this topic by focusing on isolated
nearby spiral galaxies. Unlike previous works, which have usually identified a sample of
active galaxies and compared with the general population of galaxies (e.g. [16, 10]), we built
a sample of pairs of galaxies differing only in nuclear activity (twin galaxies) and performed
one to one comparisons. Following this approach, we can identify differences in the kinematics
and stellar populations that might be connected to nuclear activity.

2 Sample

We use data from the third Data Release of the CALIFA survey [15]. It provides data
cubes for ∼600 galaxies in the Local Universe (0.005<z<0.03). Details on the observational
strategy, data quality, data reduction and statistical properties of the CALIFA survey can be
found in [14, 17, 8, 15].

We select isolated active galaxies (see [3] for isolation criteria). For each AGN we then
selected a control sample of non-active galaxies with similar galaxy properties. Additionally,
we visually inspected the SDSS images of each active galaxy and its corresponding twin
candidates to select the most similar one (best twin hereafter) and discard only those that
clearly have different appearances (see Fig. 1 for an example). After doing this we end up
with five AGN with two or more non-active twins. In these cases, we always identified the
best twin but we did not discard the others. Furthermore, five non-active galaxies are selected
as twins of two different AGN. In total we have 20 pairs of isolated twin galaxies differing in
nuclear activity.
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Figure 2: Differences in stellar λR between the pairs of twin galaxies. The best twin of
each AGN is indicated with a green circle. Each column corresponds to an active galaxy and
each symbol to the difference in λR with each of its twins. The colour code indicates the
difference in ellipticity (ϵAGN −ϵtwin). Error bars correspond to propagation of the individual
uncertainties. Figure taken from [6]

3 Results

Firtsly, we present a comparison of λR measured in the disc-dominated region. We found
that active galaxies show higher values of λR than their corresponding non-active twins (80%
of the pairs; see Fig. 2). Considering only the unbarred pairs, we found that 100% of the
active galaxies show larger λR than their twins. These results indicate, for the first time,
that active galaxies present larger rotational support in the disc than non-active galaxies. We
suggest that they could be explained by a more efficient angular momentum transfer from
the inflowing gas to the disc baryonic matter in the case of the active galaxies. This inflow
of gas could have been induced by disc or bar instabilities, although we cannot rule out the
effect of minor mergers, which might not be detectable in the shallow SDSS images.

Secondly, we also characterised the stellar population properties of the sample of pairs
[7]. For this, we used full spectral fitting of the optical spectra recovering the star formation
history (SFH) of our galaxies. We computed average ages and metallicities, but we also
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Figure 3: Evolution of the stellar metallicity as a function of look-back time for the bulge-
dominated region of two pairs of twin galaxies. The galaxies stellar masses are shown between
parentheses on each panel. The metallicity profiles corresponding to AGN are always rep-
resented by black lines. Red areas indicate the tentative lifetime of the current episode of
nuclear activity and blue dashed lines correspond to the last Gyr.

analysed different stellar sub-populations according to their ages (i.e. young, intermediate
and old). Additionally, we stacked the spectra of three different regions within the galaxies
(bulge-dominated, disc-dominated and total), and we characterised the chemical enrichment
histories of the pairs of galaxies (see Fig. 3). We found that AGN show a higher tendency
to have older stellar populations and are more metal rich than their non-active twins in the
bulge-dominated region, indicating that active galaxies have a different chemical enrichment
history. Our results suggest that the differences in metallicity would not be predominantly
associated with the current active phase but they are prior to it.

4 Conclusions

The idea that every massive galaxy goes through a few short active phases during its life is
becoming popular. If all galaxies go through active phases, considering that the lifetime of
these active phases are estimated to be a tiny fraction of that of galaxies, we should not expect
to find large-scale differences between the twins either in dynamics or in stellar population
properties over longer-timescales than the current AGN episode. Different active phases in
both the active and non-active twins should dilute them. However, the results presented
here support the idea that some galaxies are more likely to go through active phases than
others, at least in the redshift (0.005 < z < 0.03) and mass ranges (1010 < M⊙ < 1011 M⊙)
considered.
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Abstract

Using spectral data from the SAMI Integral Field Spectrograph and full spectral fitting
techniques, we obtain and study the stellar population properties of a sample of dwarf
galaxies in the Fornax Cluster. Our analysis focuses on the relation of stellar populations
properties with the environment and internal properties of dwarfs.
We covered the stellar mass range from 104 to 1012M⊙ by adding massive galaxies from
the ATLAS3D project and satellite galaxies of the Milky Way. Using the whole sample we
find that the mass–metallicity relation is not linear and that the [α/Fe]-stellar mass relation
shows a U-shape, with a minimum in [α/Fe] for masses between 109 − 1010M⊙.

In addition to the [α/Fe]-stellar mass relation, we find that the [α/Fe] of dwarfs also relates

with clustercentric distance in nearby clusters and in the the Milky Way. This shows that

when the faintest galaxies fall to the environment a rapid burst of star formation is induced,

leading to high [α/Fe] values. Then different quenching mechanisms blow the gas content

away. More massive galaxies are barely affected by the environment, maintaining their gas

and producing several bursts of star formation, thus, regulating their stellar populations by

internal processes, leading to [α/Fe] increasing with mass.

1 Introduction

The Local Group used to be our main source of knowledge of dwarf galaxies, but with
the newest instruments and telescopes our knowledge of dwarf galaxies is constantly being
updating. Dwarf galaxies come in different types such as star-forming and quiescent dwarf
galaxies, and each of them is subdivided into high and low surface brightness objects. In
this work, we will focus only on the ’classical’ low surface brightness dwarfs, mainly on the
quiescent dwarf ellipticals (dEs)[2].

Physical mechanisms acting in high density environments like ram-pressure stripping [11]
or strangulation [14] can remove the gas from galaxies and stop their star formation [15],
thus, changing the morphology of the galaxies and transforming star-forming to quiescent
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galaxies. Apart from an external process, low-mass galaxies are also sensitive to an internal
process that can quench or trigger star formation [12]. Studying the stellar populations, and
their relation with internal and external properties of the galaxies, is a way to find out which
one of these is more relevant. In clusters of galaxies, dwarf ellipticals are usually old and
metal-poor [20], and have solar-like abundance ratio [α/Fe] [10, 27], although, in the core of a
cluster, such as Coma, they could also be slightly more α-enhanced than in the outskirts [19].
Massive stars, which are the progenitors of SN Type II, live very short lives, and produce
mostly α-elements, like C, N, O, Mg etc. On the other hand SN Type Ia comes from binaries
with at least one white dwarf, and the material produced by these systems is richer in iron
than in α-elements. Thus, the [α/Fe] parameter is a useful parameter to measure how fast
star formation proceeded [26]. For giant galaxies there is a strong relation between [α/Fe]
and mass [22, 17], which is thought to be due to a much faster enrichment in the more massive
galaxies. For dwarfs less massive than ∼ 109M⊙, it is unknown what the situation is, and if
the relation from the massive galaxies can be extended to the low mass regime.

2 Data and analysis

From the Fornax Cluster Catalogue [9] and the Fornax Deep Survey catalogue[25] galaxies
with absolute magnitudes in the r-band fainter than -19 mag were selected for spectroscopic
observations. Between 2015 and 2018 a total sample of 118 galaxies was observed using
the Multi-Object Integral-Field Spectrograph called SAMI [7]. For more details of the spec-
troscopic observations and target selection see [18]. From the primary targets the kinematic
analysis could be performed for 38 dwarfs [18], which constitute our main sample. The sample
contains four objects associated with the Fornax A group, and also late-type dwarf irregulars
and spirals, as classified by [24], that will not be part of our main analysis.

To analyse the spectra we used the full spectral fitting algorithm pPXF ([6, 5]). Each
galaxy spectrum is fitted with a combination of template spectra from a stellar model library,
and the properties are obtained as a combination of the model properties. For more details on
how to work with pPXF we refer to [5]. For each galaxy we integrated the spectra inside the
aperture of SAMI and using the models of the Vazdekis/MILES library [21, 23] we study the
stellar population properties. In order to estimate the errors, after the first fit of the stellar
population properties we applied a Monte-Carlo (MC) method to retrieve the uncertainties
of each parameter. Finally, the age, metallicity and [α/Fe] parameters are the mean values
of the distribution and the errors are the standard deviation.

3 Results

In order to compare our results we re-analysed the spectra of massive early-type galaxies
from the ATLAS3D Project [3] using the same methodology described in Section 2. These
galaxies are located in the Virgo region of the sky, and as for our SAMI-Fornax dwarfs, we
used the integrated spectra. We labeled them as cluster members if the local mean surface
density of galaxies is higher than log(Σ10) > 0.6 Mpc−2 [4].

https://www-astro.physics.ox.ac.uk/~mxc/software/
https://www-astro.physics.ox.ac.uk/~mxc/software/
http://miles.iac.es/
https://www-astro.physics.ox.ac.uk/atlas3d/
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Figure 1: Stellar population properties as a function of the logarithmic velocity dispersion, the
stellar mass and the cluster-centric distance, in the left, middle and right column, respectively.
The rows show, from top to bottom, the [α/Fe], metallicity and age. For our dwarfs, red
circles are for those in the main Fornax cluster and triangles for the ones in the Fornax A
group, and the symbols are filled if the S/N is higher than 15. For ATLAS3D we used black-
filled circles for cluster galaxies and non-filled black circles for the rest. The black dashed
line and grey shaded area on the top left represent a second-degree polynomial fit to all
the data, making a U-shape. In the top-center we present the linear fit [α/Fe]-log(M/M⊙)
taking into account only the galaxies from ATLAS3D project. Since stellar mass and velocity
dispersion are tightly related, it is clear that this U-shape can also be applied to the [α/Fe]-
log(M/M⊙) relation. In the middle center the black dashed line and grey shadow represent
the metallicity-mass linear relation for both samples. On every panel of the right column we
show with a red or black dashed line the respective linear fit between the stellar population
property and the distance to the center of the cluster.

In general our dwarfs show intermediate-old and metal-poor populations, while the massive
galaxies are older with solar-like metallicities. Both samples follow the a linear metallicity-
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mass relation (central panel of Fig. 1), and do not exhibit any kind of trend with the
cluster-centric distance for the age nor the metallicity.

For the [α/Fe] both samples range between 0.0 and 0.4 dex, which are the limits of the
α-enhancement grid of the MILES models. The massive galaxies follow a linear relation
between [α/Fe] and stellar mass, or velocity dispersion, while the dwarfs are disperse above
this linear relation. To fit both samples at the same time we used a second-degree polynomial,
conforming a U-shape that can be seen in the top left panel of Fig. 1. When looking at the
environment the massive galaxies do not show any trend between [α/Fe] and the cluster-
centric distance. However the dwarf galaxies show a strong relation with the distance, where
more α-enhanced galaxies are closer to the center.

To further analyse our results we include in our comparison the results of [19] for dwarfs
in the Coma cluster. This sample fills the small velocity dispersion gap between our SAMI-
Fornax dwarfs and ATLAS3D galaxies. Also, to extend the the range in velocity dispersion in
the low end, we include dwarf galaxies within our Local Group that are Milky Way satellites.
For this sample we looked for abundances of individual stars in the literature and use as
galaxy property the mean value of all its available stars and the standard deviation as the
error. It is common to use [Fe/H] abundance as an approximation of the metallicity, and
[Mg/Fe] for the overall α-enhancement [22, 23].

Figure 2 shows the compilation of [α/Fe] values for different types of galaxies and envi-
ronment. On the top left-hand side panel we present how the metallicity-mass linear relation
from Fig. 1 does not agree with the metallicity-mass relation of the Local Group [13]. To fit
all the samples at the same time we need a second-degree polynomial. On the bottom left
we show that the U-shape can be easily extended to the less massive galaxies of the Local
Group. On the right side of Fig. 2 we show the [α/Fe] as a function of the distance to the
center of the galaxy cluster, or the Milky Way for the Local Group objects. As in our dwarfs
in Fornax, those of the Coma cluster and the Local Group also present a trend with the
distance, placing the more α-enhanced galaxies at the center of the environment. For the
dwarfs in the Virgo cluster the relation is almost flat, possibly because Virgo is a less relaxed
cluster than Coma and Fornax.

4 Conclusions

After comparing the stellar population properties of our SAMI-Fornax dwarfs with more
massive galaxies we conclude that the usually found [α/Fe]-log(σ) linear relation for massive
galaxies, does not fit our dwarf galaxies. Instead a second degree polynomial is more fitting
for the whole sample, conforming a U-shape where solar-like abundances are for galaxies of
109-1010 M⊙ and then α-enhancement values increase for both massive and less massive galax-
ies. We confirmed the extension of this relation for less massive dwarfs by comparing with
abundances of Local Group galaxies. When looking at the environment the α-enhancement
show a trend with the projected distance to the Fornax cluster, where more enhanced dwarfs
are closer to the centre. This relation is persistent in dwarfs in other environments like like
Coma, or the Local Group, but to a lesser degree in Virgo. This is because the Virgo Cluster

http://miles.iac.es/
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is not fully relaxed and the relation of abundance ratio with clustercentric distance is not
fully in place yet.

We can explain both the mass-metallicity and the mass-α-enhancement relations using a
plausible combination of internal properties, like the mass of the galaxy, and environmental
factors, like ram pressure, that can affect galaxies of different mass in different ways.
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Figure 2: On the top and bottom of the left hand-side panels we show the relation between
metallicity and [α/Fe] abundance ratio and stellar velocity dispersion, respectively. We also
include a sample of dwarfs in the Coma cluster [19] and measurements of Local Group dwarfs
from different works in the literature. Symbols for our SAMI-Fornax dwarfs and ATLAS3D

galaxies are the same as in Fig. 1. Light blue squares are for Coma’s dwarfs, the orange
diamonds are for Local Group dwarfs and the empty orange diamonds are for those objects
with 3 or fewer stars. On the top, the purple dashed line and shadow are the linear fit to
metallicity-log(σ) for SAMI-Fornax and ATLAS3D samples, the black dashed line and gray
shadow is a linear fit the the Local Group objects and the green dashed line and shadow
is a second-degree polynomial fit to metallicity-log(σ) for all the objects in the figure. In
the bottom, with a black dashed line and grey shadow is the linear relation [α/Fe]-log(σ)
only for ATLAS3D galaxies. Purple dashed line and shadow represent the U-shape fit for
our SAMI-Fornax and ATLAS3D data, similar to that of Fig. 1, and the green dashed line
and shadow represent a second-degree fit to all the data visible in the plot. On the right
panels we show the [α/Fe] abundance as a function of the cluster-centric distance for the
different environments analysed here. For the dwarfs in Virgo we used the results of [20]
(brown squares), [1] (brown triangles) and [16] (brown circles). On every panel there is also
a dashed line that represent the linear fit between [α/Fe] and the cluster-centric distance.
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Abstract

Outflows play a major role in the evolution of galaxies and are said to be ubiquitous within

the Active Galactic Nuclei (AGNs) population. However, we are far from having a complete

picture of their properties, specially considering their impact on the evolution of Low-

Ionisation Nuclear Emission-line Regions (LINERs). Although resolved kinematic informa-

tion has proven to be crucial for the fully characterisation of these phenomena, imaging

techniques can be really useful for the systematic search of outflow candidates. We have

obtained narrow-band optical Hα images with ALFOSC/NOT and retrieved soft-X ray and

narrow-band Halpha images from Chandra and HST archives, respectively, for a total of

70 LINERs. We classified the ionised gas morphologies based on the extension and overall

shape of the Hα emission. We find that the soft X-ray and ionised gas emission coincide in

the great majority of LINERs (60%), as previously seen for Seyferts [1], suggesting a com-

mon origin for both emissions. Our results show that approximately one third of the targets

present extended, filamentary emission with a distinguishable bubble-shaped morphology.

When combining imaging and spectroscopic data from the current literature we find that

outflows are present in 48% of the nearby LINERs.

1 Introduction

Feedback processes driven by outflows have been detected in a large variety of systems, mostly
related to star-forming processes or active galactic nuclei (AGNs) [7]. Many works focused
on analysing the impact that outflows may have in the evolution of the galaxies through the
study of their main properties, such as their kinematics, energetics, etc. (see [16, 17] for a
review). The exploration of outflows has generally targeted the most powerful events, as they
are detected more easily and, thus, their global properties can be better characterised. The
power of the outflow has been suggested to scale with the luminosity of the AGN in active
systems [5]. Nevertheless, the presence of outflows in the low luminosity end of the AGN
family is largely unstudied, except for a few works on Low-Ionisation Nuclear Emission-line
Regions (LINERs) [3, 9]. LINERs [8, 13] are the most numerous AGNs in the local Universe,
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up to a 60% [11]. Although they are intrinsically faint, their relative proximity makes them
in principle ideal targets to study AGN physics and, particularly, to search for outflows.

We aimed to explore the presence of outflows in LINERs through a systematic search using
imaging, a technique already proven to be useful for detecting outflow-like morphologies,
even at the lowest AGN luminosities [14, 15]. The inital sample was selected from [6, 3], and
included the results from previous similar works [14, 15].

We have produced the largest atlas up-to-date of ionised gas images for LINERs. In to-
tal, our sample consists on 70 nearby LINERs (z<0.025), with an average luminosity of
Lbol ∼1041.8 erg s−1. We gathered data from the Hubble Space Telescope (HST) archive for
38 targets, and we observed the remaining 32 with the Alhambra Faint Object Spectrograph
and Camera (ALFOSC) at the Nordic Optical Telescope (NOT) during several observing
campaigns. We obtained three individual exposures per target using both broad-band and
narrow-band filters (see Tables C.2 and C.3 in [10] for more details), the latter centered
around the expected observed wavelength of Hα at the redshift of our targets. Additionally,
we obtained Chandra soft X-ray data for 52 LINERs, in order to compare the origin of both
X-rays and ionised gas emissions, and test whether they originate in the same region of the
AGN as it is the case for more luminous systems [1, 2].

2 Methodology

The data gathered from the HST archival were already fully reduced. We reduced the AL-
FOSC/NOT imaging data as standard using IRAF, and then we applied a dedicated back-
ground subtraction of the images to ensure a proper sky determination (see Sect. 3 in [10] for
details). In both datasets, to obtain exclusively the Hα emission from the galaxy, we applied
a similar technique as in [14], eliminating the continuum from the narrow-band images. The
broad-band images were scaled and subtracted from the narrow-band images to obtain our
final continuum free, pure Hα images.

As for the Chandra soft X-ray images (0.3-2 KeV), they were reduced using the software
CIAO v4.13.

We classified the Hα emission in four different categories, as defined in [14]: Core-halo, when
the emission is diffuse or unresolved around the nucleus; Disc-halo (or disky), when the
emission is concentrated along the disc, spiral arms or nuclear rings; Bubble-like (or outflow),
when the emission showed a bubble-like, biconical or filamentary structure; and Dusty, when
there was a dust lane covering the nuclear region. We added an additional category, Unclear,
whenever we could not clearly include the ionised gas morphology of a galaxy into one of the
previous classes. We classified the Hα images considering the emission above the 3σ level
from the background. Figure 1 shows an example of the different morphologies that we found
per each category; all the images can be found in Appendix B of [10].

Given that imaging alone is not sufficient for claiming the detection of an outflow, we searched
in the literature for previous kinematical information for all the galaxies. We found the
requested information for 60 out of the 70 targets (86%), the majority coming from the long-
slit spectroscopic works from [3, 9]. We compared the morphological classification from the
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21%

11%

29%

UNCLEAR

BUBBLE-LIKE EXAMPLE

Figure 1: Examples of each morphological class including the percentages of detection per
each category. In each panel, the left figure are the Hα images, overimposed by the contours
of the emission (levels above 3σ). The right figures are sharp-divided images [12], which
highlight non-symmetrical structures. The blue line indicates the 1 kpc scale.

imaging data with the kinematical signatures coming from different sources to further discuss
the possible presence of outflows in our LINERs.

3 Results and discussion

As indicated in Fig. 1, we identified a total of 20 LINERs with Core-halo (∼29%), 15 with
Disky (∼21%), 8 with Dusty (∼11%), and 22 with Bubble-like morphologies (∼32%). Finally,
7% of the sample was classified as Unclear. The morphological classes in which we found more
LINERs is Bubble-́like, which are our candidates for hosting outflows. We did not detect any
correlation of the classification of the ionised gas with the morphological type of the host.

If we consider the sample of the 60 LINERs for which there is kinematical information from
the literature, for 29 (i.e. 48%) there is a reported detection of an outflow or an inflow. This
percentage would indicate that approximately 1 out of every 2 LINERs in the local Universe
host an outflow. The Hα emission of the galaxies with kinematically detected outflows were
classified in all the different classes that we defined (see Sect. 2). In Fig. 2 we show the
comparison of the morphological classification with respect to the percentage of kinematically
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Figure 2: Comparison of the morphological classification of the objects with respect to the
percentage of kinematically detected outflows, as obtained from the literature (see Sect. 3).
The x-axis from left to right indicates the classes Core-halo, Bubble, Disky, Dusty and Un-
clear. The orange bars indicate the percentages of kinematical detections; the dashed grey
line marks 50% of detection.

detected outflows. For the categories in which we have more than 10 objects (i.e. Core-halo,
Bubble-like and Disky) there is a probability of 43% to find an outflow, irrespectively from
the morphological distribution of the ionised gas. A lower percentage of kinematic outflows
in Disky morphologies could be due to the outflow orientation and the inclination of the disk,
which may challenge a possible detection, especially since outflows are expected to be fainter
and more compact at the lower accretion rates of our objects [5]. We could also missidentify
filamentary structures produced by interactions with Bubble-like morphologies that would
not be associated with kinematic outflows.

Finally, when comparing the soft X-ray data with the Hα morphologies, we detected a corre-
lation of both emissions for 60% of the sample. This suggests that the ionised gas and the soft
X-ray emissions are correlated, as previously found for Seyferts [1], and already suggested
by [14] to also occur in LINERs. We did not find any correlation about the existence of an
outflow and a coincidence with the X-ray emission.

4 Conclusions

In this work, we have obtained imaging data for 70 nearby LINERs to study their ionised
gas morphologies as traced by Hα. We classified them in four different categories depending
on the overall shape: Core-halo, Disky, Bubble-like and Dusty (see Sect. 2). We found that
the category with the largest percentage of targets is Bubble-like (∼32%).

In order to confirm if the detected ionised gas emission was caused by an outflow, we searched
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for kinematical information in the literature for all the targets. We found data for 60 objects,
from which 29 (48%) had a reported kinematical detection of an outflow or an inflow. This
results imply that the detection rate of outflows in LINERs in the local Universe is approx-
imately 1 out of every 2 objects. As there is no kinematical information for all our targets,
these percentages may slightly vary. For better understanding the physical processes in these
outflows, we are exploring the kinematics of the ionised gas for our best candidates using
integral field spectroscopic data (see [4]).

Finally, we detected a correlation between the soft X-ray emission and the ionised gas for
60% of the LINERs. Such a co-spatiality points towards a common origin for both emissions
in LINERs, as already found in Seyferts (see [1, 2]).
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[4] Cazzoli, S., Hermosa Muñoz, L. et al. 2022, A&A, 664, A135

[5] Fluetsch, A., Maiolino, R. et al. 2019, MNRAS, 483, 4586
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Abstract

The main interest of the science team for the exploitation of the MEGARA instrument at the

10.4m Gran Telescopio Canarias (GTC hereafter) is devoted to the study of nearby galaxies.

The focus lies on researching the history of star formation, and the chemical and kinematical

properties of disc systems. We refer to this project as MEGADES: the MEGARA galaxy disc

evolution survey. The initial goal of MEGADES is to provide a detailed study of the inner

regions of nearby disc galaxies in terms of their spectrophotometric and chemical evolution,

and to provide a dynamical characterisation by distinguishing the contribution of in situ and

ex situ processes to the history of star formation and effective chemical enrichment of these

regions. In addition, the dynamical analysis of these inner regions naturally includes the

identification and characterisation of galactic winds that might be present in these regions.

At a later stage, we will extend this study farther out in galactocentric distance. The first

stage of this project encompasses the analysis of the central regions of 43 nearby galaxies

observed with the MEGARA integral field unit for ∼ 114 hours, including both guaranteed

time and open time observations.
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1 Introduction

Given the wide variety of processes and variables that affect the evolution of galaxies and,
therefore, their appearance and properties throughout their history, it is clear that under-
standing the mechanisms that may have influenced the galaxy to reach the state in which
we can observe it today requires the collection of as much information as possible. Fortu-
nately, different processes have a different impact in the spectro-photometric, chemical and
dynamical evolution of the stars and gas in galaxies.

In an effort to improve our understanding of the universe, with the advent of CCDs in the
last 1990s, the idea of large surveys of galaxies became popular. The aim of these surveys
has been to provide as much observational information as possible in the observational field
in which they are designed. Initially, these surveys mainly relied on photometric observa-
tions and long-slit spectroscopy. However, in recent years, the development of instruments
with observational capabilities based on Integral Field Spectroscopy (IFS) has represented a
technical breakthrough that has led to a better understanding of the mechanisms involved in
the evolution of galaxies.

One of the latest advances in astronomical instrumentation is MEGARA (Multi-Espectrógrafo
en GTC de Alta Resolución para Astronomı́a). This instrument, capable of observing in
both Integral Field Spectroscopy (IFS) and Multi-Object spectroscopy (MOS) modes, has
a combination of spatial and spectral resolution unprecedented in this type of device. The
fundamental nature of the open questions on galaxy evolution together with the availability
of MEGARA@GTC led us to pursue MEGADES (MEgara GAlaxy Discs Evolution Survey),
the scientific legacy project associated with the exploitation of the MEGARA instrument
Guaranteed Time in the Large Compact Bundle (LCB) Integral Field Unit (IFU) mode.

2 Survey

2.1 MEGADES goals

The long-term objective of MEGADES is to understand the impact of secular processes on
disc evolution. Our primary goal is to test whether gas infall is one of the main mechanisms in
the evolution of galaxies, and whether it drives the inside-out formation of discs. Therefore,
we will test the model predictions for this scenario against our MEGADES observations by
analysing the secular and external causes of the differences, that is, nuclear activity, stellar
migration, minor mergers, intense star formation, and so on. We will use MEGARA high
spatial and spectral resolution 2D spectroscopy to analyse the kinematic properties of the
stellar component in order to detect different structures such as bars or inner discs in the
central regions of MEGADES galaxies. We will also analyse line indices sensitive to age and
metallicity [1], and for the detected HII regions, the gas emission line spectrum, from which
we will produce diagnostic diagrams and determine chemical abundances. Finally, we will
study the presence and frequency of GWs in the MEGADES sample, both in its warm and
cold phases. We will examine the kinematic properties and the shape of the Hα emission line
to distinguish different kinematic components to study the warm phase, and we will use the
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NaI D absorption doublet to analyse the cold phase.

With this first data release, we will be able to perform all these studies in the central
regions of the galaxies in the sample and then place them in context with analyses of the outer
emission disc when these observations become available. We will study the stellar populations
that make up the bulges of the MEGADES galaxies together with their kinematical properties.
With this information, we will be able to determine whether classical bulges dominate the
galaxies in our sample or if there are more galaxies with pseudo-bulges [2]. We will also study
the possible presence of outflows associated with nuclear starbursts and AGN, considering the
existence of different kinematic components in the neutral or warm phase, and the differences
that may exist between the two phases. In addition to all of this, we will be able to generate
different diagnostic diagrams with the information contained in the different lines we will
study.

2.2 MEGADES sample

The original MEGADES sample was extracted from the Spitzer survey of stellar structure
in galaxies (S4G) sample [3]). The S4G was designed as a volume- (d < 40 Mpc, |b| > 30◦),
magnitude- (mB,corr < 15.5 mag), and diameter-limited (D25 > 1′) survey. The use of the
MEGARA IFU to carry out all observations makes a diameter-limited sample a reasonable
idea, as has been the case for the CALIFA sample [4] or PHANGS-MUSE [5].

In addition to the limitations of the S4G sample, we imposed further constraints to fit
the sample to our scientific goals. We wished to avoid dwarf systems and elliptical galaxies
because in most cases, they are not supported by rotation. We also removed galaxies with
inclinations higher than 70◦ to be able to analyse the metallicity and have the possibility of
deriving velocity ellipsoids.

Taking into account all the previous considerations, and because it is not practical to
observe the entire S4G sample (2331 galaxies) because of the required telescope time, we
must consider further selection criteria in our sample: We limited the diameter to a range in
which on the lower side, we removed the smallest galaxies, and on the upper side, we limited
the diameter to approximately the field of view of the MEGARA MOS (2.5′ < D25 < 4′)1.
We also limited the declination (Dec(J2000) > −20◦). Summarising all the above selection
criteria, the galaxies in our sample are selected by distance d < 40 Mpc (z ∼ 0.0092), galactic
latitude |b| > 30◦, declination Dec(J2000) > –20◦, apparent magnitude mB,corr < 15.5 mag,
apparent diameter 2.5′ < D25 < 4′ and inclination i < 70◦.

This contribution includes a random subsample of 30 out of the 215 galaxies that meet the
selection criteria of the MEGADES-S4G sample. However, to enrich our sample, we added 13
galaxies from the CALIFA sample (Calar Alto Legacy Integral Field Area Survey) that show
signs of containing interstellar NaI D and are candidates for hosting galactic winds in their
neutral phase because their EWISM−NaID > 1.5 Å. The CALIFA survey, with SDSS DR72 [6]
as the parent sample, is limited in diameter (45′′ < D25 < 80′′), redshift (0.005 < z < 0.03),

1Note that as part of the outer-disc extension of MEGADES we plan to obtain MOS spectra of HII regions
over the whole galaxies extension.

2Sloan Digital Sky Survey Data Release 7
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galactic latitude above 20◦, and declination above +7◦.

3 Data release I

3.1 Observations

We release the reduced observations of all galaxies in the sample with all available setups.
We observed the central regions of the MEGADES galaxies using three different VPHs,
VPH480-LR (LR-B), VPH570-LR (LR-V), and VPH675-LR (LR-R). This produces a com-
bined spectrum covering the spectral range from 4350 to 7288 Åwith a spectral resolution
of R ∼ 6000. This range includes spectral features such as Hβ, [OIII]λ5007, NaI D, Hα,
[NII]λ6584, [SII]λ6717 and [SII]λ6731, as well as absorption features needed for the stellar
populations analysis [1]. For the 13 CALIFA galaxies, we only have LR-V and LR-R obser-
vations. They suffice for studying the possible presence of outflows in the neutral (NaI D)
and the warm (Hα) components. Figure 1 shows an RGB image of the galaxy NGC 3982
created from the LR-B, LR-V and LR-R observations.
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11h56m28.5s 28.0s 27.5s

55◦07′36′′

33′′

30′′

27′′

RA (J2000)

D
E

C
(J

20
00

)
(v) Continuum LR-R

0.00 0.25 0.50 0.75 1.00 1.25
erg s−1 cm−2 Å−1 ×10−16

Figure 1: Left subfigure shows a continuum RGB image of NGC 3982 obtained from the
MEGARA observations performed with LR-B, LR-V and LR-R (shown in the three following
subfigures, respectively).

3.2 Stellar kinematics

We have performed an analysis of the stellar kinematics in the galaxies of the entire sam-
ple using the pPXF software based on observations made with the VPH LR-V (5165.57 Å-
6176.18 Å). This analysis has been performed on the observations with a Voronoi binning
so that all analysed regions reach a signal-to-noise ratio of 10. Figure 2 shows the stellar
kinematic analyses performed on NGC 0023. Among the results obtained from this analysis
we have velocity, velocity dispersion, skewness (h3) and kurtosis (h4) maps of the stellar
component of all the galaxies in the sample.
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Figure 2: Subfigure (a) shows a continuum image of NGC 0023 obtained with the LR-V
VPH (5165 Å- 6150 Å) with the isophotes of the PanSTARRS r-band image overplotted in
white. Subfigure (b) shows the integrated spectrum of the separate observations made at
different wavelengths. In subfigures (c), (d), (e) and (f) we show the stellar velocity, velocity
dispersion, asymmetry and kurtosis maps, respectively, for each galaxy.

3.3 Spectral lines

We have carried out measurements on the emission lines of the ionised gas such as Hβ,
[OIII]λ5007, Hα, [NII]λ6584, [SII]λ6717 and [SII]λ6731, and measurements on the neutral
gas using the sodium doublet lines NaI D. All lines with a signal to noise ratio measured at
the peak of the line higher than 3 were analysed individually using Gauss- Hermite models,
except for NaI D, for which we used an an- chored double-Gaussian model. We also fitted
the continuum emission around the lines using the information available on both sides of the
line. For this task, we made use of one of the tools developed for the analysis of MEGARA
observations, the analyze rss megaratool. In Figure 3 we show maps of some of the properties
measured for the lines mentioned above for the Hα and [NII]λ6584 lines using observations
of NGC 0023.

4 Conclusions

We present the MEGADES survey together with the observations ready for scientific use.
We carried out the first studies on the data from the inner regions of the galaxies in the
MEGADES sample. We performed an analysis of the stellar kinematics in the galaxies of
the entire sample using the pPXF software based on observations made with the VPH LR-
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0h09m53.8s 53.6s 53.4s 53.2s 53.0s

25◦55′33′′

30′′

27′′

24′′

21′′

RA (J2000)

D
E

C
(J

20
00

)

(β) [NII]λ6584 EW

0 20 40 60
Å
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Figure 3: In the top panels, from left to right respectively, we show our measurements of
flux, equivalent width, velocity and velocity dispersion from the Hα line in NGC 0023. In
the bottom panels we show the same properties measured on the [NII]λ6584 line.

V (5165.6 Å- 6176.2 Å). We present all maps of the kinematic components, that is, radial
velocity, velocity dispersion, skewness, and kurtosis. We also carried out measurements on
the emission lines of the ionised gas such as Hβ, [OIII]λ5007, Hα, [NII]λ6584, [SII]λ6717, and
[SII]λ6731, and measurements on the neutral gas using the sodium doublet lines NaI D. We
also present some of the features measured on these lines in maps.

All the observations together with the results of the analyses carried out in this work are
available to the community on the MEGADES website (https://www.megades.es). To access
the public data, one can log in with the username ”public” and the password ”6BRLukU55E”.
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Abstract

We present the first study that provides detailed measurements of the size (i.e., effective

radius) of the molecular gas traced by CO(2-1) in a sample of 21 LIRG systems at low-

z. To this aim, we used high-resolution ALMA data, which allow us to reach sub kpc

spatial resolution scale (<100 pc). The sample encompasses a wide variety of morphological

types, suggesting different dynamical phases (isolated spiral galaxies, interacting galaxies,

and ongoing and post-coalescence mergers). We performed a comprehensive study of the

molecular, stellar, and ionized gas distributions and their relative sizes. Comparison samples

of local galaxies and high-z systems have also been included in order to place the low-z LIRGs

in a general context.

1 Introduction

The characterization of the distribution of all the ionized, molecular and stellar tracers is
key to understanding how the different phases of the interstellar medium (ISM) evolve in
size across the cosmic time, studying several types of galaxies, at low- and at high-z. Low-z
LIRGs offer a unique opportunity to study extreme star-formation (SF) events at high linear
resolution and signal-to-noise ratio (S/N), and compare them with those observed locally
(spiral galaxies, early-type galaxies (ETGs), and ULIRGs) and at high-z. In particular, this
enables us to compare the size of the host galaxy (stellar component; [1]) with that derived
for the ongoing star formation (ionized gas; [2]) as well as the size of the regions where stars
are forming (molecular gas) in a local sample of LIRGs and compare them with those derived
for local spiral galaxies, ETGs, and ULIRGs as well as high-z star-forming galaxies (SFGs)
and sub-millimeter galaxies (SMGs). With the advent of high-resolution instruments such as
the Atacama Large Millimeter/Submillimeter Array (ALMA), we are now able to study the
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molecular emission in local galaxies at spatial resolutions similar to that covered by typical
giant molecular clouds (<100 pc).

2 Sample and observations

The volume-limited sample consists of 21 local LIRGs (24 individual galaxies) at z≤0.02 for
which we obtained ALMA data. The sample has been drawn from the IRAS Revised Bright
Galaxy Sample (RBGS, [3]) with distance D≤100 Mpc. Our LIRGs were previously observed
in the optical band using VIMOS/VLT by [4] and ten of them have also been analyzed
in the near-IR using SINFONI/VLT data by [5]. We obtained the CO(2–1) line and the
continuum at 247 GHz (∼1.3 mm) emission of a sample of individual local LIRGs observed
with ALMA using Band 6 (see Fig. 1) from the projects 2017.1.00255.S (PI: Pereira Santaella,
M.), 2015.1.00714.S (PI: Kazimers, S.), 2013.1.00271.S and 2013.1.00243.S (PI: Colina, L.)
and 2017.1.00395.S (PI: Dı́az-Santos, T.). The synthesized beam full width at half maximum
(FWHM) of the sample ranges between ∼0.2′′ and 0.4′′. The field of view (FoV) imaged by
a single pointing has a diameter ranging between ∼5 and 8 kpc.
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Figure 1: From left to right: CO(2–1) and 1.3 mm continuum maps obtained with ALMA,
complemented by HST/NICMOS image when available. The cross symbol in the three panels
represents the stellar peak emission identified using the HST/NICMOS image. The beam size
and the physical scale in kpc are also shown in the left panel.

3 Data analysis

We generated CO(2–1) and 1.3 mm continuum maps for the whole sample, selecting the emis-
sion above 5σ for both maps. To derive the size of a system we consider the curve-of-growth
method as a robust way to derive the Reff . We considered an equivalent circular aperture as
a good approximation of the (major) elliptical aperture. We select the center of the (circular)
aperture, choosing the peak emission observed in the near-IR using HST/NICMOS F160W
(λc = 1.60 µm, FWHM = 0.34 µm) images (see Fig. 1, right panel). When the HST images
are not available, the peak emission in the continuum map at 1.3 mm is used. The CO(2–1)
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and 1.3 mm continuum sizes presented in this work are observed (not corrected for the beam).
The intrinsic CO and 1.3 mm continuum sizes are also resolved (larger than the beam) and
are (on average) smaller than the observed size by ≤1% and ≤4%, respectively.

4 LIRGs versus low-z ETGs, spiral galaxies, and ULIRGs

4.1 SFR versus RCO

LIRGs are completely decoupled from spiral galaxies and ETGs in the SFR-RCO diagram
(see Fig. 2, left panel). While spiral galaxies are extended systems with a CO(2–1) radius
of about 2 to 10 kpc, LIRGs have radii of about a factor ≤6 smaller. Moreover, the sizes of
LIRGs cover a range similar to that covered by the sizes of ETGs, while their SFR is a factor
60 higher than for ETGs.

The large discrepancy in the molecular size between spiral galaxies and local LIRGs seems
to be in agreement with what is discussed in [6]: these authors found that galaxies that
are more compact in the molecular gas than in stars tend to show signs of interaction (the
presence of a bar can also affect the emission distribution). The work by [7] seems to sup-
port the aforementioned result: these authors derived still more compact molecular size for
their sources with respect to our LIRGs. Their sources are more extreme in terms of SFR
(∼340 M⊙ yr−1) and even show a more disturbed morphology. Their molecular size is a
factor 2 more compact than that of our LIRGs.

4.2 Stellar mass versus RCO

In the stellar mass–RCO diagram (Fig. 2, right panel), LIRGs cover a mass range similar to
that of low-z samples of spiral galaxies and ETGs, with values in the 1010-1011 M⊙ range.
Compared with different types of low-z galaxies, LIRGs are characterized by being located
in galaxy hosts with intermediate stellar mass (∼5×1010 M⊙), forming stars at rates a factor
of ≥10 above spiral galaxies, and with compact CO sizes (RCO∼0.7 kpc) similar to those of
ETGs (RCO∼1 kpc).

4.3 Stellar mass–size plane

A different trend from that derived for the stellar mass and molecular size components is
derived for our sample when the stellar size is considered (Fig. 3, left panel). As before, local
spiral galaxies (i.e., MS SFGs from [8]) and ETGs are included in the diagram. LIRGs share
similar stellar mass and stellar size with ETGs, while they are more compact (by a factor
∼5) and more massive (by a factor ≤2) than local MS SFGs. From [9], we know that the
distributions of molecular gas and stellar disk in galaxies follow each other closely in nearby
disk galaxies (Rstar∼RCO), while the stellar size is larger than the molecular size for ETGs
and for our LIRGs by a factor of ≤3.

According to evolutionary scenarios, many works support the idea that (U)LIRGs can
transform gas-rich spiral galaxies into intermediate-(stellar)mass (1010-1011 M⊙) elliptical
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Figure 2: Distribution of LIRGs and other low-z galaxy samples in the SFR–RCO (left)
and Mstar–RCO (right) planes. Our LIRGs are shown using green, magenta and red circles.
The median value of each sample is shown according to the following color code: purple for
ULIRGs, light green for interacting and merger LIRGs, light blue for disky LIRGs, orange
for spiral galaxies, and dark blue for ETGs.

galaxies through merger events ([10]). The kinematic study of local (U)LIRGs ([1]) highlights
that these systems fill the gap between rotation-dominated spiral galaxies and dispersion-
dominated ETGs in the v/σ–σ plane. Following our present results, most of the LIRGs share
similar properties with ETGs while only a few overlap with the region covered by spiral
galaxies.

4.4 Stellar hosts in LIRGs versus high-z SFGs

A large variety of high-z systems (i.e., MS SFGS, [11], [12], [13], [14], [15], [16], [17], [18]
and SMGs, [19], [20], [21], [22], [23]) were selected using different criteria (i.e., stellar mass,
optical radius, or IR luminosity) and observational techniques also covering a broad range of
redshifts (1 ≤ z ≤ 6) and galaxy properties. Therefore, they represent the rich diversity of
galaxies found during the first half of the history of the Universe. The vast majority of high-z
galaxies have masses in the ∼1010-2×1011 M⊙ mass range, but their sizes cover a much wider
range, which reflects the large variety of systems considered at high-z (Fig. 3, right panel).

The comparison with MS SFGs indicates that low-z LIRGs have stellar sizes and masses
similar to those of K-band-selected SFGs at redshifts 3-4 ([11]). However, LIRGs appear (on
average) slightly smaller in size (factor 1.3) than the MS SFGs at z ∼ 1-2 (e.g., [13], [17],
[18]) while their masses (average of 5.6× 1010 M⊙) are within the wide range of stellar masses
(from 4.3 to 20.0×1010 M⊙) covered by the hosts of the MS SFGs. These results indicate
that LIRGs, which represent the bursty above-MS SFGs at low-z, appear to be similar to the
bulk population of MS SFGs at intermediate redshifts (z∼1-4) in terms of the stellar mass
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and size of their hosts.

All the low-z LIRGs, as well as a large fraction of the high-z galaxies, appear in the stellar
mass–size diagram (Fig. 3, right panel) in between the relations of early- and late-type galaxies
at z ∼ 1.75 (typical redshift value for the majority of the high-z systems considered in this
work), as derived from the 3D-HST and CANDELS surveys ([24] and references therein).
As observed in local LIRGs, distant SMG populations also show a mixture of dynamical
phases, hosting merger-driven starbursts ([25]) as well as ordered rotating disks ([19]). This
could indicate that many of the high-z galaxies could be in a transitory phase related to
tidally perturbed disks or galaxies involved in interactions and mergers, such as low-z LIRGs.
Deciphering whether or not this transitory phase represents the evolution from extended
disks to compact spheroids requires spatially resolved kinematical information traced by the
molecular and ionized ISM.

Figure 3: Left: Mass–size distribution for our LIRGs including ETGs and local spiral galaxies
(i.e., MS SFGs; [8]). LIRGs are identified following the color code used in previous figures.
The blue and red slopes represent the mass–size relations derived by [26] for late- and early-
type local galaxies, respectively. Right: Mass–size distribution for our LIRGs and high-z
systems. LIRGs from this work are shown using light orange circles. High-z SFG and SMG
data are taken from the following works: SMGs from [19], [20], [21], and [22] and SFGs from
[11], [12], [13], [14], [15], [16], [17], and [18]. The blue and red lines in each redshift range
represent the mass–size relations for late- and early-type galaxies, respectively, at z∼1.75,
2.25, and 2.75 derived from the 3D-HST+CANDELS surveys ([24]). At z=4-6, the mass–size
relation for late- and early-type galaxies has not yet been derived, and so the dashed blue
and red lines still show the behavior considered at z=3-4.
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Abstract

The examination of the spatially resolved IFS maps in a sample of more than 500 lenticular

(S0) galaxies drawn from the MaNGA survey has unveiled the existence of transient inner

annular structures (⟨R⟩ ∼ 1Re) betraying ongoing star formation in a good number of these

objects. Activity gradients in these galaxies have been measured through a novel method-

ology based on the principal component analysis of their optical spectra averaged over bins

of galactocentric radius. We find that the sign of these gradients is closely linked to the

presence of rings in the spectral maps, which are specially conspicuous in the equivalent

width of Hα-emission, EW(Hα), with a fractional abundance —22–37% depending on the

strictness of ring identification— larger than that inferred from optical imaging. While the

numbers of S0s with globally positive, negative, and flat activity gradients are comparable,

star-forming rings are found almost exclusively in objects with a positive slope for which

quenching proceeds inside-out, in good agreement with predictions from cosmological sim-

ulations studying S0 buildup. The assessment of these structures and the properties of the

galaxies harboring them also indicates that the frequency of such rings increases with the

mass of their hosts, that they feed mainly on the gas from the disks, that are more short-

lived in galaxies with ongoing star formation, and that the local environment does not play

a relevant role in their formation. From the present analysis, we conclude that the presence

of rings in the EW of the Hα emission line is a common phenomenon among fully formed

S0s, possibly associated with annular disk resonances driven by weakly disruptive mergers

preferentially involving the more massive representatives of these galaxies and their smaller

and closer satellites.

My poster in zenodo.org can be found here
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Abstract

We describe our project to study galaxies hosting type Ia supernova (SN Ia) at different

redshifts. We present optical spectroscopy of 6 galaxies at redshift z ∼ 0.45 observed with

Gran Telescopio de Canarias. They are joined to a set of SN Ia host galaxies at intermediate-

high redshift, taken from SDSS and COSMOS surveys. After some selection cuts, in terms

of signal-to-noise and other criteria, our final sample consists of 680 galaxies in the range

0.04 < z < 1 of redshift. We perform an inverse stellar population synthesis with the code

fado to estimate the star formation histories. We simultaneously obtain their stellar mass,

and their mean stellar age and metallicity. We then look for possible correlations of the

Hubble diagram residuals and of the supernova light curve features (luminosity, color and

strength) on these stellar parameters. We find that the Hubble diagram residuals show a

correlation with the weighted by mass stellar metallicity (in logarithmic scale) with a slope

of -0.061 mag dex−1. This result supports our previous findings obtained with gas oxygen

abundances for local and SDSS galaxies. This is also similar to the value found in other

works from the literature. Our result is in agreement with others, but it is obtained with

more precision and a better significance due to the higher number of objects and wider

range of redshift of our sample.
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1 Introduction

Type Ia supernova (SN Ia) have been used as standard candles from the mid 1990s to measure
the evolution of the Universe with sufficient precision and at distances large enough to detect
an accelerated rate of expansion of the Universe, in the High-z Supernova project [25] and
the Supernova Cosmology Project [22].

The SN Ia brightness can be standardized, to use their light-curves and their apparent peak
magnitude (m) to estimate distances to their host galaxies. Assuming an universal absolute
peak magnitude (M), their distance modulus (µ = m−M) can be represented as a function of
the redshift (z) of their host galaxy, in the well known Hubble diagram (HD). However, SNe
Ia are not natural standard candles but standardizable by means of a relationship between
their peak brightness m, and the width of their light-curves (parametrized by x1, s, or ∆m15),
and their color (c or E(B − V )) at the peak [23, 24, 32].

This standardization technique is mainly trained with SNe Ia of galaxies of the Local Uni-
verse, with typically around Solar abundances and stellar ages. In fact, there are theoretical
models that predict that the metallicity of the progenitor system would affects the luminosity
of the SN Ia: [30] showed that the excess of neutrons in the explosion of a white dwarf is
a direct function of the metallicity of the progenitor star, and that this excess is what con-
trols the ratio between radioactive (as 56Ni, which defines the brightness of the explosion) to
non-radioactive (elements of the group of iron) abundances.

There have been a large number of works for the last two decades studying possible
correlations between parameters of the SN Ia and the characteristics of the explosion [7, 12, 21]
The majority of them showed that SN Ia in massive host galaxies are brighter than less
massive ones, after LC shape and color corrections. Considering the mass-metallicity relation
[8], it migth to indicate a correlation between the magnitudes of SNe Ia and the metallicity
of their host galaxies: the most metallic galaxies would have the brightest SNe Ia with a
difference of ∼ 0.10 mag dex−1 with the less metallic ones.

The direct dependence of SNe Ia luminosities on metallicity was early studied by [6] and
[7], who estimated the oxygen abundance using emission lines in star-forming galaxies, and
the absorption stellar features in early-type galaxies respectively. In both cases, they found
a trend between magnitudes of SNe Ia and the stellar population metallicity of their host
galaxies.

We started a project to compute the possible effect of the metallicity of each SNe Ia in
its brightness. For that we try to estimate the stellar metallicity of their hosting galaxies or
the Oxygen abundance of their interstellar medium, to look for possible correlations between
the SNe Ia brightness and those estimates of metallicity, trying to have a redshift range as
wide as possible and a number of objects as high as possible. This is the final step of the
project [17, 18, 19]. We reanalyse the previous works at intermediate redshift and extend it
to higher redshift, up to z ≈ 1.

First, we present the sample and the selection criteria in Section 2. Then, in Section
3 we present the analysis code fado [10] that we use to obtain information of the stellar
populations. Our results are presented in Section 4. Our conclusions are given in Section 5.
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2 Observational data

We compiled spectra of SN Ia host galaxies from 3 different sources focusing on different
redshift ranges.

� The low-intermediate redshift SN Ia sample is provided by the SDSS-II/SNe in their
Data Release [26]. It is made of 1066 SNe Ia confirmed either spectroscopically (352
spec-Ia) or photometrically, identified based on a Bayesian LC fitting, using the spec-
troscopic redshift of their host galaxy (714 photo-Ia, [26]), and with publicly available
host galaxy spectra in the 16th data release of the SDSS [1]. The sample is similar to
the one presented in [19] and [5], where we have now performed aperture corrections to
several host galaxy parameters.

� The intermediate redshift sample is made of 6 selected galaxies from the sample Union2.1
[29] at redshift z ≈ 0.45 that were observed with GTC/OSIRIS [4] in long-slit mode, be-
tween November 2014 and January 2015 under the GTC57-14B programme (PI:Moreno-
Raya). We set the width of the slit to 0.8 arcsec and used the R1000R grating, which
provides spectral coverage in the range from 5100 to 10000 Å, with a resolving power
of R ∼ 1100.

The data were reduced using the standard packages available for the bias subtraction,
flat field correction and cosmic ray rejection and wavelength and flux calibration using
the same procedure as in [18] from IRAF software [31]. Moreover, we have corrected
the spectra for extinction effect, using the deredden task together with the tabulated
values for the galactic extinction map available in [27].

� The high-z sample of SNe Ia (0.5 ≤ z ≤ 1.0) was taken from the Supernova Legacy
Survey1 (SNLS, [11, 2]). SNLS targeted four regions of 1◦ × 1◦ in the sky, named from
D1 to D4. The SNLS D2 region overlapped with the COSMOS extragalactic survey
[28] footprint2. COSMOS consisted of a multi-wavelength imaging and spectroscopy of
a region of the sky of 2◦× 2◦ centered at the J2000 coordinates (RA,Dec)=(+150.1191,
+2.2058), using a multitude of telescopes. In particular, for our study we took spectra
from the COSMOS sub-surveys Magellan [33] and zCOSMOS, [14].

We crossmatched the coordinates of SN and the galaxy, with a selection criteria (i) a
physical projected distance of 50 kpc between the SN position and the center of the
galaxy, and (ii) a redshift relative error of 10%. We found that 44 matches (39 from
zCOSMOS and 5 from Magellan) that meet both criteria, 3 of them being galaxies
repeated in both surveys. We made a visual inspection with Hubble Space Telescope
(HST) I-band images to make sure that the galaxy was the real host of the SN. A total
of 28 galaxy-SN pairs was finally considered for further analysis.

The complete sample consists of 1087 galaxies (1053 from SDSS, 6 from GTC-OSIRIS
and 28 from COSMOS) with available spectra. From them, we keep 803 galaxies (769 from

1https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/cfht/cfhtls.html
2https://irsa.ipac.caltech.edu/data/COSMOS/tables/spectra/

https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/cfht/cfhtls.html
https://irsa.ipac.caltech.edu/data/COSMOS/tables/spectra/
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SDSS, 6 from GTC and 28 from COSMOS) that have spectra with S/N > 3. Additionally,
we perform some cuts based on the SN Ia light-curve properties: the light-curve stretch in
the range −3 < x1 < 3 and color in the range −0.3 < c < 0.3. We choose these ranges of
x1 and c to match the training data of the SALT2 [11] empirical SNe Ia model, that was
trained in those ranges of stretch and color. The final sample consists in 680 galaxies: 654
from SDSS, 6 from GTC and 20 from COSMOS, for which we have the complete information
necessary for our analysis.

3 Analysis

Once selected the spectra of the 680 galaxies3, we proceed to their analysis using the code
fado [10]. Fado tries to find the best fitting combination of stellar spectra using a basis of
Simple Stellar Populations (SSPs). SSPs are sets of stars of the same age and metallicity
whose spectra are calculated as the sum of spectra of individual stars that form them. In
this work we use as basis the set of SSP calculated with the HR-PopStar code from [15].
For this work, we have developed a special set of models, that uses the spectral library of
normal from [20], which has a shorter wavelength range than the original HR-pyPopStar,
from 2500 Å to 10000 Å, but a wider range in metallicities, 0.0001 < Z < 0.05.

Since we are working with non-local galaxies, it is necessary to take into account the age
of the Universe in each redshift. These galaxies could not have stellar populations older than
that age of the Universe corresponding to their redshift. Thus, the stellar populations older
than this value can not exist nor contribute to the spectra.

4 Results

First, we have looked for two classical relations between the characteristics of the galaxy:
mass-metallicity and age-mass relation. Concerning mass-metallicity relation, we find a sim-
ilar relation than [8] and [9]. We have a similar relation to both authors, but with more
dispersion, because we find a larger number of galaxies with low metallicity than them. In
the case of age-mass relation, shown in Fig. 1a, we find younger stellar populations than
[8]. We suggest that this difference is caused by the difference in the SSP basis used in the
analysis, because the SSPs used in both works are different, HR-pyPopStar being specially
tuned for the young SSPs models.

Then, we have computed the Hubble diagram of the SN using the calibration of [26] and
the Hubble residuals (HR) using the cosmological distance modulus from the cosmological
parameters from the same work, using a standard flat Λ CDM cosmology. From the whole
sample of 680 galaxies, we have selected 664 for which |HR| < 1.0 mag to analyse the HR
results and their dependence on the logarithm of stellar metallicity and current mass. We find
correlations in both cases with slopes -0.061 mag dex−1 and -0.06 mag dex−1, respectively.
We show in Fig. 1b) the correlation of HR with the mean stellar metallicity in logarithmic

3The used spectra are in https://github.com/HOSTFLOWS

https://github.com/HOSTFLOWS
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Figure 1: a) Stellar Mass-Age relation compared with [8] results; b) Hubble residuals vs the
logarithm of the mean stellar metallicity weighted by mass, with the correlation found, the
comparison with [19] and the blue and red squares that represent the mean HR of the low
mass and the high mass bins respectively; and c) comparison of our results with the ones
from [7, 12, 21, 13].

scale.

Finally, we have compared with other work of the literature that have measured the mean
metallicity of the stellar population [7, 12, 21, 13] in Fig. 1c). Our results are similar to [21],
but with smaller error and with the highest significance of all the works.

5 Conclusions

We have done a study of hosting SN Ia galaxies spectra for a redshift range of 0.1 < z < 1.0.
After analyzing with the fado code, we have estimated the SFHs, ⟨ZM ⟩, ⟨ZL⟩, ⟨τM ⟩, ⟨τL⟩,
vsys, σstar, Mformed and Mpresent. We present our results in [16] where more details may be
found.

The two most important conclusions we find are: 1) The HR-pyPopStar models give
younger stellar populations when using with fado compared with previous models; and
2) The residuals of the Hubble diagram, HR, shows a clear dependence with the stellar
metallicity, weigthed by mass, when is represented in logarithmic scale, with a slope of -
0.059 mag dex−1. This results is similar to others from the literature [7, 12, 21, 13] but we
have the highest significance compared with all of them.
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[15] Millán-Irigoyen I., Mollá M., Cerviño M., et al., 2021, MNRAS, 506, 4781.

[16] Millán-Irigoyen, I., del Valle-Espinosa, M. G., Fernández-Aranda, R., et al. 2022, MNRAS, 517,
3312.
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navidez, A. de Lorenzo-Cáceres, M. A. Fuente, M. J. Mart́ınez, M. Vázquez- Acosta, C. Dafonte

(eds.), 2023

Stellar population studies in the incoming J-PAS

survey.
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Abstract

Our main goal is to determine the stellar population properties of galaxies from the Javalam-

bre Physics of the Accelerating Universe Astrophysical Survey (J-PAS) in order to perform

various galaxy evolution studies up to z ∼ 1. In our galaxy evolution group at the Instituto

de Astrof́ısica de Andalućıa (IAA), we have tested and developed our proper SED-fitting

and Artificial Neural Network (ANN) codes to constrain a wide set of stellar population pa-

rameters (e.g. age, metallicity, extinction, stellar mass, equivalent widths, etc.) by making

use of a preliminary data release referred as mini-JPAS. We obtained consistent results from

the ANN and SED-fitting analysis of J-PAS-like galaxies in order to constrain their stellar

population properties. In addition, we demonstrated that these results are conducive to

exploring the cosmic evolution of the star formation rate (SFR) density, the star formation

main sequence, the role of environment for quenching galaxies, the radial variation of the

stellar content properties of galaxies in clusters, and the evolution of the luminosity and

stellar mass functions since intermediate redshift.

1 Introduction

The state-of-the-art multi-filter surveys (e.g. [13, 14, 1, 3]) present promising advantages over
standard spectroscopy for galaxy surveys. For instance, there is not a preliminary selection
of galaxies, which is only limited by the depth of the survey that is in turn typically deeper
than spectroscopic studies with similar telescopes and observational times. In this regard,
the photometric calibration of the spectral energy distribution (SED) of galaxies is typically
performed for each individual band, which diminishes the annoying systematic colour terms.
In addition, multi-band imaging open the possibility of performing pixel-by-pixel studies of
galaxies whose apparent sizes are larger than the point spread function (PSF) of the system.
Therefore, these surveys bring us the opportunity to study the stellar content of large samples
of galaxies in an alternative way. In fact, during the last years there is an increasing number
of studies setting constraints over the stellar content properties of galaxies using this kind
of data up to intermediate redshift (see e.g. [5, 6, 7] and references therein). Consequently,
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these studies offer complementary and very valuable results to the ones obtained by standard
spectroscopic data.

The Javalambre Physics of the Accelerating Universe Astrophysical Survey (J-PAS, see [1])
is an ongoing large-scale photometric survey planning to observe 8500 deg2 of the sky making
use of the 2.55m Javalambre Survey Telescope (JST) at the Observatorio Astrof́ısico de
Javalambre (OAJ). J-PAS is an unprecedented multi-filter survey with a unique photometric
system that will allow us to observe a huge amount of galaxies since z ∼ 1 with an equivalent
resolving power of R ∼ 60 in the optical range. This photometric system comprises 54
narrow-band filters with a full width at half maximum of FWHM∼ 145 Å (equally spaced
every 100 Å), one broad band (FWHM∼ 495 Å) and one high-pass filter extending to the
UV and near-infrared ends of the optical range, which results in an effective optical range of
3500–9300 Å (further details in [1] and [2]). Prior to the installation of the main camera, since
J-PAS is an ongoing survey, there is a first data release dubbed mini-JPAS [2]. This previous
survey imaged a stripe of 1 deg2 in the AEGIS field with the J-PAS photometric system and
the JPAS-Pathfinder camera installed in the JST. The mini-JPAS survey is being used by
the J-PAS collaboration for testing the potential of the J-PAS survey and the performance of
the telescope optical system, as well as performing a first scientific exploitation of the data.
As detailed in [2] and [8], the primary mini-JPAS photometric catalogue includes more than
15k galaxies at z ≤ 1 and is 99 % complete at r = 23.6 and r = 22.7 for point-like and
extended sources, respectively. Owing to the mini-JPAS configuration, the typical error for
the photometric redshifts (hereafter photo-z) of galaxies is σNMAD = 0.013 with an outlier
rate of η = 0.39 at r < 23 [10]. It is also of note that ∼ 5 200 galaxies per deg−2 are expected
to present an accuracy of σNMAD = 0.003 and η = 0.05.

We aim at exploring the stellar population properties of galaxies in the mini-JPAS survey
with the ultimate goal of preparing all the techniques and methodologies for the incoming J-
PAS survey to carry out galaxy evolution and formation studies. In the following, we outline
part of the stellar population results and work that we are conducting in our galaxy evolution
group at the IAA.

2 Determination of the properties of mini-JPAS galaxies

The methodologies that we developed for determining the stellar population properties of
the mini-JPAS galaxies are based on SED-fitting codes for the stellar continuum [4, 8] and
on Artificial Neural Networks (ANNs) for measuring and detecting emission lines in galaxies
[11]. In our group, we are using two SED-fitting codes: an updated version of the MUlti-
Filter FITting code for stellar population diagnostics (MUFFIT, [4]) and another one using
Bayesian statistics (BaySeAGal, de Amorim et al., in prep). One of the differences between
both codes lies in the star formation historiy (SFH) assumed. MUFFIT is based on non-
parametric composite stellar population models (mixtures of two simple stellar population
models or SSPs) and BaySeAGal adopts a parametric SFH (the so-called delayed-τ model).
In addition, MUFFIT includes the full redshift probability distribution function (zPDF) from
[10] for each of the mini-JPAS galaxies, whereas BaySeAGal assumes a unique photo-z value,
which corresponds to the maximum of the zPDF from [10]. From the SED-fitting analysis, we
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obtain luminosities (all bands), stellar mass, rest-frame colours, age, metallicity, extinction,
etc., along with uncertainties and correlations for each galaxy in mini-JPAS (more details in
[8]).

Thanks to the width and configuration of the narrow band filters, J-PAS will be a very
competitive survey to identify and characterise emission line galaxies. For this purpose, [11]
developed a methodology based on ANN algorithms to detect and measure the equivalent
width (EW) of Hα, Hβ, [NII], and [OIII] lines up to z = 0.35. Moreover, another ANN was
developed to classify mini-JPAS galaxies as emission line or quiescent galaxies. These ANNs
were trained with synthetic photometry, which was obtained by convolving galaxy spectra
from SDSS, CALIFA, and MaNGA with the J-PAS photometric system (further details in
[11]).

3 Stellar population studies in mini-JPAS

Using our SED-fitting results, we performed a first study about the stellar content of mini-
JPAS galaxies in [8]. The aim of this study was to check the reliability and consistency
of the results to identify and characterise galaxy populations since z ∼ 1 with real data.
After correcting for extinction and following the method detailed in [5], we found consistent
results pointing out that galaxies exhibit a bimodal distribution of colours in rest-frame
colour diagrams, which is tightly related to their stellar content, with a precision equivalent
to that obtained for spectroscopic surveys of similar signal-to-noise ratio (S/N). As a reference
and for mini-JPAS galaxies with S/N > 10, we expect to constrain the stellar population
properties of stellar mass and mass-weighted age with a precision of 0.07 ± 0.03 dex and
0.16 ± 0.07 dex, respectively [8]. Furthermore, we are able to constrain the cosmic evolution
of the star formation rate density, ρ⋆, by the mini-JPAS galaxies at 0.05 ≤ z ≤ 0.15 via
fossil record methods and our SED-fitting results (see left panel in Fig. 1). All this in good
agreement with previous work including spectroscopic data.

Making use of the results obtained from BaySeAGal and the complete and mass-sensitive
catalogue of galaxy groups in the J-PAS collaboration (Maturi et al., in prep.), in [9] we
studied the role of environment in galaxy evolution up to z ∼ 1. At increasing stellar mass,
the fraction of red and quiescent galaxies also increases, but it is always higher in groups than
in the field. Our results point out that the quenching fraction excess (QFE), or the excess of
quiescent galaxies in groups with respect to the field, ranges from < 10 % to 60% at stellar
masses of 1010 and 1011.5 M⊙, respectively. A similar result was found for transition galaxies
or galaxies quenching their star formation but in a more modest way. The fraction of field
star-forming galaxies that are quenched per unit of time (or galaxy quenching rate, Ri) also
depends on redshift (see right panel in Fig. 1 and [9]).

Through the ANN methodology introduced in Sect. 2, we studied the emission line galax-
ies (ELGs) in mini-JPAS up to z = 0.35 in [12], which is the limit to which the Hα line can
be observed with the J-PAS filter system. Thanks to this method, we are able to measure
the equivalent widths of the Hα, Hβ, [OIII], and [NII] emission lines, as well as the ionization
mechanism via BTP and WHAN diagrams. According to these criteria, we identify ∼ 1800



84 Stellar population studies in the incoming J-PAS survey

0 2 4 6 8 10 12 14
Lookback Time (Gyr)

3.0

2.5

2.0

1.5

1.0

0.5

lo
g

 (M
 y

r
1  M

pc
3 )

miniJPAS (z = 0.05-0.15)BaySeAGal
MUFFIT
AlStar
TGASPEX

Madau & Dickinson14
Driver + 18
Panter + 07
Lopez Fernandez + 18

Sanchez + 19
Leja + 19 (log M prior)
Leja + 19 (continuity prior)
Bellstedt + 20

0.2 0.5 1 2 5
redshift

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
redshift

0.0

0.1

0.2

0.3

R i
 (G

yr
1 )

Paccagnella + 2019
Poggianti + 2009
Muzzin + 2012
McNab +2021
0.05 (1+z)1.5

0.4/T
miniJPAS TG1
miniJPAS TG2

Figure 1: Left panel, cosmic evolution of the star formation rate density obtained from
mini-JPAS galaxies at 0.05 ≤ z ≤ 0.15 with MUFFIT and BaySeAGal (coral and black dots,
respectively). Right panel, evolution with redshift of the rate of group galaxy quenching for
mini-JPAS galaxy groups for two definitions of transition galaxies (green and orange dots).
Figures from [8] and [9], respectively.

ELGs up to z = 0.35 in mini-JPAS, which are classified as star-forming (SF), active galactic
nucleus (Seyfert), and quiescent galaxies (see left panel in Fig. 2). In addition, the SFRs ob-
tained from Hα and Hβ along with the stellar mass obtained via SED-fitting are in agreement
with previous studies exploring the star formation main sequence and the cosmic evolution
of the SFR density (see right panel in Fig. 2, further details in [12]).
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Figure 2: Left panel, BPT diagram obtained with the ANNs developed in our group for
mini-JPAS galaxies at z ≤ 0.35 and errors lower than 0.2 dex. Redder colours illustrate
more massive galaxies. Right panel, evolution with redshift of the star formation rate density
obtained from the Hα luminosity using the ANNs (star-shaped markers). Figures from [12].

In a complementary manner, we successfully checked the capability and potential of mini-



Dı́az-Garćıa, L.A., et al. 85

JPAS to characterise the stellar population properties of galaxies in clusters (see [15]). In
particular, we determined the variation of the stellar population properties of galaxies as
a function of the cluster-centric radius in the most massive mini-JPAS galaxy cluster: the
mJPC2470-1771 case (R200 ∼ 1300 kpc, M200 ∼ 3 × 1014 M⊙, and z = 0.29). For this
aim, we used the SED-fitting and ANN results obtained in [8, 12]. In general, the fraction
of red galaxies increases in the inner parts of mJPC2470-1771. More precisely, the number
of red and blue galaxies within the 0.5 × R200 region is roughly the same. We also found
that the redder, more metallic and massive galaxies tend to be inside the central part of the
cluster, closer to the brightest galaxy of the cluster. On the other hand, blue, less metallic
and less massive galaxies are mainly located at distances larger than 0.5 ×R200 (see Fig. 3).
These results suggest that quenching mechanisms are more efficient shutting down the star
formation and start at earlier epochs in the inner parts of galaxy clusters.
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Figure 3: Stellar population properties as a function of the cluster-centric radius in the
mini-JPAS galaxy cluster mJPC2470-1771. From left to right, (u − r) rest-frame colour
corrected for extinction, stellar mass surface density, and mass-weighted age for star-forming
and quiescent galaxies (blue and red lines, respectively). Figure from [15].

From the scratch, we developed a statistical methodology to determine the evolution of the
parametric stellar mass and luminosity functions of mini-JPAS galaxies up to z ∼ 0.7 (Dı́az-
Garćıa et al., in prep.). This method is based on a Monte Carlo Markov Chain (MCMC)
method involving the probability distribution functions obtained from MUFFIT and will
account for all the uncertainties and correlations involved in the analysis, spectral-type,
photo-z uncertainties, galaxy-star classification, etc. As a preliminary result, the cosmic
evolution of the stellar mass and B-band luminosity densities obtained from the MUFFIT
analysis is in good qualitative agreement with previous work in deeper surveys (see Fig. 4).

As a conclusion, we developed a set of methodologies and techniques that have proven to
provide reliable stellar population properties of galaxies only using J-PAS-like data. Nowa-
days, we are ready to perform very promising stellar population studies with the incoming
J-PAS survey involving stellar population properties, environment, and emission lines that
can be used to carry out galaxy evolution and formation studies in a reliable way up to z ∼ 1.
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Figure 4: Cosmic evolution of the B-band luminosity and stellar mass densities for quiescent
and star-forming mini-JPAS galaxies (red and blue solid lines, respectively). The solid black
line illustrates the values for the full galaxy sample.
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5 Instituto Nacional de Astrof́ısica, Óptica y Electrónica (INAOE), Luis Enrique Erro
No. 1, Tonantzintla, Puebla, CP 72840, México
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Abstract

Relic galaxies are extremely compact early-type objects that have failed to accrete an ex-

tended envelope of stars. We observed the relic galaxy NGC 1277 with the integral field

George and Cynthia Mitchel spectrograph (GCMS). The observations also include the reg-

ular early-type galaxy NGC 1278, which is used for comparison. We obtained resolved

kinematics of both targets and performed a Jeans modelling to determine their dark mat-

ter content and distribution. We find that, whereas NGC 1278 has a dark matter fraction

compatible with the expectations from models, NGC 1277 displays a negligible dark matter

fraction within the radius of 6 kpc (five effective radii) from which we recovered stellar kine-

matics. We propose that the fact that NGC 1277 is dark matter deficient might explain its

relic status. This is because for a galaxy lacking an extended dark matter halo, dynamical

friction is greatly reduced, resulting in a small efficiency at accreting satellites.

1 Introduction

The current paradigm for the formation of early-type galaxies (ETGs) is that they are the
result of two distinct successive phases of formation (see [16]). First, a dense core is quickly
formed. Afterwards, an extended envelope is slowly accreted as smaller objects are canni-
balised. In doing so, the size of the ETG increases by a factor of roughly four (e.g., [2]).

A minute fraction of ETGs skip the second evolutionary phase and are left as the passively-
evolved remains of the compact ETGs at a redshift z ∼ 2. These objects, called relic galaxies,
are extremely interesting because they allow us to directly study the properties of the early
ETGs without suffering from envelope contamination. NGC 1277, discovered by [18], is the
cleanest relic galaxy known to date. It is located in the dense environment of the Perseus
Cluster, at an estimated distance of 65 Mpc [1].

Here, we study the kinematics of NGC 1277 obtained from deep integral field data. To do
so, we used the Jeans Anisotropic Modelling (JAM) code [4, 6]. The dataset covers the nearby
regular ETG NGC 1278 that we used to obtain a direct comparison between the properties
of a relic galaxy and those of an ETG that has undergone the full two-phase evolution.

2 The data

The data were obtained with the George and Cynthia Mitchel spectrograph (GCMS) at the
2.7 m Harlan J. Smith telescope. The fibres of the instrument are 4.′′16 in diameter and cover
a field of view of 100′′ × 100′′. Through a dithering scheme we obtained a large filling factor
and an equivalent exposure time of 2.5 hours per position. We performed our analysis using
the spectral range 4400 Å − 6650 Å. The data have a radial coverage of 6 kpc for NGC 1277
(about five effective radii) and 12 kpc for NGC 1278 (about three effective radii).

In order to mitigate the effects of the low angular resolution of the GCMS, we comple-
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mented our dataset with kinematics of the innermost 1.′′6×1.′′6 of NGC 1277 obtained by [20]
using NIFS, an adaptive-optics-assisted (AO-assisted) integral field spectrograph.

3 Galaxy resolved kinematics and MGE modelling

To obtain resolved stellar kinematics, we fitted the spectra from the GCMS fibres using pPXF

[8, 7]. For each fibre, we computed the velocity corrected for the mean recession velocity of
the galaxy, V , and the velocity dispersion, σ. We calculated Vrms ≡

√
V 2 + σ2, as it is a

necessary input for the dynamical modelling (Sect. 4). We selected for further processing the
fibres with a good signal-to-noise ratio (S/N > 7 per spectra pixel) and where the error in
Vrms is smaller than 65 km s−1.

The main goal of the Jeans modelling is to characterise the dark matter halo of the
target galaxies. To disentangle the dark matter dynamical effects from those of the baryonic
component, baryonic mass distribution models were required. We created them using the
code by [3] in order to compute a multi-Gaussian expansion (MGE) of baryonic mass maps
derived from HST colour maps. We assumed mass-to-light ratios based on colours following
the recipes from [17, 10] and a Salpeter initial mass function (IMF).

4 Jeans modelling

JAM was used to produce Jeans models of the target galaxies. For dark matter haloes we
assumed a Navarro-Frenk-White profile with a characteristic radius rs = 100 kpc. The Jeans
models were fitted to the Vrms maps using the Adaptive Metropolis algorithm code adamet

[5]. The fitted parameters were:

� The deprojected axial ratio of the flattest MGE, q⋆min. This is equivalent to fitting the
inclination of the galaxy.

� The shape of the velocity ellipsoid, which was parametrised by either βz or βr, depending
on the alignment of the ellipsoid (cylindrical or spherical, respectively).

� The mismatch parameter α, which is a multiplying factor of the mass map that accounts
for differences between the actual IMF of the object and the assumed Salpeter IMF.

� The central black hole mass, MBH.

� The dark matter fraction within 6 kpc, fDM(6 kpc),

For NGC 1277 we fitted MBH using the AO-assisted NIFS kinematics. The resulting mass
was fixed in the fit of the more extended GCMS data. Because NGC 1277 is disc-dominated,
we assumed it to have a cylindrically-aligned velocity ellipsoid. Since NGC 1278 is a slow
rotator, we assumed that its ellipsoid is spherically-aligned. The inferred posterior probability
distribution functions of the model parameters are shown in Figs. 1 and 2.
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Figure 1: Result of the Jeans modelling to the GCMS-based Vrms map of NGC 1278. The
panels show the probability distribution of the fitted parameters marginalised over either two
parameters (contour plots), or one parameter (histograms). In the contour plots, white shades
indicate the maximum likelihood and blue shades correspond to a three-sigma confidence
level. The upper-right panels show the observed and the fitted Vrms maps. The grey contours
correspond to surface brightness contours separated by 0.5 mag arcsec−2 intervals, and the
black + signs indicate the position of the centre of the GCMS fibres.

5 Discussion

As a sanity test, we checked that the fitted central black hole mass for NGC 1277 is compatible
with that obtained by previous authors [11, 20, 14]. We thus confirm that the central black
hole in NGC 1277 is over-massive according to several scaling relations, but not quite as much
as postulated by [19], who found MBH > 1010 M⊙.

The large mismatch parameter value of α ≈ 1.2 indicates that NGC 1277 has a bottom-
heavy IMF, confirming the results by [15, 12]. On the other hand, NGC 1278 has a smaller
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Figure 2: Same as Fig. 1, but this time for NGC 1277. Here the black hole mass was fixed
to MBH = 4.58 × 109 M⊙, as obtained from the AO-assisted kinematics measured by [20].

α, indicating an IMF in line with that of regular ETGs.

The most striking result of the fits is that NGC 1277 has a negligible fraction of dark
matter within 6 kpc. Combining the stellar-mass-to-halo relation from [13] with the dark
matter halo shape parametrisation from [9], we found that this result is in a strong tension
with the expected fraction fDM(6 kpc) ≈ 0.1. On the other hand, the measured dark matter
halo in NGC 1278 is fully compatible with the expectations.

How is it possible that one of the densest known galaxies has formed within an under-dense
dark matter halo? The parsimony aesthetical criterion suggests that the two peculiarities of
the galaxy (the relic status and the lack of detectable dark matter) are related. We propose
that there is a causation between the lack of dark matter and the failure to accrete a stellar
envelope. Indeed, the smaller the density of the dark matter halo, the lesser the effect of
dynamical friction. Hence, small galaxies approaching NGC 1277 are not dragged inwards as
efficiently as in a galaxy with a regular dark matter halo, resulting in little envelope growth.



92 The extreme relic galaxy NGC 1277 is dark matter deficient

To test the plausibility of the above scenario we need to find a viable formation mechanism
to explain a compact giant galaxy with little dark matter. In a study by [21] one such galaxy
is found within the 1.2 × 106 Mpc3 volume of the Illustris simulation. It is very suggestive
that this number is close to the observed density of relics (three in 5 × 106 Mpc3; [12]).
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[14] Krajnović, D., Cappellari, M., McDermid, R. M., et al. 2018, MNRAS, 477, 3030

[15] Mart́ın-Navarro, I., La Barbera, F., Vazdekis, A., et al. 2015, MNRAS, 451, 1081

[16] Naab, T., Johansson, P. H., & Ostriker, J. P. 2009, ApJ, 699, L178

[17] Roediger, J. C. & Courteau, S. 2015, MNRAS, 452, 3209
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Abstract

Recent integral-field spectroscopy observations have revealed that thick- and thin-disk star-

formation histories are regulated by the interplay of internal and external processes. We

analyze stellar-population properties of 24 spiral galaxies from the AURIGA zoom-in cosmo-

logical simulations, to offer a more in-depth interpretation of observable properties. We ex-

tracted edge-on maps of stellar age, metallicity and [Mg/Fe] abundance, and star-formation

and chemical-evolution histories of thin and thick disks. These show signs of the interplay

between internal chemical enrichment and gas and star accretion. Thick disks show par-

ticularly complex stellar populations, including an in-situ component, formed from both

enriched and more pristine accreted gas, and a significant fraction of ex-situ stars.

1 Introduction

The spatially resolved stellar-population analysis of massive galactic disks allows us to draw
the spatial and temporal distribution of star formation during the mass assembly of disk-
dominated galaxies. Properties of thick disks, old, metal poor and enhanced in α elements,
trace mostly the early stages of galaxy formation, while younger metal-rich thin disks tell
us about later evolutionary phases [7, 14]. While it is clear that thin disks form mostly
in situ with their massive star formation being fuelled by gas accretion, there is no common
agreement on how thick disks form. Three main formation scenarios were proposed to explain
thick-disk properties: their stars may have formed in situ, at high redshift, from turbulent
gas [2], in satellites that were later directly accreted [1], or in a preexisting thinner disk which
was later dynamically heated [3].

Observational studies of thick disks are generally based on edge-on galaxies, where fainter
thick disks can be morphologically decomposed from the bright thin disks [5]. Spectroscopic
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studies have revealed some variety in thick-disk properties, pointing towards one or another
formation scenario [6, 9, 14]. On the other hand, detailed star-formation and chemical-
evolution histories of thick disks, extracted from deep integral-field spectroscopic MUSE
observations, have recently unveiled a combination of in-situ and ex-situ stellar populations.
Thick disks would result from complex scenarios with different mechanisms at play [10, 11, 12].
Here we probe these combined scenarios using numerical simulations.

2 Simulations, sample selection and data analysis

The AURIGA project [8] includes zoom-in magneto-hydrodynamical cosmological simulations
of 30 Milky Way-mass late-type galaxies, with stellar masses between 1010 and ∼ 1011 M⊙.
These were obtained by re-simulating 30 relatively isolated haloes from the parent largest-
volume Dark Matter Only EAGLE simulation [13]. The galaxy formation model, including
star formation, stellar and black-hole feedback and magnetic fields, led to realistic galaxies
matching a large variety of properties found in observed galaxies (e.g. morphologies and
properties of structures such as spiral arms or bars, galaxy sizes and masses, kinematic
and chemical properties). The initial conditions to be used in the re-simulations, and in
particular the initial distribution of dark-matter particles, were taken from the haloes in the
parent simulation. Then, each dark-matter particle was substituted by a pair of a dark-
matter particle and a gas cell. AURIGA simulations offer different resolution levels [8], and
we use ”level 4” in this work, corresponding to typical masses of high-resolution dark-matter
and baryonic-mass particles of ∼ 3 × 105 M⊙ and ∼ 5 × 104 M⊙, respectively. The physical
gravitational softening length for stellar and high-resolution dark-matter particles was set to
369 pc at redshift z < 1.

From the original sample of 30 galaxies, we selected a sample of 24 with a clear disk
structure and no strong distortions due to mergers. We projected the galaxies in an edge-
on view, to allow a similar analysis to what is usually done in integral-field spectroscopy
observations. We performed a Voronoi binning to ensure a similar number of star particles
in each spatial bin and we used for the analysis a region of radius the optical radius Ropt of
the galaxy [8] and of height 2 × hscale, where hscale is the standard deviation of the vertical
positions of stars at Ropt. For each galaxy, we fitted vertical luminosity-density profiles,
extracted in four radial bins, with two components associated with the thin and the thick
disks, each one represented by a hyperbolic secant square function. The fits gave us the
average height, for each galaxy, at which the light of the thick disk starts to dominate. This
allows us to define the thick and the thin disks in a purely geometrical way, using the same
definition that is usually adopted in edge-on external galaxies [4, 6, 10, 11, 12]. We show in
Fig. 1 mock images, of a size of 50 kpc×20 kpc, of the 24 galaxies in our sample. We indicate
with orange dashed horizontal lines the height above (below) which the thick disk starts to
dominate. The region between these lines is dominated by the thin disk. For one galaxy,
Au1, we obtained a good fit only when using one disk component instead of two, indicating
that this galaxy does not have a clear double-disk structure.
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Figure 1: Mock V -band edge-on images of our selected sample of 24 Milky Way-like galaxies
from AURIGA simulations. The region showed here has a 50 kpc×20 kpc size. The two
orange dashed horizontal lines indicate where the light of the thin-disk component dominates
over the thick disk (between the two lines), and where the thick disk dominates (above and
below that region). The region between the two vertical magenta dashed lines is dominated
by a central component (a bar in barred galaxies and a classical bulge in non-barred galaxies).

3 Results and discussion

Stellar populations. We mapped the stellar populations of the 24 galaxies. In the thick-disk
regions, we found a variety of ages, with average values respectively between 5 and 9 Gyr.
Average total metallicities ([M/H]) are between -0.2 and 0.1 dex, and [Mg/Fe] abundances
between 0.12 and 0.17. A sharp change in the stellar-population parameters corresponds to
the transition between the thick- and thin-disk dominated regions (Pinna et al., in prep.). In
Fig. 2, we summarize and compare the stellar-population properties of thick and thin disks.
Each point indicates the average age, [M/H] or [Mg/Fe] (respectively in the left, middle and
right panels) calculated in the thick- and the thin-disk dominated regions. Thick disks are in
all cases older, more metal-poor and more [Mg/Fe] enhanced than thin disks. We have color
coded each point according to the total stellar mass of the galaxy. While a general trend of
the thick- and thin-disk properties with galaxy stellar mass is not clear, galaxies with the
lowest masses show smaller differences between the properties of the thin and the thick disks
(points closer to the one-to-one line).

We extracted the star-formation histories of the thin and thick disks, in terms of the
mass fraction of stars of a specific age, averaging the age distribution in the regions domi-
nated by each one of them [10, 11, 12]. We color coded age bins according to their average
metallicity and [Mg/Fe] abundance, to interpret these plots in terms of chemical evolution.
Star-formation histories of the full sample can be found in Pinna et al. (in prep.), while we
describe an example later in this section.

In-situ and ex-situ components. To assess the ex-situ formation scenario of thick disks, we
tracked star particles during the simulations, and classified them as in situ or ex situ. We
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Figure 2: Thick-disk versus thin-disk stellar-population properties. From left to right: age,
[M/H] and [Mg/Fe] abundance. Points are color coded according to the total stellar mass
of the galaxy. The one-to-one line is indicated as black dashed, in each panel. A red ”+”
symbol indicates solar metallicity in the middle panel.

mapped the fraction of accreted stars for the full galaxy sample, and found that they are
mostly located in the thick-disk dominated region (see Pinna et al., in prep.). Thick disks
host a fraction of accreted stars between 5 and 65% of their mass, depending on the specific
galaxy. The accreted mass is less than 50% in most cases, and thick disks are therefore mostly
formed in situ with a strong contribution from satellites.

A representative galaxy: Au5. We show here one specific galaxy as an example, Au5,
representative of our sample. Au5 is a barred spiral galaxy of stellar mass ∼ 7 × 1010M⊙.
Stellar-population maps of Au5 are shown in Fig. 3, and show an old, metal-poor and [Mg/Fe]-
enhanced thick disk and a young, very metal-rich and poorly [Mg/Fe]-enhanced thin disk. We
show in Fig. 4 (left panels) the star-formation history of the thick disk in Au5, color coded
by [M/H] (top panels) and [Mg/Fe] (bottom panels). At the oldest ages (until about 12 Gyr
ago), we see a global increase in the star-formation rate (or the mass fraction in each age
bin, evolving across time from right to left in each panel), and a later decrease at young ages
(from about 7 Gyr ago to now), with numerous star-formation bursts across the galaxy life.
The colors display a global chemical enrichment, transitioning from metal-poor values and a
strong [Mg/Fe] enhancement at the oldest ages, to slightly subsolar metallicities and slightly
supersolar [Mg/Fe] values at very recent times. However, on top of this global trend, both
[M/H] and [Mg/Fe] respectively drop or rise back to previous values, on different occasions
across the thick-disk evolution. Similar features are found in most galaxies of our sample.

In order to understand the origin of these [M/H] and [Mg/Fe] oscillations, which often
correspond to star-formation bursts, we decomposed the star-formation histories into in-
situ and ex-situ components, and revealed that the oscillations in the chemical abundances
are driven by the combination of these two components. In Au5 (Fig. 4, middle and right
panels), a satellite contributed ∼35% of the thick-disk mass. This satellite had its own
chemical evolution (right panels), and an enhanced chemical enrichment during the star-
formation burst at the final stage of the merger (at ages of about 7 Gyr; note that these
higher metallicities are still much lower than the thin-disk values). The in-situ component
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Figure 3: Maps of the galaxy Au5 covering a central region of size 2Ropt×4hscale. Logarithmic
luminosity density (top-left panel), age (bottom-left panel), [M/H] (top-right panel), and
[Mg/Fe] abundance (bottom-right panel). Dashed horizontal lines indicate the distance from
the midplane at which the thick disk starts to dominate. The region between the dashed
vertical lines is dominated by the bar.

Figure 4: Star-formation history of the thick disk in Au5, color-coded by [M/H] (top panels)
and [Mg/Fe] abundance (bottom panels). Left panels include all stars, while middle and
right panels include only stars formed respectively in situ or ex situ. The corresponding mass
fraction (over the total thick-disk mass) is indicated on top of each column.
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(middle panels) is characterized by several star-formation bursts with lower metallicity values
(and higher [Mg/Fe]) than immediately younger and older ages. These drops in metallicity
are driven by the accretion of gas, mostly coming from the satellite.

4 Conclusions

We analyze the properties of thick and thin disks in a sample of 24 spiral galaxies from AU-
RIGA simulations. Thick and thin disks were defined geometrically in an edge-on projection,
according to the regions where their light dominates. Similarly to what was previously found
in most observations [4, 7, 9, 10, 12], thick disks are older, more metal poor and [Mg/Fe] en-
hanced than thin disks. We investigated the fraction of in-situ and ex-situ particles and their
contribution in the star-formation histories of thick disks. These results show that although
most of the thick-disk mass was formed in situ, but with an important contribution of gas
accreted at the time of frequent mergers, they host a significant fraction of accreted stars (in
some cases, even most of their mass). Thin disks, as expected from previous observations
[7, 10], host a very low mass fraction of accreted stars, and the bulk of their mass was formed
at recent times thanks to a large amount of accreted gas.

Star-formation histories of thick and thin disks, and thus of disk galaxies, result from the
interplay of internal and external processes: the internal chemical enrichment is challenged
by the accretion of more pristine gas and more metal-poor stars.
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Abstract

Disc galaxies are complex systems shaped by different stellar structures such as bulges,

discs, and bars. Every galaxy structure keeps a unique memory of their past evolution,

thus, understanding the mass assembly of disc galaxies can only be achieved by analysing

separately all these independent footprints of past evolution. In this work, we have analysed

the separated star formation main sequence (SFMS) of bulges and discs in the CALIFA

sample. To this aim, we use the C2D algorithm to separate the spectra of bulges and discs

using the information provided by the CALIFA integral field survey. We find that the star

formation in galaxies mainly occurs in the disc component and not in bulges. Remarkably,

once we only account for the disc mass, even the discs of early-type galaxies are compatible

with the SFMS defined by star forming galaxies at z ∼ 0. Moreover, we find a strong

mass depedence in the SFMS. For the bulges, only the low-mass bulges in late-type spirals

(logM⋆,b/M⊙ < 9) are compatible with the SFMS of z ∼ 0 star-forming galaxies. The

fraction of discs compatible with the SFMS is also a function of the disc (or total) stellar

mass. Our results remark the importance of separating the spectral properties of different

galaxy structures to provide a whole picture of the galaxy mass assembly throughout cosmic

time.

1 Introduction

A powerful tool to study the evolution of the star formation rate (SFR) in galaxies is provided
by scaling relations such as the star formation main sequence (hereafter, SFMS), a tight
relation between a galaxy’s SFR and its total stellar mass (M⋆; [1]). This relationship exists
out to high redshifts, increasing its normalization to higher values at earlier epochs such that
SFRs at a fixed stellar mass are higher by a factor of ∼ 20 at z ∼ 2 [5, 26]. The position of the
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galaxies with respect to the SFMS, at any given epoch, gives us information about whether
the SFR is enhanced or suppressed relative to the mean for their stellar mass. Despite the
large amount of literature in the topic, most of the works on the properties of the SFMS have
been limited to studies of star-forming galaxies. Nevertheless, it is known that ETGs remain
well below the SFMS [23], with various processes invoked as responsible for the differences in
SFR with respect to star forming galaxies. These include: i) internal structure (such as bars
and bulges; [31]), cold gas fraction [25], interaction with other galaxies [30] and the presence
of an AGN [10, 27].

Observationally, it has become increasingly clear that a general scenario to understand
the trigger and shut-down of star-formation in galaxies must include a description on how
this happens for their different stellar structures, in particular for their main components:
bulges and discs. The difficulties inherent to identify, and separate, these structures have
hindered most of our advance in this topic to photometry-based studies. They generally
use standard photometric decomposition techniques applied to broad-band galaxy images
[22, 21, 8, 6]. On the other hand, even after the revolution introduced by integral-field
spectrographs, spectroscopic studies have been mostly limited to radial analysis of galaxies
[12], or in the best cases to define regions where the light of each component (bulge and
disc) dominates over the others using segmentation maps [9, 3, 7]. Fortunately, the necessity
to understand the stellar population properties and mass growth of galactic structures have
led to some methodological advances: i) spectro-photometric techniques, understood as an
extension of standard photometric decomposition techniques to the case of IFS data (BUDDI,
[14]; C2D, [18]); ii) kinematic decomposition of the spectra into galaxy components [4], and
iii) orbital decomposition into dynamically different structures using Schwarzchild modelling
[32].

In this work, we explore for the first time the SFR vs. M⋆ relation of ETGs separated
into their bulge and disc components. To this aim, we use the new algorithm C2D [17]
designed to perform spectro-photometric decompositions of galaxy structures using integral
field spectroscopy (IFS), in combination with Pipe3D [29], a taylor-made pipeline to retrieve
the stellar populations and ionised-gas properties from IFS.

2 The CALIFA sample

A detailed description of the galaxy sample used in this study can be found in [16]. As
a brief reminder, we have studied a sample of 129 galaxies drawn from the CALIFA data
release 3 (DR3; [28]. The galaxy sample was selected as unbarred following the photometric
decomposition analysis of the SDSS imaging presented in [20]. From this work we found
that 58 galaxies were well described by a Sérsic bulge and a single exponential disc, 40
galaxies required a broken disc profile in addition to the Sérsic bulge, and 31 are early-
type galaxies fitted with a two component model (Sérsic+single exponential) even if their
fit is statistically indistinguisable from a single component (pure Sérsic) model (see [19],for
details). The spectro-photometric decomposition of our sample into separated bulge and
disc datacubes was performed using C2D [18]. The stellar population analysis shown in this
paper was performed using the Pipe3D pipeline. This software has been thoroughly applied to
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Figure 1: Star formation rate (SFR) vs. galaxy stellar mass. The values for bulges and discs
are shown with red circles and blue stars, respectively. Green squares represent measurements
of the same galaxies, but considering the galaxy as a whole. Yellow triangles display the
control sample of elliptical galaxies. The best fit to the SFMS from Elbaz et al. (2007,
Grey), Renzini & Peng (2015, Orange), González Delgado et al. (2016, Navy), Sánchez et al.
(2019, Green). Downward arrows mark where the measured SFR is an upper limit (see text
for details).

CALIFA data and provides, among others, luminosity/mass weighted ages and metallicities,
star formation histories, and intensity maps of strong emission lines for both components
[29].

3 The separated SFMS of bulges and discs

Figs. 1 and 2 show the relation between the SFR of our bulges and discs and both the stellar
mass of the host galaxy and the stellar mass of each component, respectively. In order to
provide a complete picture for our whole sample, we computed the SFR using the analysis of
the stellar populations and the recipe given in [13]. We refer the readers to [17] for a detailed
description of the process applied to this dataset, and for a discussion on the difference with
SFR derived from ionised gas emission lines. The star formation main sequence (SFMS)
derived from previous studies in the literature is also shown for comparison, as well as the
location of the control sample of ellipticals and the position of the galaxies in the sample if
they are considered as a whole.
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Figure 2: Same as Fig. 1, but using the stellar mass of each component.

The comparison of our bulges and discs with the SFMS derived for star forming galaxies
at z ∼ 0 shows clearly how, independently on which stellar mass is used, most of the discs are
compatible with the SFMS whereas most of the bulges lie below this relation, i.e., they are
mostly in the region of the diagram occupied by retired galaxies [2]. We find a similar result
in [17] using only early type galaxies, and this was also found in [3] for CALIFA galaxies.
In particular, we find that, when considering each component stellar mass, 16 (12%) bulges
and 99 (77%) discs are compatible (within 1σ) with the SFMS defined in [26]. The fraction
of bulges compatible with the SFMS is strongly dependent with the bulge mass. We do not
find any bulges compatible with the SFMS in the high mass bin (logM⋆/M⊙ > 10.5), but
they reach 38% for bulges with logM⋆/M⊙ < 9. Therefore low-mass bulges are more subject
to show recent star formation. The trend is similar for discs even if less dramatic. About
72% of the high-mass discs (logM⋆/M⊙ > 10) lie in the SFMS and this number rises to 91%
when considering those with logM⋆/M⊙ < 10. When considering the galaxies as a whole and
applying the same analysis, we find that 67% of the galaxies are compatible with the SFMS.
Galaxies also show a decline in their fraction of galaxies located in the SFMS with global
stellar mass. This is such that 91%, 73%, and 37% of galaxies with masses 9 < logM⋆/M⊙ <
10%, 10 < logM⋆/M⊙ < 11, and 11< logM⋆/M⊙ < 12 are in the SFMS, respectively. We
also computed these fractions as a function of the bulge mass finding that 88%, 59%, and
31% of the galaxies with bulge masses 9 < logM⋆/M⊙ < 10, 10 < logM⋆/M⊙ < 11, and
11< logM⋆/M⊙ < 12 lie in the SFMS, respectively. Finally, we compare the fraction of
bulges and elliptical galaxies that are compatible with the SFMS. We find that, in the mass
range where both sample are representative (10< logM⋆/M⊙ < 11.5), elliptical galaxies are
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more prone to star formation (16% in the SFMS) than bulges (3%). Our results are in good
agreement with those presented in Lang et al. (2014). Using a separation between star
forming galaxies (SFG) and retired galaxies (RG) based on a threshold on their specific SFR
(sSFR), they found a strong increase in the fraction of retired galaxies with global galaxy
mass and bulge mass, changing from ∼ 10% at logM⋆/M⊙= 10 to 50% at logM⋆/M⊙ = 11.3.
Despite in this work we used the location (or not) of a galaxy with respect to the SFMS to
identify SFGs (RGs), the quantitative agreement is remarkable.
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[28] Sánchez, S. F., Garćıa-Benito, R., Zibetti, S., et al. 2016, A&A, 594, A36

[29] Sánchez, S. F., Pérez, E., Sánchez-Blázquez, P., et al. 2016, RMA&A, 52, 21

[30] Willett, K. W., Schawinski, K., Simmons, B. D., et al. 2015, MNRAS, 449, 820

[31] Wuyts, S., Förster Schreiber, N. M., van der Wel, A., et al. 2011, ApJ, 742, 96

[32] Zhu, L., van de Ven, G., Leaman, R., et al. 2020, MNRAS, 496, 1579



Highlights of Spanish Astrophysics XI, Proceedings of the XV Scientific Meeting of the Spanish Astro-

nomical Society held on September 4–9, 2022, in La Laguna, Spain. M. Manteiga, L. Bellot, P. Be-
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Abstract

We have used a sample of 50 nearby (z ≤ 0.06) obscured and unobscured AGN (about

half of each) with NuSTAR hard X-ray spectra to explore the capabilities of clumpy torus

models that represent the wide variety of X-ray spectral properties shown by AGN. We

have used UXCLUMPY, which allows self-consistent multi-wavelength analyses. We have

found that good individual spectral fits can be obtained with that model for all sources,

including Compton Thick sources. We were looking for the smallest set of model parameters,

that fit reasonably well with all our sources. We found that 23 such model parameter

combinations span the sample, and additionally, they can be grouped into only four basic

spectral shapes. We will extend this approach to an expanded sample and use the resulting

maximally spanning sets of model parameter combinations to simulate AGN observations

with Athena, to develop a method for automatically determining redshifts from their X-ray

spectra.

1 Introduction

The compact centers of some galaxies accrete matter and emit enormous amounts of radiation
at all wavelengths. These are called active galactic nuclei (AGN) [20]. They are persistent
sources across all redshifts of the observable Universe[4][11][24]. It is essential to understand
these enigmatic objects to answer important questions about the environment of the early
Universe, the growth of SMBH[1] [5], and the evolution of galaxies.[15] [17]

AGN models theorize the presence of a torus-shaped dusty region that encloses the central
supermassive black hole (SMBH) and the accretion disk[16]. The material related to the torus
would be responsible for the obscuration [8] seen along the lines of sight to many AGN, if
not most. Several studies have pointed out from observational evidence that the nature of
this obscuring structure is clumpy.[18][19]

X-rays are produced at regions close to the SMBH through thermal and non-thermal pro-
cesses [21]. Thanks to their high penetrating power, X-rays could be used to probe the central
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regions. Also, a part of the intrinsic UV/optical continuum radiation from the accretion disk
gets reprocessed into X-rays by the geometric features present near the accretion disk[12].
This leaves an imprint on the X-ray continuum spectra with the characteristic emission lines.
Thus, X-rays can not only be used to study the properties of the central SMBH but also to
understand the anatomy of the AGNs and the physical processes in the inner regions that
characterize a particular source[6]. One of the fundamental properties required to character-
ize the AGN is redshift (z). The redshift of an object not only tells us how far away it is but
also its age and, in turn, its nature. This helps us understand the stages of evolution in the
AGN life cycle.[10]

Our ultimate aim is to extract redshift information entirely from the X-ray spectrum of the
AGN. A characteristic feature in the reflection X-ray spectrum of the AGN is the Fe K-α line
[9]. It is produced when the continuum emission is reprocessed by the circumnuclear material.
Thus, this line gives an important diagnosis of the nature of the AGN’s surroundings[7] [13].
The redshift of the AGN can be found by identifying the energy at which this Fe Kα line is
present in the X-ray spectrum. Previous studies have attempted to do this characterization
by employing a fitting method directly on the observed spectra and filtering techniques on
simulated data [3][22][23].

In this work, we present preliminary results, representative AGN spectral shapes from
the nearby AGN population. These will then be used for simulations in particular for
Athena/WFI surveys which will be used for testing and optimizing our redshift extraction
algorithm. Representative AGN spectral shapes are obtained using NuSTAR data from a
nearby AGN population and a recent, up-to-date clumpy torus model. The data and the
model are explained in section 2. Methodology, results, and conclusions are presented in
Section 3, Section 4, and Section 5 respectively.

2 Sample data and model

2.1 Data

Our sample consists of 50 Seyfert objects, of which 29 are Seyfert Type-I and 21 are Seyfert
Type-II. Out of 21 Type-II sources, 7 are Compton thick (CT; neutral hydrogen column
density, NH ≥ 1.5 × 1024cm−2 ) and 14 are Non-CT. The important obscuration features,
the Fe Kα line, and the Compton edge occur in the hard X-ray energy range. The Nuclear
Spectroscopic Telescope Array, NuSTAR [14] operates between 3 and 79 keV and fits the
criteria. NuSTAR data for our sample were extracted with the standard NuSTAR pipeline.
The sample can be accessed in the link https://doi.org/10.5281/zenodo.7390156

2.2 Model

We have employed a recent and up-to-date clumpy torus model UXCLUMPY [2]. The model
assumes a central X-ray source surrounded by an inner ring of Compton thick clouds and an
outer ring of diffuse, Compton thin clouds. The model is self-consistent and reproduces the
X-ray and IR spectra of nearby AGN. The model parameters are explained in Table 1

https://doi.org/10.5281/zenodo.7390156
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Table 1: UXCLUMPY Model Parameters

Parameter Description Range Bins in the Table model

NH (NH) Total LOS column density [cm−2] 1020 − 1026 41 bins
PhoIndex (Γ) Photon index 1-3 11 bins
Ecut (Ecut) Energy cut-off [keV] 60-400 60, 100, 140, 200, 400
TORsigma (σ) Vertical cloud dispersion 0-84◦ 0◦, 7◦, 28◦, 84◦

CTKcover (C) Covering fraction of inner CT ring 0-0.6 0, 0.25, 0.3, 0.45, 0.6
Theta inc (θinc) Viewing angle 0-90◦ 0◦, 60◦, 90◦

3 Methodology

In a holistic approach, data from the NuSTAR FPMA module and Xspec model atable{uxclumpy-
cutoff.fits}+ atable{uxclumpy-cutoff-omni.fits}*const were used. The const parameter defines
the fraction of the total intrinsic component that is scattered. All the parameter values were
fixed from the values of the parameter combinations from the UXCLUMPY table model.

1. Each of the sources is fitted with parameter combinations allowing only normalization
and const parameters to vary

2. For each fit, χ2 statistic and degrees of freedom (dof) are noted

3. For each parameter combination, global χ2/dof 1 - contribution of χ2/dof from each
source fit is calculated

4. The parameter combinations are then arranged in a table in the increasing order of the
global χ2/dof

5. When the individual χ2/dof ≤ 1.5 for a fit, the particular parameter combination is
said to have spanned that object

6. Starting from the parameter combination with the least global χ2/dof in the rearranged
table, a new one is included only if it adds to the spanned list a new object

4 Results and Discussions

Following the method established earlier, we obtained 23 models in Table 2 that span the
entire sample.

1Global χ2/dof is a measure of how well a parameter contribution fits all the objects of the sample set.
This includes both χ2/dof ≤ 1.5 for objects that it fits well and χ2/dof for the objects that it does not.
For example, this quantity tells the parameter combination 1 in the table in addition to fitting very well 26
objects, it has fitted fairly-well other objects in comparison to the parameter combination 2
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Table 2: 23 Models that are required to span the sample set

NH Γ Ecut σ C θinc constavg global
χ2/dof

Number of Objects spanned

1022cm−2 deg deg Total Sy1 Non
CT

CT

1 1.78 1.8 100 84 0 60 0.04 3.47 26 19 7 0
2 1.26 1.8 100 84 0 60 0.04 3.48 28 21 7 0
3 1.26 1.8 100 84 0.25 90 0.04 3.51 29 22 7 0
4 1.26 1.8 100 28 0 60 0.04 3.52 27 20 7 0
5 2.51 2 400 84 0.25 90 0.05 3.56 25 18 7 0
6 3.55 1.8 200 7 0 90 0.08 3.59 23 16 7 0
7 3.55 1.8 140 84 0 90 0.02 3.91 17 10 7 0
8 1.26 2 140 84 0.3 60 0.09 4.10 21 15 6 0
9 0.891 2 140 84 0.25 0 0.09 4.35 20 14 6 0
10 7.08 1.8 140 7 0.25 90 0.08 4.38 10 4 5 1
11 1.26 2 100 84 0.25 0 0.08 4.43 18 12 6 0
12 7.08 1.8 200 7 0 90 0.07 4.53 9 3 5 1
13 10 1.8 400 7 0.25 90 0.06 6.01 7 1 4 2
14 10 1.8 140 28 0 0 0.06 7.28 8 1 5 2
15 14.1 1.6 100 7 0.25 90 0.05 10.28 5 0 3 2
16 14.1 1.4 60 7 0 60 0.06 13.63 5 0 3 2
17 28.2 1.8 400 7 0.25 60 0.07 16.23 5 0 3 2
18 891 1.6 60 0 0.3 60 0.02 18.00 1 0 0 1
19 891 2 200 28 0 0 0.01 20.60 2 0 0 2
20 56.2 1.8 200 0 0.25 60 0.04 25.77 2 0 1 1
21 79.4 1.8 100 7 0 60 0.01 26.43 2 0 1 1
22 79.4 1.6 60 7 0 90 0.01 29.53 3 0 2 1
23 224 1.8 60 28 0 60 0.05 33.01 3 0 0 3

An example fit is shown in Figure 1 for an object NGC 424. The number of models
required to span each category of objects is presented in Table 3. From the Table, it is
clear that only a few different parameter combinations are required to span/represent the
unabsorbed and the mildly absorbed population of sources. Also, only the first 11 parameter
combinations are required to span ∼ 74 % of the sample which includes 100 % of Type-I and
57 % of the Type-II sources.

On the other hand, heavily absorbed sources practically require one combination each.
This is attributed to the fact that as absorption increases, the underlying continuum power
law diminishes and the signatures of the interesting complex absorbing material become more
and more prominent.

Interestingly, these 23 parameter combinations can be grouped into 4 different groups
based on the spectral shape they produce. The shape groups are represented in Figure 1.
The groups clearly show the influence that the amount of absorption has in determining the
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Figure 1: Left: Showing the model components of one fit. Right: Spectral shape groups
into which the 23 parameter combinations can be grouped

Table 3: Models required to span each AGN type

Source Type Number of Sources Number of Parameter combinations
required to span a

Sy1 29 9
Non CT Sy2 14 8

CT Sy2 7 7

aFew parameter combinations are common in spanning Sy1s and Non CT Sy2s.

spectral shape of an object.

5 Conclusions and Future work

Using a representative sample, we obtained 23 representative AGN spectra. Type-I and mildly
absorbed Type-II sources prefer similar spectral shapes. Moderately and heavily absorbed
Type-II sources prefer to be more unique.

It is also noticed that parameter combinations with low to medium absorption span a
range of objects simultaneously and prefer having a higher torus spread. On the other hand,
as absorption increases, the parameter combinations span fewer and fewer objects at a time.
This is because, as the universally mildly absorbed power-law is attenuated, the interesting
physics of the complex absorbing material emerges, revealing each source to be unique.

This methodology will be applied to an expanded sample and the resulting maximally
spanning sets of model parameter combinations will be used to simulate AGN observations
with Athena. These simulations will then be used to test and develop our automated method
to extract spectroscopic redshifts from X-ray AGN spectra.
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[3] Castelló-Mor N, Barcons X, Ballo L., 2011, Advances in Space Research, 48(7):1304–10
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navidez, A. de Lorenzo-Cáceres, M. A. Fuente, M. J. Mart́ınez, M. Vázquez- Acosta, C. Dafonte

(eds.), 2023

Chemical evolution of local galaxies.

Artemi Camps-Fariña1,2, Patricia Sánchez Blázquez1, and Sebastián F. Sánchez2

1 Departamento de F́ısica de la Tierra y Astrof́ısica, Facultad de Ciencias F́ısicas,
Universidad Complutense de Madrid, 28040, Madrid
2Instituto de Astronomı́a, Universidad Nacional Autónoma de México, CP 04510, Mexico
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Abstract

We show the results of a study using the spectral synthesis technique study to measure

the chemical evolution of local galaxies. The main parameters measured are the chemical

enrichment history (ChEH) and the evolution of the stellar mass-metallicity relation (MZR)

over cosmic time. We find that the more massive galaxies became enriched first and the

lower-mass galaxies did so later, producing a change in the MZR that becomes shallower

in time. The mass dependence of the MZR becomes less relevant for later morphological

types, to the extent that it inverts for Sd/Irr galaxies, suggesting that morphology is at

least as important a factor as mass in the chemical evolution. We also find that the average

metallicity gradient is currently negative for all mass bins but for low-mass galaxies it

used to be positive before switching to the current negative average value. Some galaxies

show decreases in their ChEHs, which we find correlate with the presence of an AGN and

the sSFR. Finally, by comparing the expected yields of the star-forming histories to the

measured ChEHs using a chemical evolution model we can estimate the history of pristine

gas accretion over the lifetime of the galaxies. The inflow histories show that for a galaxy

to still be forming stars in the present time it requires a steady flow of pristine gas which

dilutes its chemical content, meaning the primary parameter that shapes the star-forming

main sequence is access to gas accretion.

My poster is available at https://zenodo.org/record/7017730

https://zenodo.org/record/7017730
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Abstract

MEGASTAR is a stellar spectral atlas for MEGARA (Multi Espectrógrafo en GTC de

Alta Resolución para Astronomı́a). MEGARA is an optical (3650 – 9750 Å), fiber-fed,

medium-high spectral resolution (R = 6000, 12000, 20000) instrument in operation on the

GTC 10.4m telescope. The scientific exploitation of MEGARA demanded a stellar-spectra

library to interpret galaxy data and to estimate the contribution of the stellar populations.

MEGASTAR atlas is focused on the highest resolution setups, HR-R and HR-I, and already

has almost 1000 stars (twice spectra) thanks to the filler-type OpenTime obtained up to now

in 7 semesters. We have developed a web-based tool and a database that allow working in

the project (for MEGASTAR team) and making the observations and products available to

the scientific community. HR-pyPopStar model provides a complete set of high resolution

Spectral Energy Distributions (SED) of Single Stellar Populations. The model uses the most

recent high wavelength-resolution theoretical atmosphere libraries for main sequence, post-

AGB/planetary nebulae and Wolf-Rayet stars. The SEDs are given for more than a hundred

ages ranging from 0.1 Myr to 13.8 Gyr, four values of metallicity (Z = 0.004, 0.008, 0.02

and 0.05), and four different IMFs. We have developed a public web-based software tools

and a database to manage HR-pyPopStar models and to make this available to the users

community.

My poster is available at https://zenodo.org/record/6989174#.Y1b5CIJBxmE

https://zenodo.org/record/6989174#.Y1b5CIJBxmE
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Abstract

The superb depth of present ultradeep observations and next generation synoptic surveys

allow us to reach sudden decrements of the galaxy surface brightness in their outer parts.

These truncations are intimately linked with the expected location of the cold gas density

threshold for star formation. The unexpected existence of these limits in the galaxy light

has led some authors to propose these truncations as the long-sought physically-motivated

proxy for galaxy sizes, as opposed to traditional effective radii. We have analysed all the

HST CANDELS fields (best trade-off between depth and spatial resolution) to follow the

evolution of these galaxy borders in massive disk galaxies up to z = 1. By determining

galaxy colors and mass profiles, we show that Milky Way analogs (galaxies with stellar

mass∼5×1010 M⊙) grow in size by a factor of 2 in the last 8 Gyr, while at the same time

decreasing their stellar density at these limit positions by an order of magnitude. We plan

to apply our techniques to the forthcoming data from the Euclid satellite, that will cover

one third of the sky down to 29.5 mag/arcsec2 (3 magnitudes deeper than SDSS and with

HST spatial resolution!). Therefore we have developed Machine Learning techniques that

will derive the most accurate galaxy size-mass relation for millions of galaxies in the future,

and going one step beyond, as these computational methods also help the astronomer to

determine the existence of any galaxy stellar haloes and galaxy tidal tails.

My poster is available at https://zenodo.org/record/7037734#.Y71pLtLMJhE

https://zenodo.org/record/7037734#.Y71pLtLMJhE
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Abstract

Detecting the first galaxies of the Universe has always been a goal in extragalactic astronomy

because the study of these sources provides important constraints on cosmic reionization.

In Cabello et al. 2022, we exploited the capabilities of the 10.4 m Gran Telescopio Canarias

(GTC) to carry out the narrow-band (NB) Lyα survey at the highest redshift ever. The NB

filter (FWHM = 11nm, λc = 1257 nm) targets the Lyα line of z = 9.34 galaxies and it was

specially designed by the ALBA team to be used on the near-IR camera CIRCE@GTC for

this work. After 18.3 hours of exposure time, we obtained an NB image of ∼ 6.7 arcmin2

within the Extended Groth Strip (EGS) field. No robust LAE candidates were found down

to an emission-line flux of 2.9 × 10−16 erg s−1 cm−2, which allowed us to derive an exclu-

sion zone of the Lyα luminosity function that agrees well with the previous observational

constraints at z ∼ 9. The current NB surveys at very high redshift probe only the most lu-

minous rare sources, but wider and deeper observations are needed to address the scientific

challenge of detecting galaxies at the cosmic dawn. In this context, the study of the early

Universe is one of the main scientific cases of the upcoming facilities such as the JWST or

the ELT, which will allow us to reach fainter magnitudes and detections at higher redshifts.

My poster is available at https://zenodo.org/record/7015519#.Y1arRuxBw3l

https://zenodo.org/record/7015519#.Y1arRuxBw3l
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Abstract

Binary black holes emit gravitational waves (GWs) as they inspiral towards coalescence.

Searches for electromagnetic counterparts to GWs rely on looking for common sources

producing both waves. Here, we take a different approach: we investigate the impact

of radiation zone effects including retardation effects associated with GWs onto the outer

circumbinary disk around stellar-mass black holes, using general relativistic hydrodynamical

simulations and a general relativistic ray-tracing code. We show that radiation zone effects

leave an imprint onto the disk, leading to quasi-periodic patterns in the X-ray lightcurve.

My poster is available at https://zenodo.org/record/7257054##.Y6l-K-zMIfF

https://zenodo.org/record/7257054####.Y6l-K-zMIfF
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Abstract

In this work, we present a machine learning clustering algorithm for the classification of the

interstellar medium (ISM) main components (HII regions, supernova remnants and diffuse

ionize regions). We study the ISM components of the NGC 300 galaxy from MUSE integral

field spectroscopy observations. These observations give us an ISM spatial resolution of a

few parsec scales. We apply an unsupervised Bayesian Gaussian Mixture Model algorithm to

a data set of spaxel-by-spaxel main strong emission lines. Our method allows an automatic

and unbiased detection of the main components of the ISM combining the spatial and

spectral information. We compare our catalog with previous studies and measure the main

properties of the ISM components.
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S. Zamora1,2, Ángeles I. Dı́az1,2, D. Mayya3
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3Instituto de Astrof́ısica, Óptica y Electrónica, 72840 Puebla, México

Abstract

Cross-correlation techniques have been applied since 1974 (see Simkin, S.M.: A&A, 31,

129) in order to calculate objects’ redshift and velocity dispersions from the center and the

width of the cross-correlation peak respectively. In 1979, Tonry and Davis (ApJ 84, 1511)

developed a correlation analysis based in the Fourier Method. It provides a determination

of a cross correlation function operationally straightforward and with an internal error

measure of the correlation peak. In this work, we have adapted this method to implement it

in very high spectral resolution data at red wavelengths and have written a Python package

that can be used to perform the calculations automatically. We present an example of

the correlation function using observations from the MEGARA instrument attached to the

10.4-m GTC. We have used the HR-I setup (VPH863-HR grating) that covers a wavelength

range between 8380 and 8882 angstroms and provides a velocity dispersion limit around

14.6 km/s (FWHM). The algorithms developed in this work will be published soon and will

be available in the standard Python distribution channels.
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Abstract

Future and on-going infrared and radio observatories such as JWST, METIS or ALMA

will increase the amount of rest-frame IR spectroscopic data for galaxies by several orders

of magnitude. While studies of the chemical composition of the ISM based on optical

observations have been widely spread over decades for Star-forming Galaxies (SFG) and,

more recently, for Active Galactic Nuclei (AGN), similar studies need to be performed

using IR data. This regime can be especially useful in the case of AGN given that it is less

affected by temperature and dust extinction, traces higher ionic species and can also provide

robust estimations of the chemical abundance ratio N/O. We present a new tool based on a

bayesian-like methodology (HII-CHI-Mistry-IR) to estimate chemical abundances from IR

emission lines in AGN. We use a sample of 58 AGN with IR spectroscopic data retrieved

from the literature, composed of 43 Seyferts, 8 ULIRGs, 4 LIRGs and 3 LINERs, to probe

the validity of our method. The estimations of the chemical abundances based on IR lines in

our sample are later compared with the corresponding abundances derived from the optical

emission lines in the same objects. This tool takes advantage of photoionization models,

characterized by the chemical abundance ratios O/H and N/O and the ionization parameter

U, to compare their predicted emission-line fluxes with a set of observed values. We report

mainly solar and also subsolar abundances for O/H in the nuclear region for our sample

of AGN, whereas N/O clusters around solar values. We find a discrepancy between the

chemical abundances derived from IR and optical emission lines. This discrepancy, also

reported by previous studies of the composition of the ISM in AGN from IR observations,

is independent from the gas density or the incident radiation field to the gas, and it is likely

associated with dust obscuration and/or temperature stratification within the gas nebula.
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Abstract

We present preliminary results from a survey of cold gas in an intermediate-redshift cluster,

Zw Cl0024.1+1652 at z = 0.395, using the EMIR receiver at the IRAM-30m telescope, Pico

Veleta observatory, Spain. We observed the CO(1-0) and CO(2-1) transitions in a sample

of seven star-forming galaxies drawn out of the GLACE catalogue of Hα+[Nii] emission-

line galaxies. These galaxies have been chosen to be bright in the far-IR and to span a

wide range of local densities/cluster-centric distances. We have derived the L′
CO luminosity

(tracing the amount of cold gas available for star formation) and combined these data with

the total IR luminosity LTIR values (tracing the star formation rate, SFR) derived by our

team, and with additional CO and FIR data from literature to study how the amount of

cold gas in an intermediate-redshift cluster relates to the SFR and cluster-centric distance.

The results suggest that, at a given SFR, the reservoir of cold gas is smaller in cluster

galaxies. Furthermore, there are also hints that the amount of cold gas increases with the

cluster-centric distance, hence pointing to an environmental dependency.
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Abstract

We provide a comprehensive characterization of the activity of present-day S0s through-

out both the broad-band PC1–PC2 spectral classifier and the conventional narrow-line

BPT/WHAN ones, contrasting the different types of activity classes they define, and present

an alternative diagram that exploits the concordance between WHAN and PCA demarca-

tions. The analysis is extended to the mid-infrared, radio and X-ray wavelengths by cross-

matching our core sample with data from the WISE, FIRST, XMM–Newton, and Chandra

surveys. This has allowed us to carry out a thorough comparison of the most important

activity diagnostics in the literature over different wavebands, discuss their similarities and

differences, and explore the connections between them and with parameters related to star

formation and black hole accretion. We find evidence that the bulk of nebular emission

from radio and X-ray detected S0–Seyfert and LINER systems is not driven by star birth,

while the dominant ionising radiation for a number of LINERs might come from post-AGB

stars. These and other outcomes from the present work should be transferable to other

morphologies.
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Abstract

Deep surface photometry reveals the presence in a good number of galaxy clusters, as well
as in their smaller counterparts, galaxy groups, of an extended, diffuse luminous component
that fills the space between galaxies. This intracluster light (ICL) is believed to originate
from the disruption of the outermost regions of the galaxies that make up these systems.
Our aim in this work is to make use of controlled numerical simulations of pre-virialized
clusters to study the formation of the diffuse ICL, and investigate its potential to describe
the assembly history of such systems of galaxies.

We are currently using our simulations to track the growth of the ICL over cosmic time,

tracing its evolution across clusters spanning a range of masses and galaxy memberships.

Here, we present our first results, where we analyzed the relationship of ICL formation with

the mass and size of the brightest galaxy in the cluster and its dependence on both the

merger fraction and the efficiency of interactions.
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Abstract

With the advent of wide-area photometric surveys and the large amount of available data,

the use of machine learning techniques is becoming more and more frequent to classify

stars, galaxies and QSOs. In this work we investigate the performance of random forest

in classifying QSOs using photometry of the 20 contiguous, equal-width, non-overlapping,

medium-bands filters of the ALHAMBRA Survey. We systematically analyse the effects of

the main free parameters on the final classification results and the advantages and limitations

of using ALHAMBRA photometry in comparison to other surveys like Sloan (SDSS). The

best performance is obtained when using colours from the ALHAMBRA survey.
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Abstract

Nuclear rings are generally formed when gas is accumulated in orbital resonances, due to a

non-axisymmetric gravitational potential related to a barred structure. However, NGC 7742

does not exhibit this latter feature, thus being an ideal candidate for a minor merger event.

In this work, we analyze 89 HII regions of the nuclear ring, from MUSE integral-field

spectroscopy data. We have studied their metal content using sulfur as tracer in order to

find patterns in chemical composition. From R-I colors and H beta equivalent width values

and using PopStar models, we estimate ages and percentages of red super giant stars. In

addition, we have measured calcium triplet (CaT) equivalent widths and we can estimate

the luminosity class of the stars in these clumps producing this feature. Finally, we expect

to test if this is compatible with the idea of all regions having formed at the same time and

if a minor merger event is consistent with observations.
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Abstract

We have used ALMA imaging (resolutions 0.1′′-0.4′′) of ground and vibrationally excited

lines of HCN and HC3N toward the nucleus of NGC 4945 to trace the protostellar phase in

Super Star Clusters (proto-SSC). Out of the 14 identified SSCs, we find that 8 are in the

proto-SSC phase showing vibrational HCN emission with 5 of them also showing vibrational

HC3N emission. We estimate proto-SSC ages of 5-9.7×104 yr. The more evolved ones, with

only HCN emission, are close to reach the Zero Age Main Sequence (ZAMS; ages ≥105 yr).

The excitation of the parental cloud seems to be related to the SSC evolutionary stage,

with high (∼65 K) and low (∼25 K) rotational temperatures for the youngest proto and

ZAMS SSCs, respectively. Heating by the HII regions in the SSC ZAMS phase seems to be

rather local. The youngest proto-SSCs are located at the edges of the molecular outflow,

indicating SSC formation by positive feedback in the shocked regions. The proto-SSCs in

NGC 4945 seem to be more evolved than in the starburst galaxy NGC 253. We propose

that sequential SSC formation can explain the spatial distribution and different ages of the

SSCs in both galaxies.
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Abstract

The examination of the spatially resolved IFS maps in a sample of more than 500 lenticular

(S0) galaxies drawn from the MaNGA survey has unveiled the existence of transient inner

annular structures (⟨R⟩ ∼ 1Re) betraying ongoing star formation in a good number of these

objects. Activity gradients in these galaxies have been measured through a novel method-

ology based on the principal component analysis of their optical spectra averaged over bins

of galactocentric radius. We find that the sign of these gradients is closely linked to the

presence of rings in the spectral maps, which are specially conspicuous in the equivalent

width of Hα-emission, EW(Hα), with a fractional abundance —22–37% depending on the

strictness of ring identification— larger than that inferred from optical imaging. While the

numbers of S0s with globally positive, negative, and flat activity gradients are comparable,

star-forming rings are found almost exclusively in objects with a positive slope for which

quenching proceeds inside-out, in good agreement with predictions from cosmological sim-

ulations studying S0 buildup. The assessment of these structures and the properties of the

galaxies harboring them also indicates that the frequency of such rings increases with the

mass of their hosts, that they feed mainly on the gas from the disks, that are more short-

lived in galaxies with ongoing star formation, and that the local environment does not play

a relevant role in their formation. From the present analysis, we conclude that the presence

of rings in the EW of the Hα emission line is a common phenomenon among fully formed

S0s, possibly associated with annular disk resonances driven by weakly disruptive mergers

preferentially involving the more massive representatives of these galaxies and their smaller

and closer satellites.
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Abstract

Blazars are a subclass of active galactic nuclei (AGNs) with a relativistically boosted jet

pointing towards the Earth. They are one of the most violent and variable objects in the

Universe, showing extreme variability across the entire electromagnetic spectrum. The jet

generally dominates the optical emission of these sources. However, other components such

as the stellar emission from the host galaxy or the accretion disk may contribute significantly

to this emission. Disentangling the different contributions to the optical emission of these

sources is challenging due to the high dominance of the jet, but is crucial to study and

understand the variability detected in these objects. In this work we will present the results

of the spectral variability analysis performed in a sample of gamma-ray blazars monitored

by the Steward Observatory from 2008 to 2018. We make use of the non-negative matrix

factorization (NMF), a statistical tool of dimensionality reduction to decompose the spectra

of each source in the minimum number of components required to explain its spectral

variability. We propose an approach based on a meaningful association of each component

with the different expected emitting regions in the AGN, namely the jet, broad line region,

accretion disk and stellar population. Using this decomposition we study the contribution

of each component, and its corresponding physical association, to the flux evolution and

the overall variability of the AGN, together with a possible interpretation of the different

variability signatures observed in each blazar. This study has been published in MNRAS:

10.1093/mnras/stac475.
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Abstract

Active galactic nuclei (AGNs) play a crucial role in galaxy evolution, as their feedback

has been proposed to shape some galaxy properties (for instance, the galaxy luminosity

functions). Ionised outflows and their feedback effects have been routinely studied in pow-

erful AGNs, but are less explored for Seyfert galaxies. The abundance of the latter in the

local universe gives us the opportunity to investigate the phenomenon with more physi-

cal detail. In particular, optical integral-field unit (IFU) observations (covering the most

prominent nebular lines: [O III], Hβ, [O I], Hα, [N II] and [S II]) of nearby Seyfert galaxies

are ideal to identify ionised outflows and derive their properties. IFU observations also pro-

vide spatially-resolved information about the main ionisation mechanisms, including, AGN,

shocks, and/or star formation, in the nuclear and circumnuclear regions. In this contribu-

tion, we present GTC/MEGARA results obtained for six nearby Seyfert galaxies belonging

to the Galactic Activity, Torus, and Outflow Survey (GATOS).
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Abstract

We present spatially resolved Star Formation Histories and metallicity evolution on nearby

galaxies. We use Convolutional Neural Networks with a combination of MUSE optical

spectroscopy and HST photometry in the UV range. Combined with the high-resolution

CO emission information, this analysis will allow inferring the timescales for star formation

and cloud destruction in different galaxy environments, providing clues about the dominant

mechanisms of stellar feedback.

The Convolutional Neural Network has been trained with simulated spectra, generated

based on observational data from the PHANGS catalogue. One of the main challenges of

this work resides in the degeneracy in the resulting spectra as a result of combinations of

Star Formation History and Metallicity. To break this degeneracy, Ultraviolet photometric

observations from HST are added to the neural network’s input. This additional information

allows the Convolutional Neural Network to improve the prediction and distinguish between

different Star Formation Histories and Metallicities. The outputs are weighted favouring

younger star formation, as these are the star formation histories we are interested in using

further on.
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Abstract

The capability of LST-1 to probe the rapid variability emission of fast gamma-ray flares

produced by BL Lacertae is studied. We use a dedicated algorithm developed for very-high-

energy transient sources to retrieve the minimum time-binning of the light curve considering

the detection of the source above a given statistical significance level. Our results show that

the LST-1 can achieve a temporal resolution shorter than one minute with a statistical

significance of at least 3σ for bright flares as the one produced by BL Lacertae in August

2021.

My poster is available at https://doi.org/10.5281/zenodo.7042520
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Abstract

OTELO is an ultradeep, 2D-spectroscopic (R∼700) blind survey, defined on a window of

210Å, centred at 9175Å, targeting a region of the Extended Groth Field that is embedded in

the Deep field 3 of the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS). Is the

deepest pointing of GALEX in imaging and spectroscopy. Such Pseudo-spectra(PS) were

obtained using the red Tunable Filter (RTF) of the OSIRIS instrument at GTC. OTELO

detects emission lines with a limiting flux of 5 × 10−19 erg/s/cm2 and observed equivalent

widths (EW)≥5Å. Besides, OTELO is targeting low mass galaxies, down to M∗ ∼ 106M⊙.

As reference, the MUSE Hubble Ultra Deep Field barely reach down to M∗ ∼ 108M⊙ in

few cases, and only at redshifts below 0.4, and none at redshifts above ∼ 0.7. However,

OTELO detects the bulk of emitters around 108 − 109M⊙ even at redshifts as high as 1.4,

reaching down to 107M⊙ at redshift 0.4. Then, OTELO reaches stellar masses one order

of magnitude lower than MUSE Hubble Ultra Deep Field. We were able to generate a

catalogue of 60[OII] emitters at < z >= 1.43. The 93% of those have masses in the range of

108 < M∗/M⊙ < 109, classified as late-type galaxies. From [OII] emitters we generated the

Luminosity Function, sampling it down to ∼ 1 dex lower than in previous works. Taking

into account the results obtained for the lines Hα, Hβ and [OII], we were able to study the

star formation rate, star formation rate density, and number density and the evolution of

those parameters between z ∼ 0.4 and 1.43. We obtained a robust estimate of the specific

star formation rate stellar mass relation based on the lowest mass sample published so far.

We also determine a flat trend of the star formation rate density and number density with

redshift.

My poster is available at https://zenodo.org/record/7033260#.Y8RTHuzP10t
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Abstract

Dynamical binaries are formed from unbound objects by multiple-body interactions in the
centre of star clusters. These binaries release energy by shrinking their orbital radius via
encounters with single objects, which prevents the core collapse of globular clusters. This
process is one of most important pathways for the formation of black hole mergers and the
production of gravitational waves.

If we take their formation rate, the maximum binding energy and its increase rate due to
binary-single encounters, we should expect many binaries, increasing with lower cluster
masses. Instead, in N-body simulations we find that there is only one dynamical binary
at any given moment in a cluster. This discrepancy can be explained by binary-binary
encounters, which are very effective at disrupting binaries. Such interactions may cause
mergers with characteristic observables (i.e. orbital eccentricity) so neglecting them may
have led us to wrongly predict the distribution of gravitational wave observables.

Improving our understanding of these observables will open up new probes for studying star

clusters.
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Abstract

Extreme emission line galaxies (EELGs) constitute a population of unique systems under-
going very intense events of star formation, which are very rare in the local Universe. They
nevertheless hold clues into the limits of star formation processes and can be considered
analogs of the first galaxies in the Universe, given the physical properties they share.
To find EELGs, we have used the unprecedented dataset of the second data release of the
J-PLUS survey, with 2000 square degrees of the northern sky observed from the Observa-
torio Astronómico de Javalambre (Teruel) with a set of narrow, medium and broad-band
filters. We select as emitters objects with excess of flux in mediumband filters, and remove
contaminants using WISE and J-PLUS photometry.
We have found 466 EELGs selected by their [OIII]5007 emission, with 410 of them previously
unclassified as such. The derived [OIII]/Hα ratios show a wide range, more similar to
previous simulations of reionization-era galaxies than Green Peas or Blueberries. The strong
[OIII] and high [OIII]/[OII] ratios can be considered proxies for high ionization parameter
and potential Lyman continuum leakage. Thanks to the use of mediumband filters, the
volume density of the EELGs in this work is more than one order of magnitude higher
than previous broadband-selected samples, and similar to magnitude-limited spectroscopic
surveys. Additionally, we find 310 extreme Hα emitters at z∼0.3, out of which 271 are
newly discovered.

Finally, we have obtained longslit spectroscopic data for a subsample these EELGs. Pre-

liminary analysis of the spectra show the accuracy of the sample selection, and the low

metallicity and strong ionizing spectrum of the sources.

My poster is available at https://zenodo.org/record/7048043#.Y8RNftLMJH4
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Serena, Raul Bitrán 1305, La Serena, Chile
3Departamento de Astronomı́a, Universidad de La Serena, Av. Juan Cisternas 1200 Norte,
La Serena, Chile
4Instituto de Astrof́ısica de Canarias. C/ Vı́a Lactea s/n. La Laguna, Tenerife, Spain
5 Departamento de Astrof́ısica, Universidad de La Laguna, Tenerife, Spain

Abstract

Extreme Emission Line Galaxies (EELGs) are characterized by their compact sizes and very
high equivalent widths of certain optical emission lines (e.g. EW([Oiii]) > 500Å), indicative
of very high specific star formation rates, similar to those detected in the reionization epoch
galaxies. Many of them also present certain high-excitation emission-lines, such as Heii at
λ 4686Å, indicative of a very hard incident stellar radiation.
We compiled from the Sloan Digital Sky Survey (SDSS) the largest (around 2000) sample of
EELGs using an automatic algorithm and we studied their physical properties and chemical
abundances from the direct method. This allowed us to study the fundamental relations
followed by this type of galaxies (e.g MZR, O/H vs N/O). This observational feedback
can be used to constrain photoionization models from which we can provide model-based
solutions to derive the properties of the high-redshift galaxies using only their available
observed strong emission-lines.

Among the model-based solutions that benefit from this constrains and can be subsequently

applied to high-redshift EELGs it is the HII-CHI-mistry code. We show that this code can

be adapted to give specific solutions to derive e.g. chemical abundances and to interpret the

softness diagram involving the nebular Heii emission. The latter can be used to quantify

the hardness of ionizing incident spectral energy distribution and the fraction of leaking

photons.

My poster is available at https://zenodo.org/record/7034458#.Y1oq8i8lO3U
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1 Centro de Astrobioloǵıa (CAB/CSIC-INTA), Ctra. de Ajalvir km 4, Torrejón de Ardoz,
E-28850, Madrid, Spain
2 Instituto de Astrof́ısica de Canarias, 38200, La Laguna, Tenerife, Spain
3 Departamento de Astrof́ısica, Universidad de La Laguna, 38205, La Laguna, Tenerife,
Spain
4 LERMA, Observatoire de Paris, CNRS, PSL, Université de Paris, France

Abstract

How do galaxies shape their morphology through time? How many details of galaxies at
cosmic noon are we going to unveil? This contribution aims at presenting the expected
performance of JWST imaging observations in constraining the evolution of galaxies and
the origin of the Hubble sequence. In particular, I describe NIRCam mock observations
of high-redshift galaxies (3 < z < 6) from the TNG50 cosmological simulation, discussing
their parametric and non-parametric morphology.
To date, most of the available JWST simulations on the market are based on semi-analytic
models and use smooth morphologies (mainly Sérsic profiles) to describe the galaxy light
distribution. Providing the need for a more realistic description of the diversified structures
of high-redshift galaxies, I describe the creation of synthetic images of about 25,000 galaxies
from the suite of TNG50 galaxies tailored for JWST observations at multiple wavelengths.
These noiseless images were processed with the mirage simulator to mimic the observational
strategy (e.g., noise, dithering pattern, etc.) of the Cosmic Evolution Early Release Science
survey (CEERS), one of the thirteen Early Release Science (ERS) programs approved world-
wide. For each galaxy, I present the parametric and non-parametric morphology, comparing
the expected performances of NIRCam in characterizing the galaxies’ features at different
redshift and wavelengths.

This analysis provides a fundamental bench test for the forthcoming ERS programs, granting

the community realistic mock observations and a catalog of high-redshift galaxies to compare

with the first data releases and investigate the best strategy for future observations.

My poster is available at https://zenodo.org/record/7034766#.Y62J2y1aZpQ
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Abstract

In this contribution, we report results from the analysis of a cosmological simulation specially

designed to accurately resolve low-density regions, such as cosmic voids. Contrary to the

common expectation, we find that some voids experience significant mass inflows over cosmic

history. On average, 10% of the mass of voids in the sample at z ∼ 0 is inflown from

overdense regions, reaching values beyond 35% for a significant fraction of voids. More than

half of the mass entering the voids lingers on periods of time up to 10 Gyr well inside them,

reaching inner regions. This would imply that part of the gas lying inside voids at a given

time proceeds from overdense regions (e.g., clusters or filaments), where it could have been

preprocessed. These results could potentially challenge the scenario of galaxy formation in

voids, since they dissent from the idea of them being pristine environments.

1 Introduction

Cosmic voids are underdense regions which fill up most of the volume in the Universe. They
emerge in regions comprising negative primordial density fluctuations, and subsequently ex-
pand as the matter (dark matter [DM], gas and galaxies) around them collapses and forms
walls, filaments, and clusters. Therefore, their dynamics are governed by outflows, which
have been found both in simulations [11, 6], observations [4] and analytical models of isolated
voids [1]. However, in a complex, non-linear, cosmological environment, it is in principle pos-
sible to expect that some matter that unbinds from dense structures (e.g., in galaxy cluster
mergers [3]) ends up penetrating in and circulating through underdense regions.

Whether there are relevant inflows to voids or there are not is an important question to
address, since voids are assumed to be pristine regions (i.e., uncontaminated by material
coming from the outside). This implies important consequences for the galaxy formation
scenario in these environments [10]. Within this context, the aim of the work reported in
this contribution is to check whether there are any relevant inflows through the boundaries
of cosmic voids. For this aim, we make use of a Λ cold dark matter (ΛCDM) cosmological
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simulation of a moderately large volume, which is specially designed to describe matter in
and around cosmic voids.

This contribution is organised as follows. In Sec. 2, we cover the numerical aspects of this
work, including the simulation details, the void identification scheme and the method used to
estimate gas mass fluxes. In Section 3 we present our results, and in Section 4 we summarise
and discuss our conclusions. While this is a short contribution, we refer the interested reader
to [13], where we presented a complete description of this work.

2 Numerical details

Here, we provide the basic details about the numerical aspects concerning this work, while a
more complete description can be found in [13].

2.1 The simulation

We have analysed the results of a cosmological, DM+hydrodynamics simulation of a periodic,
cubic domain of comoving side length L = 100h−1Mpc, carried on with MASCLET [8]. The
simulation is well suited to describe the gaseous component in low-density regions such as
cosmic voids, thanks to the Eulerian hydrodynamics and the Adaptive Mesh Refinement
(AMR) scheme in MASCLET.

The initial conditions are set up at zini = 100, with a procedure aimed to sample the regions
which will evolve into voids at low redshift with enhanced resolution (see [9]). The simula-
tion is then evolved with AMR, dynamically refining underdense regions and the structures
emerging within them. Several gas cooling processes, a phenomenological treatment of star
formation, supernova feedback and metal enrichment are also accounted for in the simulation,
although this is not the main focus of this work.

2.2 The void finding strategy

To identify our sample of cosmic voids in the simulated domain, we have defined voids as the
largest possible ellipsoids around underdense, peculiarly expanding regions, possibly limited
by steep density gradients. In practical terms, our void finding algorithm is based on the
one of [9], but imposing a smooth, ellipsoidal shape, in contrast to the complex, arbitrarily-
shaped voids (i.e., non-convex, non-simply connected) of the original finder. In this sense,
our ellipsoidal voids are more conservatively defined than the arbirarily-shaped ones, since
by definition our algorithm looks for the largest possible ellipsoids inside the complex-shaped
voids. Having a smooth shape is crucial for the reliability of the pseudo-Lagrangian estimation
of gas mass fluxes (see Section 2.3).

Once the sample of cosmic voids is identified at each snapshot of the simulation (at each fix
redshift), the evolutionary history of each void is traced by connecting, between each pair of
snapshots, the voids which maximise their volume retention, defined as V R = VA∩B/

√
VAVB,

where A (B) refers to the void in the first (second) iteration of the pair.
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Figure 1: Evolution of the inflow and outflow rates in the void sample. Left panel: evolution of the
normalised mass fluxes (of gas and DM; inflown and outflown; according to the legend in the bottom
left corner) as a function of redshift (lower axis) or cosmic time (upper axis). Lines refer to the robust
mean, and shaded regions correspond to (16 − 84) confidence intervals (CIs) over the population.
Right panel: Fraction of the gas mass having been inflown after a given redshift z. The solid line
corresponds to the robust mean of this quantity over the subsample of voids with Rz=0

eq > 9 Mpc,
while the dashed line corresponds to the whole sample. The shaded region correspond to the (16−84)
CI for the former case. Figure from [13], ©AAS. Reproduced with permission.

2.3 The pseudo-Lagrangian estimation of gas mass fluxes

In order to estimate the fluxes of gas through the boundary of a void, given that Eulerian
gas is not directly traceable, we use a simple pseudo-Lagrangian approach, which was also
previously applied in the context of accretion flows onto galaxy clusters [12]. At each fix-
time snapshot, we consider all volume elements (i.e., gas cells) of the simulation as pseudo-
Lagrangian fluid elements, and we advect them using an explicit, first-order step. We use
that information for assessing the flux of gas mass towards/from the (instantaneously fix)
ellipsoidal boundary of the void at a given time1. We thoroughly discuss the validity of this
approach in [13].

3 Results

Figure 1 presents a summary of our results over the void sample. In the left-hand side panel,
we present the evolution of the integrated gas and DM mass fluxes, both for inflows and for
outflows, normalised to the mass of the corresponding component (gas or DM) within the

1It is worth emphasizing that: (i) we are not properly integrating the motion of the pseudo-Lagrangian fluid
elements, but only estimating the fluxes at a given, fix time; and (ii) our measured fluxes are not produced by
the change of the volume of the void between a pair of snapshots, but to matter actively approaching/moving
away from the void.
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Figure 2: Normalized gas inflow rate (gas inflow per gigayear in units of the void’s gas mass; vertical
axis) versus the size of the void (equivalent radius; horizontal axis). The gas inflow rates are computed
on four redshift intervals, shown in the colour scale. Different markers split the sample in different
mean overdensity within the void according to the legend. Figure from [13],©AAS. Reproduced with
permission.

void at the given moment. This quantity is to be read as the fraction of the mass of the
given component being inflown/outflown per unit time. Naturally, the flow of gas through
void boundaries is dominated by outflows. However, inflows are also present in our sample in
a statistical sense, with mean values 1/6− 1/3 those of the outflows. The average magnitude
of the inflows evolves from ∼ 5% Gyr−1 at z ≃ 2.5 to ∼ 2% Gyr−1, with remarkably large
scatter. This implies that, while many of the voids do not undergo significant inflows, some
others suffer inflows considerably stronger than the mean.

The right-hand side panel of Fig. 1 presents the anticummulative inflown gas mass fraction,
that is to say, the fraction of the gas mass of a void at redshift z = 0 that has been inflown since
a given redshift z. The solid line (robust mean [2]) and the shaded region (16−84 percentiles)
correspond to the subsample of large voids (equivalent radius at z = 0 Rz=0

eq > 9 Mpc). This
shows that around 10% of the current gas mass of the typical large void at z = 0 has been
dynamically inflown since z = 1 (reaching beyond 20% since z = 2.5).

Looking at the whole population of voids, Fig. 2 displays the gas inflow rates (normalised
to the gas mass within the void; vertical axis) in relation to size of the void (horizontal axis).
Here, we have considered four broad redshift bins to compute the inflow rates, which are
encoded in the figure by the colour. The plot shows that, at any cosmic epoch, there are
voids having relevant inflow rates (higher than a few percents per Gyr). While small voids
show the highest inflow rates (since they are more susceptible to external influences), large
voids with large inflow rates do also exist.
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4 Summary and conclusions

The results that we present in the contribution challenge the usual picture of voids as pristine
environments due to their purely outflowing velocity field and, therefore, could potentially
impact the scenario of galaxy formation and evolution in these environments. We find that, if
voids are to be defined as the largest possible ellipsoidal regions around peculiarly expanding
density minima, possibly limited by steep density gradients, then it is not possible to guar-
antee the absence of inflows. Material circulating within the void, coming from the outside,
may be able to bring chemically and thermodynamically preprocessed gas, which could be
subsequently accreted by void galaxies. A more complete presentation of our results can be
found in [13].

While in this work we show the presence of inflows onto our sample of cosmic voids, it
is worth emphasizing a few caveats and future directions. First, there are many different
strategies to define a void, with remarkable differences in the resulting objects (see, for ex-
ample, [5]). Therefore, future work should be directed to compare with other void definitions
and identification strategies. Secondly, future cosmological simulations, capable of forming
realistic galaxies both inside and outside voids, could be used to assess the impact of this
effect on galaxies residing within voids, if any.
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Abstract

Fast Radio Bursts (FRBs) are radio transients characterized by bright radio pulses of mil-

lisecond duration. Most of them show dispersion measures (DMs) consistent with extra-

galactic progenitors, something that has been confirmed with multiple high-resolution lo-

calizations and associations. Even if multiple theories have been proposed to explain the

origin of FRBs, magnetars are currently the prime progenitor candidates: this is supported

by the successful association of a FRBs source with the galactic magnetar SGR 1935+2154,

which proves that at least some of them are originated in this kind of source. These sources

are well known emitters of fast, bright, non-thermal emission. Flares have been associated

with both fast optical and high-energy gamma-ray emission. MAGIC, a system of two 17

m diameter imaging atmospheric Cherenkov telescopes located in the island of La Palma,

is technically well suited to constrain their multi-wavelength emission. MAGIC started ob-

serving FRBs back in 2016 in both the very-high-energy (VHE, E > 100 GeV) and optical

bands, coordinating with radio instruments. This is a report on the status of several joint

campaigns between MAGIC and other observatories to constrain both the optical and VHE

gamma-ray emission simultaneous to FRBs.

1 Introduction

1.1 Fast Radio Bursts

Fast Radio Bursts (FRBs) are a kind of astrophysical transient that consists on fast, bright
radio flashes. They were first discovered with the Parkes Radio Telescope in Australia in
2007 [5]. Since then, over 600 FRB sources have been detected, displaying a wide range of
characteristics. So far, 24 of them exhibit a repeating behaviour but others do not, which may
suggest different emission mechanisms. At least 2 of the repeaters also display periodic states
of activity: FRB 20121102A [9] and FRB 20180916B [1], with periods of 157 [8] and 16.35 [2]
days respectively. For this kind of FRB sources (repeaters), young magnetars are the prime
candidates (and perhaps also for non-repeating ones). This is supported by the detection of
FRBs coming from the galactic magnetar SGR 1935+2154, which was the first known FRB
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emitter associated to a known source within our galaxy. In case of the non-repeaters, more
cataclysmic scenarios have been proposed like merging of neutron stars [11].

Most FRB emitters have been identified to come from outside of our galaxy by studying
their dispersion measures (DMs): depending on from where and from how far away the FRB
was produced with respect to Earth, the pulse gets more dispersed by the free electrons in
our galaxy (different column depths) the farther away the source is, which has a direct effect
on the delay of the pulse observed in different frequencies. Given that there is a maximum
dispersion measure in any given direction within our galaxy (that can be explained by the
models of free galactic electrons), if a significantly greater dispersion is observed, then we are
looking at an extragalactic event. This is one of the main reasons why these events remain
a mystery: most of them come from cosmological distances and yet we observe them with
such a great brightness that the energy involved in their production must be huge. Another
reason is that they have only been detected in radio and very few of them simultaneous to
other wavelengths. Nevertheless, several multi-wavelength campaigns are being proposed for
these targets.

1.2 The potential of MAGIC telescopes in detecting FRBs counterparts

The MAGIC telescopes are 2 IACTs located in Roque de los Muchachos, in La Palma, Spain.
They have 17 m diameter reflectors composed of tessellated mirrors and are sensitive to
gamma-rays between 25 GeV and 30 TeV.

1.2.1 MAGIC’s potential to detect fast VHE bursts

In 2020 two bursts were detected almost simultaneously in radio and X-rays for the galactic
magnetar SGR 1935+2154 [7].

Magnetars show very diverse transient activity with short, large and giant flares. For the
moment there is no link between short flares and high energy (HE) emission, but giant flares
(GFs) have been detected by Fermi-LAT (E > 1 GeV). This proves that these sources have
the energy budget to emit in HE. If there is an even higher energy present, MAGIC could
not only detect the flare, but thanks to its higher collection area it would be more sensitive
than Fermi-LAT over very-short timescales (∼minutes).

1.2.2 MAGIC’s potential to detect fast optical bursts

Current magnetar models support the possibility of observing optical bursts. In fact, ultra-
fast optical emission was detected some years ago and it may be associated with a SGR [10].
MAGIC has a special setup called Central Pixel in the central pixel of each camera that
works as a fast optical photometer [3]
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1.2.3 FRB 121102

It was the first repeating source of FRBs. It was observed by MAGIC in 2017 in both VHE
and optical and by Arecibo in radio [6]. Five radio bursts were detected simultaneous to
MAGIC observations. No counterpart was found for any of the pulses, but the emission was
constrained in both VHE and optical. A bright 12ms optical flash occurred 4.3 s before one
FRB but it was consistent with irreducible background (2.2σ). Still MAGIC was able to
provide the strongest upper limits by then.

2 Sources

Since then, we focus on these known repeaters:

SGR 1935+2154 : This soft gamma repeater (SGR) is the first FRB emitter associated to
a known source. It is located within our galaxy (9.0±2.5 kpc), which has allowed it to be
detected in both radio and X-rays.

FRB 20200120E : It is the closest known extragalactic source of FRBs, it is a repeater
and it is located in a globular cluster of M81. The fact that it is located in a globular clus-
ter challenges the current models that support that FRBs originate from young magnetars.
Instead, in [4], authors propose that this FRB source is a highly magnetized neutron star,
formed by accretion-induced collapse of a white dwarf or by a merger of compact stars in a
binary system.

FRB 20180916B : This FRBs source is a repeater, and it is the first one observed to have
periodic episodes of activity with repeating bursts over 4 days every 16.35±0.18 days.

3 Observations

Because of the nature of this transient (it is observed in radio) we exclusively focus on
strictly simultaneous multi-wavelength coverage with both radio (for galactic and extragalac-
tic sources) and X-rays (only for the galactic SGR due to extinction).

SGR 1935+2154 : We have performed several campaigns totaling 43.5h of observation
time, but no burst has been detected simultaneous to our observations so far, so we keep
pursuing active states via ToO requests.

FRB 20200120E : We have performed a deep campaign of 17h simultaneous to 3 large
radio antennas (in 3 different frequencies), but no FRBs were detected.

FRB 20180916B : We performed a short campaign of 2.4h together with radio, soft and
hard X-rays and a FRB was detected simultaneous to our observations. Unfortunately, no
burst was detected in X-rays, optical nor VHE; but we are providing differential and integral
upper limits on the persistent VHE emission, integral VHE upper limits within the 10ms
window surrounding the TOA, optical light curves covering 200ms around the TOA with an
integration window of 2ms and optical upper limits.
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4 Summary and discussion

The versatility of MAGIC allows it to act as a “triple threat”: It can operate as a VHE
telescope for bursts and persistent emission and as a fast optical telescope for optical bursts,
all at the same time. Even with the bad luck of recent years (COVID and a volcano erup-
tion in the island of La Palma) we have been able to gather a very significant amount of
strictly simultaneous multi-wavelength data on several FRB repeaters, although the number
of simultaneous bursts is still very limited. Unlike other major observatories, the time in-
vestment on this project is relatively minor compared with other MAGIC proposals, while
its discovery potential is enormous. We will continue triggering multi-wavelength campaigns
of these close-by repeaters with MAGIC (in the optical and VHE), radio antennas and X-ray
satellites, hoping for a positive detection and a high-impact result.
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Abstract

In this contribution, we briefly present the current status of the Rubin Observatory with a

focus on the activities of the DESC: the Dark Energy Science Collaboration. This group has

been developing a large body of preparatory work towards maximizing the scientific output

of the Legacy Survey of Space and Time (LSST) for cosmology, including dark energy and

dark matter research. We will highlight some of the projects performed, including work on

precursor data, development of highly detailed simulations, and sophisticated software for

testing and analysis.

1 The Vera C. Rubin Observatory and the LSST

The Vera C. Rubin Observatory is a new astronomical facility being built (as of January
2023) at Cerro Pachón, in Chile. It includes the Simonyi Survey telescope, whose primary
mirror has an 8.4 meter diameter and a 9.6 square degree field of view and six optical-near
infrared filters (ugrizy).

Once construction and commissioning are complete, by mid-2024 as of current schedule,
the Rubin Observatory will conduct the 10-year Legacy Survey of Space and Time (LSST),
a uniform photometric survey across half of the celestial sphere up to r ∼ 27.5, using around
800 visits per pointing. In terms of raw data volume, this amounts to nearly 20 TB/night,
with hundreds of petabytes accumulated by the end of the survey, in the 2030s. The data
will be publicly released in catalogs, in a cadence to be determined, after a 2 year proprietary
period. However, transient alerts will be public immediately through ‘broker´ systems, less
than a minute after shutter closure.

Commissioning is planned to start in late 2023. Currently, a 1.2 m telescope (AuxTel) is
being operated with LSST software for testing, and eventually calibration purposes. Survey
strategy is being finalized after several rounds of iterations. The LSST camera (LSSTCam)
is set to be shipped to the summit in the coming weeks.
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1.1 The LSST science topics

The LSST science revolves around four topics [5]:

� Cosmology and fundamental physics: which includes the exploration of the dark sector
of fundamental physics, the mass of the sum of the different neutrino species and the
nature of gravity. This will be done using a variety of approaches available to photo-
metric surveys, such as the measurement of supernovae of type Ia, the combination of
weak lensing and large scale structure, the study of galaxy cluster counts, the study of
strong lensing systems, and various studies related to nearby dwarf systems and stellar
streams.

� Milky Way structure and formation: including its evolutionary history and tests against
small scale predictions of cosmology; spatial maps of stellar characteristics; reaching
deep into the halo (∼ 100 kpc), to map billions of main sequence stars and estimate
their metallicities photometrically; detect and measure tidal stream properties and
origin; find new and old satellite galaxies.

� Exploration of the transient sky: variable stars, e.g., creating an RR-Lyr census up to
∼ 400 kpc; a thorough search of supernovae of all types; filling the variability phase
space; finding new rare, transient types; follow-up of targets of opportunity.

� Cataloging the Solar System: such as potentially hazardous asteroids; NEOs; and in
general making an inventory of the Solar System.

2 The Dark Energy Science Collaboration

LSST science is mainly being developed through a federation of self-organized science col-
laborations. Their function is to prepare for data analysis, advise Rubin personnel in terms
of the science goals, engage and train the scientific community, fundraise, develop inclusion
practices, and provide software development.

In particular, the Dark Energy Science Collaboration aims at exploring the physics of the
dark Universe, namely the nature of dark matter and dark energy. The core aspect of the
DESC approach is firstly to have a tenfold increase in the dark energy figure of merit of Stage
II experiments, according to the definitions of the Dark Energy Task Force [3] (Figure 1),
but also focus on accuracy, by closing in on the systematic error budget. DESC will combine
information from large scale structure and weak lensing, plus cluster count information, and
in parallel incorporate supernovae and strong lensing cosmological constraints, while being
open to new probes as they are developed in the coming years.

In addition, from the start, the DESC wants to focus on a collaborative approach that
fosters an inclusive environment, as a core part of its way of functioning. On the other
hand, DESC’s procedures are being developed ensuring a continuous learning process based
on experiences from previous Stage III collaborations, technically, scientifically and in terms
of collaboration environment.
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2.1 Technical challenges for the DESC

Following from previous experience, the DESC has been able to identify several technical
aspects in which it will have to focus. The following list provides some non-exhaustive
examples:

� Uniform coadded catalogs for weak lensing science will be a necessity, possibly creating
new types of coadds to avoid PSF inhomogeneities. This is an intense are of research
currently.

� Value added data will be needed beyond regular Rubin pipeline outputs, in particular
for photometric redshifts whose systematic errors will have to be exquisitely calibrated.

� Supernovae cosmology will have to rely on photometric classifications (Ia) and on mil-
limag level photometry using highest standards in calibration.

� Large scale structure wide area systematics have been proven (Stage III) to be thor-
oughly tested through several approaches.

� A new systematic source for cosmology surveys appears significantly in this dataset:
blending effects (on object detection, for LSS, and photo-z, among others).

Figure 1: The forecast for dark energy constraints in w0 − wa space (the DETF Figure of
Merit) for DESC [2] using 10 years worth of data. Contours are 68% confidence intervals.

2.2 Selected DESC achievements to date

The author’s biased selection of results from DESC. A full list can be found at this link:

https://lsstdesc.org/pages/publications.html
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� Simulations. A 300 square degree N-body simulation of objects with realistic colors and
spatial correlations was created [1]. This included injections of supernovae and AGN
light curves. The LSST observations were simulated with proper cadences, creation
of images based on this cosmological simulation, and detection of sources using Rubin
pipelines. The catalog testing and validation framework is described in [9] and [7].
This simulated catalog is used, among other things, to study for example optimization
strategies for the tomographic binning of the combined large scale structure and weak
lensing (3x2pt) measurements, as shown in [12]. A different set of simulations was
used for the PLAsTiCC challenge [6] to understand the best approaches for supernova
classification in the LSST area (analysis of results in [4]).

� Data Challenge 2. Various analyses groups developed and tested their science pipelines
over these simulations with interesting results. An example is the realistic and rigorous
analysis performed in [11] of the Difference Image Analysis pipeline of Rubin using
these detailed simulations with realistic cadences and injected astrophysical transients.

� Precursor data analysis. Analyzing data from the Hyper Suprime Camera DR1 for
large scale structure combined with weak lensing analyses for the first time in this data
set in power spectra, as a test run for the high level DESC pipelines such as TXPipe
[10] and Firecrown. Also using these pipelines to compare the cosmic shear outputs of
precursor datasets [8].
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Abstract

Since the discovery of the accelerating expansion of the Universe more than two decades

ago, Type Ia Supernovae (SNe Ia) have been extensively used as standardisable candles in

the optical. However, SNe Ia have shown to be more homogeneous in the near-infrared

(NIR), where the effect of dust extinction is also attenuated. In this work, we explore the

possibility of using a low number of NIR observations for accurate distance estimations,

given the homogeneity at these wavelengths. We found that one epoch in J and/or H band,

plus good gr -band coverage, gives an accurate estimation of peak magnitudes in the J and

H bands. The use of a single NIR epoch only introduces a small additional scatter for

epochs around the time of B -band peak magnitude. These results provide confidence for

our FLOWS project that is aimed at using SNe Ia with public ZTF optical light curves

and few NIR epochs to map out the peculiar velocity field of the local Universe. This will

allow us to determine the distribution of dark matter in our own supercluster, Laniakea,

and to test the standard cosmological model by measuring the growth rate of structures,

parameterised by fD, and the Hubble-Lemâıtre constant, H0.

1 Introduction

The expansion rate of the Universe, parameterised by the Hubble-Lemâıtre parameter, H(z),
varies across cosmic time. In the last few years, there has been tremendous effort to measure
the local value, known as the Hubble-Lemâıtre constant (H0), with extremely high precision
(< 2% uncertainty;[37]). Recent results have further increased the discrepancy in the value of
H0 between the local distance ladder (H0 = 73.04 ± 1.04 km s−1 Mpc−1, baseline with system-
atics; [37]) and the cosmic microwave background (CMB; H0 = 67.4 ± 0.5 km s−1 Mpc−1;[34])
measurements, colloquially known as the ‘Hubble tension’, to 5σ (however, see [15, 22, 24] for
some alternative local measurements). This discrepancy possibly hints towards new physics
beyond the standard cosmological model, or alternatively, unaccounted systematic effects (see
[11] for a recent review on the Hubble tension).

In the local Universe, the recession velocities measured from galaxies are affected by a
combination of the expansion of the Universe and the gravitational pull of other adjacent
galaxies. The measurement of these peculiar velocities is critical for two main reason. First,
cosmological analyses with Type Ia Supernovae (SNe Ia) rely on discerning the contribution
of peculiar velocities to isolate the cosmological redshift. Secondly, peculiar velocities can
be used to inferred the matter-density distribution in the local Universe ([29]), including
our own supercluster, Laniakea (e.g. [43]). The latter provides a direct measurement of the
growth-rate of structure, which can be compared to estimates from the early Universe (e.g.
[27]).

Current measurements of peculiar velocities often rely on methods such as the Fundamental-
Plane and Tully-Fisher relations (e.g. [44]), which provide distances with relatively large un-
certainties (with an rms of ∼ 20 − 30% per galaxy) and only reach out to z ∼ 0.05, standing
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in the way of the study of the peculiar velocities at further distances. Therefore, there is a
lack of higher-precision methods that can also extend to further redshifts for the estimation
of distances in the local Universe.

Since the discovery of the accelerating expansion of the Universe more than two decades
ago ([36, 30]), SNe Ia have been extensively used as cosmological distance indicators. In the
optical, their light curves can be standardised through empirical relations between their peak
brightness, stretch (e.g. [38, 35, 31]), and colour ([42]). In addition, SNe Ia are brighter in
the optical (where detectors are larger as well), compared to other wavelengths, making them
easier to observe. Therefore, cosmological analyses with SNe Ia (e.g. [4, 39, 1]) commonly
focus on optical wavelengths and rely on light-curve fitters, such as SALT2 ([18, 19]), for
the estimation of their light-curve parameters. Moreover, SNe Ia in the optical have recently
been used to estimate the growth-rate of structures (e.g. [5, 40]).

SNe Ia were first proposed as distance indicators in the near-infrared (NIR) around four
decades ago ([12, 13], but also see [28]), where they seem to be true ’standard candles’ (as
opposed to ’standardisable candles’ in the optical). In other words, an estimation of the NIR
peak magnitudes is all that is needed to measure distances. The NIR light curves of SNe Ia
present lower intrinsic dispersion than the optical light curves and have the advantage of being
less affected by dust extinction, which makes them exceptional for measuring cosmological
distances (e.g. [25, 46, 14, 3, 32, 45, 16, 23]). Moreover, the NIR light curves of SNe Ia have
already been used to constrain H0 to a few percent (e.g. [8, 10]).

The low intrinsic dispersion of SNe Ia in the NIR raises the the possibility of using them
to achieve accurate cosmography by measuring peculiar velocities of local galaxies, reaching
out to z ∼ 0.1 or even beyond. However, the sample of SNe Ia observed in the NIR is
currently low due to several factors: low NIR detector sensitivity in the past; SNe Ia are
fainter at these wavelengths, where the sky brightness dramatically decreases the contrast
for the (SN) observations, thus needing to integrate for longer; and the number of facilities
with NIR instruments (compared to optical ones) is low. However, by taking advantage of
the exceptional homogeneity of the SNe Ia in the NIR, we can possibly reconstruct their light
curves with just a few photometric data points (e.g. [25]), increasing the total number of
observed objects.

Given the large stream of optical photometry publicly provided by the Zwicky Transient
Facility (ZTF; [17]), which works as a precursor and testing ground for LSST, hundreds to
thousands of SNe Ia are being followed-up with high-cadence (average of 2 days) gr -bands
photometry. Thus, ZTF can provide the optical data coverage while NIR photometry can
be obtained with other facilities. This work aims to test how accurately we can retrieve
NIR peak magnitudes with well-covered optical light curves and few NIR epochs for distance
estimations. Our results will give assurance to use SNe Ia with public ZTF gr -band light
curves with sparse data in the NIR to reconstruct the cosmography of our local supercluster,
measure the growth-rate of structure and H0, and test ΛCDM and alternative cosmological
models. In the future, this can be extended to use optical data from the Rubin Observatory
Legacy Survey of Space and Time (LSST) and NIR data from telescopes such as the Roman
Space Telescope and James Webb Space Telescope.
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2 Data and method

We use the Carnegie Supernova Project (CSP; [20]) sample as it is one of the most com-
prehensive samples of SNe Ia with extensive uBgVriYJH (optical to NIR) coverage and
well-understood magnitude systems to date. The data from CSP-I consists of three data
releases (DRs) described in [9](DR1), [41](DR2) and [26](DR3), while the data from CSP-II
are described in [33] and [21]. CSP-II does not have a public DR to date, but one is in
progress (Suntzeff et al., in prep.). We include all the 134 SNe Ia from CSP-I and 202 from
CSP-II (the cosmology sub-sample from [33]). Thus, the CSP sample we use consists of a
total of 336 SNe Ia.

As CSP observations have used different filters and telescopes throughout the different
campaigns, we apply S-corrections ([41]) to work in a single magnitude system, simplifying
the handling of data. This is specifically useful for those CSP-I SNe with multiple V, Y, or
J bands, and for combining SNe from CSP-I and CSP-II .

To fit the SNe Ia, we use SNooPy ([6]) with the max model model, as we require mea-
surements of the peak magnitudes in J and H (Jmax and Hmax, respectively). The resulting
fits provide the following output parameters: Tmax, sBV , and xmax, where Tmax is the time
of B -band peak magnitude, sBV is the ‘colour stretch’ parameter as defined in [7] and xmax

represents the peak magnitude in x-band, for each of the observed filters. We note that the
multi-colour light-curve templates (optical to NIR) are driven by the values of Tmax and sBV .
All magnitudes presented are in the CSP natural system and the reported uncertainties from
SNooPy fits are statistical uncertainties only.

As not all CSP SNe are useful for the purpose of this work, we proceeded to apply some
cuts to the initial sample. We only used SNe Ia labelled as ‘normal’ according to [26] and
[2]. We then proceed to remove any SN without g, r, J , or H bands, as these are strictly
required for our analysis: g and r being the bands used by ZTF while J and H being the
NIR bands commonly available. The Y band is not included as catalogues of standard stars
for this band are not available for the whole sky, which are needed for the calibration. The
next cut requires the SN to have coverage of the optical peak as the estimation of Tmax is
fundamental when fitting the light curves of SNe Ia. For this, we need to have one or more
photometric points at least two days before and two days after Tmax in B, g, V, or r bands,
providing an accurate estimation of the location of the peak. Finally, we require at least one
photometric point before and after the time of Jmax and Hmax, as precise measurements of
these are needed.

3 Simulations

Given that we want to replicate what real observations would be (i.e. optical bands well
covered with few NIR data points), the simulations consist of taking the complete gr -band
light curves, plus n epochs of coeval J - and -̋band photometric points, for n = 1, 2, and
3. We note that we are sampling from the available photometry (henceforth referred to as
’simulations’ in this paper). Combinations without repetition of the JH -band photometry are
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used for this The resulting simulations are then fit, using SNooPy and the output parameters
saved for a later comparison.

Assuming that SNe Ia are standard candles in the NIR, peak NIR magnitudes can be
directly used to estimate distances without further corrections (e.g. from stretch or colour).
Thus, our main interest is to see how well we can measure Jmax and Hmax using just a few NIR
photometric points. However, the retrieved peak magnitudes highly depend on the time of the
observations with respect to Tmax. We therefore define three different metrics to understand
what type of observations are best at obtaining accurate Jmax and Hmax measurements:(i)
time of the closest J/H epoch with respect to Tmax; (ii) mean time of the J/H epochs with
respect to Tmax; and (iii) difference between the earliest and latest (i.e. range) J/H epochs.
Note that in the case of the simulations with only one epoch (n = 1), metrics (i) and (ii)
are the same, while (iii) is not calculated. Also note that these metrics are defined in the
restframe, i.e. epochs are corrected for time dilation using the SN redshift.

In Figure 1, we show Jmax residuals between the simulations and the reference sample
(using all bands) as a function of metric (i), for simulations with grJH bands and n = 1.
From this comparison, we see that the scatter in the residuals tends to be smaller around
Tmax, with the smallest scatter before Tmax, and increases at later epochs. In general, the
scatter is smaller for the H band (not shown in the figure) compared to the J band. This
is consistent with what has been found in other works (e.g. [?]). Additionally, we note that
offsets in Jmax and Hmax tend to be larger where the NIR light-curve templates have a larger
gradient or slope.

As we are aiming to reduce the scatter, ideally, we would need data around Tmax. Unfortu-
nately, as it is hard to obtain photometric data at specific epochs due to different constraints
(weather, time, allocation, etc.), we have to look for a time window with a large-enough
range. We noticed that a time range between −5 to 15 days with respect to Tmax possess
a relatively low scatter in Jmax and Hmax. The weighted mean (∆) and weighted standard
deviation (σ) of the residuals in this time window are ∆ = 0.004 mag and σ = 0.047 mag,
and ∆ = −0.006 mag and σ = 0.053 mag, for Jmax and Hmax, respectively.

4 Near-infrared distances

The final step in this work is to calculate the precision in the distance estimations from
the simulations. Assuming that SNe Ia are standard candles in the NIR, the peak apparent
magnitude is the only parameter necessary to calculate distances and its uncertainty is directly
propagated to the measured distance:

µ = mmax −M, (1)

where µ is the distance modulus, mmax is the peak apparent magnitude in a NIR band (e.g.
Jmax or Hmax) and M is the peak absolute magnitude in that same band. To calculate
distances, a cosmological model needs to be fitted. For simplicity, we assume a flat ΛCDM
cosmology and fix the value of M (MJ = MH = −18.5 mag), fitting only H0 and the intrinsic
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Figure 1: Jmax residuals, between simulations with coeval coeval J -band epoch and refer-
ence value. The weighted mean and uncertainty on the weighted mean in bins of two days
are shown in blue. A “correction snake” and its uncertainty are calculated by fitting the
residuals with Gaussian Process (red line and shaded region), while N is the total number of
simulations.

dispersion of SNe Ia (σint). Only SNe at z > 0.01 are used as the contribution from peculiar
velocities is relatively small at these redshifts. This reduces our reference sample to 36
objects. The resulting Hubble diagram in J band is shown in Figure 2 (red circles). The
Hubble residuals have an rms of 0.166 mag, while σint = 0.14 mag was obtained.

Using the simulations with phase between −5 days and 15 days, where a low scatter in
Jmax was found (see the previous section), an rms of 0.180 mag is obtained. Although the
simulations have larger scatter than the reference sample, the difference is relatively small
(0.014 mag). In the case of the H band, the reference sample and the simulations have Hubble
residuals rms of 0.149 mag and 0.147 mag, respectively. The rms values are very similar, being
slightly smaller for the simulations (a negligible difference of 0.002 mag).
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Figure 2: Hubble diagram in J -band. Only SNe Ia with z > 0.01 were used as the contribu-
tion from peculiar velocities is relatively small at these redshifts. The reference sample was
used to fit H0 and the intrinsic dispersion (σint), keeping the peak absolute magnitude in J
band (MJ = −18.5 mag) fixed. The rms for the reference sample (red) and the simulations
with n = 1 (grey) are 0.166 mag and 0.180 mag, respectively.
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de Maeztu CEX2020-001058-M.

References

[1] Abbott, T., Allam, S., Andersen, P. 2019 ApJ, 872L, 30A

[2] Ashall, C., Lu, J., Burns, C. 2020 ApJ, 895L, 3A



Müller-Bravo T. E., Galbany L., Karamehmetoglu E., et al. 157

[3] Barone-Nugent, R., Lidman, C., Wyithe, J. 2012 MNRAS, 425, 1007B

[4] Betoule, M., Kessler, R., Guy, J. 2014 A&A, 568A, 22B

[5] Boruah, S., Hudson, M., Lavaux, G. 2020 MNRAS., 498, 2703B

[6] Burns, C., Stritzinger, M., Phillips, M. 2011 AJ, 141, 19B

[7] Burns, C., Stritzinger, M., Phillips, M. 2014 ApJ, 789, 32B

[8] Burns, C., Parent, E., Phillips, M. 2018 ApJ, 869, 56B

[9] Contreras, C., Hamuy, M., Phillips, M. 2010 AJ, 139, 519C

[10] Dhawan, S., Jha, S., Leibundgut, B. 2018 A&A, 609A, 72D

[11] Di Valentino, E., Mena, O., Pan, S. 2021 CQGra, 38o3001D

[12] Elias, J., Frogel, J., Hackwell, J. 1981 ApJ, 251L, 13E

[13] Elias, J., Matthews, K., Neugebauer, G. 1985 ApJ, 296, 379E

[14] Freedman, W., Burns, C., Phillips, M. 2009 ApJ, 704, 1036F

[15] Freedman, W., Madore, B., Hatt, D. 2019, ApJ, 882, 34F

[16] Friedman, A., Wood-Vasey, W., Marion, G. 2015 ApJS, 220, 9F

[17] Graham, M., Kulkarni, S., Bellm, E. 2019 PASP, 131g8001G

[18] Guy, J., Astier, P., Nobili, S. 2005 A&A, 443, 781G

[19] Guy, J., Astier, P., Baumont, S. 2007 A&A, 466, 11G

[20] Hamuy, M., Folatelli, G., Morrell, N. 2006 PASP, 118, 2H

[21] Hsiao, E., Phillips, M., Marion, G. 2019 PASP, 131a4002H

[22] Huang, C., Riess, A., Yuan, W. 2020 ApJ, 889, 5H

[23] Johansson, J., Cenko, S., Fox, O. 2021 ApJ, 923, 237J

[24] Khetan, N., Izzo, L., Branchesi, M. 2021 A&A, 647A, 72K

[25] Krisciunas, K., Phillips, M., Suntzeff, N. 2004 ApJ, 602L, 81K

[26] Krisciunas, K., Contreras, C., Burns, C. 2017 AJ, 154, 211K

[27] Linder, E. 2005 PhRvD, 72d3529L

[28] Meikle, W. 2000 MNRAS, 314, 782M

[29] Peebles, P. 1976 ApJ, 205, 318P

[30] Perlmutter, S., Aldering, G., Goldhaber, G. 1999 ApJ, 517, 565P

[31] Phillips, M. 1993ApJ, 413L., 105P

[32] Phillips, M. 2012 PASA, 29, 434P

[33] Phillips, M., Contreras, C., Hsiao, E. 2019 PASP, 131a4001P

[34] Planck Collaboration 2020, A&A, 641A, 6P

[35] Pskovskii, I. 1977 SvA, 21, 675P

[36] Riess, A., Filippenko, A., Challis, P. 1998 AJ, 116, 1009R



158 Testing the homogeneity of SNe Ia in the NIR

[37] Riess, A., Casertano, S., Yuan, W. 2021, ApJ, 908L, 6R

[38] Rust, B. 1974 PhDT, 7R

[39] Scolnic, D., Jones, D., Rest, A. 2018 ApJ, 859, 101S

[40] Stahl, B., de Jaeger, T., Boruah, S. 2021 MNRAS, 505, 2349S

[41] Stritzinger, M., Phillips, M., Boldt, L. 2011 AJ, 142, 156S

[42] Tripp, R. 1998 A&A, 331, 815T

[43] Tully, R., Courtois, H., Hoffman, Y. 2014 Natur., 513, 71T

[44] Tully, R., Courtois, H., Sorce, J. 2016 AJ, 152, 50T

[45] Weyant, A., Wood-Vasey, W., Allen, L. 2014 ApJ, 784, 105W

[46] Wood-Vasey, W., Friedman, A., Bloom, J. 2008 ApJ, 689, 377W



Highlights of Spanish Astrophysics XI, Proceedings of the XV Scientific Meeting of the Spanish Astro-

nomical Society held on September 4–9, 2022, in La Laguna, Spain. M. Manteiga, L. Bellot, P. Be-
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Abstract

The Cherenkov Telescope Array (CTA) will be the next generation ground-based very-high-

energy (VHE) gamma-ray observatory. The first of the Large Size Telescopes (LST1), is

already under commissioning at Roque de los Muchachos observatory, in La Palma. The un-

precedented sensitivity at short timescales of CTA will make of this observatory the leading

instrument for the discovery of new transient events of both Galactic and extragalactic ori-

gin in the VHE regime. It will unveil the physics of the most extreme objects in the Universe

and their interaction with the surrounding environment. The recent discoveries of the first

gamma-ray bursts (GRBs) at VHE, the connection between gravitational waves and short

GRBs and the association of an extragalactic neutrino with a flaring blazar, have opened

new lines of research in multi-messenger and transient astrophysics. The detections of these

different cosmic messengers have shown the importance of coordinated campaigns. CTA

will perform follow-up observations of these events and open a new window for time-domain

astrophysics at VHE. The Transient program is one of the Key Science Projects of CTA.

This program includes a wide range of sources in a multi-messenger and multi-wavelength

context, ranging from GRBs, to gravitational waves, energetic neutrinos, core-collapse su-

pernovae and Galactic transients (such as microquasars, pulsar wind nebulae or novae). In

this contribution, I will present the results of the exploration of the capabilities of CTA to

detect new transient astrophysical phenomena at VHE.

1 Introduction

Very-high-energy (VHE, E> 100 GeV) transient astrophysics has proven to be a power-
ful tool to study extreme astrophysical processes, at the crossroads of multi-messenger and
time-domain astronomy. Thanks to the development of the last generation of Imaging At-
mospheric Cherenkov Telescopes (IACTs), more than 250 sources of VHE gamma rays have
been discovered, many of them of transient nature.

The Cherenkov Telescope Array (CTA) is the next-generation ground-based observatory
for gamma-ray astronomy at very-high energies. It will count with two arrays located in two
sites: CTA-North at Observatorio Roque de los Muchachos (ORM) in La Palma (Spain);
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and CTA-South, placed near Paranal Observatory (Chile). It will count with telescopes of
three different sizes (Large Size Telescopes, LSTs; Medium Size Telescopes, MSTs; Small
Size Telescopes, SSTs), that will cover the energy range between 20 GeV and 300 TeV [1].
The improved sensitivity (x5-10), energy and angular resolution (by a factor 2) and energy
coverage (four decades) with respect to current generation of IACTs, will make of CTA the
best instrument to study the VHE gamma-ray Universe.

Specially interesting for the transient and multi-messenger case, is the unprecedent sen-
sitivity at short timescales (see Fig. 1), which will allow for the discovery of new sources,
perhaps even of new types. This short-time sensitivity is closely connected to the presence
of LSTs in CTA, which allow for fast slewing (with the goal of only 20 sec to point anywhere
in the sky) and low energy threshold (of only 20 GeV).

In this contribution, we summarize the work of the Transients Science Working Group
(SWG) of CTA Consortium, focused on exploiting the capabilities of future CTA to discover
and detect new transient sources in a multi-messenger context [2, 3], as one of nine Key
Science Projects of the CTA observatory [1]. In these proceedings, we will concentrate on
the topics of neutrinos, gamma-ray bursts (GRBs), gravitational waves (GWs) and Galactic
transients, specifically microquasars and flares from pulsar-wind nebulae (PWNe).

Figure 1: Differential flux sensitivity of CTAO-North as function of observation, compared
to Fermi -LAT.

1
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2 VHE transient phenomena as seen by CTA

2.1 Neutrinos

CTA will aim at the detection of the VHE counterpart of neutrino sources. Two source
populations are considered: transient, based on neutrino source alerts (blazars); and steady,
refereing to nu-clusters exceeding IceCube sensitivity (following the star formation rate evo-
lution). The results of the simulations are:

� Flaring sources: the simulations consider the model of the neutrino flare of the blazar
TXS 0506+056 during 2014-2015, assuming the same duration. During neutrino flares
from blazars CTA will detect a counterpart for about one third of the cases after only
10 mins of observations.

� Steady sources: this scenario considers that the diffuse neutrino flux is due to steady
neutrino sources. The resulting simulations show that CTA-North will be able to detect
all sources down to the density of 10−9 Mpc−3 in 30 min (considering they are always
visible to CTA), given that they could be observed at low to mid zenith angles (20◦-
40◦),.

Considering these results, we can conclude that CTA will detect both flaring and steady
sources of neutrino counterparts. For a more detailed overview check [5].

2.2 GRBs

The search for VHE emission from GRBs supposed a major challenge for IACTs from both
the technical and the scientific point of view for more than a decade. The discovery of GRB
190114C [14] and GRB 180720B [10] finally proved that GRBs are indeed sources of VHE
gamma rays. IACTs aim not only at detecting the afterglow, but also the prompt emission.

Regarding the afterglow component (prompt simulations are on-going), to test the de-
tectability prospects and rates with CTA, the GRB task force has simulated 1000 bright
GRBs detected by Swift with the population synthesis code POSyTIVE [9]. Considering
visibility constraints, duty cycle, detection delays and assuming detection if 90% of trials are
successful, we conclude that about 10% of the visible population will be detected by CTA,
with a rate of about ∼2 detected GRB per year.

2.3 GWs

The detection of GW170817 with LIGO-Virgo [13] provided the first evidence of binary
neutron star (BNS) mergers as progenitors for short GRBs (sGRBs).

Our goal is to perform follow-up of GW alerts to search for a putative VHE counterpart.
For understanding the chances of CTA to detect these events, the GW task force of the
Transients SWG has performed simulations of BNs mergers accompanied by sGRBs, making
use of the GWCOSMoS database [18, 19]. Fig. 2, shows the percentage of detectable GRBs,
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both on-axis and off-axis, given an exposure time as a function of the delay from the onset
[20]. We can conclude that CTA will be sensitive enough to detect more than 90% of on-axis
sGRBs with time delays up to 10 min, while about 50% of off-axis GRBs will be detected
within a few hours assuming the same time delay. For a more detailed information, check
[20]

Figure 2: Percentage of detected GRBs as a funcion of the exposure time versus the time
delay, both for on-axis (left) and off-axis (right) sGRBs for both CTA arrays. Figure adapted
from [20].

2
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2.4 Galactic transients

The topic of Galactic transients cover all those sources in the Milky Way that show unexpected
flaring emission, ranging from microquasars, to novae, PWNe or magnetars, among others
(see [4] and references therein). In this contribution, we focus on the chances to detect
emission from two sources of interest: the microquasar Cygnus X-1 and Crab Nebula (flares).
In both cases, the simulations are performed only for CTA-North array, due to visibility
constraints.

� Cygnus X-1: this microquasar, composed of a massive O star and a black hole, showed a
hint of transient emission at 4.9σ in an 80-min observation by [16]. Persistent emission
has been reported in Fermi -LAT after 7.5yr of data [22]. For the CTA-North simulations
in the energy range 100 GeV–1 TeV, the Galactic transients task force simulated both
the transient and persistent component. For the transient emission, the MAGIC hint
[16] was extrapolated. In the case of persistent emission, we used the lepto-hadronic
model by [12], assuming 50 h of observations. Our results led to the detection of both
transient (at 44σ) and persistent emission (39σ) from the microquasar Cyg X-1.

� Flaring emission from the Crab Nebula: the Crab Nebula is the standard candle for
VHE astronomy. However, it shows flaring emission in the MeV band [21, 8] with
timescales of hours. In order to discover this flares at VHE for the first time, we tested
the capacity both of the full CTA-North array and a subarray of 4 LSTs, to detect
flares of different intensities [17, 4]. There are good prospects for detection for CTA
and especially LSTs, leading for a detection in the low energy range in < 5h.

For a more detailed analysis of the different Galactic transient cases to be studied by CTA,
check [4].

3 Towards CTA

The first LST (LST1) of CTA-North was inaugurated in 2018 and it is finalizing its commis-
sioning phase at ORM. LST1 is already producing scientific data and performing follow-up
of transient events [7]. LST1 has already detected its first transient source of Galactic ori-
gin: the recurrent symbiotic nova RS Ophiuchi [6], results that are compatible with those
reported by [15, 11]. The construction of the three remaining LSTs has already started and
its finalization is planned for end of 2025. The first step to discover new transient sources
with unprecedented sensitivity with the future CTA observatory is already taken.
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Abstract

Short gamma-ray bursts (sGRBs) are produced on the coalescence of two compact objects

such as two neutron stars. These cataclismic events release a large amount of energy in

gravitational waves during the coalescence event to a single compact object. We present

the results of the study of GRB 160410A that, at z = 1.7177, is one of the farthest SGRBs

ever detected. The GRB afterglow emission was first detected by Swift/BAT and observed

with the X-shooter spectrograph at VLT starting just ∼ 8 minutes after the GRB. This

is one of the best spectra ever obtained on the GRB afterglow emission of a sGRB. It

allow us to perform for the first time a chemical study of the circumburst medium of a

sGRB. The spectrum shows low-ionization features common to long GRBs (lGRB), however,

high-ionization features are missing. We detect the broad absorption line corresponding

to Lyman-alpha feature with a measured value for the column density compatible with a

Damped Lyman-alpha Absorption (DLA) region. We find no evidence for dust depletion.

The measured metallicity, [Fe/H] = -2.5 ± 0.2, is low as compared to lGRB-DLA systems.

Late observations with OSIRIS/GTC failed to detect an underlying galaxy at the GRB

location down to r > 27 mag. The GRB ligh-curve is better described by a double-broken

power-law and a spectral energy distribution consistent with no extinction. GRB 160410A

is in contrast with our findings for GRB 201221D, a softer sGRB that shows only Fe II and

Mg II features at z = 1.045 with line strength consistent with the mean value measured

for lGRB environments. The host galaxy is a well detected massive galaxy with low star

formation rate.

My poster is available at https://doi.org/10.5281/zenodo.7048964

https://doi.org/10.5281/zenodo.7048964
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Abstract

Stellar multiplicity is a common consequence of the stellar formation process. Low-mass

stars are the prime constituent of the nearby stellar population, with late-type accounting for

the majority of the hydrogen-fusing objects in the Solar neighborhood. The CARMENES

input catalogue of M dwarfs (Carmencita) is a comprehensive and homogeneous sample

of M dwarfs, with more than 2200 well-characterised main sequence stars, and therefore

constitutes a solid basis for the investigation of the multiplicity of these stars. We search for

physical companions at all physical separations, from close-orbiting spectroscopic binaries to

very wide common proper motion pairs, up to 200 000 au apart from each other. For this, we

make extensive use of the latest data from Gaia DR3 together with published measurements

from the literature. We find that the multiplicity rate in these stars can be as high as 40%,

given that candidate systems hinted by Gaia are eventually resolved.
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1 Introduction

Stellar multiplicity is a common outcome of the stellar formation process [1, 2, 3], with
the frequency of multiple systems increasing with the primary stellar mass [4, 5]. In the
case of M dwarfs, early studies estimated in 33–42 % the fraction of them that are part
of a multiple system [6, 7]. More specifically, the multiplicity rate of M dwarfs has been
estimated to approximate to 30 and 20 per cent for a stellar (M dwarf) and substellar (brown
dwarf) companion, respectively [8]. Recent estimates suggest that the observed multiplicity
of M dwarfs is 26–27 %, or even lower [9, 10, 11, 12]. Although intrinsically small and faint
(M < 0.62M⊙, L < 0.076L⊙, [13]), M dwarfs represent the majority of the stars in the
Universe (e.g. [14, 15]).

Stars in binary systems offer the opportunity to directly measure fundamental parameters,
such as masses and radii. Important applications of wide pairs include the calibration of
metallicities of M dwarfs [16], the age-metallicity and age-magnetic activity relation [17, 18],
and even studies of dark matter in the Milky Way [19]. All in all, multiple systems can help
in the important topic of how stars form and develop, and can ultimately serve as pieces
in the puzzle of the Galactic constitution. Learning about multiplicity is also interesting in
the field of exoplanet searches. For instance, all-sky surveys such as TESS or Kepler may
draw conclusions about planet occurrence, based on the systematic observation of brightness-
limited samples of M dwarfs, without taking into consideration the effect of many unresolved
binaries disguised as single objects [20].

In this work we present a descriptive study of the multiplicity of M dwarfs, in a volume-
limited sample of more than 2200 stars (classified M0.0 V to M9.5 V), from 0.3 au to 206 000 au.

2 Methodology

The sample of our study is Carmencita, the CARMENES input catalogue [21]. Carmencita
contains 2216 late-K and M dwarfs, which were intentionally chosen to be independent of
multiplicity, age, or metallicity. For every star in this volume-limited sample, we looked for
physical companions covering all ranges of separation: from compact object companions,
only resolved employing dedicated techniques (e.g., lucky imaging, adaptive optics, speckle
interferometry), to wider pairs that can be resolved using the Gaia astrometric solution, and
in some cases other all-sky surveys.

For the analysis of multiplicity we made extensive use of the third data release of Gaia
astrometry and photometry (DR3) [22], numerous public all-sky surveys from the ground
and space, the Washington Double Star Catalog (WDS) [23], and Virtual Observatory tools
such as the Aladin interactive sky atlas [24], the Tool for OPerations on Catalogues And
Tables (TOPCAT) [25], and the Virtual Observatory Spectral energy distribution Analyzer
(VOSA) [26]. To ensure the correct description of the systems, we eye-inspected individually
each one of the systems found, with a special attention to the existing literature and the past
characterisations.

We carried out a blind search of equidistant and comoving companions to all the stars in
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Carmencita, up to physical separations of 105 au, and for the first time, also considering the
potential unresolved binaries at very close separations, by using several statistical indicators
and data products in Gaia DR3. We compiled photometry in Gaia DR3, The Two Micron
All Sky Survey (2MASS) [27], and the Wide-field Infrared Survey Explorer (AllWISE) [28].

3 Results
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Figure 1: Location in the Mollweide-projection sky of all the stars in the sample of M dwarfs,
including their companions, in equatorial coordinates. The coloured circles show single stars
(empty grey), stars that belong to a multiple system (filled darker blue), and candidates to
unresolved binarity for bona fide singles (empty red) and widely separated components of
multiple systems (filled red).

We found that approximately 38% of the M dwarfs in the sample belong to an identified
multiple system with a companion of any mass (Fig. 1). Under this broad definition of mul-
tiplicity, the number of single, binaries, triples, quadruples, and quintuples systems for every
100 M dwarfs in all the range of subtypes (from M0.0 V to M9.5 V) represented as S:B:T:Q:Q,
is 62.3:40.1:13.3:2.8:0.8:0.2. On the other hand, the classical definition of multiplicity requires
that the M dwarf is the primary component (i.e., the most massive) of the system. We cal-
culated the multiplicity fraction (MF) and the stellar companion fraction (SCF), accounting
for observational biases, finding that:

� The MF and SCF both decrease as a function of spectral type, as expected.

� For M dwarfs in which multiplicity is confirmed, the MF and SCF are 29.0% and 35.1%,
respectively.
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� Binaries outnumber by far the higher order systems: For every 100 M dwarfs with a
companion, the ratio S:B:T:Q4:Q5 is 70.9:23.4:4.6:0.6:0.1.

� The MF becomes 40.4% if the unresolved binary candidates are also confirmed.

In the process of identifying multiplicity in our stars, we discovered several pairs with
an astrometry compatible with physical parity, but that were not found either in the WDS
catalog or in the literature. Some of them are isolated pairs (i.e. binaries), whereas some are
components of known systems.

Several statistical indicators in Gaia DR3 can be used to find probable cases of non-
resolved multiplicity, this is, of double or possibly higher order multiples, in stars previously
thought to be single. In a small sample of 16 of these cases, which additionally show notable
radial velocity standard deviations as measured by Gaia, we performed a systematic search for
spectroscopic binaries using medium resolution (R = 46 000) spectra with the high-resolution
FIbre-fed Echelle Spectrograph (FIES) at the 2.56m Nordic Optical Telescope (NOT). We
discovered that 13 of them are spectroscopic binaries of several types, including two clear
triple-lined triples, two are high rotators (so the multiplicity could not be identified properly),
and one is single.

With this, to the known physically bound systems reported in the literature, we add
48 newly discovered pairs, and propose 300 candidates to very compact binaries, to date
unresolved, except for the few for which we were able to characterise spectroscopically.

When possible, we determined descriptive parameters of the multiplicity (angular and
physical separation, positional angle, binding energies, orbital periods), fundamental param-
eters of the components (luminosities, masses, radii, effective temperatures, surface gravities),
compile astrometry (positions, proper motions, parallaxes, radial velocities), photometry in
up to 10 passbands, and Gaia statistical indicators. Additionally, we give an individual
description of the components, including their candidacy for unresolved binarity.

In the cumulative distribution of physical separations, changes of slope are apparent and
measurable, and we could fit them to two distinct power laws following the general form of
Öpik’s law. This observational evidence has been motivated in the literature by the existence
of at least two different formation mechanisms. We deem the scarcity of multiple systems
at very close and very wide separations to an observational effect (because of the amount of
unresolved pairs), and to a real configuration (because of the smaller binding energies are
more likely disrupted by gravity), respectively.

4 Conclusions

In this work we perform a systematic, complete study and description of multiplicity for all
separations: from very compact systems in close-in orbits, to wide and very wide pairs, some
of them in very fragile configurations placed in the limit of dynamical stability.

We computed the classically defined multiplicity fraction and the stellar companion frac-
tion in different un-biased samples. The multiplicity fractions derived are in agreement with
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similar studies published in the last three decades. This work, however, estimates that the
actual multiplicity fraction of M dwarfs could be as high as ∼40% if the unresolved systems
hinted by Gaia are, indeed, real. In this regard, we have demonstrated using spectroscopic
scrutiny in a small subsample of these that, in fact, many single stars are indeed compact
systems of two or three stars. If all the candidates to unresolved multiples were confirmed,
the global multiplicity fraction of M dwarfs could increase by approximately 11 %.

Finally, we provide homogeneous observational data for the investigation of the different
formation mechanisms of close and wide binaries in stars of small mass. The study of mul-
tiplicity can serve in a myriad of topics of astrophysical interest, including an empirical test
for models of stellar formation, to prove the hypothesis of whether all stars form in multiple
systems.
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Abstract

Herbig Ae/Be objects (HAeBes) are young, intermediate-mass stars surrounded by proto-
planetary disks. From the point of view of star and planet formation, these objects have
crucial characteristics. First, their stellar parameters, such as mass or temperature, are
between those belonging to the low-mass and high-mass regimes. Second, the presence of
bright and large protoplanetary disks makes these stars excellent laboratories to learn how
planets form. However, the relatively small amount of known HAeBes sharply contrasts
with the large number of their low-mass counterparts. Furthermore, HAeBes have usu-
ally been studied on the basis of small samples scattered on the sky, and their stellar and
circumstellar parameters have been derived using heterogeneous methodologies.

In this contribution I will show the work carried out by Guzmán-Dı́az et al. (2021), who

provided a homogeneous characterization of a sample of 209 HAeBes from their spectral

energy distributions (SEDs) and Gaia EDR3 parallaxes. Using the online tool Virtual Ob-

servatory SED Analyzer (VOSA), multi-wavelength photometry of our objects was collected,

and the stellar parameters were derived by fitting the optical SEDs with the best Kuruzc

models. In addition, the infrared SEDs were classified according to two schemes, and the

mass accretion rates, protoplanetary disks masses, and the sizes of dust inner cavities were

uniformly estimated. Such a large amount of data allowed us to perform a statistical anal-

ysis searching for correlations between the stellar and circumstellar parameters. A major

result is that the disk dissipation mechanism in B-type and A-type Herbig stars is most

probably different. With the advent of new techniques and more powerful instrumentation,

the number of known HAeBes is increasing. A homogeneous stellar and circumstellar char-

acterization, such as the one presented here, will allow us to better understand the formation

and evolution of Herbig Ae/Be stars.

1 Introduction

Herbig Ae/Be stars (HAeBes) are pre-main sequence, intermediate-mass objects that are
surrounded by a circumstellar or protoplanetary disk. Their stellar masses range between 2
and 10 M⊙. Such objects are the link between T Tauri stars, the low-mass counterparts of
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HAeBes, and massive young stellar objects (MYSOs). Knowledge of the physical parameters
(e.g., temperature or mass) of HAeBes will allow us to better understand the stellar evolution
and to bridge the formation of low-mass objects with that of the more massive ones. HAeBes
are also of interest in the field of planetary formation because they have bright and large
protoplanetary disks. In contrast, this study is difficult for higher-mass stars because they
evolve more rapidly from the embedded phase to the main sequence stage. However, only
one candidate planet has been detected so far in the HAeBe star AB Aur (see [7, 30]), being
PDS 70, a T Tauri star, the only pre-sequence object in which the presence of planets has
been confirmed [15, 19]. Works such as those of [14] or [18], which have been carried out a
study relating the stellar abundances observed in HAeBes to the possible presence of planets,
in addition to others that have extended the known catalog of HAeBes [26, 27], may pave
the way in the search for planets in this type of stars.

HAeBes have spectral types ranging from early B-types to late F-types. Nevertheless,
these stars can be grouped into two groups: Herbig Ae stars (HAes), with stellar masses less
than or equal to 4 M⊙, and Herbig Be stars (HBes), with stellar masses larger than 4 M⊙.
One of the main differences between both groups is the accretion mechanism that takes place
in them. In HAes, accretion is dominated by the magnetic field, as in T Tauri stars. The
disk is truncated by the magnetic field and the ionized material from the disk flows along
the magnetic field lines to the star, causing shocks on the stellar surface. This mechanism
is called “magnetospheric accretion” (MA). In contrast, in HBes, these models are not able
to explain the large accretion rates observed in this group of stars. Other mechanisms have
been proposed in HBes, one of which is known as “boundary layer”, where the star accretes
material directly from the disk (see [22] or [28] for more information on accretion mechanisms
in HAeBes).

In the next two sections I will discuss in a brief way the evolution of protoplanetary disks
and their classification from the spectral energy distributions (SEDs), as well as the work
carried out by [13], where a homogeneous characterization of a large sample of HAeBes has
been performed from the SEDs and the Gaia EDR3 data [10].

2 Protoplanetary disks

The formation of protoplanetary disks is a common process that occurs as a consequence of
the conservation of angular momentum at a stage almost immediately after the collapse of
a molecular core. They can be observed directly from the (sub-)millimeter emission of the
dust grains (see, e.g., [2]), or from the scattered light by such grains in the near-infrared
(near-IR) range [11]. Telescopes as ALMA or VLT allow us to take high resolution images,
being able to appreciate how the dust grains are distributed, and identifying structures such
as rings, spirals or cavities. Protoplanetary disks are also possible to detect in an indirect
way, either from the gas emission lines (one of the most used to trace the gas are those of the
carbon monoxide molecule, see [16]), or from the excess in the IR observed in the SEDs [13].
Regarding the latter, the SED of HD 139614 can be seen in Fig. 1 as an example.

The disk lifetime is around 2-3 Myr for T Tauri stars, although this can range from 1 to 10
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Figure 1: SED of HD 139614. The solid blue line corresponds to the best photospheric model
that fits the optical photometry (red dots). On the other hand, black dots refer to the disk
emission.

Myr (see [29]). In the case of more massive stars, the disks dissipate faster than in solar-type
stars [29]. In their initial state, the disks are dominated by viscous evolution. Material from
the inner part of the disk is accreted by the star whereas the outer part spreads as angular
momentum is transported outward. At some point, the disk material starts to disperse from
inside to outside by different mechanisms [9] that will dominate against the viscous evolution,
and which are mentioned next: i) grain growth, which causes the decrease of small particles
in the innermost regions; ii) ultraviolet and X-ray photoevaporative winds; iii) the presence
of companions that sweep the material into their orbits. As a consequence of these processes,
an inner cavity is formed. Protoplanetary disks with such cavities are known as transitional
disks, which can be inferred from the SEDs. As an example, Fig. 2 shows the SED of HD
199603, where the presence of a cavity is deduced as there is no emission from the disk below
10µm. Finally, the remnant of the transitional disks are called debris disks. These disks have
low luminosities, with lack of gas and they contain large bodies.

The shapes of the SEDs can provide some hints on the evolution of protoplanetary disks.
In particular, I will discuss two schemes used to classify the SEDs. The first one was proposed
by [23], where the SEDs are classified into two groups: Group I and group II, which differ
mainly in the mid-IR emission. The authors found that in group II SEDs the continuum
from the IR to the submillimeter region could be only fit by a power-law component, whereas
in group I SEDs an additional blackbody component had to be added. Such a classification
has been related to the morphology of the protoplanetary disks, where group I and group
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Figure 2: SED of HD 199603. The effect of a cavity can be observed as there is no emission
in the near-IR range.

II sources are associated with “flared” and “flattened” disks, respectively. An evolutionary
path from group I to group II disks has traditionally been proposed due to the grain growth
and the settling of such grains in the midplane of the disk [1]. Nevertheless, a more complex
scenario has arisen because recent high-resolution images have revealed that most of the disks
belonging to group I show cavities (see, e.g., [11, 17]).

The second scheme is based on the wavelength at which the IR excess observed in SEDs
begins (see [13, 21]). In this scheme the SEDs are also classified into two groups, one in which
the excess starts at J or H bands (e.g., Fig. 1), and another in which such excess starts at K
band or at longer wavelengths (e.g., Fig. 2). This type of classification is directly related to
the size of the inner dust cavities.

3 Homogeneous characterization of HAeBes

This section is devoted to briefly describe the research carried out in our work [13]. One of the
main reasons that motivated this study lay in the fact that, before the launch of Gaia, HAeBes
were studied in small samples scattered on the sky, which contrasted with the hundreds of
known T Tauri stars at that time. Furthermore, their stellar and circumstellar parameters
were derived using different techniques. Therefore, departing from the sample presented
in [25], we have homogeneously characterized a sample of 209 bonafide HAeBes from their
SEDs and their Gaia EDR3 parallaxes [20]. The stellar parameters were estimated using the
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online tool VOSA (Virtual Observatory SED Analyzer) [3]. VOSA allows us to compare the
optical observed SEDs, built from the catalogs available in such a tool, with the synthetic
photometry from the photospheric theoretical models. The effective temperatures, visual
extinctions, stellar luminosities and radii were obtained from the best-fitting Kurucz model
[6], whereas stellar masses and ages were estimated from the PARSEC V2.1s evolutionary
tracks and isochrones of [5].

The IR SED were classified according to the two schemes shown in Section 2. Firstly, the
ratio between the near-IR and the mid-IR luminosity, and the non-color-corrected IRAS color
were used in order to classify them into Meeus groups I and II (see the procedure following
[1] and [24]). Secondly, the SEDs fits with VOSA were helpful with the classification into
JHK groups, showing at which photometric point the IR excess starts or, equivalently, when
the best Kurucz model obtained no longer fits the observed SED.

We also provide in our work circumstellar parameters such as mass accretion rates, disk
masses and sizes of the inner dust cavities. The accretion rates were estimated from the
correlations between the stellar luminosity and accretion luminosity quantified in [28], which
depend on the stellar mass. The disk masses were calculated from the continuum (sub-
)millimeter fluxes, assuming that the emission at this wavelength range is optically thin
and the gas-to-dust ratio is equal to 100 [4]. However, several studies point out that the
disk masses derived from this method could be underestimated. Thus, we used as well an
alternative procedure to infer this parameter based on knowledge of the mass accretion rate
and stellar age (see, e.g, [8, 21]). Finally, the sizes of the dust inner cavities have been known
from the SEDs, depending on the wavelength at which the IR excess starts.

All stellar and circumstellar parameters of our 209 HAeBes are collected in an online
archive called HArchiBe. This also includes the figures of the SEDs and a tool for visualizing
the position of the objects on the sky. Recently, 109 new HAeBes have been added to this
archive, which have been discovered and characterized by [26, 27].

Afterwards, we performed a statistical study relating the stellar and circumstellar param-
eters with both SED classifications, in order to find some hints on the evolution of protoplan-
etary disks. One of the major results we have obtained is described as follows. We found that
the main mechanism driving the dissipation of the disks in HBes is probably photoevapora-
tion, although other processes can not be ruled out, such as the presence of planets. Figure 3
shows two evidence that support this idea. In the top panel, the size of the inner dust cavities
and the stellar mass are represent on the y- and x-axis, respectively. The blue dashed line
indicates the critical radius. This parameter denotes the distance at which a cavity starts to
open due to photoevaporation [12]. It can be observed that there are more HBes with sizes of
the inner dust cavities above this line. On the other hand, the stellar age vs. the stellar mass
is plotted in the bottom panel. The blue dashed line indicates in this case the disk lifetime if
the photoevaporation is considered as the main mechanism involved in disk dissipation [12].
As you can see, most HBes have stellar ages below this line, whereas HAes are older, pointing
out that there must be another mechanism governing the disk dissipation for the latter.

http://svo2.cab.inta-csic.es/theory/vosa/
https://people.sissa.it/~sbressan/parsec.html
http://svo2.cab.inta-csic.es/projects/harchibe/main/index.php
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Figure 3: Top panel: Inner disk cavities as a function of the stellar mass for HAes and HBes.
The dashed blue line represents the critical radius above which the stars are consistent with
the photoevaporation scenario. Upper limits are indicated by arrows. Bottom panel: Stellar
age vs. stellar mass for HAes and HBes. The dashed blue line represents the disk lifetime
below which the stars are consistent with the photoevaporation scenario. Upper limits are
indicated by arrows.
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Abstract

Symbiotic stellar systems (SSs) are interacting binaries consisting of two close components: an
asymptotic giant branch (AGB) star and a white dwarf (WD). As a result of the mass loss of the AGB
star, SSs are surrounded by a circumstellar environment whose shape and dynamics are affected by
the presence of the hot companion. The study of SSs is key to understanding different phenomena,
such as jets, non-spherical planetary nebulae, and Type Ia supernovae. R Aqr is one of the best-
studied SSs. The orbit shows a period of ∼ 42 years with a stellar separation between 10 and 60 mas.
Although R Aqr shows molecular emission in some species, due to the photodissociation by the WD,
this is rarely detected in SSs. We present high- and medium-resolution ALMA observations of the
continuum and line emission exploring both extended and inner regions of this SS system for a total
of three ALMA bands (6, 7, and 9). Continuum emission helps to locate the position of the AGB
in the system. In addition, the jets and the mass transfer from the AGB to the WD are mapped by
the continuum. Some of the studied lines are CO, SiO, SO, and H30α. We describe a new scenario
for the molecular emission in R Aqr explaining the brightness distributions shown by the different
lines.

1 Introduction

Symbiotic stellar systems (SSs) are interacting binaries composed by an evolved star and a compact
object. In the particular case of the D-type symbiotics, which show intense continuum dust emission,
the systems are formed by two close components: the primary, an asymptotic giant branch (AGB) and
the secondary, a white dwarf (WD) [5]. The material ejected by the AGB component falls to the WD
forming an accretion disk around the secondary component. The jets observed in SSs emerge from
the central region of these accretion disks. The study of the symbiotic binaries can be a fundamental
to understanding the morphology found in planetary nebulae. By observing, modeling, and studying
the molecular gas and dust in these objects, we can learn more about the non-spherical structures that
appear in the final stage of Sun-like stars.

Due to the intense ultraviolet (UV) emission from the hot component, most of the molecules are
photodissociated. As a result, only CO, SiO and H2O are detected in some SSs, such as R Aqr and
CH Cyg [1]. R Aqr is the best-studied symbiotic stellar system. The inner region of the nebula is
dominated by a precessing jet (see [9] and [4]). The primary component of this system is a Mira-type
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variable with a pulsation period of 388 days, and the secondary is a white dwarf. A size of 15 mas
for the primary component is estimated from measurements of R Aqr in the Infrared range [7]. The
distance to R Aqr from Gaia parallax is 320 pc, while the distance derived from VLBI observation
of SiO masers is 218 pc [6]. The origin of this difference is unknown, but these discrepancies are
also found in distances calculated from Gaia parallaxes for other objects with nebulous structures.
We assume an intermediate value for the distance adopting 265 pc in our calculations. New orbital
parameters have been derived recently (see the contribution by Alcolea et al. in these proceedings).
The white dwarf describes an elliptical orbit with a period of 42.4 yr. The major semi-axis is 57 mas
with an inclination angle of 110 deg, which means that the white dwarf is moving almost in the right
ascension (R.A) direction. We have studied the molecular line and continuum emissions of R Aqr and
the spatial distribution of the material in this symbiotic system.

2 ALMA observations

We observed R Aqr using the Atacama Large Millimeter/sub-millimeter Array (ALMA). We have
used three ALMA bands, namely 6, 7, and 9, corresponding to 1.3, 0.9, and 0.45 mm, and angular
resolutions between 20 and 250 mas. Thanks to the high spatial resolution provided by the extended
ALMA configurations, we can probe the inner region of R Aqr. The observations of Band 6 were
carried out using the extended and compact configuration of ALMA. In this case, both data sets are
mixed to achieve a higher signal-to-noise ratio (S/N). To study the main molecular lines, such as CO
and SiO, in detail, high spectral units of the correlator were connected. Moderate spectral resolution
units were also used simultaneously to derive the continuum emission with good S/N.

The position of both components of R Aqr varies in time because of proper motion and their orbital
movements. Since the observations at the different frequencies were performed on different dates, we
center all our uv-tables to the centroid of the continuum emission at each frequency to present our
data in the same reference framework. As a result, our final maps are expected to be referenced to the
AGB position for all observations.

Note that to better study the line emission, the continuum distribution was subtracted and it can
affect the brightness distribution observed in the line maps in a complex way. We also study the
continuum emission of R Aqr. Since the high- and low-resolution continuum maps at 0.9 mm were
studied by [2] in detail, we focus on the analysis of the observation at 1.3 and 0.45 mm.

3 Continuum and H30α maps

Fig. 1(a) shows the low spatial resolution image of the continuum emission of R Aqr at 1.3 mm, where
we can see the large-scale emission of the jet. Fig. 1(b) shows the high resolution continuum maps at
1.3 and 0.45 mm, bands 6 and 9 respectively. The high-resolution maps let us study the inner region of
R Aqr where the formation of the jet is taking place. In Fig. 1(b) we can see the emergence of the jet,
which connects to the large-scale jet shown by Fig. 1(a). We can also see how the continuum emission
at 1.3 mm extends from the central position, where is located the Mira component, to the position of
the white dwarf. This suggests a physical connection between both components as previously seen in
the continuum data at 0.9 mm (see [2]). However, the angular resolution is not enough to separate the
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(a) (b)

Figure 1: (a): Red contours: low-resolution map of continuum at 1.3 mm towards R Aqr. The contour
level spacing is logarithmic with a jump of factor 2. The first positive contour is 0.07 mJybeam−1.
The brightness distribution of H30α integrated over all velocities is shown in greyscale. In the inset
we can see the beam, with a size of 264× 163 mas and P.A. of 95 deg. (b):High-resolution continuum
maps at 1.3 and 0.45 mm towards R Aqr. The contour level spacing is logarithmic, with a jump of
factor two. The first positive contours are 0.15 and 1.5 mJybeam−1 respectively. The observations
are centered on the continuum centroid, the position of the Mira component (red cross); the predicted
position for the WD is also indicated (blue cross). See the beams in the insets, with a size of 15× 15
and 20× 20 mas respectively.

emission of the radio photo-sphere, jet, and other components. We also studied the emission of H30α.
Fig. 1(a) shows the low-resolution emission of this recombination line, which extends in the direction
nort-east to south-west. Note that the brightness distribution corresponds to the intensity integrated
over the complete velocity range. We find that the distribution of H30α and the continuum show
similar structures. This was also found in the Hα in the visual spectral region by [8]. The differences
between the continuum and H30α can be caused by the lower sensitivity of the recombination line
map. We can estimate the spectral index of the compact component, although this value is highly
uncertain due to the intense flux variability of the AGB in time. We obtain a value of 2.2, which is
compatible with the emission of dust emitting as a black body. The extended component in Fig. 1(b)
is more difficult to understand because in that region the emission of the jet, white dwarf and material
falling to the hot companion are all mixed up.

4 Molecular line maps

Many molecular species, such as CO, SiO, SO, and H2O are detected in R Aqr. Figs. 2 and 3 show
the emission of 12CO J=2–1 and 28SiO v=0 J=16–15 as an example of the molecular emission found
in this SS. The emission of CO is the most intense and extended. We find a typical size for the
emission of CO of 800× 200 mas. This means that the CO molecules survive at distances larger than
the orbital size. The emission of CO was modeled using hydrodynamical calculations (see [3]). This
model predicts the spiral structures around this binary system as a result of the interaction between
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Figure 2: ALMA maps per velocity channel of 12CO J=6–5 emission in R Aqr. Local standard of rest
(LSR) velocities are indicated in the upper left corners. The contours are logarithmic, with a jump
of factor two and a first level of 2 mJybeam−1. The dashed contours represent negative values. The
beam is shown in the inset in the last panel.

Figure 3: Same as Fig. 2 but for 28SiO v=0 J=16–15 using a first level of 2 mJybeam−1.

the two stellar components.
The SiO molecule shows emission beyond the orbital size in the R.A. direction, but it is not more

extended than CO. Note that its extent to the south-east is similar to that seen in CO (see Fig. 4), and
therefore, the emissions of both molecules probably come from the same region. We find absorption
at positive velocities in many rotational transitions of this molecule and its isotopic substitution 29SiO.
We identify this absorption with falling material ejected previously by the AGB component. Note that
the extended component of the SiO and CO tends to be confined in the orbital plane, which is in the
R.A. direction approximately. We suppose that the molecules out of this region are photodissociated
by the UV radiation from the WD.

In the cases of the less abundant molecules, the emission is also more compact. Fig. 4 shows the
central velocities maps of several molecular species, which are representative of the shapes shown
by the different molecular lines: 12CO J=6–5, 28SiO v=0 J=16–15, SO 3Σ v=0 1616–1515, H2O
v3=1 57,2–66,1, and SiO v=9 J=17–16. Note that the brightness distributions of CO and SiO show
a ring-like structure in the central region, while for the less abundant molecules we can distinguish
several shapes of brightness distributions: ”peanut”-like, compact and compact-offset. The brightness
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Figure 4: Same as Fig. 2 but for the central velocities ALMA maps of the 12CO J=6–5, 28SiO v=0
J=16–15, SO 3Σ v=0, 1616–1515, H2O v3=1 57,2–66,1, and SiO v=9 J=17–16 lines.

distributions of the less abundant molecules are more compact, showing emission only in the central
region, and in many cases, only inside the orbital region. This behavior means that is very difficult
to find little abundant molecules at large distances from the AGB envelope where they are formed.
These molecules are photo-dissociated by the WD and only survive in the densest and best-shielded
regions close to the AGB.

Gravitational interactions between the WD and the material ejected by the AGB result in a com-
plex dynamical scenario. Therefore, modeling the extended emission shown by the most abundant
molecules is very hard. We focus on modeling the compact emission seen in the central region. We
model the emission of the 28SiO v=0 J=16–15 line, which is taken as reference, using a radiative
transfer model. For the calculations, we take into account two different components: a relatively
hot expanding envelope and cool layers falling back onto to the AGB. The resulting map is shown
in Fig. 5. We obtain similar theoretical brightness distribution and intensities than the observed per
velocity channel for the 28SiO v=0 J=16–15 line. Thanks to the introduction of the falling material
we also obtain good results for the absorption feature seen on the positive velocities.

The variety of brightness distribution shown by the different lines can be partially explained by
the continuum subtraction. This effect is more important in optically thick molecules, such as CO
and SiO, which show a well defined hole in the maps of their central velocity channels. For optically
thiner molecules, such as SO and H2O, the subtraction of the continuum distribution is less noticeable
in the final maps.
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Figure 5: Same as Fig. 2 but for synthetic maps per velocity channel and using a first level of
3 mJybeam−1.
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Abstract

In this work we used a convolutional neural network to determine the mean density and

surface gravity of stars from 1.5 to 3 times more massive than the Sun. These physical

quantities are key to better understand their structure as well as the physical processes

occurring during their evolution. Relying on asteroseismic models we deployed and trained

a CNN to detect patterns in the oscillation frequencies. The mean density and surface

gravity estimates obtained accurately matched our set of benchmark observations. This

method will allow us to analyse massively thousands of A-F stars observed by past, present

and future space missions such as CoRoT, Kepler/K2, TESS, and the upcoming PLATO

mission.

1 Introduction

In the last decades, the characterisation of the internal structure and evolution of intermediate-
mass stars has significantly improved thanks to asteroseismology. More specifically, pattern
recognition has been key to significantly constrain models representative of these stars, and
thereby to better understand the physics taking place in their interiors. Such patterns have
been found in the oscillation spectrum, which allow us to avoid identifying from hundreds to
thousands of individual pulsation modes, which is, today, far from being achieved.

For intermediate-mass stars, frequency patterns are not easy to detect. Some theoret-
ical works predicted its existence (e.g. [13, 10, 8]), as well as a scaling relation with the
stellar mean density ([15], [14]). Thanks to the ultra-precise photometric lightcurves from
the CoRoT ([1]) space mission, quasi-periodic patterns were clearly found in the oscillation
spectra of δ Scuti stars (e.g. [6]) and the scaling relation with the mean density was empiri-
cally confirmed (see e.g. [5, 7]). This opened the door to multi-variable correlation analyses
[9, 3], the study of other patterns, like the rotational splitting [12], to perform certain mode
identification in young stars [4], or constrain the age of open clusters [11], to name a few
examples.
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Statistics- and/or Fourier-based techniques for pattern recognition often yield ambiguous
results for intermediate-mass stars. This is because of the small number of frequencies exhib-
ited by these objects on the one side, and the nature of the modes, on the other side, which
pulsate around the fundamental radial mode, i.e. far from the asymptotic regime in which
solar-like oscillations show clear patterns. Here we tried to overcome those problems using
machine learning techniques.

Figure 1: ∆ν confusion matrix for the control sample (97% of accuracy for top-1 ranked
probabilities).

2 The CNN

To avoid systematic errors due to human criteria, we trained a convolutional neural net-
work (CNN) to identify the large separation, ∆ν. This pattern is built upon the frequency
difference of modes such as

∆ν = νn,ℓ − νn−1,ℓ. (1)

Among intermediate-mass stars, we focused here on a specific type of pulsating stars, the
δ Scuti stars, which mainly pulsate with pressure modes (p modes), for which ∆ν have
been determined with techniques such as the autocorrelation function (AC), the histogram
of frequency differences (HDF) and the discrete Fourier transform (DFT).

We built a CNN whose NN are composed by staked layers with convolution, max pooling,
and batch normalisation with dropout, all of them combined then into a dense layer with a
Softmax activation function that normalises the output into a probability distribution that
represents a categorical distribution. Each convolution layer of the CNN is fed with a three-
dimensional vector composed by the AC, HDF and DFT.
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To train the CNN we constructed a dataset composed by 500k asteroseismic models (equi-
librium and oscillation frequencies) meant to be representative of δ Scuti stars. To do so, we
computed the models varying the mass, metallicity and initial rotation velocity sufficiently
dense to reduce uncertainty (and minimise possible selection bias) in the ranges known for
these stars. Following [6, 15], for each model we computed the oscillation frequencies in a
range covering radial orders from n = 2 to n = 8, from which the 30 highest-amplitude modes
are kept. The amplitude was simulated assuming a visibility law uniquely based on the pho-
tometric cancellation effect (up to ℓ = 3), where the mode visibility decrease for increasing ℓ
in the form Aℓ ∼ ℓ−1/2.

From the models dataset we randomly extracted 50k models to be used as our control
sample. The CNN provides a probability over the partition class C of mesh p in the interval
in which the large separation is expected for δ Scuti stars, i.e. [0, 100]µHz. The internal
accuracy of the machine is tested over 50k models previously extracted from the training
dataset1. This was done by evaluating the top-k categorical accuracy rate, meaning the
success when the target class is within the k predictions ranked by probability. For the
control sample, an accuracy of 97% is reached for top-1 probabilities (see Fig. 1).
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Figure 2: Left: CNN inferences for KIC 10661783 (black dots represent the probability density
as a function of the frequency bucket in ∆ν), together with DFT, AC and HFD predictions.
Vertical red line represents the independently observed value. Blue dashed line represents the
rotational splitting frequency estimate (for illustrative purpose). Right: comparison between
∆ν inferred by the CNN for the benchmark sample of δ Scuti stars in eclipsing binary systems,
with those obtained with other methods ([7]). Each symbol represent a different star of the
sample. Lines show the 1:1, 0.5:2, and 0.33:3 match relations.

1These models were randomly selected assuming uniform distribution along the models grid, which ensures
there is no selection bias.
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3 The results.

In order to validate the usefulness of the CNN, we applied it to real stars for which we
previously had confident values of the large separation and mean density independently: our
benchmark sample composed of 17 eclipsing binary systems with a δ Scuti star component
(see details in [5, 7]). The confusion matrix shown for these observed stars is shown in
Figure 2.

Note that for about 56% of the stars the CNN precisely found (within 1-5% of error) the
correct value of the large separation (1:1 line) using top-1 inferences. This implies a RMSE
of 28.09 muHz for the complete set of stars. Even more interesting is the fact the for the rest
of objects, the results were not randomly distributed in the diagram, but around multiples
and submultiples of the 1:1 relation. This implies that the CNN is properly finding ∆ν in all
the cases, but is not able to decide whether is the actual ∆ν value or a multiple/submultiple.
When these multiples were considered the RMSE of the match significantly decreased to
4.80 muHz.

In other words, the CNN is properly finding ∆ν in all the cases, but is not able to decide
whether is the actual ∆ν value or a multiple/submultiple. This problem comes from the
lack of information about the visibility of the modes, which, in the range of the observed
frequencies, may be prone to display submultiple/multiple instead the actual ∆ν.

Once inferred robust values for the large separation, it is straightforward to get the mean
density [5] and surface gravity [9] of the stars. In addition, the uncertainty coming from the
angle of inclination of the stars can be neglected since they stars belong to eclipsing binary
systems. For field stars, this might be an important indeed, since the visibility of the modes
depend on the angle of inclination, and thereby affecting the number of modes that contribute
to the large separation pattern.

4 Discussion and conclusions

The promising results obtained in this work need to be confirmed by the analysis of other
stars. The next steps of this investigation are: (1) to apply the CNN to large samples of stars
observed by space missions in order to determine their mean density and surface gravity; (2)
compare our results with other determinations of ∆ν in the literature; (3) include additional
information to the analysis that may help us to automatically eliminate the degeneracy
with multiples/submultiples of the large separation, like luminosities from Gaia mission,
corrections for gravity darkening effects [2] or constraints from other seismic indices like νmax

[3].
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Abstract

Binary stars including an AGB star hold the clues for understanding important phenomena

in stellar evolution, such as common-envelope events, the formation of SN-Ia, and the origin

of aspherical pPNe/PNe. Hydro-dynamical codes simulating the companion’s influence on

the primary mass loss exist, but we still lack information on the orbital parameters of systems

where these models can be tested. The best case where this can be pursued is R Aqr. Here,

we present the results of the first-ever determination of the whole set of orbital parameters

of the system purely based on observational data. The results agree very well with the

observational characteristics of the nebula around the system. Reasonable values for the

stellar masses agree with distances from period- and diameter-luminosity relationships for

Mira variables, but not with those from VLBI observations of SiO masers or GAIA.

1 AGB binaries and the case of R Aqr

Binary systems are interesting astrophysical laboratories as they are responsible for several
extreme physical phenomena. In addition, when the system is spatially resolved and we know
the velocity curve for at least one star, we can derive the (otherwise elusive) individual masses
of the member stars. Binary stars including an Asymptotic Giant Branch (AGB) primary
are particularly interesting since the presence of a compact companion can induce a mass
transfer process that can severely affect the evolution of both members. AGB stars lose mass
at such high rates (up to 10−5 M⊙ yr−1) that this process is ultimately responsible for the
evolution of the star into a white dwarf (WD). This wind forms a circumstellar envelope
(CSE), rich in molecular gas and dust particles, around the AGB star, which will turn into a
planetary nebula (PN) in the forthcoming post-AGB phases. The standard theory predicts
that AGB CSEs should be roughly spherical. However, this may not be the case for AGB
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Figure 1: The updated velocity curve of the primary, the Mira variable R Aqr-A, based
on the data presented by [7], but including new values from SiO maser observations up to
mid-2021. Data are averaged for each pulsation period (black lines at the bottom show the
dates for R Aqr optical maxima according to AAVSO). Red dots show the observed values
(with ±1.25 km s−1 error bars), while the red and green lines show the fitting to the data and
the systemic velocity of the centre of masses. The blue line displays the prediction for the
companion velocity for a mass ratio of 1.4. The blue dot (and error bar) shows de velocity
derived for the companion R Aqr-B for 2019.4 from the H30α line. The dark areas mark the
occurrence of eclipses in the system.

binaries, where the presence of the companion breaks the spherical symmetry: the launching
of bipolar jets by these companions (powered by mass accretion from the primary) is the
most plausible explanation for the formation of axis-symmetric PNe via their interaction
with the AGB wind (see e.g. [5]). This hypothesis is supported by the presence of spiral
density waves in the CSEs of many AGBs [6], which can be easily explained as a result of the
gravitational pull of the companion on the AGB star, and the focusing of the mass-loss on the
orbital plane. These spiral-like features are not only seen in AGB CSEs but also in some PNe
(e.g. NGC 7027, NGC 3132), and the transition objects in between them (e.g. the pre-PNe
CRL 2688), strengthen the evolutive relationship between these three kinds of sources.

Although hydrodynamical models for binary systems with an AGB mass-losing primary
reproduce the observations (e.g. [11]), an independent measurement of the orbital parameters
is mandatory to establish the connection between the companions and the arising of these
spiral density waves, which is the best support for the binary/aspherical-PNe link hypothesis.
So far, there is only one case in which the spiral imprint is detected and we can find about
the orbital parameters of the system: the symbiotic star R Aqr.
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Figure 2: Relative positions of the WD secondary w.r.t. the Mira primary for the four
observed epochs. We include the VLT results by [15] (2014.8, teal green contours), and ALMA
0.8 mm continuum by [3] (2017.9 red contours). For 2019.4, the secondary is assumed to be at
the centre of the jet seen in H30α (green contours). For 2021.7, we assume that the secondary
is at the southernmost end of the 0.8 mm continuum after removing the contribution of the
primary (dark red contours). Both 2019.4 and 2021.7 positions are from unpublished ALMA
observations. The position of the primary is always at the origin of the coordinates. East
and North offsets are in mas. The grey disk at the centre shows the size of the primary
(∼ 17 mas). The relative orbit in the plane of the sky resulting from the fitting is shown by
the blue ellipse: the system rotates clockwise. Predictions for the epochs of the observations
are marked by hexagons. Scale in AUs for a distance of 255 pc is also indicated.

R Aqr is a symbiotic system consisting of a primary AGB star (R Aqr-A) and a WD
secondary (R Aqr-B). Located 220–385 pc away [14, 2], it is one of the closest interacting
binaries. As a result of mass accretion, the companion launches a bipolar precessing jet that
illuminates an arc-minute-wide point-symmetric nebula [12] (supporting the link between
aspherical PNe and binary stars). ALMA CO mapping has revealed the strong shaping of
the CSE by the companion, with the detection of a two-arm spiral in molecular gas [3, 4].
In addition to the composite stellar spectrum [13], the occurrence of eclipses [16] and the
regular variations of the velocity of the primary [9] support the binary nature of the system,
also suggesting an orbital period of ∼ 40–44 a. Based on these results [10, 7] performed the
first attempts to derive the orbital parameters of the system. However, these calculations
were based on a wrong identification of the secondary [10] and some assumptions on the
orientation of the orbit; it was not till 2014–17 that the two components were finally resolved
through VLT [15] and Cycle-4 ALMA observations [3]. In this contribution, we present the
first determination of the full set of orbital parameters for the R Aqr-AB system purely based
on observational data, which include an updated dataset for the radial velocity of the primary,
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and additional Cycle-6 and -7 ALMA observations of the relative position of the two stars.

2 The new/updated observational data and their fitting

One of the problems inherent to the determination of the orbital parameters in systems
involving a Mira star is that the expected variations in the radial velocity are smaller than
those due to its regular pulsations [9]. This problem can be partially overcome by using radial
velocities derived from the SiO maser emission, which is so common in O-rich Mira stars.
Due to pumping constraints, these emissions come from regions at a few stellar radii, where
the pulsation effects are not so strong. In addition, maser amplification favours the detection
of regions close to the plane of the sky [1], where Doppler shifts due to radial movements
are largely suppressed. In this work, we have used the radial velocity curve compiled by [7]
but updated with newer SiO observations up to May 2021, including those from the new
Yebes monitoring of SiO masers in evolved stars. To further minimize the possible effects of
the stellar pulsation, velocity data have been averaged for each pulsation period (following
AAVSO database results for optical variability period and epochs of maxima). After this
binning, we adopted the midpoint between the maximum and minimum velocity observed
in SiO maser emission as the radial velocity for the primary for the corresponding pulsation
period. The results are shown in Fig. 1.

For the first time, we have combined the velocity curve of the primary, with data for the
relative position between the two components for several epochs. In addition to the published
data by [15, 3], we have also included new Cycle-6 and -7 ALMA maps for epochs 2019.4
and 2021.7 respectively, both with spatial resolutions of about 20 mas (see Fig. 2). In 2019.4,
the system was observed very closely to its inferior conjunction: we could not separate the
1.3 mm continuum emission of the secondary from the much stronger primary (as we did for
the 2017.9 observation [3]). However, we have identified the position of the secondary as
the mid-point of the two-sided jet structure seen in H30α (see the contribution by Gomez-
Garrido et al. in these proceedings). In 2021.7, due to the larger separation of the stars,
the secondary has been identified at the base of the elongated structure (the jet) seen in the
0.8 mm continuum image after the removal of the primary’s contribution.

The combined velocity and relative position data are fitted for the determination of the
orbital parameters of the system. We have used the code BINARY by Donald H. Gudehus
[8]. The resulting set of parameters is shown in Table 1. The predictions for the primary’s
velocity curve and relative position of the stars based on these orbital parameters are also
shown in Figs.1 and 2. A short movie of the configuration of the system in the orbital plane
can be seen in this YouTube link. For a distance of 255 pc (see next section), the separation
between the stars varies between 8 and 21 AUs, the periastron occurring very close to the
inferior conjunction. The inclination of the orbit agrees very well with that of the ring seen
in the optical nebula at much larger scales [12], supporting our results and that the ring is
also due to interactions in the system.

https://youtu.be/QE7RfCGuZB4
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Table 1: Campbell’s elements for the R Aqr system derived from the fitting

Parameter name Symbol Value Error Units

Revolution period P 42.4 ±0.2 a
Periastron epoch T 2019.9 ±0.1 BSY
Eccentricity e 0.45 ±0.01
Position angle of ascending node Ω 91.4 ±0.7 deg.
Inclination i 110.7 ±1.0 deg.
Angle of line of nodes to periastron ω 84.8 ±2.5 deg.
Major semi-axis a 57 ±8 mas

3 Implications on the distance to R Aqr

The fitting of the new data provides values for all the orbital parameters without requiring any
assumptions. However, we need the distance to the system to estimate the masses. Inversely,
if we can provide some guesses on the masses of the stars, we can determine the distance.
These dependencies are very steep as the system’s total mass is proportional to the distance
to the third power. A plot of the system’s total mass, as well as for individual stars, as a
function of the assumed value for the distance to R Aqr is displayed in Fig 3. Other properties
of the Mira primary, such as elemental/isotopic abundances and the pulsation period suggest
a mass of ∼ 1 M⊙, in agreement with the values obtained from the orbital parameters for
the distances based on general properties of Mira variables (period-luminosity and diameter-
luminosity relationships). On the contrary, for the distances derived from trigonometric
parallaxes by VLBI observations of SiO masers and GAIA, we obtain masses for the Mira that
are either too low or too high, respectively. We, therefore, conclude that, unless the presence
of the companion strongly modifies the basic stellar properties of the primary, the most likely
distance to the system is 255 pc, resulting in a total mass of 2.7±0.1 M⊙, a mass ratio of
1.4, and individual masses of 1.0±0.2 and 0.7±0.2 M⊙ for the Mira and WD, respectively.
We also conclude that the most likely explanation for the wrong distance estimation by the
parallax methods is the size of the primary and the orbital motion around the barycentre,
which are both larger than the parallaxes determined.
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Figure 3: Masses and confidence intervals (in M⊙) for the primary (red), secondary (blue),
and total mass (green) as a function of the distance to R Aqr (in pc). The vertical black
lines and coloured areas show the values and confidence intervals for the distance estimated
using different methods. In teal green, the distance by VLBI parallax of SiO masers by [14];
in steel blue, that from pulsation-period and diameter versus luminosity relationships for
Mira variables; and in dark/light red, values from GAIA DR2/DR3. Both VLBI and GAIA
distances result in masses either too low or too high. The most reasonable values are those
given by the Miras’ luminosity relationships; see Sect. 3.
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Abstract

The [Mg/Fe] abundance ratios are a fundamental fossil signature in Galactic archaeology

for tracing the chemical evolution of disc stellar populations. High-precision chemical abun-

dances, accurate stellar ages, distances, and dynamical data, together with their direct

comparison with theoretical models, are crucial to infer the Milky Way formation history.

We derived new more precise [Mg/Fe] abundances from the AMBRE:HARPS dataset, and

estimated ages and dynamical properties using Gaia DR2 data. The data are compared

with detailed chemical evolution models for the Milky Way, exploring different formation

scenarios for the Galactic disc (i.e. the delayed two-infall and the parallel models). Our

data favour the rapid formation of an early disc that settled in the inner regions, followed

by the accretion of external metal-poor gas. The bulk of the data are well reproduced by

the parallel and two-infall scenarios, but both scenarios have problems in explaining the

most metal-rich and metal-poor tails of the low-α stars, which can be explained in light of

radial migration from the inner and outer disc regions, respectively.

1 Introduction

This proceeding is a brief summary of the main results already published in the works from
[1] and [2], we refer the reader to them for further detailed information.

The formation of the Galactic disc is still not well understood and in particular the origin
and existence of a thin–thick disc bimodality is a matter of debate. The thick disc is often
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reported to be [α/Fe]-enhanced relative to the thin disc, suggesting distinct chemical evolution
histories, where the thick disc stellar population could have been formed on a short timescale
before the epoch of the thin disc formation. In particular, magnesium is often used as an
α-elements tracer. In a previous analysis ([3]), we showed a significant improvement in the
precision of [Mg/Fe] abundance estimates by carrying out an optimisation of the spectral
normalisation procedure, in particular for the metal-rich population ([M/H] > 0), showing a
decreasing trend in the [Mg/Fe] abundance even at supersolar metallicites, partly solving the
apparent discrepancies between the observed flat trend in the metal-rich disc (e.g. [4]), and
the steeper slope predicted by chemical evolution models (e.g. [5]).

In this project, we use these new [Mg/Fe] abundance measurements in order to study their
impact on the observed chemodynamical features, and therefore on the interpretation of the
Galactic disc evolution.

2 Data & Models

On the observational side, we considered the AMBRE:HARPS stellar sample (R ∼ 115 000,
described in [6]), that corresponds to a total of 1066 stars in the solar neighbourhood, com-
piled from the analysed samples of [3] and [1]. The stellar [Mg/Fe] abundances were derived
by the spectrum synthesis algorithm GAUGUIN, following the described methodology in [3],
where the spectral normalisation procedure was optimised for different stellar types with a
significant improvement in precision. In addition, we estimated the orbital parameters with
the Gaia DR2 astrometric positions and proper motions, and we also estimate the age for
a subsample of main sequence turn-off (MSTO) stars using an isochrone fitting method (see
[1] for details). Figure 1 illustrates the chemical distinction in the [Mg/Fe]-[M/H] plane for
the stellar subsample with reliable age estimates, classifying the stars into high- and low-α
population, commonly referred as the thick and the thin disc respectively.

On the theoretical side, we adopted two different chemical evolution scenarios to explain
the chemical history of the solar annulus, assuming a 2 kpc ring centred at R = 8 kpc, also
including prescriptions for stellar radial migration (see [2] for details):

1. Delayed two-infall model: MW forms by two sequential infall episodes. The first infall
give rise to the high-α sequence, whereas the second (delayed and slower) infall forms
the low-α stars. The second infall is delayed by 3.25 Gyr (see e.g. [5] [7]).

2. Parallel model ([8]): two separate infall episodes. Both evolve independently from differ-
ent gas reservoirs, the infall episode forging high-α stars happens on shorter timescales
than the one forming low-α ones.

In Figs 2 we show the predicted chemical evolution by the two proposed scenarios over
the full observational dataset. Both models predict well the bulk of the stellar distribution in
the [Mg/Fe] versus [M/H] plane. However, it can be seen that the two models do not explain
the low-α, low-metallicity ([M/H] ≤ -0.6 dex) data or the high-metallicity tail (above [M/H]
∼ 0.2 dex) of the low-α sequence.
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Figure 1: [Mg/Fe] vs. [M/H] for the stars with reliable age estimates. The stars with ages
older than 12 Gyr are highlighted with orange squares. The black dashed line defines the
thin(red circles)–thick(blue stars) disc chemical separation. The mean estimated errors are
represented on the left-hand side for three different intervals in [Mg/Fe].

Figure 2: [Mg/Fe] versus [M/H] abundance diagram for the delayed two-infall (left panel) and
the parallel (right panel) model scenarios of chemical evolution with [9] yields. The colour
bar indicates the predicted stellar number counts. The light-blue points are the observed
high-α stars, whereas the orange points are the observed low-α stars. The magenta contour
lines enclose the observed density distribution of stars.

3 Temporal evolution in the [Mg/Fe]-[M/H] plane

We explored the distribution of [Mg/Fe] and [M/H] in the Galactic disc as a function of the
Galactocentric position, and analysed the disc evolution with time.

Figure 3 illustrates the [Mg/Fe] abundance ratios relative to [M/H] for our MSTO stars,
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in different age intervals and Galactic disc locations, assuming the guiding radius (Rg) as
their true position in the Galaxy (top row: inner Galactic disc Rg ≤ 7.5 kpc; bottom row:
outer disc Rg > 7.5 kpc). We observe that the oldest stellar population (τ ≥ 12 Gyr) at every
radius is located in what has been classically called the thick disc, that is, an α-enhanced
population. During this early epoch, we observe rapid chemical enrichment, reaching solar
metallicities. Interestingly, 11-12 Gyr ago, a second chemical sequence appears in the outer
regions of the Galactic disc, populating the metal-poor low-[Mg/Fe] tail and starting at
[M/H] ∼ -0.8 dex and [Mg/Fe] ∼ 0.2 dex. This corresponds to the population that has
classically been referred to as the thin disc or low-α population, highlighted in the figure by
red points. The average Rg of this second chemical sequence seems to be significantly larger
than the Galactic disc extension at that time (Rg < 8.5 kpc), reaching the outer parts up
to Rg ∼ 11 kpc. Furthermore, those stars are shown to be significantly more metal-poor
([M/H] ≤ -0.4 dex) with respect to the coexisting stellar population in the inner parts of the
disc (top row). They also show lower [Mg/Fe] abundances than the older disc population
in the outer parts (lower left panel), although presenting a similar metallicity distribution.
This implies a chemical discontinuity in the disc around 11 Gyr ago, suggesting that the new
sequence might have followed a different chemical evolution pathway from that followed by
the previously formed component, possibly triggered by accretion of metal-poor external gas.

During the last 10 Gyr evolution (see [1]), we observe that the Galactic disc seems to have
experienced a slower and more continuous chemical evolution towards more metal-rich and
lower [Mg/Fe] regimes, without any remarkable star formation episode.

We performed a direct comparison with models to draw a more robust interpretation of
our observational results:

Impact of inner and outer disc on the solar neighbourhood

The difficulties encountered by both the chemical evolution scenarios in predicting low-α,
low metallicity and metal-rich stars (see Fig. 2) point towards a context where these stars
were born at different Galactic locations from the solar vicinity. In this context, we did not
consider the parallel scenario but rather the one-infall model that traces the formation of
low-α sequence only.

In Fig. 4, we show the results of two-infall and one-infall models for outer (Rg >9 kpc)
and inner (Rg <7 kpc) regions of the disc.

First, reproducing the outer Galactic regions (left-column panels), we need to adopt larger
proportion of pristine gas during the second infall episode, reaching lower metallicities, to
recover a good agreement with the two-infall model (top-left panel). On the other hand, the
one-infall model for outer radii (bottom-left panel) naturally reproduce the tail of the low-α
abundance trend for most of the data with large Rg (yellow crosses).

Secondly, regarding the inner parts of the Galaxy (right-column panels), the chemical
tracks obtained with the two-infall model for inner radii (top-right panel) better reproduces
the bulk of the metal-rich stars when a pre-enrichment (e.g. formation of the thick disc,
Galactic halo, Galactic bar, previous merger event) in the second gas accretion episode is
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Figure 3: Distribution of the selected sample in the ([M/H], [Mg/Fe]) plane at different
ages and locations in the Galaxy (Rg). Two chemical sequences appear for ages younger
than ∼ 11-12 Gyr, corresponding to the classical thick (blue stars) and thin (red circles) disc
components. Each panel corresponds to a bin in the (age, Rg) space, dividing the Galactic
disc into two regions: inner (Rg ≤ 7.5 kpc; top row) and outer (Rg > 7.5 kpc; bottom
row). The blue and red crosses in the bottom-right corner of each panel represent the mean
estimated errors in [Mg/Fe] and [M/H] for the thick and thin disc population, respectively,
at that particular radius and time. The average Rg and zmax for each population are given
at the top of each panel. The whole MSTO sample is shown by the dotted grey points.

considered, enabling a larger rise in the [α/Fe] abundances. Contrary, we note that the one-
infall model (bottom-right panel) has similar problems to the two-infall model without infall
pre-enrichment, predicting lower [Mg/Fe] abundances for a given metallicity.
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Figure 4: Mg/Fe] versus [M/H] abundance diagram for the delayed two-infall (upper panels)
and the one-infall (lower panels) models for outer (R =12 kpc, dash-dotted lines, left panels)
and inner Galactocentric radii (R =4 kpc, dashed lines, right panels). The red points are the
observed low-α, low metallicity stars ([M/H]<-0.4 dex), whereas the yellow crosses indicate
the stars with guiding radius (Rg) larger than 9 kpc and the green points indicate the observed
stars with [M/H]>0.1 dex.
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3 Observatorio Astronómico Nacional (OAN), Alfonso XII, 3, 28014, Madrid, Spain
4 Institut de Radioastronomie Millimétrique (IRAM), 300 Rue de la Piscine, 38406 Saint
Martin d’Hères, France
5 Center for Astrophysics, Harvard and Smithsonian, 60 Garden Street, Cambridge, MA
02143, USA
6 Centre for Astrochemical Studies, Max Planck Institute for Extraterrestrial Physics,
Giessenbachstrasse 1, 85748 Garching, Germany
7 European Southern Observatory (ESO), Karl-Schwarzschild-Strasse 2, D-85741 Garching,
Germany

Abstract

Despite their use as molecular probes and chemical clocks, the collisional rates of some

of the C, N, and H isotopologues of HCN and HNC were, until now, absent. Here, we

provide new collisional coefficients for these molecules and perform an up-to-date gas and

dust chemical characterization of two different star-forming regions, TMC 1-C and NGC

1333-C7. With millimeter observations we derived their column densities, the C and N

isotopic ratios, the isomeric ratios, and the deuterium fraction. Continuum data at 3 mm

and 850 µm allowed us to compute the emissivity spectral index and look for grain growth,

an evolutionary tracer. We found that gas temperature, deuterium fraction, and spectral

index are complementary evolutionary tracers.

1 Introduction

The two isomers of the H-C-N system, hydrogen cyanide (HCN) and hydrogen isocyanide
(HNC), are ubiquitous in the interstellar medium (ISM) and have been used to study its
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physical and chemical properties [1, 2]. However, notorious cases show that the HCN/HNC
chemistry is not fully understood yet (see, e.g., [3]).

Understanding isotopic abundance ratios is a major goal in modern astrochemistry. Rarer
isotopologues are often used to determine physical conditions and as a proxy of the most abun-
dant isotopologues as they do not usually suffer from opacity problems. A great limitation
of this approach is the absence of collisional coefficients for the rarer isotopologues, forcing
the assumption of isotopic ratios and leading to uncertainties [4]. The environment plays a
crucial role in isotopic fractionation. Indeed, the abundance of molecules with deuterium is
enhanced in the low-temperature gas prevailing in dense cores, becoming a diagnostic tool
to determine the evolutionary stage of dense cores [5]. However, dating using deuterated
molecules is limited by the absence of collisional rates for some of these species. Aiming to
a better understanding of the chemistry and evolution of star-forming regions, we present
collisional coefficients for the C, N, and H isotopologues of HCN and HNC.

Chemistry is not the only tool used to study the evolution of stellar objects, it can also be
inferred by dust emission. In dense regions, grains are covered by icy mantles that make grains
sticky, favoring grain coagulation, producing a different dust size distribution, and changing
dust emissivity [6]. This change in dust emissivity is measured through the dust emissivity
spectral index. In this work, we combine spectroscopic observations, dust continuum emission,
and new collisional coefficients for the C, N, and H isotopologues of HCN and HNC to explore
the chemical and physical evolution of the pre-stellar and protostellar envelopes during the
first stages of the star formation process.

2 Collisional coefficients

Rate coefficients induced by collision with H2 of the isotopologues of HCN and HNC, namely
DCN, D13CN, H13CN, HC15N, DNC, DN13C, HN13C and H15NC, are missing in the liter-
ature. Using the Molscat computer code [7], we calculated state-to-state inelastic cross
sections of these molecules induced by collision with p-H2. Variations of up to 50% in colli-
sional rates have been found, having an impact of up to 30% in the brightness temperatures
estimated using Radex [8]. These new coefficients would therefore introduce an increase up
to ∼ 30% in the molecular hydrogen number density derived using these molecules.

3 Case study: TMC 1-C and NGC 1333

In this section we assess the impact of these new collisional coefficients in astrochemical
modeling. We used the emission spectra of the J = 1 → 0 rotational transitions of HCN,
HNC, and their 13C, 15N, and D isotopologues towards positions in TMC 1-C and NGC
1333-C7 (Figure 1 and Table 1), observed with the Yebes 40m telescope.
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Figure 1: Visual extinction map of TMC 1-C (left) and NGC 1333-C7 (right)

Table 1: Target positions, spectral classes, and radii.

Source RA (2000) Dec (2000) Class

TMC 1-C 04:41:37.58 26:00:31.10 Starless core
NGC 1333-C7-1 03:29:25.57 31:28:14.83 Class 0
NGC 1333-C7-2 03:29:19.05 31:23:14.45 Class I
NGC 1333-C7-3 03:29:18.29 31:25:08.34 Starless core1

NGC 1333-C7-4 03:29:17.38 31:27:46.09 Class 0
NGC 1333-C7-5 03:29:23.95 31:33:18.15 Class 0

3.1 Molecular column densities

From the line emission we derived the column densities of the species using the new collisional
coefficients and the Radex [8] radiative transfer code. In all positions belonging to NGC
1333-C7, the gas temperature is assumed to be ∼ 15 K, similar to the dust temperature
derived from the Herschel space telescope maps of [9]. For TMC 1-C, we adopted Tkin = 8
K following the calculations of [10, 5]. The density was assumed to be nH = 4 × 105 cm−3,
a reasonable value for our sample [5, 11]. Our collisional rates do not consider hyperfine
splitting, so in the case this splitting is present, the column density was obtained reproducing
the integrated flux of the weakest hyperfine component observed. Then, the total column
density is scaled using the relative intensities of the hyperfine components from the CDMS
catalogue.

1NGC1333-C7-3 class is uncertain as it was classified as starless core by default since it did not fit the
criteria of any other class.
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Figure 2: Blue, red, and green dots represent the different observed molecular ratios across
the positions analyzed in this paper. The horizontal bands span from the minimum to the
maximum values for the ratios obtained in the models of [4]. The sources are ordered by
decreasing dust temperature.

3.2 Isotopic and isomeric ratios

Figure 2 shows the resulting column density ratios. We found a differentiated behavior be-
tween the two isomers. The isotopic ratios involving HNC, the HN13C/H15NC and DNC/HN13C
present uniform values across the sample. However, we detected variations in those of HCN, in
particular DCN/H13CN, H13CN/HN13C, and HC15N/H15NC ratios show systematic changes
with core evolution. The H13CN/HN13C ratio we computed across our sample shows a trend
that can be interpreted as a progressive increase in the average gas temperature from the
coldest core starless cores NGC1333-C7-5 and TMC 1-C to the Class I source NGC1333-C7-2
[2]. This interpretation is consistent with the decreasing deuterium fraction DCN/H13CN, as
deuteration in the gas phase is less efficient in warmer gas. The H13CN/HN13C ratio there-
fore becomes an evolutionary tracer of our sample, from the colder, less evolved members, to
the warmer and more evolved members.

3.3 Continuum emission, grain growth, and evolution

The freeze out of molecules during the evolution of prestellar cores and ice growth are linked
to grain coagulation, changing the emission properties of the grains, measured by the dust
emissivity spectral index β. Here we examine the behavior of β using 3 mm MUSTANG-2
images and Herschel data at 850 µm. Assuming a modified blackbody model:

β0.85mm−3mm =
log (τ3mm/τ0.85mm)

log (ν3mm/ν0.85mm)
, Iν = Bν(Td)τν , (1)
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Figure 3: Left panel: Flux at 3 mm in the TMC 1-C prestellar core. Right panel: Flux at 3
mm in the NGC 1333-C7 sector.

and combining the information of the extinction maps in Figure 1, the dust temperature
data [9], and the 3 mm continuum flux maps in Figure 3, we obtain the dust optical depth
at 850 µm and 3 mm, and the dust emissivity spectral index β0.85mm−3mm (see Table 2).
Our results show that the Class I object NGC1333-C7-2 presents the lower spectral index,
β0.85mm−3mm ∼ 1.1− 1.3, consistent with the presence of large grains in its protostellar disk.
The spectral index of the Class 0 members of the sample is found to be higher, in the range
1.6 − 1.7 and, finally, of around ∼ 2 for the prestellar core TMC 1-C. We conclude that the
value of β at millimeter wavelengths is useful to discern starless cores and Class 0 objects
from Class I protostars, pointing to the existence of grain growth in the Class I protostellar
disks. This is coherent with the chemical information obtained from the HCN and HNC
molecules about temperature and deuterium fraction, as more evolved sources are warmer,
exhibit less deuterium fractionation, and show lower spectral indexes, a sign of grain growth
(Figure 4).

4 Summary and conclusions

We performed a chemical study of two different star-forming regions with updated collisional
rates to investigate their chemical and evolutionary characteristics:

� We presented new collisional coefficients of HCN, HNC, and their C, N, and H isotopo-
logues. We computed the 13C/12C and 15N/14N isotopic ratios, deuterium fractions,
and isomeric ratios, showing good agreement with current chemical models [4]. The
ratios between the two isomers show different variability across our sample, suggesting
a different origin of their emission. The H13CN/HN13C ratio is found to be a proxy
of the temperature. The deuterium fraction of HCN is an evolutionary tracer past the
prestellar phase since it decreases as heating from the nascent star increases the gas
and dust temperature.
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Table 2: Continuum 3 mm flux, optical depth
at 850 µm and 3 mm, and the spectral index.

Position
τ3mm × 104 τ850µm × 103 β0.85mm−3mm

(18′′) (18′′) (18′′)

TMC 1-C 0.82 ± 0.02 1.43 ± 0.14 2.09 ± 0.08
NGC1333-C7-1 1.35 ± 0.04 1.26 ± 0.13 1.63 ± 0.09
NGC1333-C7-2 1.85 ± 0.03 1.15 ± 0.12 1.34 ± 0.08
NGC1333-C7-3 1.26 ± 0.04 1.09 ± 0.11 1.56 ± 0.09
NGC1333-C7-4 1.65 ± 0.04 1.64 ± 0.16 1.68 ± 0.09
NGC1333-C7-5 1.54 ± 0.05 1.57 ± 0.16 1.70 ± 0.09
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Figure 4: Values of the H13CN/HN13C (red)
and DCN/H13CN (blue) ratios, and the
spectral index (green) across the sources of
our sample.

� We analyzed the continuum emission of our sample to estimate the spectral index. The
dust spectral index is found to be β0.85mm−3mm = 1.34 for the most evolved member
of our sample, and rises up to β0.85mm−3mm = 2.09 in TMC 1-C, a prestellar core.
We find a tentative correlation between the spectral index and the HCN deuterium
fraction. This is consistent with the presence of grain growth in evolved objects past
the prestellar phase as the dust and gas temperatures increase, thus reducing the HCN
deuterium fraction.
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and Tafoya, D.6, and Orosz, G.7
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Abstract

Water Fountains (WFs) are objects in a transitional phase from the asymptotic giant branch

to early planetary nebulae (PNe) of stars M < 8M⊙, which show high-velocity collimated

jets traced by water masers. Here we present some results from an ongoing monitoring of

maser emission 14 WFs, carried out with the Nobeyama and Effelsberg radio telescopes,

as well as with the Australia Telescope Compact Array. The water masers trace very

different kinematical and spatial distribution depending on the source, with accelerating,

decelerating, or kinematically stable mass-loss. In the case of the nascent PN IRAS 15103-

5754, the masers have quickly evolved in less than 10 years, from tracing a collimated

jet to a circumstellar toroid. These different patterns might be related to the particular

evolutionary stage of each source, or to the properties of central binary stars. We expect

that the analysis of our full monitoring data will provide important clues to explain the

diversity of patterns in WFs.
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1 Introduction

During the final stages of evolution of low and intermediate-mass stars (M < 8M⊙), there
occur dramatic changes in morphology, so that the spherical symmetry that is present during
most of the stellar lifetime turns into the plethora of shapes seen in planetary nebulae (PNe).
It is now widely accepted that the non-spherical shapes of PNe are the result of interactions
in a binary/multiple stellar system [3].

This contribution focus on a particular category of evolved objects, which host water
maser emission with high velocities, tracing winds that reach velocities > 250 km s−1 [12],
significantly larger than the expansion velocities of circumstellar envelopes in Asymptotic
Giant Branch (AGB) stars, 10–30 km s−1 [4, 14]. Given these characteristics, these objects
are collectively called “water fountains” (WF). Radio interferometric observations of masers
in WFs reveal that they trace collimated jets with kinematic ages < 100 yr. This means that
these events are short-lived. It is still to be determined whether WF events are episodic and
could happen during relatively long periods of times (e.g., the whole post-AGB phase), or
they are restricted to a particular limited phase of the evolution of these stars. Fortunately,
given that the kinematic ages of WF jets are comparable to the human lifetimes, significant
changes are expected to happen over just a few years. Therefore, some questions can be
solved by carrying out a long-term monitoring of their water maser emission.

2 Monitoring projects of the maser emission from water foun-
tains

We are currently monitoring the maser emission of 14 WFs, collecting data from different
observational projects. In project FLASHING (Finest Legacy Acquisitions of SiO- and H2O-
maser Ignitions by Nobeyama Generation) we are using the Nobeyama 45 m antenna to
simultaneously observe SiO and H2O masers in WFs with declination > −32◦ [10]. We
have also used the Effelsberg 100 m radio telescope to specifically monitor the water masers
in IRAS 18113-2503 during three years. These single-dish data allow us to track velocity
variations in the maser spectra, including acceleration/deceleration of the ejections, or the
appearance of new mass-loss events.

These observations have been complemented with interferometer monitoring observations
of maser emission with the Australia Telescope Compact Array (ATCA), to obtain informa-
tion on possible variations of the spatial distribution of the maser emission. In the particular
case of IRAS 15103-5754, we have collected interferometer data from 2011 to 2022.

3 Preliminary results

FLASHING has provided some interesting results that have already been published elsewhere,
such as the detection of SiO masers in IRAS 16552-3050 [1] (the second WF known to have
this type of emission after W43A [9]), or the detection of new high-velocity ejections in IRAS
18286-0959 [10]. We have also confirmed IRAS 18043-2116 as the WF with the largest velocity
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spread in its water masers to date [15]. The data analysis of the whole data set does not
show a consistent behavior in the kinematic and morphological variations of masers in WFs,
but a variety of patterns, whose origin is still to be determined.

An interesting case is that of W43A, the only WF that has been proposed to be still in
the AGB phase [9]. The FLASHING spectra indicate that the water maser components are
accelerating [8]. Since this water maser emission is found at the locations where the jet is
shocking against the circumstellar envelope [13], this acceleration indicates that this shock is
accelerating the gas entrained by the jet.

Figure 1: Water maser spectra of IRAS 18113-2503 taken on 2018 May 17 and 2020 March
17, with the Effelsberg 100m radio telescope.

The opposite kinematic trend (deceleration) was proposed for the post-AGB star IRAS
18113-2503 by [12] from high resolution water maser observations taken with the Very Long
Baseline Array. These authors detected three nested bipolar ejections, with lower velocities
for those farther away from the central source. This was interpreted as episodic ejections
with similar initial velocities that were decelerated as they move along a dense circumstellar
envelope. The estimated interval between these ejections (12 years) was linked to the period
of a possible binary companion to the central star. The estimated deceleration of the water
maser components under this model (2 km s−1 per month) should be easily seen in a single-
dish monitoring. Moreover, a new ejection should already been produced, since the most
recent one was already 12 years old by the time of the VLBA observations (epoch 2015).
However, our monitoring with Effelsberg shows water maser spectra with relatively stable
kinematics. In Fig. 1 we show two spectra taken almost two years apart. Apart from an
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obvious flux variability, the velocities of the spectral components do not show any significant
drift. This velocity stability is more clearly seen in Fig. 2, where we show the temporal
variation of the velocities in the most redshifted components. A deceleration should have been
seen as a drift to the left from bottom to top. The stable velocities suggest that the ejections
are moving freely against a low-density medium, and their injection velocities increase with
time.

Figure 2: Temporal variation of the velocity of the most redshifted water maser components
in IRAS 18113-2503. Each component is marked with a square, whose size is proportional to
flux density

While maser deceleration has not been confirmed in IRAS 18113-2503, there is some hints
that it could be occurring in IRAS 18286-0959 [10]. However, further data from FLASHING
will be needed to confirm this.

The WF that seems to be more evolved is IRAS 15103-5754, which has been suggested
to be a nascent PN [6, 7]. It is, in fact, the only known WF that has already started
photoionization of its envelope. Our interferometric observations showed its water masers
to be tracing a high velocity jet, also aligned with the infrared nebula, until 2014, but the
position angle of the maser distribution significantly changed after that [7, 5], departing from
the jet axis. More recent observations (March 2019, Fig. 3) shows that this source is no
longer a WF, since all its water maser components are of low velocity (< 20 km s−1 from
the systemic velocity), and their distribution is nearly perpendicular to the collimated jet,
which was traced by the water masers in 2011 [7]. Actually, the maser distribution in 2019 in
oriented in a similar direction as the toroid of molecular gas (traced by C18O and HCO+) seen
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with ALMA [6]. All this seems to indicate that physical conditions for maser pumping are
rapidly evolving in this source, and water masers are changing from tracing a high-velocity
jet, as seen in other AGB and post-AGB WFs, to a low-velocity toroid, as in the water masers
observed in young PNe [2, 11].

Figure 3: Distribution of water masers in IRAS 15103-5754, as observed with ATCA in
March 2019. Blue and red filled circles mark the position of the spectral maser components
that are blue- and redshifted with respect to the systemic velocity, respectively. The cross
at offset [0,0] marks of the peak of radio continuum emission, coinciding with the location of
the central star. The arrows show the direction of the jet, as traced by the water masers in
2011 [7].

4 Final remarks

Our monitoring shows very different patterns in the kinematics and spatial distribution of
water masers in WFs. It is difficult at this point to explain the reason behind each particular
pattern. It is tempting to think of the evolutionary stage of the source as the main expla-
nation. In this framework, masers could be tracing accelerating gas in outflows during early
stages (AGB), stable or decelerating outflowing gas in the post-AGB phase, and dramatically
changing to trace toroids with low velocities as the star becomes a PN. Obviously the data
presented here refer to only a few WF, and no solid evolutionary trend is possible at this
point. Moreover, there are other possible parameters that could be key to explain the kine-
matical patters, such as the initial mass of the central star, or the mass and orbital period of
a putative binary companion. The data from our ongoing monitoring of WFs could certainly
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provide further clues on the behavior of masers in these objects.
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[3] Garćıa-Segura, G., Villaver, E., Langer, N., et al. 2014, ApJ, 783, 74

[4] Goldman, S. R., van Loon, J. T., Zijlstra, A. A., et al. 2017, MNRAS, 465, 403

[5] Gómez, J. F., Miranda, L. F., Uscanga, L., et al. 2018, in IAU Symp 336, Astrophysical Masers:
Unlocking the Mysteries of the Universe, 377
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[11] Miranda, L. F., Gómez, Y., Anglada, G., et al. 2001, Nature, 414, 284
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Abstract

Common envelope events have been associated with the formation of a planetary nebulae

since its proposition more than forty five years ago. However, until recently there have been

doubts as to whether a common envelope while the donor is ascending the red giant branch,

rather than the subsequent asymptotic red giant branch, would result in a planetary nebula.

There is now strong theoretical and observational evidence to suggest that some planetary

nebulae are, indeed, the products of common envelope phases which occurred while the

nebular progenitor was on the red giant branch. The characterisation of these systems is

challenging but has the potential to reveal much about the common envelope – a critical

evolutionary phase in the formation of a plethora of interesting astrophysical phenomena.

1 Introduction

The common envelope (CE) phase is perhaps the most poorly understood aspect of close-
binary evolution [9], in spite of its critical nature for the formation of a number of impor-
tant phenomena – ranging from type ia supernovae (irrespective of their formation channel)
through to merging binary black holes recently observed in gravitational waves. A CE is
formed following run-away unstable mass transfer in a close binary and ultimately leads to
dramatic in-spiral of the binary, sometimes to merger, and the ejection of the donor’s en-
velope (partial ejection in the case of a merger). Planetary nebulae (PNe) have long been
seen as important probes of the CE, being identified by Paczyński (one of the first to outline
the CE scenario) as the critical proof of its existence [16]. They are of particular interest
because post-CE PNe are the immediate after-products of the CE (where the central stars
have yet to have time to relax/evolve), and the only systems where the ejected envelope is
still observable1 (as the PN itself).

1The envelopes surrounding (Luminous) Red Novae represent the partial ejection of the evolution as the
stars merged prior to complete ejection [14].
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Until recently, it was thought that observable PNe would only be formed following CE
events occurring when the donor was on the asymptotic giant branch (AGB), or close to the
very tip of the red giant branch (RGB). Otherwise, the post-RGB post-CE remnants were
expected to evolve too slowly or to too low a maximum temperature in order to ionise the
ejected material before it dissipated into the surrounding interstellar medium [8]. Updated
simulations by Hall et al. have since shown that most CE events on the RGB should, in fact,
lead to observable PNe, revising the minimum mass limit for the post-RGB central star down
to around 0.25 M⊙ (c.f. the previous estimate of >0.4 M⊙). This is particularly interesting in
understanding the population of PNe as a whole given that at least 20% of all PNe are found
to be the products of a CE phase [11] and the majority of post-CE binaries are post-RGB
[17]. As such, a number of recent studies have focussed on the search for and characterisation
of post-RGB central stars of PNe, and their implications for our understanding of the CE.
In this proceedings, I present a review of this recent work and its future prospects.

2 Candidates

Roughly eight strong candidate post-RGB central stars have thus far been identified (see
table 1). Although the central stars are orders of magnitude more luminous than their low-
mass (M-type) companions, these systems are generally double-lined to the high levels of
irradiation leading to the formation of spectroscopically detectable emission lines on the day
face of the companions. Similarly, even when they are not eclipsing, the central star systems
present strong photometric variability due to the differing projection of the irradiated face
of the companion as a function of orbital phase. Here, we will discuss further the properties
of each of these candidates as determined by detailed modelling of light and radial velocity
curves, and/or through non-local thermal equilibrium (NLTE) modelling of the spectrum of
the hot post-RGB component.

Table 1: Candidate post-RGB central stars of PNe

PN RA Dec Period Reference

Abell 46 18:31:18.3 +26:56:12.9 0.472 d [1]
ESO 330-9 16:02:18.1 −41:26:49.5 0.296 d [7]
HaTr 4 16:45:00.2 −51:12:21.1 1.738 d [6]
HaTr 7 17:54:09.5 −60:49:57.7 0.322 d [7]
HaWe 13 19:31:07.2 −03:42:31.5 – [4, 15]
Hf 2-2 18:32:30.8 −28:43:20.0 0.399 d [6]
Ou 5 21:14:20.0 +43:41:36.0 0.364 d [13]
PN G283.7−05.1 09:58:32.3 −61:26:40.0 0.246 d [12]
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2.1 Abell 46

Simultaneous light and radial velocity curve modelling of the HW Vir-type central star of
Abell 46 derives a mass of 0.51 ± 0.05 M⊙ with a luminosity of logL ∼ 2.2 [1]. While the
derived mass is a little on the high side for a post-RGB central star, the uncertainties do
clearly encompass post-RGB masses (see figure 1). The low luminosity on the other hand is
entirely consistent with a post-RGB remnant. Furthermore, the nebula has been found to
have a very large abundance discrepancy factor, a property speculatively linked with post-
RGB evolution [10]. Interestingly, the surface gravity and temperature implied by the light
and radial velocity curve modelling are consistent with a post-RGB evolutionary track for a
much lower mass than that derived by the modelling (see figure 2). An NLTE modelling of
the central star spectrum could better constrain the effective temperature and surface gravity,
placing stronger constraints on the possible post-RGB nature of Abell 46.
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Figure 1: The core mass evolution of stars for a range of initial masses. The evolution to the
tip of the RGB is shown in red with the subsequent AGB evolution in black. This demon-
strates that the maximum mass for the post-RGB central star is approximately 0.46 M⊙.

2.2 ESO 330-9

NLTE modelling of the spectrum of the central star of ESO 330-9 gives a surface gravity and
effective temperature consistent with post-RGB evolutionary tracks (see figure 2). Further-
more, an excellent fit to the light and radial velocity curves of the binary could be found
constraining the parameters of the primary to match those derived from the NLTE modelling
[7]. The light curve itself is not eclipsing so this is perhaps not a stringent test of the system
parameters but, nonetheless, ESO 330-9 is an excellent candidate post-RGB central star.
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2.3 HaTr 4

Multi-band modelling of the eclipsing light curve of HaTr 4 results in a range of radii and
temperatures consistent with post-RGB evolution [6]. Unfortunately, without radial velocities
to properly constrain the mass or NLTE spectral modelling, it is difficult to assess the true
nature of the central star.

2.4 HaTr 7

NLTE modelling of the spectrum of the central star of HaTr 7 gives parameters which lie
between post-RGB and post-AGB tracks on the Kiel diagram (figure 2). Just as for ESO 330-
9, an excellent fit to the non-eclipsing light curve and radial velocity curves could be found
with parameters which match those predicted by the NLTE modelling [7].

Figure 2: A Kiel diagram showing the properties of the five strongest candidate post-RGB
stars for which effective temperatures and surface gravities have been measured (either spec-
troscopically or via combined light and radial velocity curve modelling. Figure reproduced
from [13].
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2.5 HaWe 13

The central star of HaWe 13 was identified as being under-luminous based on its gravity
distance, while the nebula presents a morphology consistent with being the product of a CE
phase [4]. However, no study has as yet definitively revealed the binary nature of the central
star.

2.6 Hf 2-2

Just as for HaTr 4, modelling of multi-band non-eclipsing light curves indicates a low lumi-
nosity central star. A single spectrum of the central star was also taken allowing the mass
ratio to also be constrained, indicating a low-mass primary [6].

2.7 Ou 5

Simultaneous light and radial velocity curve modelling of the eclipsing binary (HW Vir-type)
at the heart of Ou 5 derives a mass of 0.50± 0.06 M⊙ with a luminosity of logL ∼ 2.1 [13] –
very similar to the parameters derived for Abell 46. Just as for Abell 46, the implied surface
gravity and temperature lie on a post-RGB evolutionary track for a much lower mass than
that derived from the light and radial velocity curve modelling (figure 2).

2.8 PN G283.7−05.1

Simultaneous light and radial velocity curve modelling of the eclipsing binary (HW Vir-type)
in PN G283.7−05.1 leads to a definitively post-RGB mass determination of 0.34 ± 0.05 M⊙,
however the implied luminosity is extremely high for a post-RGB star – logL ∼ 3.5 [12].
Similarly, the surface gravity and temperature of the model central star reside in a distinctly
post-AGB region of the Kiel diagram (figure 2). Nonetheless, comparison of the spectra,
used to derive the radial velocities of the system, with NLTE models indicates that the
surface gravity and temperature from the light and radial velocity curve modelling are indeed
consistent with the observed spectroscopy.

3 Conclusions

Theoretical studies indicate that post-RGB masses greater than approximately 0.25 M⊙
should lead to observable PNe [5]. Furthermore, comparison of the orbital period distri-
bution of naked post-CE binaries (i.e. those that are now too old to reside inside a visible
PNe) – a significant fraction of which are post-RGB [17] – and the orbital period distribution
of post-CE central stars of PNe indicates that the two are consistent with being drawn from
the same population [2]. As such, there is little reason to believe that the currently known
sample of post-CE central stars (now roughly 100) contains a number of post-RGB systems.
However, as yet, no definitively post-RGB central star of a PN has been identified, although a
handful of excellent candidates have been found. If the strongest of the candidates are indeed
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post-RGB then this reveals important information about the CE – in particular, given the
apparent discrepancy between masses derived by from radial velocities and those based on
their loci in the Kiel diagram (Abell 46, Ou 5, PN G283.7−05.1), that post-RGB evolutionary
tracks may not be entirely representative of post-CE evolution. Any difference between post-
CE models and reality can provide an invaluable window into the CE process. Additionally,
RGB CEs have been speculatively linked to the extreme abundance discrepancies in observed
in some PNe. As such, continued attempts to discover and characterise post-RGB central
stars may be key not only in constraining the importance of this formation pathway among
PNe but also in constraining the CE and its relation to other long-standing astrophysical
questions.
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Abstract

We complement the Gaia-based catalogue of white dwarfs with the optical photometry from

the Javalambre Photometric Local Universe Survey (J-PLUS) DR2, covering 2 176 deg2 with

12 passbands (ugriz + 7 medium bands). We define a common sample of 5 926 white dwarfs

with r < 19.5 mag and derive their effective temperature (Teff), surface gravity, mass (M),

and atmospheric composition (H- versus He-dominated). We also estimate the presence of

polluting metals with the J0395 filter in J-PLUS, sensitive to the calcium H+K absorption.

Using this information, we analyse the spectral evolution and the change in the fraction of

metal-polluted white dwarfs with effective temperature. Finally, we expand our analysis to

the eleven white dwarfs in the miniJPAS area, covered with the 56 medium-band passbands

of 14 nm designed for the Javalambre Physics of the Accelerating Universe Astrophysical

Survey (J-PAS).

1 Introduction

White dwarfs are the degenerate remnant of stars with masses lower than 8 − 10 M⊙ and
the endpoint of the stellar evolution for more than 97% of stars [16, 10]. This makes them
an essential tool to disentangle the star formation history of the Milky Way, the late phases
of stellar evolution and to understand the physics of condensed matter.
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Decades of spectroscopic analysis revealed a diversity of white dwarf atmospheric compo-
sitions [30, 36], with sources presenting hydrogen lines (DA type), HeII lines (DO), HeI lines
(DB), metal lines (DZ), and featureless spectra (DC) among others. White dwarfs can be
selected from the general stellar population using their location in the Hertzsprung-Russell
(H-R) diagram, typically ten magnitudes fainter than main sequence stars of the same effec-
tive temperature. Thanks to Gaia parallaxes and photometry, the efficient use of the H-R
diagram to define the white dwarf population became feasible, with more than 350 000 candi-
dates discovered so far [14]. It also permits the definition of high-confidence volume-limited
white dwarf samples [15, 17, 18, 27, 12].

We complimented the most recent Gaia-based catalogue of white dwarfs [14] with the
photometric information from the Javalambre Photometric Local Universe Survey (J-PLUS;
[6]) second data release (DR2) to study the spectral evolution of white dwarfs and the presence
of polluting metals. In addition, we explore the capabilities of the future Javalambre Physics
of the Accelerating Universe Astrophysical Survey (J-PAS; [2]) with the miniJPAS [4] dataset.

2 J-PLUS and miniJPAS

Both J-PLUS and miniJPAS were carried out at the Observatorio Astrof́ısico de Javalam-
bre (OAJ, [5]), located at the Pico del Buitre in the Sierra de Javalambre, Teruel (Spain).
The data for J-PLUS were acquired using the 83 cm Javalambre Auxiliary Survey Telescope
(JAST80) and T80Cam, a panoramic camera of 9.2k × 9.2k pixels that provides a 2 deg2

field of view (FoV) with a pixel scale of 0.55 arcsec pix−1 [25]. The data for miniJPAS were
acquired with the 2.5m Javalambre Survey Telescope (JST250) and the JPAS-Pathfinder
(JPF) camera, which was the first scientific instrument installed at the JST250 before the
arrival of the JPCam [26]. The JPF is a single 9200× 9200 CCD located at the centre of the
JST250 FoV with a scale of 0.23 arcsec pixel−1, providing an effective FoV of 0.27 deg2.

The J-PLUS photometric system is composed of five SDSS-like (ugriz) and seven medium
band filters located in key stellar features, such as the 4 000 Å break (J0378, J0395, J0410,
and J0430), the Mg b triplet (J0515), Hα at rest-frame (J0660), or the calcium triplet
(J0861). The J-PAS filter system [24] comprises 54 filters with a full width at half maxi-
mum (FWHM) of 145 Å that are spaced every ≈ 100 Å from 3 800 Å to 9 100 Å. They are
complemented with two broader filters at the blue and red end of the optical range, with an
effective wavelength of 3 479 Å (u, FWHM = 509 Å) and 9 316 Å (J1007, FWHM = 635 Å),
respectively.

The J-PLUS DR2 comprises 1 088 pointings (2 176 deg2) observed, reduced, and calibrated
in all survey bands [21]. The limiting magnitudes (5σ, 3 arcsec aperture) of the DR2 are ∼ 22
mag in g and r passbands and ∼ 21 mag in the other ten bands. The median point spread
function (PSF) FWHM in the DR2 r-band images is 1.1 arcsec. Objects near the borders of
the images, close to bright stars, or affected by optical artefacts were masked from the initial
2 176 deg2, providing a high-quality area of 1 941 deg2. The DR2 is publicly available on the
J-PLUS website.

The miniJPAS observations comprise four JPF pointings in the Extended Groth Strip

http://www.j-plus.es
http://www.j-pas.org
http://www.j-plus.es/datareleases/data_release_dr2
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area along a strip aligned at 45 deg with respect to North at (RA,Dec) = (215,+53) deg,
amounting to a total area of ∼ 1 deg2 [4]. The depth achieved is fainter than 22 mag for
filters bluewards of 7 500 Å and ∼ 22 mag for longer wavelengths. The images and catalogues
are publicly available on the J-PAS website.

3 Results

We define a common sample of 5 926 white dwarfs with r < 19.5 mag and derive their effective
temperature (Teff), surface gravity, parallax, mass (M), and atmospheric composition (H-
versus He-dominated) by comparison with theoretical models for pure-H atmospheres ([32,
33]; H-dominated) and mixed atmospheres with H/He = 10−5 ([7, 8]; He-dominated). The
mass-radius relation in [11] for thick (H-atmospheres) and thin (He-atmospheres) hydrogen
layers was assumed in the modelling. The obtained likelihood is weighted with the prior
information from the parallax observed in Gaia DR3. Moreover, a self-consistent prior in the
fraction of white dwarfs with He-dominated atmospheres (fHe) was derived with a hierarchical
Bayesian model. The technical details of the procedure are presented in [22]. The derived
atmospherical parameters are publicly available in the J-PLUS database1 and ViZieR.

As a second layer in the analysis, the equivalent width in the filter J0395 was used as
a proxy for the presence of polluting metals in the white dwarfs’ atmosphere via the CaII
H+K absorption. The equivalent width was estimated by comparing the expected flux in the
J0395 filter from the fitting to the other eleven J-PLUS passbands with the observed flux.

We find that

� The fraction of white dwarfs with He-dominated atmospheres (fHe) has a minimum of
8± 2% at Teff > 20 000 K. Then, fHe increases by 21± 3% between Teff ∼ 20 000 K and
Teff ∼ 5 000 K [22]. This is in good agreement with previous results [31, 13, 28, 3, 1,
27, 9].

� The mass distribution at d < 100 pc for H-dominated white dwarfs agrees with previ-
ous work, presenting a dominant M = 0.59M⊙ peak and an excess at M ∼ 0.8M⊙.
This high-mass excess has been reported in several studies [19, 20, 29, 34, 17, 18, 35].
Interestingly, the high-mass excess is absent in the He-dominated distribution, which
presents a single peak [22].

� The fraction of white dwarfs with calcium H+K absorption increases from nearly zero
at Teff ∼ 14 000 K to 15% at Teff ∼ 6 000 K. This trend reflects the dependence of the
calcium absorption intensity on both the temperature and the Ca/He abundance.

� We defined a sample of 39 white dwarfs with a high probability (> 99%) of having
polluting metals. Of them, 20 sources are already classified as DZs in the literature,
and we confirmed 6 more as DZs with new OSIRIS/GTC spectroscopy.

1Table jplus.WhiteDwarf

http://www.j-pas.org/datareleases/minijpas_public_data_release_pdr201912
https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=J/A+A/658/A79&-to=3
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The medium bands from J-PLUS complement the Gaia data to derive atmospheric com-
positions and spot the presence of polluting metals. This analysis will be improved thanks
to J-PAS, which with 56 medium bands of 14 nm spaced by 10 nm to cover the optical range
will provide low-resolution (R ∼ 50) data down to r = 21.5 mag.

We used the miniJPAS data as a pathfinder, and analysed the eleven confirmed white
dwarfs in the field [23]. We find that the effective temperature determination has a typical
relative error of 2%, whereas the estimation of a precise surface gravity demands parallax
information from Gaia. Regarding the atmospheric composition, the J-PAS filter system
is able to correctly classify H- and He-dominated atmosphere white dwarfs, at least in the
temperature range covered by the miniJPAS white dwarf sample, 7 000 < Teff < 22 000 K.
We also show that the presence of polluting metals can be revealed by the calcium, as traced
by the J0390 and J0400 passbands. Furthermore, the miniJPAS low-resolution information
is able to disentangle between white dwarfs with Teff > 7 000 K and extragalactic QSOs with
similar broad-band colours.
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[4] Bonoli, S., Maŕın-Franch, A., Varela, J., et al. 2021, A&A, 653, A31
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[21] López-Sanjuan, C., Yuan, H., Vázquez Ramió, H., et al. 2021, A&A, 654, A61
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Abstract

Lithium (Li) is a fragile material, easily destroyed in stellar interiors. Within our current

understanding of stellar evolution for stars more massive than ∼ 6M⊙, Li should be depleted

in the atmospheres of all such stars well before the time when they reach the He core burning

phase. Despite this prediction, we find a high fraction of red supergiants (RSGs), i.e. He-core

burning massive stars with convective envelopes, displaying moderate to strong Li i 6708Å

doublet lines. Based on a large sample of Perseus arm RSGs, about one third of Milky Way

supergiants contain measurable amounts of lithium. For the Magellanic Cloud, relatively

small samples point in very different directions. In the LMC, the fraction is at least as high

as that of the Milky Way. Contrarily, in the SMC, the fraction seems to be much smaller.

These observational results may hint at either a Li production mechanism in RSGs or the

widespread engulfment of substellar companions. Further characterisation work is ongoing,

while theoretical studies into this matter are urgently needed.

1 Introduction

The light elements lithium, beryllium, and boron are important for our understanding of
stellar structure because of their frailty. They are easily destroyed in stellar interiors by
fusion reactions at relatively low temperatures, and thus inform us about the existence of
material transport in stars. Among them, the most important isotope of lithium (7Li) is the
heaviest nucleus created during primordial nucleosynthesis. In the Milky Way, low-metallicity
stars consistently display Li abundances around A(Li) = 2.2 (e.g. [3]), significantly lower than
predictions based on models of Big Bang nucleosynthesis. Stars with higher metallicity (Z)
show higher values, around A(Li) = 3.2, suggesting that a production mechanism exists in
the present-day Universe (see [22], for a comprehensive review of light elements).
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At temperatures slightly above T = 2×106K, 7Li easily captures a proton and disintegrates
into two He nuclei. Therefore we expect Li to be depleted in stars with convective envelopes,
unless they are very young (e.g. [14]). Intermediate-mass stars with radiative envelopes
keep their original Li abundance in a thin outer layer until they leave the main sequence.
Observations of clusters containing stars with masses <∼ 2M⊙ show how Li is severely depleted
as the star evolves, because of dilution (as the star becomes larger) and destruction in the
stellar interior (e.g. [2]). More massive stars are expected to behave similarly, although Li lines
cannot seen in stars with Teff > 8 500 K ([15]). A few studies of low-luminosity supergiants
[17] and stars in moderately young clusters [18] did not hint at significant differences with
respect to less massive stars with radiative envelopes.

Despite this, very high Li abundances are seen in massive AGB stars, very luminous giants
of late-M type, believed to represent the last phase in the life of stars with initial masses ≈ 4 –
9 M⊙. Evolved AGB stars, understood to be close to the end of the thermal-pulse phase,
show high Rb abundances and a very wide range of A(Li). In the Magellanic Clouds, the
brightest of such objects display −7 <∼ Mbol <∼ −6 [12], and are believed to be stars of ≈ 7M⊙.
Other similar objects, assumed to be in a slightly earlier phase, have been found to display
very high A(Li) > 3, while not showing high abundances of s-process elements [13]. Current
models predict strong Li production at the start of the thermal-pulse phase, when Hot Bottom
Burning is activated, as the base of the envelope of the star reaches T >∼ 4 × 107 K, and the
Cameron-Fowler mechanism [7] can proceed: enhanced production of beryllium (7Be) will
occur at the base of the envelope and convection during the third dredge-up will move it to
regions of lower T in the outer layers, where it may decay into lithium [19].

The behaviour of Li in massive stars has not been studied in depth. Lyubimkov et al. [16]
observed a sample of Galactic F and G-type supergiants, determining stellar parameters and
Li abundances. They found that stars with initial masses <∼ 6 M⊙ may show a wide range of
Li abundances, going from non-detectable to the same value as main-sequence stars, a spread
that they interpret as a consequence of different initial rotations – suggesting that stars with
very low rotation may keep most of their original surface Li until the first dredge-up, and
a reduced abundance A(Li)<∼ 1.3 after it has happened. Conversely, they barely detect any
lithium in any star with estimated mass >∼ 6 M⊙, a fact that they explain resorting to stellar
models that include the effect of rotation (e.g. [4]; [10]). These models predict that, even for
relatively low initial rotational velocities, Li is depleted below detectability by the end of the
main sequence, due to rotational mixing. Even in models without rotation, a precipitous drop
in Li abundances happens during the B-type giant phase for stars of 7 to 15M⊙. The validity
of these models finds some support in limited observations of the behaviour of Be, another
light element [21]. Nevertheless, recent observations of red supergiants in some Milky Way
open clusters have shown a non-negligible fraction of objects with strong Li lines [20, 11], in
open contradiction with models and previous results. In an attempt to check if this behaviour
extends to higher masses, we have observed larger samples of RSGs at different metallicities.
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2 Observations

As a first step, we conducted an exploratory survey with the robotic 80 cm Telescopi Joan
Oró at the Montsec Observatory. We used the ARES spectrograph with the Red VPH, which
provides a resolving power R ≈ 10 000 over the 630 to 673 nm range. Observations, taken
between December 2019 and June 2020, targeted a small sample of RSGs from the Perseus
arm. Since these spectra indicated that a sizeable fraction of the RSGs present Li lines, we
proceeded to observe large samples of stars.

A sample of Perseus arm RSGs was observed with the high-resolution FIbre-fed Echelle
Spectrograph (FIES) attached to the 2.56 m Nordic Optical Telescope (NOT; La Palma,
Spain) during a run on 2020, October 2 – 5. FIES is a cross-dispersed high-resolution echelle
spectrograph that covers the 370 – 830 nm range. We used the large aperture, which provides
a resolving power R ≈ 25 000. The spectra were homogeneously reduced using the FIEStool
software in advanced mode. We observed > 50 RSGs, distributed over the Northern sky,
most of them from the Cassiopeia region of the Perseus Arm. When combined with over 20
RSGs from the region of Per OB1 in [5], observed with the same instrument, this results in
a sample of over 70 Perseus Arm RSGs. Sample spectra in the region of the Li i doublet are
shown in Fig. 1.

Samples of RSGs at different metallicities were obtained by observing RSGs in Magellanic
Cloud clusters. These objects were observed with X-shooter, mounted on the VLT UT3
(Melipal). Most of the observations used the UVB arm with an 1.3′′ slit (R ≈ 4 000) and the
VIS arm with a 0.9′′ slit (R ≈ 9 000). Observations were obtained in service mode between
2020 October 13 and December 29. The targets observed were selected to belong to open
clusters of different ages, in order to cover a wide range of masses.

3 Results

Analysis of the spectra obtained is ongoing, in order to provide a full characterisation of all
the target stars that will serve as a context for the detection of Li lines. Meanwhile, visual
inspection can inform us about the basic properties of the stars.

Among the Perseus Arm sample, we find a high fraction of stars with Li lines. About
25% of the stars of all spectral types (stars observed fall mainly in the K5 – M4 range, typical
of Milky Way RSGs – see [9]) display strong Li lines. A few others have weak Li lines that
appear blended with neighbouring weak metallic features. This result is in agreement with a
recent report by [11], based on a smaller sample.

Our RSG sample in the Perseus Arm consists mostly of field stars, which cannot be
assigned ages, and thus masses, to compare to evolutionary tracks. To address this issue,
all our targets in the Magellanic Clouds are members of open clusters, which can provide an
evolutionary context for them. Our Magellanic samples are smaller than that from the Milky
Way, but likely large enough to be statistically representative. The LMC sample includes one
of the most well-populated RSG clusters, NGC 2100, which is likely younger than 20 Ma,
and a range of clusters extending to the well studied NGC 1755 (60 Ma), which is believed
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Figure 1: FIES spectra of two Perseus-arm RSGs of similar spectral type around the region
where the Li i 6708 Å doublet is expected. A broad and deep Li line is seen in the spectrum
of IRAS 23252+6010.

to contain RSGs of ∼ 7 M⊙. In total, we have observed 21 RSGs. Stars with Li lines are
found in all clusters, except in NGC 1818, where only 3 could be observed and one turns out
to have an early (G) spectral type. In total, about 40% of the stars observed have lithium.
Given the small sample size, this value is consistent with that found in the Milky Way.

In the SMC, the number of large young open clusters is much smaller than in the LMC,
and we could not find many suitable targets. As a consequence, our clusters cover a wider
range in ages, reaching NGC 256, where the RSGs are expected to have ∼ 6 M⊙. Among 17
stars observed, there is only one with a moderately strong Li line, in Bruck 71. Two stars
in NGC 241/2 may have weak Li present. Although the sample is small, this result very
strongly suggests a different behaviour from that seen at higher Z.

4 Discussion

We find strong Li lines in a substantial fraction of RSGs in the Milky Way and the LMC.
This detection is unanticipated, not only because current models for massive stars do not
predict it, but also because red giants of similar spectral types do not present Li lines. Only
a very small fraction of K-type giants display detectable lithium (see [24] for a comparable
survey of low-mass red giants in older clusters). The lithium that we detect is unlikely to be
primordial material preserved in the outer atmosphere. Irrespectively of model predictions
for the atmospheric abundances of massive stars, preservation of primordial Li would require
a complete absence of rotational mixing and extremely weak mass loss, both unlikely for
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normal stars of >∼ 8 M⊙.

The possibility of a production mechanism cannot be ruled out. In massive AGB stars,
the Cameron-Fowler mechanism is believed to occur during the He-shell burning phase, as it
relies on the penetration of the convective envelope below the H-burning shell during third
dredge-up for the transport of recently created 7Be to the outer regions, where it may decay
to 7Li that will not be destroyed because of the lower temperatures in these external layers.
Some other mechanism should be at work in a true RSG, which is expected to be a He-core
burning star (some lower mass stars are morphologically classified as K-type low-luminosity
supergiants even if they are giants in the physical sense; a true RSG is an object classified
as a supergiant that will explode as a supernova). There is an open debate at present about
the possibility of a new mechanism creating Li in low mass giants (e.g. [26, 8]) and thus a
different mechanism operating in massive stars is not a precluded possibility.

A second, more exotic possibility to explain the presence of Li in the atmospheres is the
engulfment of substellar companions as the stars expand when crossing the Hertzsprung gap.
Engulfment of giant planets has been proposed as an explanation for the existence of some
Li-rich giants [1], although not considered for massive stars. However, recent observations
have unveiled the presence of low-mass brown-dwarfs around early-B stars [23], making such a
scenario at least worth considering. As only direct imaging can be used to search for substellar
objects around hot stars, all the detections correspond to brown dwarfs orbiting their parent
system at very large distances, too large to permit engulfment. Nevertheless, the existence of
other brown dwarfs or giant planets at lower distances is not ruled out. Simulations suggest
that a solar-type star would have its Li abundance considerably enhanced by the engulfment
of a low-mass brown dwarf (e.g. [6]), but the effect on a massive star has not been studied.
Recent observations suggest that some giant planets might be Li-rich [25], but the much
higher fraction of RSGs with Li as compared to solar-mass giants would require some other
ingredient for this mechanism to be viable.

In summary, the detection of Li in a high fraction of RSGs is extremely surprising under
the light of our current stellar models. Further theoretical developments are certainly needed
to provide an understanding of this phenomenon.
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Abstract

Some protostellar molecular outflows are associated with the so-called extremely high ve-
locity molecular bullets, discrete clumps of gas ejected from the close environment of the
protostar, travelling at velocities of >100 km/s. We carried out ALMA observations that
resolve the morphology and kinematics of one of these molecular bullets. We present model
results that account for the main observed features of the source.

.

1 Introduction

Outflows are an ubiquitous ingredient of the star formation process. Moreover, they are not a
mere by-product of the protostar evolution, but they play an important role in the assembly
of stars, can alter the properties of the protoplanetary disks and, consequently, they might
be able to have an impact also on the planet formation process [12]. Outflows from young
stellar objects usually present two different components. A highly-collimated and partially
ionized component (the jet), which is traveling at extremely high velocities (∼100 km/s), and
a fairly collimated (and usually bipolar) component (the molecular outflow) with velocities
of the order of 10 km/s. Jets are originated from the proximity of the star (likely from its
accretion disk) and frequently observed at optical, infrared and radio wavelengths [7, 2, 21].
Jets are thought to be powerful enough to entrain ambient gas and produce the usually more
massive molecular outflows ubiquitously observed in low-excitation transitions of CO and
other molecular species at mm wavelengths [22, 16, 5, 18].

Nonetheless, for some young sources, the outflow also has a low excitation molecular
component traveling at extremely high velocities of ∼100 km/s. In these cases, we see that this
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Figure 1: Top left: Optical (B, V, I, Hα) image of the NGC 1333 star-forming region obtained
with the Mayall 4-m telescope at Kitt Peak (credits: T.A. Rector/University of Alaska An-
chorage, H. Schweiker/WIYN and NOIRLab/NSF/AURA). Top right: HST image (F606W
filter) showing a close-up of the HH7-11 objects (from the Hubble Legacy Archive). Bottom
left: CARMA CO(1-0) map of the blue-shifted and red-shifted lobes of the large-scale bipo-
lar molecular outflow [20, 24], overlaid on the HST image. The triangles mark the location
of the molecular bullets [6, 9]. Bottom right: ALMA CO(3-2) map (with a resolution of
0.520′′ × 0.324′′) of the blue-shifted and red-shifted integrated emission in a region close to
the SVS 13 protostars. The image shows the arc-shaped walls of the outflow lobes, as well as
the blue-shifted bullet closest to SVS 13 [8]. All velocities are with respect to the LSR. The
systemic LSR velocity is ∼ +8.5 km/s [11].

component appears not as a continous jet but as a collection of roughly aligned discrete clumps
called molecular bullets [3]. The observed bullets present typical separations corresponding
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to time intervals of ∼50 to ∼1000 yr, and their masses are about 10−4 M⊙ (several orders of
magnitude smaller than the masses of standard molecular outflows) [13, 19, 17, 23, 14, 28, 25].

Although several interpretations have been proposed for the extremely high velocity bullets
[3, 4, 27], their true nature remains unclear. We obtained high angular and spectral resolution
ALMA observations of one of these bullets associated to SVS 13 showing its substructure that
can help to understand its nature [8].

2 The SVS13 outflow

Figure 1 shows and overview of the NGC 1333 region and the outflows associated with the
SVS 13 at optical and millimeter wavelengths. Figure 2 shows our ALMA images of the
molecular bullet closest to SVS 13.

CO(3-2)

Mean 
velocity

CO(3-2)

Mean 
velocity

Integrated
intensity
CO(3-2)

Figure 2: Left: Image of the velocity-integrated intensity (zeroth-order moment) of the molec-
ular bullet closest to SVS 13, obtained from ALMA CO(J=3-2) observations [8]. Right: Im-
age of the mean velocity field (first-order moment), in color scale, overlaid on the integrated
intensity (in contours). The velocities are line-of-sight velocities relative to the systemic ve-
locity of the ambient cloud (+8.5 km/s; [11]). A clear global velocity gradient is seen along
the major axis of the bullet. The images have been corrected by the decrease in sensitivity
due to the primary beam response. The positions of the two protostars of the SVS 13 binary
[1], near the top right corner of the images, are indicated by plus signs. The H2 arcuate
features imaged by [15] are plotted as arcs. The synthesized beam (0.163′′ × 0.084′′, PA =
4.2◦) is plotted as an ellipse in the bottom left corner of the images.



Blázquez-Calero, G., et al. 237

3 Modelization of the molecular bullet

Figure 3 shows a comparison of our model results (based on [10, 26]) and the ALMA obser-
vations of the blue-shifted bullet closest to SVS 13.

Model ALMA
CO(3-2)

ALMA
CO(3-2)

Model
Model

Figure 3: Left: Geometrical scheme of a bowshock observed at an inclination angle i. Right:
Comparison of the model results (central column) and the ALMA observations (right column)
for the northern region of the observed bullet (see Fig. 2). The model assumes a sequence
of two bowshocks driven by SVS 13 and a inclination angle i = 20◦. The top panels show
the normalized column density of the model (left) and the observed integrated intensity. The
bottom panels show the mean velocity relative to the ambient cloud. The offsets are relative
to the position of the eastern component of the SVS 13 protobinary (from [8]).
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Abstract

Massive stars have dramatic impacts throughout the universe at different scales and are
one of the reasons you are reading this abstract today. But their birth, deep within dusty
molecular clouds, is literally shrouded in uncertainty. The formation of massive protostars
is still an open question and there is still a lot to be understood. Theories range from Core
Accretion, i.e., a scaled-up version of low-mass star formation, to Competitive Accretion at
the crowed centres of forming star clusters, to Stellar Collisions. The SOMA survey aims
at understanding the basic formation mechanisms governing massive stellar birth through
multi-wavelength observations but also through radiative transfer (RT) modelling of their
spectral energy distributions (SEDs).

Here I present the current status of the SOFIA Massive (SOMA) Star Formation Survey for

which more than 40 sources have been observed in the mid-infrared with SOFIA/FORCAST

and that have been combined with Spitzer and Herschel observations. These data were used

to construct SEDs and to fit a grid of RT models. To do this, we used the open-source

python package sedcreator which is also presented to the community. This package includes

a number of convenient tools to measure fluxes on any astronomical image and to fit to a set

of models. We find evidence that relatively massive protostars can form across a range of

clump mass surface density environments, which contradicts some models for the required

conditions of massive star formation. However, we see a trend that to form the most massive

protostars, i.e., m∗ > 25M⊙, the mass surface density (Σcl) needs to be > 1 g cm−2. Our

favoured explanation for this result is the Turbulent Core Accretion model prediction that

the star formation efficiency of a core due to internal protostellar feedback is higher in higher

Σcl environments.
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1 Introduction

Massive stars are fundamental in driving the evolution of galaxies. Their strong radiation,
winds, and supernovae impact their surrounding environments, including protoplanetary disks
around lower-mass stars that are forming in the same protocluster. In spite of their impor-
tance, there are many open questions about the origins of massive stars, including the basic
nature of their formation mechanism, e.g., whether it is a scaled-up version of the standard
core accretion theory [1] or whether it requires a more chaotic, competitive accretion in the
centre of a dense protocluster of low-mass protostars [2, 3].

The SOFIA Massive (SOMA) Star Formation Survey (PI: Tan) aims to characterise a
sample of > 50 high- and intermediate-mass protostars over a range of evolutionary stages
and environments with their ∼ 10 to 40µm emission observed with the SOFIA-Faint Ob-
ject infraRed CAmera for the SOFIA Telescope (FORCAST) instrument [4]. These SOFIA
observations have been complemented with Spitzer and Herschel archival data to have a wave-
length coverage from ∼ 3 to ∼ 500µm. In Paper I of the survey [5], the first eight sources
were presented, which were mostly massive protostars. In Paper II [6], seven additional high
luminous sources were presented, corresponding to some of the most massive protostars in
the survey. In Paper III [7], 14 intermediate-mass sources were presented and analysed. Here
in Paper IV in the series [8], we present 10 regions that harbour a total of 11 sources, selected
based on the nature of their environment, i.e., appearing to be relatively isolated in 37µm
imaging.

2 Methods

We have introduced a number of new and updated
analysis methods to analyse efficiently the SOMA
sources. The main update is the release of sedcreator,
which is an open-source python package hosted in
GitHub (https://github.com/fedriani/sedcreator) and
the documentation can be accessed at this URL
https://sedcreator.readthedocs.io/. The main two sets
of tools of sedcreator are encapsulated into SedFluxer
and SedFitter. SedFluxer helps one construct an SED
by providing tools to measure fluxes on a given image.
SedFitter fits an SED with massive star formation radiation
transfer model grid by [9].

Figure 1: Logo for sedcre-
ator python package.

3 Main results

We used sedcreator/SedFluxer to measure the fluxes at wavelengths 3.6, 4.5, 5.8, and 8.0µm
from Spitzer/IRAC; at 7.7, 19.7, and 31.5, and 37.1µm from SOFIA/FORCAST; and at 70,
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160, 250, 350, and 500µm from Herschel /PACS and SPIRE. We note that not all bands
were available for all sources. We then used sedcreator/SedFitter to fit the measured fluxes
to the [9] model grid. In this section, we highlight the main findings.

The 11 isolated protostars analysed in this work span a wide range in bolometric luminos-
ity, i.e., ∼ 102−105 L⊙. Fitting the SEDs with the RT models, we obtain protostellar masses
ranging from m∗ ∼ 3 − 50M⊙, which are accreting at rates of ṁdisk ∼ 10−5 − 10−3M⊙ yr−1

from cores with initial masses Mc ∼ 20 − 430M⊙ and in clump environments with mass
surface densities ranging Σcl ∼ 0.3−1.7 g cm−2. The SOMA IV sub-sample complements the
full SOMA sample and adds some of the most massive protostars in the survey. Figure 2 left
panel summarises the three main physical parameters in the SED fit, i.e., core mass, mass
surface density of the clump, and protostellar mass (Mc − Σcl − m∗) for all SOMA sources
analysed so far. Figure 2 right panel shows the values of m∗ versus Σcl for the SOMA survey
sample to date. One can see how the most massive protostars, i.e., with m∗ > 25M⊙, tend
to be concentrated in the higher Σcl region of parameter space. The fiducial condition for
massive star formation from [10] is that one needs Σcl ∼ 1 g cm−2 to form stars with > 10M⊙
(red line). The prediction is that massive protostars should only be found on the right of this
line, i.e., which defines a minimum Σcl for high-mass star formation. We see that the SOMA
results are inconsistent with this, i.e., there are numerous massive protostars that appear to
be forming in conditions with Σcl ≪ 1 g cm−2.
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Figure 2: Left: Mass surface density of the clump environment (Σcl) versus initial mass of
the core (Mc) for the full SOMA sample to date and the IRDC samples. Each data point
is the average of good model fits. Each point is also colour coded with current mass of the
protostar (m∗). Right: m∗ versus Σcl for the 40 SOMA sources of Papers I to IV and IRDC
sources. The red solid line shows the fiducial prediction of [10] for the minimum Σcl needed
to form a star of given mass m∗. The green dashed line is results for the final stellar mass
formed from 100M⊙ prestellar cores as a function of Σcl [11].
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Abstract

2MASS J20395358+4222505 is a highly extincted (Av= 9.6 mag) early B-supergiant located

in the nearest massive star forming region, Cyg-X, in the outskirts of the massive star

association Cyg OB2. A mass of M= 46 M⊙ and a luminosity of log(L/L⊙)= 5.7 make

it one of the most massive and luminous stars in the Milky Way. Interestingly, the star

seems to be in a transition stage, in the way to become one of the few (half a dozen) early-

type hypergiants in the Galaxy. Moreover, the star is orbiting an unknown companion,

with a semi-amplitude of the radial velocity curve of ∼100 km/s. We especulate about the

possibility that the unseen companion is a compact object, a back hole of ∼18 M⊙, or a

fast rotating main sequence star of that mass.

1 Introduction

Since its discovery by [11], the massive star population of the Cyg OB2 association has been
subject to numerous studies. In particular, there have been a number of census in the region,
like, f.e., those by [16, 10, 4]. The initial list of the first authors contained 11 candidate
members, whereas the lists presented by the last authors contain 102 OB stars, plus 61 new
OB candidates. [1] carried out a spectroscopic survey of those candidates. They confirmed
11 new O-type stars and 31 B-type stars earlier than B3.

The analysis of [1] included an estimation of extinction, from which the peculiarities of
one of the object classified as a B0 I star were evident: the star had an estimated extinction
Av ≈11, from which the luminosity could also be estimated, adopting the observed NOMAD
magnitude in the B-band (B= 15.9, [17]), a standard extinction law and a bolometric correc-
tion appropriated for the spectral type. Together with the distance to Cyg OB2 determined
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Table 1: Main stellar parameters for 2MASS J20395358+4222505. The gravity includes the
centrifugal correction and ϵ = N(He)

N(H)+N(He) is the helium abundance with respect to hydrogen,
by number. The whole set of values is given for the adopted distance, together with the
statistical errors of the analysis. Full details of the analysis can be found in [6]

V sini Teff(K) log g ϵ V∞ R M Mbol Ṁ×106

(km s−1) (K) (dex cgs) (km s−1) (R⊙) (M⊙) (mag) (M⊙ a−1)
110 24 000 2.88 0.12 1500 41.2 46.5 -9.52 2.40
±25 ±500 ±0.15 ±0.04 ±200 ±4.0 ±15.0 ±0.10 +0.20

−0.30

by [2] (1.76 kpc), this results in an estimated luminosity logL/L⊙ ≈ 6.6, which would place
2MASS J20395358+4222505 among the most luminous stars in the Galaxy.

2 2MASS J20395358+4222505: a very luminous blue super-
giant

Because of the peculiar characteristics of 2MASS J20395358+4222505, we decided to have
a look at the object. During the commisioning of the MEGARA spectrograph attached to
the Gran Telescopio Canarias ([5]) we obtained R= 6000 spectra with the LR-U and LR-B
gratings, and R= 20 000 spectra with the HR-R grating, thus covering a spectral range from
3655 to 5200 Å and from 6405 to 6797 Å. We note that the LR-U and LR-B spectra were
further degraded to R= 3000 to increase the Signal-to-Noise ratio.

The observations were analyzed in [6] by means of FASTWIND ([15, 13, 14]), an atmo-
sphere code that calculates the emergent stellar spectrum in spherical geometry with mass-loss
and NLTE conditions. Their results (see Tab. 1) confirmed that 2MASS J20395358+4222505 is
a massive hot B-supergiant. It is very luminous, but not as extremely luminous as the first
estimations (its luminosity is ”only” logL/L⊙= 5.71±0.04, if the adopted distance from [2]
is correct).

The luminosity however is somewhat uncertain, and can be a bit lower or clearly higher.
This uncertainty comes from the uncertainty in the distance. The projected position of the
star in the sky lies not far from the core of the Cyg OB2 association, but actually a bit
further out to the North-East. Extinction indicates that the star cannot be closer than 1.5
kpc, whereas the work by [12] makes very unprobable that the star is beyond 2.3 kpc from the
Sun. The adopted distance (the distance to Cyg OB2, as determined by [2]) lies in between
and in addition the proper motion of 2MASS J20395358+4222505 is consistent with that of
the stars in Cyg OB2. However, there is no direct evidence of its membership, and the Gaia
parallaxes have a large error. Therefore, although probable, we cannot be completely sure
that 2MASS J20395358+4222505 belongs to the Cyg OB2 association.

What makes 2MASS J20395358+4222505 a very interesting object to study in relation to
its parameters is that it has a very large wind terminal velocity for its spectral type (see Tab.
1) combined with a large mass-loss rate (which by the way results in a spectacular Hα emission
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profile). This places the star between the normal B-supergiants and the hot hypergiants,
from which only a handful are known in the Milky Way. Therefore, the star seems to be in a
transition stage (see Fig. 1) whose study can shade new light on the structure of this kind of
stars. But surprisingly, there were more findings that made 2MASS J20395358+4222505 even
more interesting.

Figure 1: (adapted from [3]) Terminal wind velocity versus mass loss rate for differ-
ent groups of massive hot stars. The two red points indicate the position of 2MASS
J20395358+4222505 in this diagram (taking the distance uncertainty into account) whereas
the two arrows indicate the direction in which the terminal velocity is expected to evolve
(according to the Teff vs. (V∞/Vescape) diagram in [9] (see their Fig. 12)

.

3 Is 2MASS J20395358+4222505 a binary?

During the commissioning of the MEGARA spectrograph we took spectra with the LR-B, LR-
U and HR-R gratings. But because of the needs of the commissioning tasks, these observations
couldn’t be taken consecutively. The observations with the LR-B grating were carried out
on the night of August 29, 2017, whereas those with the LR-U and HR-R gratings were
taken the night after, with some time difference. The surprise came when later inspecting
the data: while the HR-R and LR-U observations gave radial velocities of -10 and +15
km s−1(with a large uncertainty of ±20 km s−1), the spectrum taken the day before with
the LR-B grating showed a radial velocity of 68±23 km s−1. We can see those variations in
Fig. 2. Interestingly, the lightcurve of 2MASS J20395358+4222505 obtained by the TESS
satellite shows two small dips, separated by 13.25 days. Although at this stage the possible
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binarity of 2MASS J20395358+4222505 was still based on circumstancial evidence, it was a
clear possibility.

Figure 2: Radial velocity variations in the MEGARA observations of 2MASS
J20395358+4222505. Top: observations with the LR-B grating on August 29, 2017; Bot-
tom: observations with the HR-R (left) and LR-U (right) gratings. We have marked the
stellar spectral lines and interstellar features (bars indicate their widths; orange features are
usually weaker than blue ones)

4 The nature of the binary 2MASS J20395358+4222505

We have obtained new observations of 2MASS J20395358+4222505, but now with more
spectrographs: MEGARA@GTC, FIES@NOT and CARMENES@3.6m. Fig. 3 shows three
spectra obtained in different nights, where we can easily see the radial velocity variations
spanning nearly 200 km s−1.

In addition to the three spectra shown in Fig. 3 we have 12 additional spectra taken
at different nights from which we can determine the radial velocity. We have used those
spectra to estimate a possible period and velocity amplitude from the radial velocity curve
using the rvfit procedure in idl (see [7]). We obtained a best-fitting period of 12.4 days and
a value of the semi-amplitude of the radial velocity curve of 95 km s−1. Thus we confirm
that 2MASS J20395358+4222505 is a binary, whose present primary is a massive early B-
supergiant orbiting at high velocity around the center of mass of the system.

The confirmation of the binarity of 2MASS J20395358+4222505 is the most important
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Figure 3: Spectra of the Hα region obtained in three different nights with CARMENES@3.6m
(upper two spectra) and MEGARA@GTC (bottom spectrum). We have marked the Hα and
HeI 6678 lines, as well as the interstellar line at 6613.62 Å and the interstellar band centered
at 6533 Å

.

firm result of the present work. However, with due caution, we can especulate about the
nature of the companion. From the radial velocity curve, and assuming an spherical orbit, an
inclination of the orbital plane of 90 degrees, a period of 13 days (intermediate between the
dips separation in the TESS lightcurve and that obtained with rvfit) and a semiamplitude
of the radial velocity curve of 100 km s−1, we obtain a mass function of 1.35 M⊙, implying a
secondary mass of ∼18 M⊙.

What could be the nature of such a companion? If still in the main sequence, it should
be an O9V star with Teff∼ 33 000 K, and an absolute visual magnitude of Mv ∼ −4.0. That
would imply a difference of ∆m∼ 3.3 mag. with the primary. Simulations indicate that we
should see such a star in high quality spectra, like those presented in Fig. 3. If correct, that
would imply that the companion should be a compact object and, with the estimated mass,
a massive stellar black hole. However, there are several problems with this interpretation:
(a) the O9V star could be hidden in the spectrum due to a large rotational velocity (if the
orbital and rotational velocities are synchronized, the secondary should rotate at about 250
km s−1); and (b) we see neither X-rays nor ellipsoidal variations in the light curve, which
would be expected in a system with a supergiant filling its Roche lobe (as the parameters of
the system indicate) close to a black hole.

Therefore we conclude that the binary nature of 2MASS J20395358+4222505 has been
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confirmed. But the nature of the companion, key to characterize the system and its past and
future evolution, is still open.
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s/n, Villanueva de la Cañada, 28692, Madrid, Spain
5 Instituto de Astronomı́a-UNAM, Apartado postal 877, Ensenada, 22800 Baja California,
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Abstract

NGC 7293, the Helix nebula, represents one of the rare instances in which theoretical pre-

dictions of stellar evolution can be accurately tested against observations since the precise

parallax distance and the velocity and proper motion of the star are well known. We present

numerical simulations of the formation of the Helix PN that are fully constrained by the

(inferred) progenitor stellar mass, stellar evolution history, and star-interstellar medium

(ISM) interaction. We have followed the evolution of the star from the early Asymptotic

Giant Branch (AGB) phase to the PN stage and modeled the density and kinematical evo-

lution of the expanding shells considering the observed relative motion of the star. In the

simulations, multiple bow-shock structures are formed by fragmentation of the shock front

where the direct interaction of the stellar wind with the ISM takes place.

1 Introduction

NGC 7293 (a.k.a The Helix, PN G036.1−57.1) is one of the planetary nebula (PN) with a very
good determination of its distance; 202 pc from Gaia DR3 [4]. The central star has a mass of
0.60±0.02 M⊙[1] and a high temperature Teff = 104 000 K [5] implying that the star+nebula
system is in a rather evolved stage. The Galaxy Evolution Explorer (GALEX ; [8]) wide field-
of-view (26 arcminutes) revealed for the first time striking morphological features in the form
of extended bow-shocks beyond the nebular halo ([2]).
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2 Numerical simulations

The numerical simulations have been performed with the fluid solver ZEUS-3D ([10]), de-
veloped by M. L. Norman and the Laboratory for Computational Astrophysics. The com-
putations have been carried out on a 2D spherical polar grid with the angular coordinate
ranging from 0◦ to 180◦ and a physical radial extension of 3 pc. They have been run at a
resolution of 1600 × 1440 zones in the radial and angular coordinates of the grid respectively
(or equivalently ∼ 388 au × 0.125◦). Our boundary conditions are the AGB stellar wind
of a 1.5 M⊙star and a ISM density of nISM= 0.06 cm3, and a relative velocity respect to
its ambient medium of 40 km s−1. For the post-AGB stage and PN evolution we follow the
stellar wind according to the prescription given in [12] by using the post-AGB evolutionary
sequence given by [14] for a hydrogen burner with solar metallicity for the assumed stellar
mass.

Note that the wind velocities of the central stars of PNe are several orders of magnitude
higher than those experienced during the AGB phase. For the wind temperature on the AGB
we used the effective temperature of the star. During the PN stage we consider the dynamics
induced by the photoionization of the gas by using the approximation implemented by [3]
to derive the location of the ionization front. Radiative cooling follows the cooling curves of
[11] and [6] for gas temperatures above 104 K and according to [7] for temperatures between
102 and 104 K. The unperturbed gas is treated adiabatically. Finally, the photoionized gas
is always kept at 104 K, so no cooling curve is applied inside the photoionized region unless
there is a shock. The simulations start at the early-AGB phase, before the onset of the first
thermal pulse, and continue for 20 000 years into the PN stage 1. The stellar time for which
we run the simulations is 8.3 × 105 yr.

To model the interaction process it is fundamental to know the velocity of the object with
respect of its environment, relative to its external ISM. Fortunately, the available observations
of the Helix allow a good determination of the space velocity of the star. Using a radial
velocity of -15 km s−1for the nebula, the parallax distance of 202 pc [4] and the proper motion
measurement of Gaia DR3 we determined a relative velocity of NGC 7293 with respect to its
ambient medium of 37.5 km s−1. The Helix star belongs to the kinematic population of the
thin disk in the Galaxy and as such this velocity is consistent with the range observed for
this population 10-40 km s−1[7]. For the simulations we have thus set the relative velocity of
of NGC 7293 with respect to its ambient medium to 40 km s−1.

3 RESULTS

In Figure 1., (right panel) we show the result of the numerical simulation after 819000 yr
in the AGB, and 1000 yr, after the onset of the photoionization. In the left panel we show
the GALEX FUV filter image, which at a distance of 202 pc has a FOV of 4.23 pc. It is
remarkable that both figures show bow shock structures in the direction of the movement,
and that the actual size in parsec is quite similar. We conclude that the morphology of the

1The zero age of the PN is set at the time when the star’s effective temperature reaches 10 000 K
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Helix can be explained by the evolution of a 1.5 M⊙star interacting with an ISM with a
relative velocity of 40 km s−1. apparent multiple bow-shocks.

Figure 1: Left, GALEX FUV image of NGC 7293. At a distance of 202 pc, the FOV is 4.23
pc. Right, density map from our simulations, the snapshot corresponds to a ∼1 000 yr old
PN. The morphology of the UV features is reproduced by the simulations; more important,
the physical scale of the predicted structures matches the observations.
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Abstract

In this contribution, we present the results of a study on the high abundance discrepancy

factor (ADF ∼ 10) planetary nebula (PN) NGC 6153 with MUSE. We have constructed

flux maps for dozens of emission lines, that allowed us to build spatially resolved maps of

extinction, electron temperature (Te), electron density (ne), and ionic abundances. We have

simultaneously constructed ADF maps for O+ and O2+ and found that they centrally peak

in this PN, with a remarkable spatial coincidence with the low Te found from recombination

line diagnostics. This finding strongly supports the hypothesis that two distinct gas phases

co-exist: one cold and metal-rich, and a second warm and with “normal” metal content. We

show that to build Te([N ii]) and ionic abundance maps of low-ionization species for these

objects, recombination contribution to the auroral [N ii] and [O ii] lines must be properly

evaluated and corrected.

1 Introduction

Since [16] first reported it, the abundance discrepancy problem, i. e., the long standing
difference between the chemical abundances computed for a given metal ion from recom-
bination lines (RLs) or collisionally excited lines (CELs) has cast doubt on the chemical
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abundances determinations in both planetary nebulae (PNe) and H ii regions. The RL/CEL
ratio, the so-called abundance discrepancy factor (ADF) can show extreme values (up to
700) in some PNe. Some scenarios have been proposed to explain this problem (see [4] and
references therein). However, for PNe there are several observational evidences pointing to
the presence of two gas components with different chemical composition (and possibly kine-
matics) ([2, 6, 15, 11, 3, 9, 12, 13]). This bi-abundance scenario (first proposed by [14])
consists of a “normal” chemical composition gas with a relatively warm electron temperature
(Te ∼10,000 K) that emits mainly the metal CELs and the H and He RLs , and an H-poor gas
with a much lower temperature (∼1,000 K) and higher density whose emission is dominated
by metals RLs.

NGC 6153 is a southern PN with strong emission of metal RLs, thus making it a good
object to address the abundance discrepancy problem ([8, 10, 15, 17, 7, 13]). The chemical
composition of this PN has been extensively studied by different authors who hypothesised
on the presence of two plasma components based on deep multi-wavelength spectroscopic
data ([8]) or on integral field spectroscopy ([15]). Very recently, making use of a very high-
resolution spectra and position-velocity maps, [13] reached a similar conclusion with the
addition of finding also differences in the kinematics of the gas between the two components.
From the theoretical side, empirical, one-dimensional, and 3D photoionization models have
been constructed for this object considering a chemically inhomogeneous gas, successfully
fitting both the RLs and CELs ([8, 10, 17, 7]) and hence, strengthening the bi-abundance
scenario for this object.

The analysis of 2D spectroscopic data of PNe with large ADFs have revealed that extreme
care should be taken when constructing physical conditions and ionic abundance maps, es-
pecially for low ionization species (see [5]). In this work we present some of the preliminary
results we have obtained from the analysis of very deep MUSE data of NGC 6153.

2 Observations

NGC 6153 was observed with the Multi Unit Spectroscopic Explorer (MUSE) integral-field
spectrograph ([1]) on the Very Large Telescope (VLT), in seeing-limited mode, on the night
of 6 to 7 July 2016. We used the extended mode of MUSE (WFM-NOAO-E), which covers
the wavelength range 460−−930 nm with an effective spectral resolution that increases from
R ∼ 1600 at the bluest wavelengths to R ∼ 3500 at the reddest wavelengths. The on-
target exposure time was 2320 s divided in several long and short exposures. The observing
conditions, observation techniques and reduction process have been described by [5].

3 Electron temperature maps

From the MUSE observations of NGC 6153, we have constructed flux maps and their uncer-
tainties for more than 60 emission lines following the same methodology as described by [5].
We then built spatially resolved maps of extinction, electron temperature (Te), electron den-
sity (ne), and ionic abundances. The Te and ne maps were obtained using different line ratios
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Figure 1: Left panel: spatial distribution of the auroral [N ii] λ5755 emission line in the PN
NGC 6153 prior to applying the recombination contribution. Middle panel: spatial distribu-
tion of the N ii λ5679 RL. Right panel: same as left panel but after applying the recombination
contribution correction, considering a constant ne = 104 cm−3 and Te = 2, 000 K for the re-
combination emission.

as diagnostics (e.g., [N ii] λ5755/λ65481 and [S iii] λ6312/λ9069 for Te, and [S ii] λ6731/λ6716
and [Cl iii] λ5538/λ5518 for ne). However, the diagnostics based on second-row elements such
as O and N can have an important contribution from recombination to the low metastable
levels, like [N ii] λ5755 and [O ii] λλ7320, 7730, that if not corrected, will lead to an overesti-
mate of the temperature. This may be especially important for spatially resolved observations
of PNe with high ADF, where in extreme cases, the [N ii] λ5755 emission can be dominated
by recombination (see Fig. 7 in [5]).

In this work, we present the recombination contribution to [N ii] λ5755 in the PN NGC 6153
(ADF∼10 [8, 15]). In the left panel of Fig. 1 we show the spatially resolved emission of
[N ii] λ5755. To estimate its recombination contribution we use Eq. 1 presented by [5], which
is based on the emission of N ii λ5679 (middle panel of Fig. 1) and the recombination emis-
sivities of j5755(Te, ne) and j5679(Te, ne). [13] presents an estimate of the electron temperature
and density of the recombination emitting region in NGC 6153, giving an average value of
ne = 104 cm−3 and Te = 2, 000 K. We use these values for the recombination emissivities.
The corrected [N ii] λ5755 emission map is presented in the right panel of Fig. 1, which shows
the main emission in two bright knots and on the edges of the nebula’s main shell, while the
uncorrected flux also shows a bright emission at inner regions of the nebula. To emphasize
the importance of this correction, in Fig. 2 we show the [N ii] λ5755/λ6548 temperature
distribution map with and without applying the correction on the top right and left panels
of Fig. 2, respectively. Notice the considerably higher temperatures in the inner parts of the
nebula that are predicted without the correction. We also explore the effect of increasing the
temperature of the recombination emitting region to 4,000 K and 6,000 K (bottom left and
bottom right panels of Fig. 2), which results in a decrease on the temperature in the inner
parts of the nebula.

We tried to compute Te and ne from metal RL diagnostics in order to break the degen-
eracies found by [5] when trying to fully characterize the H-poor component. However, the

1Hereafter all wavelengths will be in Å.
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Figure 2: Electron temperature map computed from the Te-sensitive [N ii] λλ5755/6548
line ratio. In the top left panel we show the map with no recombination correction to the
[N ii] λ5755 auroral line; in the top right, bottom left, and bottom right panels we show the
maps constructed with the recombination correction, considering a constant ne = 104 cm−3

and Te = 2, 000 K, 4, 000 K, and 6, 000 K, respectively, for the recombination emission.
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most sensitive O ii and N ii RLs are either out of the wavelength range covered by MUSE or
the maps constructed were too noisy to reach any conclusion. As already pointed out, [13]
could estimate the physical conditions of the H-poor component of the gas where most of the
metals recombination emission comes. These values can be used to qualitatively estimate the
influence of the cold region on abundance determinations and to determine the oxygen mass
ratio between the cold and the warm regions (Gómez-Llanos et al. in prep.)

4 The abundance discrepancy maps

Once we computed the ionic abundances from CELs and RLs, we constructed the abundance
discrepancy factor maps for O+ and O2+ following the methodology described by [5]. [15]
constructed the ADF(O2+) map for NGC 6153, but only sampled a small area of the nebula.
[13] made a study on the variation of the ADF over a position-velocity map, finding the
highest values at positions close to the central star. These authors also find that the ADF
was close to the unity in the diffuse emission beyond the receding side of the main shell of
the nebula. As far as we know, this is the first time that the ADF is mapped for the whole
nebula.

On the other hand, we have constructed the H i RL temperature diagnostic from the ratio
of the Paschen jump to the H i P9 λ9229 line, following the same methodology described by
[5]. This temperature diagnostic can provide hints on the influence of the cold gas on the
computation of the global physical conditions in the nebula (Gómez-Llanos et al. in prep.).

In Fig. 3 we present the spatial distribution of log[ADF(O+)] (left panel) and log[ADF(O2+)]
(central panel). In both maps, the ADF peak is clear in the central parts of the nebula, al-
though the ADF variation in these central zones is not as extreme as that in the three
high-ADF PNe presented in [5]. This is an expected behaviour if we take into account the
lower ADF value in the integrated spectrum of NGC 6153. In the right panel of Fig. 3, we
illustrate the spatial distribution of the Te obtained from the H i Paschen jump. The spatial
coincidence between the high values of the ADF(O2+) and the low Te’s in this map is remark-
able. This behavior strongly supports the hypothesis of the presence of a cold, metal-rich gas
phase embedded in a warm gas phase with“normal” metal content. The full analysis of the
NGC 6153 MUSE data set will be presented in a forthcoming paper (Gómez-Llanos et al., in
prep.).
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Figure 3: Spatial distributions of log[ADF(O+)] (left panel) and log[ADF(O2+)] (central
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H i P9 λ9229 line.
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[7] Gómez-Llanos, V. & Morisset, C. 2020, MNRAS, 497, 3363

[8] Liu, X. -W., et al. 2000, MNRAS, 312, 585

[9] Peña, M. et al. 2017, MNRAS, 472, 1182

[10] Péquignot D., et al. 2002, Revista Mexicana Astronomia y Astrofisica Conference Series, 12, 142

[11] Richer, M. G. et al. 2013, ApJ, 773, 133

[12] Richer, M. G. et al. 2017, AJ, 153, 140

[13] Richer, M. G., et al. 2022, AJ, 164, 243

[14] Torres-Peimbert, S. et al. 1990, A&A, 233, 540

[15] Tsamis Y. G., et al. 2008, MNRAS, 386, 22

[16] Wyse, A. B. 1942, ApJ, 95, 356

[17] Yuan, H. B., et al. 2011, MNRAS, 411, 1035



Highlights of Spanish Astrophysics XI, Proceedings of the XV Scientific Meeting of the Spanish Astro-

nomical Society held on September 4–9, 2022, in La Laguna, Spain. M. Manteiga, L. Bellot, P. Be-
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Abstract

The Gaia space telescope is able to gather a vast amount of data from each of the sources it
explores. Among them, are the Blue and Red Photometer (BP/RP) spectra, also known as
XP spectra. Most of those sources (and their physical properties) are easy to identify, but
for some others, it is necessary to perform a deeper study on them. More precisely, at the
Outlier Analysis (OA) working package, led by the University of A Coruña, it was created an
artificial intelligence algorithm able to determine the spectral type of those atypical objects,
which is followed by a template-matching procedure.

In this work, it is introduced a method to extract representative sources to be used as

templates from a Hertzsprung–Russell diagrams according to the evolutionary stage of the

stars of which it is composed. Therefore, we will be able to make a more refined star-

classification for the following Gaia’s Data Release.

1 Introduction

On June 13th, the Gaia Space Mission made available to the scientific community its third
data release, also known as Gaia DR3 or GDR3. GDR3 made a huge difference with respect
to the previous ones by being the first time that spectra gathered from the telescope were
published. Among the data products, are BP and RP spectra, which are a low-resolution
type of spectra that, nevertheless, are very powerful for extracting the properties of the
sources they represent. The Outlier Analysis (OA) working package [4], is in charge of using
artificial intelligence (AI) algorithms to group similar BP/RP spectra which are considered
to be atypical or outliers, and finally try to find its representative spectral type. Such task is
performed following an unsupervised learning process using Self-Organizing Maps (SOM)[3].

Since it is being used an unsupervised AI algorithm, if we want to set the spectral type
of each neuron in the trained map, it is important to have a well-characterized subset of
sources which are representative of the objects Gaia gathers, also known as templates. In
the current work, we are introducing how important is this task and how it is possible to
extract templates for stars from Hertzsprung–Russell (HR) diagrams. Before diving into the
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template extraction method, it will be made a brief introduction of SOM Maps and the results
achieved at OA in DR3.

2 Self-Organizing Maps

The machine learning algorithm implemented at OA is a neural network-based technique
which aims to group a set of data in a multidimensional grid (typically 2D) preserving the
topological order of the input elements, that is, similar input spectra will be grouped in
similar output neurons, the well-known Self-Organizing Maps [3]. It was in GDR3 when
the first OA results were published by processing 56 million sources. Such outcomes can
be graphically manipulated through the GUASOM platform [1]. In Figure 1 are shown the
neurons which matched any of the reference templates, making a classification according to
the evolutionary state of the stars.

Figure 1: Result SOM Map from OA. Available at the GUASOM platform

2.1 The importance of selecting representative templates

Since the AI model is trained following an unsupervised classification algorithm, the training
dataset does not contain any tagging information about the sources being used. This means
that the model is just generated by the similarity of the processed signals. Nonetheless, at OA
we want to tag the neurons for their sources to be characterized according to their spectral
type. For such, it is necessary to follow a neuron-tagging process once the model is trained.

Among the statistics obtained from the training process, it is computed the “prototype” of
each neuron, which is a spectrum representing the average of every BP/RP spectra contained
in such neuron. For performing the neuron-tagging process, it is checked which template is
more similar to the prototype of the neuron and, afterwards, it is assigned to the neuron the
spectral type of such template.

To make the classification as meaningful as possible, it is important that the templates
are as representative as possible of the data OA deals with. In order to go on refining the

https://guasom.citic.udc.es/visualization
https://guasom.citic.udc.es/visualization
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neuron-tagging process, it was developed a method to extract templates from an HR diagram,
that will be introduced in the following section.

3 Template extraction from HR diagrams

In order to achieve a finer star-classification for OA in DR4, we are developing a method to
extract template sources from the fiducial line (line traced on highly populated areas across
Mg) of a low-extinction HR diagram based on the ones introduced in [2] for DR2. We built
our own based on DR3 sources and, in addition to the conditions stated in [2], we set a
residual threshold value for extinction of ag < 0.003, getting an HR diagram composed of
16.7 million low-extinction stars. The distribution of such stars is shown in Figure 2.

3.1 Method followed for extracting templates from HR diagrams

Once the general idea was explained, it is time to dive into the method followed, which is
summarized in the following four steps:

1. Dividing the HR diagram into 3 different areas. The sources under the diagram
are divided into white dwarfs, giants and main sequence. Even though white dwarfs
were already differentiated from the other stars at OA in DR3, it is also interesting
to differentiate between giants and main sequence stars, since, it is also interesting
to analyse the feasibility of using XP spectra to differentiate stars according to their
evolutionary stages, not necessarily relying on their magnitude and colour values. As
shown in Figure 3, for the same spectral type (in this case, G stars), depending on
their stage, even though both spectra are quite similar, it is possible to find differences
between them, corroborating such differentiations according to the evolutionary stages
of the stars.

Figure 2: HR diagram used for the template selection, divided in the three main areas.
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(a) Main sequence G star (b) Giant G star

Figure 3: Comparison of the BP/RP spectra of two G stars, one from main sequence (left)
and the other one from the giants branch (right).

2. Building the fiducial line. The fiducial line represents the most populated regions of
each of the previously defined areas in terms of magnitude. Even though this procedure
worked really well for both the main sequence and giant branch areas, we were still
unable to do so for white dwarfs. In the latter case, for white dwarfs located at very
close points in the HR diagrams, we can find major differences among spectra for not
to be able to group them in the same spectral type in a reliable way.

To carry be able to create the fiducial lines, the main sequence and the giants area
is divided in small regions in terms of magnitude to find its most populated point.
Afterwards, such points were interpolated to create a mathematical representation of
the most populated regions, as shown in the following Figure:

Figure 4: Fiducial lines for main sequence and giant branch stars.

3. Selecting templates under the fiducial line. In this step, there were selected the
candidate sources to be used as templates for tagging a SOM Map. For such, biased
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spectra were removed and, to simplify the list of templates, we only picked some samples
of the ones which were very similar among them, since, as it was previously stated, we
only use spectra both for training and labelling the neurons. In this way, we make
sure that our templates are built from really representative sample of the stars we are
dealing with.

4. Assigning a spectral type to every template. Finally, it is assigned a spectral
type to each of the templates. Following [5], it was made a colour-Teff transformation
and, afterwards, a Teff-spectral type transformation using the tables at [6]. In both
cases, it was necessary to take into account if they were main sequence or giant branch
stars.

4 Conclusions

With the method explained in this paper, we were able to create a simple and reliable method
for extracting templates from an HR diagram following a MK classification. With regard to
the next Gaia release, it will be possible for OA to offer to the scientific community a more
detailed version of what we did for GDR3.

As it was previously mentioned, this is a reliable algorithm since we are picking spectra
from highly populated areas. That is, there is a good sample of stars in the same region with
very similar spectra. As a consequence, it is possible to obtain a subset of well-characterized
objects that can be used not only for the template-matching procedure followed at OA, but
also to explore specific properties that can characterize each type of spectra.
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Abstract

Turbulence is ubiquitous in the interstellar medium (ISM) and can introduce large variations

in the density field of molecular clouds. However, the vast majority of chemical models for

the ISM can only assume a constant gas density based on line-of-sight averaged observations.

In order to assess the impact of these variations of the gas density in the chemical evolu-

tion of the ISM, we are conducting a series of magnetohydrodynamical (MHD) numerical

simulations of different phases of the ISM with Athena++; the resulting three-dimensional

distributions of gas are then used to compute the chemical evolution of the system using

the code Nautilus. In this contribution, we present the first results of our study focused

on the chemistry of a molecular cloud filament.

1 Introduction

Observational studies of the chemistry of the interstellar medium (ISM) rely on state-of-
the-art chemical codes that, provided a given number of input parameters such as gas and
dust temperatures, hydrogen particle number, visual extinction, cosmic ray ionisation rate,
the intensity of the local ultraviolet radiation field, and the dust to gas ratio, compute the
expected chemical abundances nX/nH of a set of molecules X (CO, HCO+, N2H

+, etc.) based
on a huge amount of chemical reactions [6, 8]. However, sometimes the predictions made by
the models do not match the observations, and it is in fact very complicated to fit all the
molecular species to the same chemical model [3]. Appart from the limitations imposed by the
observing facilities, the cause of this mismatch between observations and predictions may rely
on the chemical networks, input parameters and underlying approximations. The chemical
reactions involved in the chemical networks are being revised in laboratories in order to
improve the accuracy of the binding energies, although so far only rough estimates have been
set with large uncertainties [7]. Therefore, as a complement to laboratory experiments, it
seems reasonable to explore to what extent the input parameters might explain the deviations
of the predictions from the expectations. In this work, we have focused on two key elements
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that drastically affect the predicted abundances: the hydrogen number density and the dust-
to-gas ratio.

resulting chemical model and its predictions has been shown, for instance, by [3]. On
the other hand, several recent numerical studies have shown that the dust-to-gas ratio is not
constant due to turbulent motions of the gas and the decoupling of dust grains as a result
of their net charge and their interaction with the ambient magnetic field; these variations of
the dust-to-gas ratio are present in all regimes of the ISM, from the diffuse ionised envelopes
of molecular clouds [1] to their cool interiors [5] (see Fig. 1).

Figure 1: Examples of variations of the dust-to-gas ratio in simulations of the ISM. Left :
dust-to-gas ratio map for a 2D simulation of a molecular cloud envelope [1]. Right : dust
(brown) and gas (blue) distribution on a 3D simulation of a giant molecular cloud [5].

In consequence, we want to explore two possible reasons for the mismatch between observa-
tions and predictions of chemical models: small-scale density variations caused by turbulence
at scales not resolved by telescopes, and variations of the dust-to-gas ratio that affect the
abundances of solid-phase formed species. In this contribution we present our results for
the first part, the one centred on the effects of turbulence on the predicted chemical abun-
dances. The effects of the variations of the dust-to-gas ratio are going to be assessed in future
publications.

2 Chemistry and MHD simulations

In order to recreate the turbulent state of a molecular cloud, we run a simulation with the
Athena++ code [9] in three dimensions under the assumption of isothermal, ideal MHD with
periodic boundary conditions and at a resolution of 2563. We assume a molecular hydrogen
particle density nH2 = 2.57 × 104 cm−3 with a magnetic field parallel to the x-axis and a
strength of B0 = 40 µG. We take a medium initially at rest to which we continuously inject
turbulence until the energy injection rate equals the dissipation rate, a point at which we as-
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sume we reproduce the steady state of a trans-sonic molecular filament (which is compatible
with the interior of a molecular cloud before collapse, see [4]). Although this simulation is
dimensionless, for the discussion we always consider a nominal length for our box of 0.05 pc,
which is small enough to contain from two to three beams of IRAM 30 m telescope at fre-
quencies between 80 GHz and 200 GHz.

As a consequence of turbulence, we obtain large deviations of the initial gas density of
nH2 = 2.57×104 cm−3, by a factor of up to two orders of magnitude (see Fig 2); regions with
high and low gas density share their sheet-like morphology and are extended along the mean
magnetic field direction (x-axis). If we take these hydrogen densities and assume a constant
gas and dust temperature of T = 12 K, a visual extinction AV = 4 mag and a cosmic ray
ionisation rate of ζ = 5 × 10−17 s−1, and retrieve the predicted chemical abundances of the
commonly studied molecules with the Nautilus code [8] at an age of 106 yr (see Fig. 2), we
see that turbulence is bound to produce notable differences in the observed abundances of
some species, especially CO.

Figure 2: Left : gas structures present in the steady state simulation. Low-density structures
are those below the 1.5 % of the density distribution and are coded in yellow. High-density
structures are selected based on the 98.5 % threshold and are coded in blue. Right : chemical
abundances predicted by Nautilus in the density range of the steady state simulation. The
vertical dotted line corresponds to the initial density, while the dashed lines correspond to
the 1.5 % and 98.5 % density percentiles used in the left panel.

3 Observational expectations

Using the chemical network shown in Fig. 2, we have estimated for each simulation cell
the expected abundance of the considered molecules using a linear interpolation in log-space
density bins. With that, we have used the MHD cubes that provide the gas velocity field
and gas distribution, together with the molecule distribution, and have applied the radiative
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transfer code RADMC-3D [2] to obtain the spectra of rotational transitions. In Fig. 3 we
show the molecular hydrogen column density map projected onto one of the faces of the 3D
cube (xy plane, with the magnetic field parallel to the x-axis and, therefore, perpendicular to
the line of sight) together with the predicted integrated intensity maps for 13CO (1 → 0) and
CS (2 → 1). Note that the range of integrated intensities is much wider for 13CO (1 → 0) (of
the order of 0.4 K km s−1) than for CS (2 → 1) (of the order of 0.2 K km s−1).

Figure 3: Molecular hydrogen column density (left) for the xy face of the cube, and the
RADMC-3D predicted moment-zero maps for 13CO (1 → 0) (middle panel) and CS (2 → 1)
(right panel).

When trying to fit a chemical model to observations, a common assumption is to consider
that the hydrogen density along the line of sight is constant, i.e. that the gas distribution
is uniform. In order to quantify the effects of this assumption, we have post-processed with
RADMC-3D a cube with uniform molecular hydrogen density and chemical abundances,
and have computed the ratio between the turbulent case shown in Fig. 3 and the uniform
ones. The results are shown in Fig. 4 in the form of relative integrated intensity maps
and histograms of relative integrated intensities. In general, we see that the expectations
raised in the view of the chemical network shown in Fig. 2 are in agreement with the results:
turbulence produces large variations in the local abundance of 13CO (1 → 0), and can produce
integrated intensities six times higher than when assuming a uniform gas distribution along
the line of sight. On the other hand, other molecules are less sensitive to turbulence and the
variations introduced are of the order of 10 −−20%, as is the case for CS (2 → 1).

4 Summary and conclusions

In this contribution, we have presented the preliminary results of our study on the effects
of turbulence on the chemistry of molecular clouds. Assuming a hydrogen particle density
of nH2 = 2.57 × 104 cm−3 and a magnetic field of B0 = 40 µG, we have run an ideal MHD
3D turbulent box simulation with Athena++ until we reproduce a steady-state molecular
filament before collapse. Later, we have post-processed this simulation with the chemical
code Nautilus in order to derive a cube of chemical abundances that has been used to
estimate the molecular emission with RADMC-3D. We have compared the results of this
post-processed turbulent simulation with the case where the gas density and the chemical
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Figure 4: Relative integrated intensity maps and associated histograms for 13CO (1 → 0)
(upper row) and CS (2 → 1) (lower row). Note the significant differences between both
molecules.

abundance are uniform along the line of sight. The results of this preliminary study can be
summarised as follows:

� Turbulence can generate important density fluctuations – in this case from 0.05 to 6
times the mean value. Inside this range of densities, the chemical abundance of some
elements present critical variations (especially CO).

� These density fluctuations are translated into variations in the moment-zero maps,
which are especially important for 13CO (1 → 0) where the integrated intensities can
be up to a factor of 6 higher than for the uniform case. Other molecules, such as CS
(2 → 1), are less affected by turbulence, although the difference in integrated intensities
are of the order of a 10 −−20%.
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Abstract

Ultra-precise observations from space missions such as CoRoT, Kepler/K2 or TESS can
be contrasted with data from ground-based surveys such as CARMENES or HARPS to
validate extra-solar planets detection through spectroscopy or using different photometric
bands to discard false positives. Though several thousands of exoplanets have already been
confirmed the number of candidates is orders of magnitude higher. Since it is not possible to
allocate time from ground-based surveys to perform the follow-up of all the candidates, an
automatic validation procedure is required which is robust enough to confirm the detections.
I introduce here a new validation method for exoplanet transit candidates based on modeling
the data as auto-regressive processes. These can fit either stellar pulsations, stellar activity
or any intrinsic variability so they are very suitable to model out of transit light variations.
This procedure does not require any a priori from the star or planet such as period, depth,
duration or shape of the signal. It neither does require any colors, spectroscopic observations
or any informed assumptions, only one light curve with several transits is required.

Here I show that transits can be validated with no necessity of follow-up observations in

many cases and false positives can be reliably identified with auto-regressive models.

My poster is available at https://zenodo.org/record/7044837

https://zenodo.org/record/7044837
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Abstract

Low-mass X-ray binaries (LMXB) are stellar systems where a neutron star or a black hole

accretes mass from a low-mass (≲ 1M⊙) donor star. A subclass, so-called X-ray transients,

spend most of their lives in a dim, quiescent state. However, these systems go into sporadic,

powerful outbursts produced by one of the most energetic process in the Universe: accretion.

The accretion flow has been found to be strongly coupled to the presence of outflows (radio-

jets, hot X-ray winds and the recently discovered cold, optical winds), which is a fundamental

characteristic of their outbursts. Thus, the study of these winds can provide us with crucial

information about accretion processes in the Universe. In this poster, we briefly review the

state-of-the-art of the field and present the case of one LMXB transient that has recently

shown signatures of accretion disc winds in its optical spectra, MAXI J1348–630. We discuss

the properties of the outflow and its impact on the accretion process.

My poster is available at https://zenodo.org/record/7034414#.Y2pA3-zP1LA

https://zenodo.org/record/7034414#.Y2pA3-zP1LA
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Abstract

Exploiting the huge amount of data provided by the CARMENES survey, this work aims

to study the chromospheric activity of M dwarfs based on a sub-sample (active RV-loud

M dwarfs) of CARMENES GTO sample. Using the spectral subtraction technique and

calibrations of the continuum-flux near the line of interest, the available information on

the chromospheric activity flux is extracted. Most of the chromospheric indicators included

in the spectral range of the spectrograph, ranging from visible (VIS) - including the Na i

(D1,D2) He i D3, and Hα lines - to near-infrared (NIR) - that include the Ca ii IRT, He i

λ10830 Å, Paschenα and Paschenβ lines - are used. For the implementation of the spectral

subtraction technique, a Python code iSTARMOD based on a previous FORTRAN

one, formerly used by the research group, is used. The synthetic spectra for effective tem-

peratures in the range [2400, 7000] K, allow through the calibrations a comparison of the

flux-flux relationships with previous works performed for F, G and K dwarfs. The studies

of flux-flux relationships of lines formed at different chromosphere layers seek for a better

understanding of the magnetic activity of M-type dwarf stars and try to determine the

number of different chromospheric emitters populations, deduced from the non-universality

of these relationships for Ca ii IRT lines.

My poster is available at https://doi.org/10.5281/zenodo.7668217
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Madrid (Spain)
4 Institut de Radioastronomie Millimétrique, 300 Rue de la Piscine, 38406, St-Martin
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Abstract

Low and intermediate-mass (LIm) evolved stars are major contributors to the enrichment

and growth of the chemical complexity of the Universe. Substantial outflows of dust and gas

are injected into the interstellar medium during the last stages of LIm stellar evolution, from

the Asymptotic Giant Branch (AGB) and beyond. Post-AGBs experience different processes

leading to important changes in their molecular content due to the ocurrence of shocks and

an enhanced photo-chemistry as they evolve towards the planetary nebulae (PNe) stage.

This complex chemistry, which in certain cases resemble that of young stellar objects, is

poorly characterized. Our aim is to investigate the molecular content and the chemical

evolution of the circumstellar envelopes from the AGB to the PNe stage, making use of

(sub)-mm wavelength observations with radio telescopes and chemical kinetics models. We

are carrying out different observational projects towards OH231.8+4.2, V Hya, and KJPN 8,

among others. Recent observations with the IRAM-30 m telescope towards KJPN 8 allowed

us to detect lines of typical molecular young PNe content: CO, CN, HCO+, HCN, HNC, CS,

and isotopologues. Preliminary results on the isotopic ratios (17O/18O≳ 6 and 12C/13C≳ 2)

add more constraints to the origin of this puzzling bipolar nebulae, which is still under

debate.

My poster is available at https://zenodo.org/record/7048922#.Y8Ew4uzMJz8

https://zenodo.org/record/7048922#.Y8Ew4uzMJz8
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3 Joint ALMA Observatory, Alonso de Córdova 3107, Vitacura, Santiago 763-0355, Chile
4 National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, VA 22903,
USA
5 Institut de Ciències del Cosmos, Universitat de Barcelona (IEEC-UB), Mart́ı i Franquès 1,
08028 Barcelona, Spain
6 European Southern Observatory (ESO), Alonso de Córdova 3107, Vitacura, Casilla 19001,
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Abstract

This poster presents the results of a recent work (Mendigut́ıa et al. 2022, A&A, 664, A66),

where we have compared protoplanetary disk frequencies inferred from 2 widely different

regions corresponding to 2 pc and 20 pc from the centers of a representative sample of young

stellar clusters. Gaia EDR3 parallaxes and proper motions, along with a best suited tool

(Clusterix), were used for membership determination. Near-infrared color-color diagrams

served to identify disk sources. Our results cover the largest fields ever probed when dealing

with disk fractions for all clusters analysed. Although the density of member stars decreases

outside the clusters’ centers, the absolute number of members is significantly larger in the

peripheries, implying that the complete characterization of young clusters requires to probe

wide fields. In turn, our comparative study does not support a previous hypothesis proposing

that disk fractions should be significantly larger considering extended regions. On the

contrary, disk frequencies inferred from the 2 pc- and 20 pc- regions are typically equal

within 10%. The resulting database is stored in a Virtual Observatory-compliant archive,

constituting a benchmark for future detailed studies of young clusters.

My poster is available at https://zenodo.org/record/7023372#.Y5LK4tLMKUl

https://www.aanda.org/articles/aa/full_html/2022/08/aa43146-22/aa43146-22.html
http://clusterix.cab.inta-csic.es/clusterix/
http://svocats.cab.inta-csic.es/diskfrac/
https://zenodo.org/record/7023372#.Y5LK4tLMKUl
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Abstract

We present the search for ultracool dwarfs (UCDs, spectral types later than M7 V) performed

across the entire Javalambre Photometric Local Universe Survey (J-PLUS) second data

release (2 176 deg2) following a Virtual Observatory methodology. We also explored the

ability to reproduce this search with a purely machine learning (ML)-based methodology

that relies solely on J-PLUS photometry. We followed three different approaches based on

parallaxes, proper motions, and colours, respectively, using the VOSA tool to estimate the

effective temperatures. For the ML methodology, we built a two-step method based on

principal component analysis and support vector machine algorithms. We identified a total

of 7 827 new candidate UCDs, which represents an increase of about 135 % in the number

of UCDs reported in the sky coverage of the J-PLUS second data release. With the ML

approach, we obtained a recall score of 92 % and 91 % in the 20×20 deg2 regions used for

testing and blind testing, respectively. We consolidated the proposed search methodology

for UCDs, which will be used in deeper and larger upcoming surveys such as J-PAS and

Euclid. We concluded that the ML methodology is more efficient in the sense that it allows

for a larger number of true negatives to be discarded prior to analysis with VOSA, although

it is more photometrically restrictive.
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Abstract

Metallicity is a stellar parameter that plays a fundamental role in planet formation. The
well known planet-metallicity correlation for FGK stars tells us that the higher the metal-
licity of a star, the higher the likelihood that it harbors exoplanets. On the other hand, the
situation in A-type stars is far from clear. Because of their higher rotational velocities and
luminosities, the number of exoplanets discovered in these stars from the radial velocity and
transit methods is actually very low, which makes a statistical study unfeasible. One way to
potentially circumvent this problem is through the study of optically-visible intermediate-
mass young objects surrounded by protoplanetary disks, so called “Herbig Ae/Be” stars.
Although the detection of young planets embedded in protoplanetary disks is still a challeng-
ing task, the shape of the infrared spectral energy distributions reflects the properties of the
disks and thus the potential presence of planets. Under this view, Kama et al. (2015, A&A
582, L10) hypothesized that the presence or absence of a Jupiter-like size exoplanet could
explain the relation between the stellar metallicity and the shape of the spectral energy
distributions that they found in a few Herbig Ae/Be stars.

In this poster, we expand the work carried out by Kama et al. (2015) by considering

a significantly larger sample of stars. The spectra of 67 Herbig Ae/Be stars have been

collected and their metallicities estimated by comparing them with Kurucz synthetic models.

We confirm that there is indeed a correlation between the stellar metallicity and a specific

shape of the spectral energy distributions suggestive of the presence of planets. This result

may represent a major step forward in the field of planet formation and the evolution of

protoplanetary disks.
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Abstract

To study the Galactic halo we need to rely on intrinsically bright and fair distance indica-

tors. Blue Horizontal Branch (BHB) stars accomplish these requirements but traditionally

suffer from high levels of contamination from Blue Stragglers stars in photometric samples.

Surveys like Pristine and SkyMapper have demonstrated that colors combining a broad- and

a narrow-band filter with central wavelength bluewards 4,000Å allow them to build high

completeness and purity samples of BHB stars. In this context, the Javalambre Photometric

Local Universe Survey (J-PLUS), with a broad- and two custom narrow-band filters (among

its 12) having central wavelengths shorter than 4,000Å, has released more than 2,000 sq.

deg in 2020. In this contribution, we review the latest attempts to study the density profile

of the halo, discuss our work in which we used three methods to select BHB stars from

J-PLUS DR2, present our estimation of the halo profile, and forecast the expectations for

J-PAS and its 56 narrow-band filter system.
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Abstract

There is a class of binary post-AGB stars that systematically shows evidence of the pres-
ence of disks. All of them present a remarkable NIR excess and the narrow CO line profiles
characteristic of rotating disks. Their spectral energy distributions (SEDs) reveal the pres-
ence of hot dust close to the stellar system, and interferometric IR data have confirmed its
disk-like shape. These disks must be stable structures because their IR spectra reveal the
presence of highly processed grains. Observations of CO through single-dish and interfer-
ometric observations confirm the presence of another structure surrounding the disk with
expansion velocity.
This contribution explores the existence of two subclasses of nebulae around binary post-
AGB stars: the disk- and the outflow-dominates sources. Our interferometric maps (in the
12CO and 13CO J = 2 – 1 lines) and our models confirm this bimodal distribution. The disk-
dominated sources, such as AC Herculis, contain ∼ 90% of the material of the nebula located
in the rotating disk. On the contrary, the outflow-dominated sources, such as 89 Herculis,
contain ∼ 70% of the nebular material located in the massive outflows, which are mostly
composed of cold gas.
The existence of these different subclasses does not support an evolutionary path between
them, since the post-AGB phase is believed to be fast compared to the evolution of this type
of nebulae (around 104 a). Therefore, the existence of both the disk- and outflow-dominated
sources could be due to a different initial configuration of the stellar system.

Our deep single-dish radio molecular survey (∼ 600 hours of telescope time) in the 1.3, 2, 3,

7, and 13 mm bands confirm the low molecular content in this kind of sources. This fact is

significant in those sources where the disk is the dominant component of the nebula. Ad-

ditionally, we classify the Red Rectangle, AI Canis Minoris, IRAS 20056+1834, and R Scuti

as O-rich, while 89 Herculis presents a C-rich environment.
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Abstract

We are observing a large sample of stars with MEGARA on GTC through a filler-type

OpenTime program obtained in 7 semesters up to now. We summarize our advances done

with MEGASTAR, the stellar spectral library we are observing with MEGARA at R=20000

in two setups HR-R around Hα and HR-I around CaT. We described our project in Garćıa

Vargas et al. (2020, MNRAS, 493, 871). We published our first data release in Carrasco

et al. (2021, MNRAS, 501, 3568). In our third piece of work (Mollá et al. 2022, MNRAS,

submitted) we have determined the stellar parameters (effective temperature, surface gravity

and metallicity) of a subsample of the DR1 stars with spectral types later than B2, and we

have measured some stellar indices, also giving the first set of MegaPopStar evolutionary

synthesis models. Next papers will be devoted to the second data release and to the physical

parameters determination of the hot stars.
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reliable distribution of rotational velocities for the

O-star population.
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Abstract

The Carina Nebula complex consists of several stellar groups, some bound and some not,
immersed in the Car OB1 association, a unique region to study Galactic massive stars.
Containing a large number of O-stars, it is the most massive star-forming region within 3
kpc of the Sun. Even though the Carina Nebula harbors hundreds of massive stars, there
is no systematic spectroscopic analysis of its early-type members.

In this contribution we present results from Berlanas et al. 2022 (submitted) in which we

created the most complete to date census of massive stars in the central part of the Carina

Nebula, Car OB1. The final census contains a total of 315 stars, being 17 of them in the

background and four in the foreground. Of the 294 stellar systems in Car OB1, 74 are

of O type, 214 are of non-supergiant B type and 6 are of WR or non-O supergiant (II to

Ia) spectral class. We identified 20 spectroscopic binary systems with an O-star primary, of

which 6 are reported for the first time, and another 17 with a B-star primary, of which 12 are

new detections. We estimate that our sample is around 90% complete for low to moderate

extinction O and early B systems. Thanks to this census and high-resolution spectra from

GES and the LiLIMaRlin library, we obtained a reliable distribution of rotational velocities

for the O-star population in the GES footprint of Carina (Berlanas et al. 2023, in prep).

We find a bimodal structure with the low velocity peak at 60 km s−1 and a tail of fast

rotators above 200 km s−1, similar to previous studies in other regions except for a shorter

tail of fast rotators.
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M.2, Agúndez, M.3, Castro Carrizo, A.4, Desmurs, J.-F.2, and Sánchez
Contreras, C.5

1 Dept. de F́ısica de la Tierra y Astrof́ısica, Fac. CC. F́ısicas (UCM)
2 Observatorio Astrómico Nacional (IGN)
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Abstract

M1–92 is a well-studied pre-planetary nebula characterized by a bipolar appearance with a
high degree of axial symmetry. It consists of a thick equatorial structure dividing the two
emptied lobes. The nebula is rich in molecular gas and dust, with a total mass ∼ 1 M⊙,
except for two knots in the middle of the lobes where there is ionized gas as a result of
shocks, as proved by the detection of optically forbidden lines and vibrationally excited H2.
We present the most complete and detailed modelling of M1–92, using 13CO, C17O, and
C18O J=2–1 NOEMA maps with 0.′′7 resolution, and single-dish data for 12CO J=1–
0, J=2–1, J=3–2, J=5–4, J=7–6, and J=9–8, and for 13CO, C17O, and C18O J=1–0
and J=2–1 (from IRAM 30m, CSO, and HSO/HIFI). The modelling is performed using
SHAPE+shapemol, computing the excitation of CO using the LVG approximation and solv-
ing the radiative transfer problem via ray tracing. We have derived the nebular structure,
the density and temperature distributions of the different molecule-rich components, and
the 12C/13C and 16O/17O/18O ratios. These ratios confirm the hypothesis that the nebula
is the result of a 1200 yr old sudden mass-loss event, leading to the premature end of the
AGB phase of the central star (probably as a consequence of a common-envelope event).

The fitting of the high-J lines of CO requires a new molecular component that is relatively

hot, 700–900 K, in striking contrast with the rest of the molecular gas. There are no maps

of these transitions: we suggest that this component could be the molecular counterpart of

the shocked knots seen in optical forbidden lines and vibrationally excited H2.
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Abstract

The expected evolution of the Sun and stars with initial masses up to 8 M⊙, after the

asymptotic giant branch phase, will be to form a planetary nebula (PN) ionized by a central

star (CS). Searching for extremely young PNe is important to better characterize the onset

of this transitional phase. In particular, OH maser-emitting PNe (OHPNe) are considered

nascent PNe. In fact, only 6 OHPNe are known to date. Using high-resolution optical

spectra on Vy 2-2, the first OHPN identified, we report a kinematical age of ∼135 ± 90 yr

(for a distance of 3 ± 2 kpc) for the very compact ionized central region of this PN. Moreover,

our spectra reveal an unexpected C-rich nature for its CS. The ejected circumstellar matter

is O-rich, where dense photoionized gas, silicate dust, water ice and OH masers coexist in an

environment with C/O < 1. Therefore, Vy 2-2 is a nascent O-rich PN around a C-rich CS.

The formation of this kind of dual-chemistry in PNe is not well understood. Also, in order to

identify more OHPNe, we processed the unpublished continuum data of the interferometric

follow-up of an OH maser line survey that covered 176 deg2 of the Southern Galactic Plane

and the Galactic Center. We then cross-matched the interferometric positions of the OH

maser and radio continuum emission, considering the latter as a possible tracer of free-free

emission from photoionized gas, which is characteristic of PNe. Out of the 933 OH maser

line sources in that survey, we report 8 objects with a positive coincidence between maser

and radio continuum emission, 4 of which are bona fide OHPNe, and other 4 are identified

as OHPNe candidates for the first time (OH 341.6811+00.2634, IRAS 16372−4808, IRAS

17494−2645 and IRAS 18019−2216). Hence, these results could significantly increase the

number of known members of nascent PNe.
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Abstract

The Gaia DR2 revealed the phase spirals in the Z - Vz plane, whose origin is still under

study, but linked to the Sagittarius dwarf galaxy tidal interaction. In our work, we detect

phase spirals in the vertical projection Z - Vz of the disc’s stellar particles for the first time

in the zoom-in cosmological simulation GARROTXA which includes hydrodynamics, and

star formation. The detection and characterization of the phase spirals have been carried

out with a Fourier decomposition-based technique. Our results indicate that these spiral-

like structures in the phase space are present in a wide range of times and locations across

the disk and that they become more evident in times close to the satellite pericenters. The

phase spirals are better observed in the range of younger-intermediate star populations

in cosmological simulations. We state that other mechanisms might appear naturally in

our model, such as the physics of gas, the collective effect of multiple perturbers, and

a dynamically cold population continuously renovated by the star formation that helps

satellites to trigger the observed disk response.
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Abstract

Metallicity has remained as a challenging parameter when characterizing M-type dwarf stars

due to difficulties in the analysis of their spectra, dominated by molecular features, but it is

required in multiple areas of astrophysics, for example to constrain theoretical stellar models

or guide exoplanet searches. In order to estimate the metallicity of these cool stars, we have

carried out multi-band photometric calibrations for early and intermediate M dwarfs using

the precision, accuracy and homogeneity of both astrometry and photometry from Gaia

DR3, complemented by near- and mid-IR photometry from 2MASS and CatWISE2020 sur-

veys. These catalogs, combined with a sample of 5453 M dwarfs with additional parameters

determined by APOGEE high-resolution spectroscopy, allow us to study the effect of the

chemical composition in color-color and color-magnitude diagrams. We train calibrations

using Bayesian statistics and Markov Chain Monte Carlo (MCMC) techniques using Stan

to derive several photometric calibrations applicable to M dwarfs with metallicities in the

range of −0.45 ≤ [Fe/H] ≤ +0.45 and spectral types down to M5.0V, obtaining . Finally, we

compare our results with previous photometric studies of metallicity found in the literature

for an additional sample of 46 M-dwarf common-proper- motion companions of FGK-type

primary stars with well-defined spectroscopic metallicities, finding a great predictive per-

formance.
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Abstract

We have created a new Planetary Nebulae (PNe) catalogue by using astrometric and pho-
tometric data from Gaia EDR3. Firstly, we have developed an algorithm that selects the
most reliable source from EDR3 to be the Central Star (CS) of each PN, among all sources
in the neighbourhood of them. This algorithm considers both the angular distance to PN
coordinates and also the Gaia colour (BP-RP) of the sources, and catalogues each CS in
three different reliability groups. As a result, we have obtained more than 2000 CSPNe with
enough reliability.
Then, from Gaia EDR3 parallaxes, we have derived the distances for most of these objects,
and we have selected a subset of CSPNe with most accurate parallax and distance values,
obtaining a sample of 405 objects that we call the Golden Astrometric Planetary Nebula
(GAPN) sample. Then, we have analysed different properties of these nebulae, as their
galactic distribution, nebular size, morphology, expansion velocity or kinematical age. In
addition, for a group of them, we have studied the evolutionary state of their CSs, from
the star’s effective temperatures and luminosities, and by using the evolutionary tracks
from Miller-Bertolami (2016). Thus, we have been able to estimate the CSPNe masses and
evolutionary ages, that has allowed us to contrast this information with the spectral type
of the stars.

Finally, we have also searched for and detected several wide binary stars within GAPN

sample, by using EDR3 parallaxes and proper motions. In addition, we have also been able

to shed some light on the close binarity in CSPNe.
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Abstract

Massive stars are luminous beacons that help us to extract information about the star for-
mation history and the chemodynamical evolution of galaxies in the Universe. Our Galaxy
is full of massive stars, which expend their short-lived existence within bright star-forming
regions, depositing huge amounts of mechanical and radiative energy to the interstellar
medium before they explode as energetic supernovae event. They are also the origin of
the recently detected phenomena of gravitational waves, with the merger of a pair of their
typical end products: black holes or neutron stars.
The IACOB and OWN projects have collected a large database of high-resolution multi-
epoch spectra of Galactic O and B-type stars, ∼10000 spectra for more than 1000 OB
stars. This unique spectroscopic dataset, once analyzed and interpreted with state-of-the-
art tools and techniques will provide a new, global overview of the physical and evolutionary
properties of massive stars in their early phases.

In this contribution, I will present the results from the quantitative spectroscopic analysis

of ∼300 O stars targeted by the IACOB and OWN surveys (implying the largest sample of

O Galactic O stars analyzed homogeneously, using modern automatized tools). I will put

special emphasis on highlighting the impact of the GAIA mission in the determination of

physical parameters of massive stars, with distance calculation of unprecedented precision

for these bright objects. With this, we intend to revisit calibrations of stellar parame-

ters with spectral type and luminosity class, and provide a homogeneous and statistically

significant empirical anchor of the physical attributes of Galactic O-type stars.
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Abstract

EPIC 204376071 is a young (∼10 Myr) M star (estimated mass 0.16 M⊙, and radius 0.63

R⊙), probable member of the Upper Sco association, that exhibited an 80% drop in flux

lasting one day, in the course of one campaign of the K2 mission (Rappaport et al. 2019).

Different scenarios have been proposed to explain this feature, some of them requiring a

periodic behaviour of these events. With only one event observed, it becomes challenging

to obtain further observations to investigate further the origin of the abrupt flux drops, and

start confirming/rejecting possible scenarios. We have obtained new photometric observa-

tions, and analysed archival photometry, with the goal to identify additional flux drops on

this star, and get the ephemeris, should these events be periodic. We do not detect any

further deep drop in flux, and place stronger constraints on posible periods. With only K2

data, ∼80% of the periods between 70 and 1200 days would have been missed. With the

new data, this fraction drops to ∼40%.
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Emilio Recabarren 2477, Iquique, Chile
2 Centro de Astronomı́a (CITEVA), Universidad de Antofagasta, Av. Angamos 601,
Antofagasta, Chile
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Abstract

Gaia data is providing a unique opportunity to explore the structure of the Milky Way by

discovering more and more of one of its best tracers: open clusters. Innovative algorithms,

supported by Gaia accurate proper motions, parallaxes, photometry, and radial velocities

(whenever available), have identified hundreds of new clusters of stars across the Galactic

disk and bulge in only a few years. However, parallax measurements as a key ingredient

in those techniques might lead to the possible loss of clusters when individual-associated

uncertainties are relatively high. In this work, we will describe our attempts to perform a

parallax-blind search of open clusters and show that there is still room for further discoveries

thanks to the precious information contained in such an unprecedented database.
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Abstract

We present an update of the MulChem chemical evolution model applied to the Milky

Way Galaxy (Molla et al. submitted), by using the most recent stellar yields for low and

intermediate mass stars and for massive stars. We study the role of the type Ia supernova

(SN Ia) rate, using 15 different Delay Time Distribution (DTD) prescriptions, depending

on the binary star scenario able to create a SN Ia. Simultaneously, 12 tables of yields of

elements produced by different explosion mechanisms for SN Ia are explored. The chemical

abundances derived from these 180 models, resulting from the combination of different SN

Ia yields and DTDs, are analized. The Solar Region results for [Fe/H] and [α/Fe] vs. stellar

age and for [α/Fe] vs. [Fe/H] (where α-elements are O, Mg, Si, S, and Ca) are compared

with an extensive observational dataset coming from the most recent surveys and compiled

for this work. A χ2 technique is used to look for the best model for reproducing the data

set. Finally, we analyse the relative abundances [α/Fe] for disc and halo regions of the best

model. As in previous works, we find that a significant fraction of type Ia SNe must take

place at short delay times in order to reproduce the observations. The large dispersion of

data could be explained by a mix of stars located at different spatial regions that moved

after their birth. However, a mix of different DTD’s or explosion mechanisms is a likely

hypothesis in light of comparison models-data.
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Abstract

GALANTE is an optical (3000-9000 Å) photometric survey with seven intermediate/narrow
filters that has been covering the northern Galactic Plane and some adjacent regions since
2016 using the Javalambre T80 telescope (P.I.s Emilio J. Alfaro & Jesús Máız Apellániz).
Originally designed to identify the majority of the early-type massive stars within several
kpc of the Sun –including extinction characteristics– its data will be also used for a variety
of other stellar studies and the generation of a high-resolution map of the Hα emission.
As of early 2022, the observations are almost complete resulting in over 300 astronomical
fields, and the first Data Release including 20 fields of 2 deg2 is now available. The results
show a photometric dynamic range comparable to that of Gaia, reaching a 1% accuracy and
precision for stars brighter than AB magnitude 17, and the detection of many fainter stars

In this contribution, I present results of our test fields and a brief summary of the MUDEHaR

project, a multi-epoch photometric survey complementary to GALANTE, proposed as the

next long-term survey at the Javalambre facilities.
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Abstract

In this work we used a series of open clusters and associations observed by the Gaia-ESO

Survey (GES) to study the use of lithium abundances (Li I spectral line at 6708 Å) as an

age indicator for pre- and main-sequence FGKM late-type stars. Previous studies of open

clusters have shown that lithium depletion is not only strongly age dependent, but also shows

a complex pattern with several other parameters, such as rotation, chromospheric activity

(Hα) and metallicity. Using the available data from both GES iDR6 and Gaia EDR3, we

performed a thorough membership analysis and obtained lists of candidate members for 42

open clusters, ranging in age from 1–3 Myr to 4.5 Gyr. We then conducted a comparative

study that allowed us to quantify the observable lithium dispersion in each cluster and study

the influence of rotation, activity and metallicity in the lithium dispersion of the selected

candidates. All this allowed us to calibrate a Li-age relation and create empirical lithium

envelopes for key ages in our sample, also constraining the LDB for those clusters in the

15–600 Myr age range.
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Abstract

Luminous Blue Variable (LBV) stars are post-main sequence massive objects in a very fast
(104 a) transitional stage characterized by dense winds and impressive mass eruptions, as
they are close to the Eddington limit. LBVs profoundly affect their surroundings, creating
ionized and dusty nebulae, some times surrounded by molecular gas. They are great infrared
emitters due to their high luminosity and the usually high extinction. They have also been
detected at cm-wavelengths, dominated by non-thermal emission. The mm/submm regime,
however, has not been much investigated. NIKA2 is a highly sensitive continuum camera
installed at the IRAM 30m radio telescope near Pico Veleta, Granada. The camera can
provide images at 150 and 260 GHz (2 and 1.15 mm of wavelength, approximately), with a
field of view of up to 6.5 arcmin. The operational frequencies of NIKA2 are of great interest
in the study of LBVs because it is a range where both thermal and non-thermal process
compete in their contribution to the SEDs.

In this work we present the results achieved towards a sample of five galactic LBVs obtained

using NIKA2 and a set of information gathered using Virtual Observatory tools and archives.

We detected emission from the stars themselves, in their close surroundings, and also outside

the IR nebulae. All these components depict very different spectral indexes, pinpointing that

diverse mechanisms coexist, such as free-free gas emission, thermal dust and synchrotron

radiation. We complemented these findings by building the SEDs of the LBV stars, where

the contribution from the extended photosphere is clearly separated from warm black (grey)

body emission, and non-thermal flux in some cases.
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The lithium-rotation connection in the M35 open

cluster.
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Abstract

Lithium abundance is an age indicator for G and K stellar types since its surface abundance

decreases over time for these spectral types. However, despite all the observational efforts

made during the last 30 years, the role of rotation and stellar activity in this process is still

unclear. Our purpose is to investigate how lithium depletion is affected by rotation in G

and K stars of the M35 open cluster. We take advantage of three previous WIYN/HYDRA

spectroscopic studies of Li in M35 G-K stellar types, which provide an initial sample of

251 dwarfs. In addition, we have also taken into account over 160 candidate members

observed with the same instrument, collecting a final sample of nearly 400 stars. In order

to distinguish between members and non members of the cluster, we have combined the

membership probabilities published in 2015 as part of the DANCe program and the results

provided by Clusterix 2.0, a Spanish Virtual Observatory tool. Finally, we have measured

the LiI 6707.8 Å equivalent width for the M35 candidates added and we have crossed our

sample with several photometric surveys to obtain rotational periods for the members of

this cluster. The analysis carried out so far confirms that fast rotators of K spectral type

tend to be Li-rich compared with slow rotators of similar effective temperature. This general

trend follows the results already observed in the Pleiades for G and K dwarfs.
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Abstract

Time domain surveys, whether in the form of wide-field photometric (like LSST) or spectro-
scopic (SDSS-V) surveys, will expand our knowledge in many aspects of stellar Astrophysics
in the next decade. J-VAR constitutes a trade-off between such approximations, having a
photometric-based approach but with some (low) spectral resolution around key stellar fea-
tures thanks to its medium- and narrow-band filters (J0395, J0515, J0660, J0861).
RR Lyrae stars, intimately tracers of old (>10 Gyr) stellar populations, are classical pul-
sators with periods between around 0.2 to 1.2 d. They pulsate mainly in two modes: the
fundamental (RRab/RR0) and the first-overtone (RRc/RR1) modes. Although they are
present in all the MW components, their number stands out in the halo. They are very fair
distance indicators (following a well-known and tight luminosity-period-metallicity relation).

In this contribution, we explore the capabilities of J-VAR data to analyze how the Spectral

Energy Distributions (SEDs) of RR Lyrae stars vary with the phase and what can we learn

from it about the physics of these classical pulsators.

My poster is available at https://zenodo.org/record/7025748#.Y2jNJC1Dl-V

https://zenodo.org/record/7025748#.Y2jNJC1Dl-V


Highlights of Spanish Astrophysics XI, Proceedings of the XV Scientific Meeting of the Spanish Astro-

nomical Society held on September 4–9, 2022, in La Laguna, Spain. M. Manteiga, L. Bellot, P. Be-

navidez, A. de Lorenzo-Cáceres, M. A. Fuente, M. J. Mart́ınez, M. Vázquez- Acosta, C. Dafonte

(eds.), 2023

Time-frequency analysis of HD179436 and

HD179466 using the wavelet transform.

Ramón-Ballesta, A.1, Pascual-Granado, J.1, and Garrido, R.1
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Abstract

δ Scuti stars are intermediate-mass stars (i.e. between 1.5 and 3 solar masses) pulsators

located in the classical Cepheids instability strip, either in their pre-main sequence stage,

or already in the main sequence or also moving from the main sequence to the giant branch.

Their spectral types range from A to F. Before the era of space telescopes, these stars were

thought to have a small number of pulsating frequencies, but with the data coming from

space missions like CoRoT, Kepler, TESS, etc., it has been found that there are some δ

Scuti stars with hundreds of pulsation frequencies. In the last years, some authors found

an amplitude modulation in a few δ Scuti stars but a time-frequency analysis has not yet

been performed up to date. In our work we have chosen the wavelet transform as the more

appropriate tool to perform such analysis. Unlike the short time Fourier transform, that

uses a fixed windows size, the wavelet transform uses short windows at high frequencies

and long windows at low frequencies, making it like an adaptive analysis tool. The wavelet

analysis relies on the use of a mother wavelet, i.e. a wave-like function of finite energy that

can be scaled and shifted in a way that conserves the energy, so it can correlate with the

variations on the signal, thus providing a measure of the instantaneous frequencies of the

signal. In our work, we analyse the stability of the pulsation frequencies of the δ Scuti

stars HD 179436 and HD 179466. The results show that some frequencies are stable, at least

within the observation run time, although some others show some kind of variation.
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Abstract

MADCUBA is an astronomical package primarily aimed to reduce and analyze data from
many radio astronomical facilities. MADCUBA is not only able to process individual spec-
tra, but also data cubes. In addition, it is able to identify thousands of molecular rota-
tional transitions and radio recombination lines by consulting the most important molecular
databases. One of its tasks -SLIM- simulates LTE conditions and makes a semi-automatic
fitting of many lines simultaneously.
Under a collaborative effort of Virtual Observatory (VO) and MADCUBA groups, we are
implementing new functionalities in MADCUBA to make it VO-compliant. The final objec-
tive is to profit the robustness of MADCUBA and the versatility of VO in order to increase
visibility of MADCUBA and allow users to enhance results through the interaction with the
pleiad of VO tools and available data sets.

In this e-poster we present the scope of the project, changes already implemented and future

work. In detail, we show the data model which will be implemented and the options that

the user will have to export their work adhering to the VO standards.
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navidez, A. de Lorenzo-Cáceres, M. A. Fuente, M. J. Mart́ınez, M. Vázquez- Acosta, C. Dafonte

(eds.), 2023

Vela X-1 in depth: a review article on an

outstanding object.

Mart́ınez-Núñez, S.1, Kretschmar, P.2, El Mellah, I.3, Fuerst, F.4, Grinberg,
V.5, Sander, A. A. C6, van den Eijnden, J.7, Degenaar, N.8, Máız Apellániz, J.9,
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Abstract

The paper - Revisiting the archetypical wind accretor Vela X-1 in depth. Case study of a
well-known X-ray binary and the limits of our knowledge - provided a thoughtful compilation
of the knowledge of the Vela X-1 system and its modelling published over decades; added
new information derived from public data or catalogues, including an updated distance and
spectral classification based on the Gaia EDR3 release; and identified specific avenues of
future research that could help to clarify open questions.
This publication triggered a discussion on the editorial board of A&A journal, leading to
the creation of a new type of review article on uniquely interesting objects.

Acknowledgements

SMN acknowledgements funded by project RTI2018-096686-B-C21 funded by

MCIN/AEI/10.13039/501100011033 and by ”ERDF A way of making Europe”.

My poster is available at https://zenodo.org/record/7038485#.Y5sH16fMLpg

https://ui.adsabs.harvard.edu/abs/2021A%26A...652A..95K/abstract
https://zenodo.org/record/7038485#.Y5sH16fMLpg


Highlights of Spanish Astrophysics XI, Proceedings of the XV Scientific Meeting of the Spanish Astro-

nomical Society held on September 4–9, 2022, in La Laguna, Spain. M. Manteiga, L. Bellot, P. Be-
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Abstract

Dust particles do not survive temperatures > 1500 K, for which all protoplanetary disks

should be cleared of dust close to the central stars. The size of such inner dust holes should

be larger for more luminous (hotter) sources, but have angular scales of milliarcsec even for

the closest young stars. Thus, they can be resolved only from near-infrared interferometry.

This poster summarises our work in Marcos-Arenal et al. 2021, A&A 652, A68, where we

inferred inner disk sizes of young stars based on GRAVITY/ESO-Paranal Interferometer ob-

servations. We presented the most complete “size-luminosity diagram” of optically-visible

young stars. Although the overall trend relating both parameters is confirmed, there is

significant scatter. We tested the three main hypotheses aiming to account for the observed

size-luminosity relation and its scatter: the presence or absence of large amounts of in-

ner gas, alternative accretion mechanisms, and the different dust disk properties based on

spectral energy distributions. None of these scenarios serve as a general explanation, and

the origin of the size-luminosity relation and its scatter remains an open question. Future

observations avoiding underlying trends with the distance are proposed, which may help to

better understand what determines the inner sizes of protoplanetary disks.

My poster is available at https://zenodo.org/record/7023467#.Y5LzcNLMKUl

https://www.aanda.org/articles/aa/full_html/2021/08/aa40724-21/aa40724-21.html
https://zenodo.org/record/7023467#.Y5LzcNLMKUl
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Abstract

We present the results recently published by Marfil et al. (2021, A&A, 656, A162) re-
garding the determination of the stellar atmospheric parameters (Teff , log g, and [Fe/H]) of
343 M dwarfs observed with CARMENES. We employed SteParSyn, a Bayesian spectral
synthesis implementation particularly designed to infer the stellar atmospheric parameters
of late-type stars following a Markov chain Monte Carlo approach. We made use of the
BT-Settl model atmospheres and the radiative transfer code Turbospectrum to compute a
grid of synthetic spectra around 75 magnetically insensitive Fe I and Ti I lines plus the
TiO γ and ϵ bands. To avoid any potential degeneracy in the parameter space, we imposed
Bayesian priors based on the photometric data available for the sample. We find that this
methodology is suitable down to M7.0 V, where refractory metals such as Ti are expected
to condense in the stellar photospheres. Although our Teff scale is in good agreement with
the literature, we report large discrepancies in the [Fe/H] scales, which might arise from
the different methodologies and sets of lines considered. However, our [Fe/H] is in agree-
ment with the metallicity distribution of FGK-type stars in the solar neighbourhood and
correlates well with the kinematic membership of the targets in the Galactic populations.
Lastly, excellent agreement in Teff is found for M dwarfs with interferometric angular diam-
eter measurements, as well as in the [Fe/H] between the components in the wide physical
FGK+M and M+M systems included in our sample.

The SteParSyn code (Tabernero et al. 2022, A&A, 657, A66) is available at GitHub:

https://github.com/hmtabernero/SteParSyn/.

My poster is available at https://doi.org/10.5281/zenodo.6973999

https://doi.org/10.1051/0004-6361/202141980
https://doi.org/10.1051/0004-6361/202141763
https://github.com/hmtabernero/SteParSyn/
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Abstract

We suggest a method to calculate the probability for the maximum amplitude of Solar

Cycle 25 using Bayesian inference. We illustrate this approach with the predictions made

by one particular phenomenological model that relates the time interval between termi-

nation events of preceding cycles with the amplitude of the next cycle. Our results show

well-constrained posterior-predictive distributions for the maximum sunspot-number. The

impact of uncertainty on sunspot-number and time interval between terminators is quanti-

fied. A comparison between past maximum sunspot-number values and posterior-predictive

distributions computed using the method enables us to quantify the quality of the inference

and of the prediction.

1 Introduction

Solar cycle prediction has been a matter of interest for decades and has led to a vast literature,
see for example the recent reviews by [3, 6, 5]. Among the different techniques employed,
precursor methods aim at predicting the amplitude of a given cycle based on a measure of
solar activity/magnetism in a preceding cycle at a given moment of time.

One example is the empirical relationship between the time interval between termination
events and the amplitude of the upcoming solar cycle, recently suggested by [4]. Termination
events delimit epochs of toroidal-magnetic-activity-band interaction and mark the limit be-
tween 11-year sunspot cycles and the end of 22-year magnetic activity cycles. According to
the proposed relationship, widely separated terminators would correspond to low-amplitude
sunspot cycles. Conversely, more narrowly separated terminators would lead to large ampli-
tude sunspot-cycles.

A drawback of the statistical method employed by [4] and similar studies is that they do
not permit one to make probability statements, nor do they offer straightforward ways to
propagate the uncertainty from the observations to the quantities of interest. We propose a
method for computing the probability distribution of the maximum amplitude of Solar Cycle
25 using Bayesian inference and illustrate the method using the phenomenological model and
data by [4].
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2 Method

Given a model M, with parameter vector θ, proposed to explain observed data D, the
posterior distribution of the parameters is given by the product of the likelihood function
p(D|θ,M) and the prior distribution p(θ|M)

p(θ|D,M) =
p(D|θ,M) p(θ|M)

p(D|M)
. (1)

The quantity in the denominator is the evidence, or prior predictive distribution

p(D|M) =

∫

θ
p(D|θ,M) p(θ|M) dθ. (2)

The evidence is a measure of the quality of the model. It quantifies how well the data D are
predicted by the model M.

Once the inference of the model parameters is performed, a distribution over possible
unobserved future data D̃, conditional on the observed data and the inferred model, is given
by the posterior-predictive distribution

p(D̃|D,M) =

∫

θ
p(D̃|θ,M) p(θ|D,M) dθ. (3)

The first factor in the integrand is the likelihood of the new unobserved data as a function of
the parameter vector. The second factor is the posterior inferred from the old observed data.

3 Analysis and results

Following [4], we assume a linear relationship between the maximum sunspot number SSN
and the time interval between termination events ∆T , SSN = M(∆T |α, β) = α∆T + β, and
infer the posterior density for the slope α and the intercept β of the model, p(α, β|D,M),
with D = di = {SSNi,∆Ti−1}24i=2 the (past) observed data in Table 1 by [4].

A particular choice of likelihood function for the special case of a straight-field model,
when there are independent errors in both data coordinates, is the following (see e.g., [2])

p(D|M, α, β) = (2π)−N/2

(
N∏

i=1

(σ2
SSNi

+ α2σ2
∆Ti−1

)−1/2

)

× exp

{ N∑

i=1

−[di −M(∆Ti−1|α, β)]2

2(σ2
SSNi

+ α2σ2
∆Ti−1

)

}
, (4)

with each σSSN and σ∆T expressing the uncertainty on sunspot number and time interval
between termination events, respectively.

The combination of likelihood function and uniform priors over certain ranges leads to
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the posterior distribution. Figure 1 shows an example solution for given fixed values for the
uncertainty on the sunspot number and the time-interval between termination events. Well-
constrained distributions are obtained for the marginal posteriors of the model parameters α
and β (top and middle panels on the left).

Following the definition in Equation 3, the posterior predictive distribution for the future
unobserved amplitude of Solar Cycle 25, D̃ = SSN25, based on the time interval for the
preceding termination event, ∆T24, can then be computed from the inferred posterior and by
considering a Gaussian likelihood for the new data as a function of the parameter vector

p(SSN25|M, α, β) =
1√
2π

(
(σ2

SSN25
+ α2σ2

∆T24
)−1/2

)

× exp

{−[SSN25 −M(∆T24|α, β)]2

2(σ2
SSN25

+ α2σ2
∆T24

)

}
, (5)

with σSSN25 and σ∆T24 expressing the uncertainty we are willing to consider for the future
sunspot number and the last time interval between termination events, respectively.

Let us assume the termination event for Solar Cycle 24 occurred in October 2021. This
leads to ∆T24 = 10.72. The obtained posterior-predictive distribution for the maximum
amplitude of Cycle 25 is displayed in the bottom-left panel of Fig. 1 and shows a well-
constrained posterior density. The rounded summary of the posterior predictive distribution
is SSN25 = 191+11

−11, with the estimate corresponding to the median and the uncertainties
given at the 68% credible interval. The main advantage of having the posterior-predictive
distribution is that it is now perfectly possible and straightforward to make probability state-
ments. For instance, according to the result displayed in Fig. 1, the probability that the
maximum amplitude of Solar Cycle 25 will fall between ∼ 180 and 201 is 68%, the area under
the green curve covering that percentage of the full probability mass.

Another advantage of the method is that it propagates uncertainty from the observations
to the inferred quantities of interest. The right panels in Fig. 1 show how varying the
uncertainty about sunspot number and time interval between termination events influences
the resulting posterior-predictive distribution. Uncertainty in the sunspot number affects
the dispersion of the probability distribution (top-right panel). Uncertainty on the time
interval between termination events affects dispersion and the location parameter of the
probability distribution (middle-right panel). Adopting an approximate formula by [1] for
the sunspot number error, produces a probability distribution (bottom-right panel) with a
larger uncertainty and with a median, SSN25 = 184+25

−22, that is also displaced with respect to
the calculation with fixed sunspot number error.

Because the method provides us with a distribution of probability among different possible
sunspot-number values, it becomes possible to quantify the predictive capabilities of the
precursor and/or the model. While Solar Cycle 25 is underway, we can do this exercise with
past solar cycles and use the method to compute posterior-predictive distributions using
the data in Table 1 by [4]. Figure 2 shows that the 95% credible intervals of the computed
probability distributions cover the actually observed sunspot number in all except three cases
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Figure 1: Left: top and middle panels show marginal posterior densities for the slope α
and the intercept β of the linear model M that account for the past sunspot-number data
D. The calculations assume σSSNi = 10 and σ∆Ti−1 = 0.1 ∀i. The bottom panel displays
the posterior-predictive distribution for the sunspot-number during Solar Cycle 25, based on
the posterior from past data and the likelihood of new data. The shaded green area covers
68 % of the mass centred around the median: SSN25 = 190.6+10.6

−10.8. The calculation assumes
∆T24 = 10.72. Right: top panel shows the influence of uncertainty on sunspot-number [σSSN]
on the posterior-predictive distribution for SSN25 for the case with no uncertainty on the
time interval between termination events: σ∆T = 0. The middle panel shows the influence
of uncertainty about the time interval between termination events [σ∆T ] on the posterior-
predictive distribution for SSN25 for the case with σSSN = 10. The bottom panel shows a
comparison between posterior-predictive distributions for SSN25 computed with a fixed error
on sunspot-number and with the approximate formula by [1].

(SC16, SC19, and SC21). The observed values are within the 68% credible interval of the
prediction in 12 cases. The median of the prediction is fairly accurate in six cases. The NOAA
Space Weather Prediction Center prediction interval is also shown in the figure and falls below
the prediction interval for this precursor and model. On the other hand, our estimate is in
good agreement with the climatological forecast by Pesnell (2018) which considers that the
maximum amplitude of Solar Cycle 25 will be the average of all observed maxima.

4 Summary

In this work we suggest a method for computing predictions for the maximum amplitude of
Solar Cycle 25, based on Bayesian inference, and adopting a particular precursor as example
application. The relevant quantity is the posterior-predictive distribution of the maximum
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Figure 2: Comparison between observed sunspot-number values for past Solar Cycles 2 to
24 from Table 1 of [4] and posterior-predictive distributions computed using Equation (5)
with data on Table 1 of [4]. In all calculations, σ∆T = 0.1 and the approximate formula
by [1], σSSN = 1.7

√
SSN + 1, are employed . For Solar Cycle 25, ∆T = 10.72 is employed.

Also shown is the interval between the minimum and maximum peak sunspot-number values
currently predicted by the SWPC/NOAA. Colours indicate different credible intervals of the
obtained posterior distributions.

sunspot number. It is a probability distribution and results from the combination of a poste-
rior probability distribution, inferred from past data, and a likelihood function for unobserved
future data. The useful qualities of the method are the following: it enables to make probabil-
ity statements about the quantity of interest, the SSN; the inference considers the propagation
of uncertainty from observables to inferred quantities; and it is applicable to other predictive
methods and alternative models, hence can be used to assess the quality of the predictor
and/or the adopted model.
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Abstract

Massive stars condition the evolution of the interstellar medium by the amount of energy

released during their lives and especially by their deaths as supernova explosions. The vast

amounts of spectroscopic data for massive stars provided by previous and existing instru-

ments on ground-based and space-based telescopes have already saturated our capability

to process them by the use of human routines. As a consequence, there is a pressing need

for machine-assisted tools to help handle incoming data. To this end, we present the devel-

opment of a massive star spectroscopic multiwavelength interactive database designed for

scientific research and a fully automatic stellar parameter determination tool. Here we show

the preliminary results of the application of these tools to optical spectra of O-type stars.

1 Introduction

Massive stars play a very important role in the evolution and formation of galaxies. They
possess strong winds energising their neighbourhood and through their deaths as a supernova
explosion, enrich the interstellar medium (ISM) with heavier materials. Having a centralized
database of spectra of massive stars is the goal of this research, as it is crucial to have a place
where homogenous procedures could study their properties.

In this matter, we present the first multi-wavelength database dedicated to massive star
spectra, covering from Xrays to far infrared, Astro+, both for young OB-type and evolved Red
Supergiants (RSGs), of K and M spectral types. The purpose of this project is to host as many
spectra of massive stars as possible. To this end, we provide to the scientific community, a tool

https://astroplus.ua.es
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to upload spectra through a user-friendly interface, so those who would like to contribute to
our project can upload spectra to our database via the website https://astroplus.ua.es/.
We allow either FITS or ASCII formats.

The idea of having a database of massive star spectra, covering everything from young to
evolved stars, provides us with a place to study and deeply understand the evolution of these
stars and hence of the galaxy that hosts them. The first step in this process is to make a
correct identification and characterization of the spectrum before further analysis can lead
to the extraction of stellar parameters. To this aim, we have concentrated on creating an
automation tool, HiLineThere, for the correct identification of the type of star, differentiating
whether the spectrum meets the properties corresponding to an OB or RSG star, and then
determining stellar parameters depending on the type of star.

2 The Database

We have created a web application which is divided into three main components, the insertion,
the search, and finally the analysis, which is running in the background, and it will be
explained in more detail in section 3.

The insertion of spectra is achieved via an interactive interface that greatly facilitates
the correct upload of the data by any user. This versatile interface allows for uploading
either one or many stars simultaneously, depending on their format. The platform accepts a
multi-variety of FITS file formats and ASCII data.

More in detail, the upload of a FITS file is divided into four steps:

� The user must provide the minimum mandatory information on the file. This includes
the unit in which wavelength is expressed, if the spectrum is either not-normalized,
normalized or flux calibrated, and the headers that will be extracted from the FITS
file, such as Object Name, Right Ascension (RA), Declination (DEC), Observation
Date, Telescope, Instrument and Exposure Time.

� The user must specify how the wavelength should be extracted; for example, if the
wavelength is an array embedded in the data or if it must be calculated using CRVAL
and CDELT1.

� The user must specify how the flux and the error of the flux, if they exist, should be
extracted; for example, if this is a binary data or an array

� Selecting the files to be uploaded to this corresponding configuration.

The upload of an ASCII file is straightforward but requires more preparation. This is due
to the fact that a CSV file must be filled. In the file, the user must specify the name of the
file where the spectrum is and the star header’s mandatory parameters. The first step will
ask for the unit of the wavelength if the spectrum is normalized, and the second step is where
the header CSV file and the spectrum/s can be uploaded.
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During the upload, we have provided the user with the possibility to check and correct any
field or configuration, if needed. It is in this part where the uploaded files are standardised
in Astro+’s own standard FITS format and are correlated with the GAIA and SIMBAD
databases through their respective APIs. The last step to be completed by the user is to
send the spectrum with all the parameters checked to the administrator for final review and
subsequently transfer it to the final database.

The role of the Astro+ administrator is to check that the spectrum is correctly loaded and
configured, e.g. that the wavelength is correct, that the resolution is that of the instrument,
or that the different name was correctly acquired from SIMBAD or GAIA, when is actually
not in those databases we have provided the option to classify the spectrum as new (not
yet catalogued). If any of these items is not correct, the administrator will send back the
spectrum for corrections.

After approval, the star will be available in the search engine of our application, where it
can be searched either by name, coordinates or a more advanced search by SQL command,
where further star parameters will be available.

3 Science/Artificial Inteligence

The possibility and capability to gather stellar spectra in a single repository give us an
excellent position to develop tools for analysing the data. Although the idea of having full
automation of both spectrum identification/characterisation and stellar parameter extraction
sounds quite ambitious, we have created HiLineThere, a fully automatic tool for characteri-
sation and parameter determination. This tool considers standard diagnostic methods based
on the literature and the working group members’ and collaborators’ expertise.

HiLineThere is mainly divided into two main routines, characterisation and classification
routine, from where we can check the presence or absence of diagnostic lines to identify the
type of the star, and the Best Model fitting routine, where the spectrum is compared to a grid
of synthetic models by using the χ2 technique, a simple but effective method to compare line
profiles, in which the minimum of the sum of all lines, corresponds to the best fitting model,
and the parameters used to generate this stellar spectrum are associated to the observed
spectrum.

3.1 Characterisation and classification

This routine is based on iterations, which stop when the parameter V sin i converges, as
explained later in this section. It starts by using a series of characteristic lines for OB-type
stars (see Table 3). Using the laboratory centre of each line, we establish a search range
of ±300 [Km/s] in the spectrum, as the radial velocity (RV) is not always corrected, and
try to detect the presence of the line by attempting a line profile fit. We are considering in
each iteration the standard procedures of renormalising and cleaning, before trying to find
inflection points and finally trying to fit a gaussian and a pseudo-voigt profile within this
range.
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Table 1: Diagnostic lines used by Astro+. Lines used for the determination of RV are marked
with X, while the lines used to determine v sin i are numbered according to priority.

Line Lambda [Å] Vrad Vsini

HALPHA 6562.80
HBETA 4861.33
HGAMMA 4340.46
HDELTA 4101.74
HEPSILON 3970.07
HEI4026 4026.19 X
HEI4387 4387.93 X
HEI4471 4471.47 X
HEI4713 4713.16
HEI4922 4921.93
HEI5876 5875.62 X
HEI6678 6678.15
HEII4200 4199.83
...

...
...

...

Line Lambda [Å] Vrad Vsini

...
...

...
...

HEII4541 4541.59 X 4
HEII4686 4685.71
HEII5411 5411.52 X 3
HEII6527 6527.00
OIII5592 5592.37 X 1
SIII4128 4128.07
SIII4131 4130.89
SIII6347 6347.11
SIII6371 6371.37
SIIII4552 4552.00 X 2
SIIV2089 4088.85
SIIV4116 4116.10
MGII4481 4481.00 X 5
CII4267 4267.00 X 6

If a line profile is identified, the following checks are performed:

� If it has an equivalent width (EW) greater than 0.4 Å, it is considered as detected.

� It is considered to be absorption or emission based on the sign of EW.

� It is retained as detected if the centre displacement is within the 100 [km/s] limit of
the calculated RV, this is explained in the next paragraph (this is not considered in the
first iteration).

� It is considered as quality detected if, in addition, the maximum or minimum of the
line is greater than 3σ of the flux selected in the range of the line.

As we mentioned, this process iterates three or more times. The first two iterations try
to detect lines used to determine the RV of the spectrum using the centre of the detected
lines and averaging them to obtain a general value used on the next iteration as input. In
the third or higher iteration, the program uses one of the rotational velocity diagnostic lines
to determine the projected rotational velocity V sin i.

The method of determining V sin i follows the theory of [?], [?], [?], [?], [?], [?], [?], [?] and
[?], by using the fourier-transformation of the profile of the line to create the power spectrum
from which the first zeros of the derivate corresponds to the pure rotational velocity of the
star.

As the resolution limits the accuracy on the V sin i determination, we have set the program
to stop when the velocity converges to less than a third of the speed as a function of the
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resolution (∆V sin i <
( clight
Resolution

)
/3), and the determination uses the same line as the

previous iteration, as the line used to determine v sin i may not be the same in the iteration.

After confirming the existence and good quality of the diagnostic lines, another subroutine
isblue determines if the star is an OB star, an RSG candidate star or an intermediate type
star, based on counting the lines found. This counting is done separately for the H, HeI and
HeII lines. For example, if a star has no detected HeI or HeII lines, it will be considered as
an RSG candidate.

3.2 Best model fitting

If the star is labelled as OB (blue path) or RSG (red path, not discussed in this article),
it initiates the last part of the automation. The blue path uses the χ2 technique ([?], [?],
[?] and [?]) to find the best model based on a synthetic grid of spectral model generated by
the FASTWIND code ([?] and [?]), obtaining the most critical stellar parameter, such as the
effective temperature (Teff) and the gravity, expressed in log scale (log g), in a completely
automatic way for this type of star.

4 Preliminary results

We have tested the automatic processes by uploading the sample studied in detail by [?] and
comparing their result with those obtained here; we present preliminary results in Figure 1.

Figure 1: Comparison of stellar parameters obtained by HiLineThere in a fully automated
analysis with those obtained by [?] with a manual range and flux selection analysis for all
the stars in their sample. The left figure illustrates the results in temperature; each of the
dotted lines represents 1000 [K]. The Center figure illustrates the result of the comparison
for gravity; dotted lines represent 0.2 and 0.3 [dex]. Right figure, V sin i comparison, dotted
line represent firstly ±10[km/s] and later the 20% of the value.

We are finding differences within the expected errors, Teff ∼ 1500[K] , log g ∼ 0.3[dex] and
V sin i ∼ 20%. It is important to highlight that all these stellar parameters, which include



Klaus Rübke, et al. 311

the V sin i, RV, Temperature and gravity, were obtained entirely in a fully automatic way by
using HiLineThere.
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Abstract

Archival WFPC2/HST exposures hold great potential for proper motion studies. Up to now,

the astrometric precision of WFPC2 images is limited to ∼ 20 mpix as these are the most

undersampled images from the various HST optical imagers. We explore deep-learning tech-

niques, specifically, Convolutional Neural Network (CNN) algorithms, to implicitly model

the PSF and determine stars centers. The method is tested on HST images and the re-

sulting astrometric precision is compared to that obtained with traditional, state-of-the-art

centering algorithms. This approach is data-driven as the behaviour of CNNs is not based

on a predefined PSF, rather it is based on estimating the stars’ center positions directly from

pixel intensity values in the images. We present the description of the CNN architecture,

data preprocessing, and learning strategy together with preliminary results from simulated

WFPC2 data.

1 Introduction

The study of stars’ proper-motions allows us to go deeper into our understanding of how
the local universe is evolving. In this respect, the long temporal baseline provided by the
Wide Field Planetary Camera 2 (WFPC2), at Hubble Space Telescope (HST), is of high
importance ([4], [5], [8]). For example, the Mikulski Archive for Space Telescope includes a
rich WFPC2 database of around one hundred globular clusters in the Milky Way and other
regions near the Magellanic Clouds. However, performing precision astrometry is essential for
this task, taking into account that the average proper motion of regular stars is of the order
of milli-arcsec and the pixel resolution of the WF chip is 0.1 arcsec/pixel (0.045 arcsec/pixel
for PC).

Traditionally, the problem of estimating stars’ proper-motions has been faced by fitting a
predefined PSF shape to every star, and using some centering algorithm to estimate its intra-
pixel position [6]. Here, we share first results of a new approach based on Deep Learning
(DL) methodology that does not make any assumption of the PSF morphology. Specifically,
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we train a Convolution Neural Network (CNN) model, in a supervised manner over a set
of point-like simulated stars, to measure correlations between pixels. Thus, the way the
star light is distributed across the field of view (FOV) provides a measurement of the star’s
position within the pixel.

2 Classical Centering Algorithms

All classic methods used to date basically differ in the PSF and the centering algorithm to
provide star positions at milli-pixel precision. Among those tested in [6] are as follows:

1. 2D elliptical Gaussian and centering routines developed by [11]. This method is fast
and works relatively well on bright stars.

2. Effective PSFs (ePSF) built from real observations, which are the ones used in the
hst1pass code developed by [1]. This method is especially good at low SNR but it has
the tendency to discard sources close to the saturation level.

3. PSFs created with ray tracer Tiny Tim [10] and Dolphot v2.0 package developed by [7].
This algorithm is optimized for point-like sources but is computationally expensive.

4. PSFs computed empirically from real images to take into account the variability accross
the field of view (FOV) by means of SExtractor software (PSFex). It uses a set of 636
exposures (160s. at filter F555W) from globular cluster 47 Tucanae. SExtractor is also
used to compute centering measurements [3]

5. The image is deconvolved in the Fourier domain prior to the computation of star’s
centers. An ideal PSF at the instrument diffraction limit is used, as well as a LP
Butterworth filter to avoid noise amplification. The resulting image is processed with
the method from [11]. Sources with low SNR are usually lost.

In general, it can be stated that the method using a library of ePSFs within the code
hst1pass [1] yields the best results, at the cost of discarding sources near the saturation
regime. We refer the reader to [6] for further details.

3 Deep Learning Model for Centering

To our knowledge, Deep Learning (DL) has never been used for astrometric estimations in
stars’ proper-motion studies with HST data. Our approach does not make any assumption
of the PSF shape, but it estimates the (x,y) coordinates of the star center by measuring
correlations in the pixel intensity values within an aperture around the star.

Our particular CNN model is a VGG [12] with six trainable layers, four of them convo-
lutional layers plus two fully-connected which end in two neurons outputs, each of them to
provide an estimate in x- and y-axis, respectively. One max-pool layer is inserted every two
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convolutional ones, and all hidden layers are equipped with ReLu non-linearity except the
last one which is linear, in keeping with the regression nature of this problem. We found that
inserting a batch-normalization layer after the fourth convolutional one yields better results
and helps stabilize the convergence process in our particular problem. The final architecture
is plotted in Fig. 1, subplot a.

Figure 1: Top: final VGG model. Bottom: loss curves for training and validation dataset.

Due to the finite dimensions of each cutout image of 6× 6 pixels around a star, the model
is limited in depth. Thus, we cannot add up as many layers as we want, a feature that is
generally assumed to increase the level of detail that can be analysed or the number of features
that can be extracted from the data. Hence, we opted to modify the number of trainable
parameters by increasing the number of kernels at each layer. This allows us to check how
the model behaves with respect to the number of parameters in terms of overfitting. This
is critical at this stage since our simulations are based on shift-invariant PSFs and isolated
sources with no light contamination from nearby sources. Hence, two different VGG models
are trained, the first one with 34K parameters, and the second one with 214K. We found
that the second one exhibits better results but with some overfitting effect during training.
Images are also framed with a zero padding to guarantee a minimum number of layers as the
model increases in depth. A typical training process is plotted in Fig. 1, subplot b.

The dataset consists of ∼ 4,600 images of individual stars which are divided in 70−10−20%
for training, validation and final test. All images are normalized to sum one, independently
of the noise level or if the star is saturated. All stars are located over the same image
pixel, hence, output positions are also normalized between 0 and 1 so the model is estimating
relative shifts within the same pixel. Batch sizes are between 250 and 325 images. We noticed
the minimization of the cost function (Mean Absolute Error) benefits of low learning rates
(10−5), while epochs had to be increased (between 1,000 and 2,000). The model was designed
in Keras/TF and optimized with ADAM using default values.
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4 Dataset description and Results

The Deep Learning (DL) model is tested over images of point-like sources which simulate typ-
ical observations with the PC and WF chips of the WFPC2 camera. Two different simulation
codes were used to generate the data set. The first one, SkyMaker [2], makes use of a user
defined PSF model, a list of sky positions, and CCD specifications, which vary depending
on the pixel size and the noise level. From a whole image simulation, for instance, a cluster,
a set of individual stars can be extracted with known positions. The second one, currently
under development and from now on named Simu WFPC2, is being created specifically for
the PC/WF3 chips. The code includes, among other specifications, the variability of the PSF
across the chip, vignetting, charge transfer inefficiency effects, CCD columns illuminations
due to electron excess, A/D saturation, background, cosmic rays, bias, darks, shot noise,
etc... Hence, its simulated images can be considered as more realistic than the ones provided
by SkyMaker. At the current stage of this project, we are not making use of the variability of
the PSF over the chip. Both simulations were fed with two different PSF models, the ePSFs
used by the library in the hst1pass code and the PSFex computed by SExtractor from a real
dataset, namely exposures in the field of NGC 104. The former can be considered somehow
more realistic than the latter. In all cases, we have a “ground truth” of star positions and
magnitudes which allows us to train the model in a supervised way.

Table 1: MEAN RESIDUALS IN (x,y) FOR PC (top) AND WF (bottom)

Simulation + PSF [11] [1] VGG 34K VGG 214K

Simu WFPC2 + ePSF (31.9 , 27.9) (9.5 , 8.6) (7.8 , 6.9) (6.8 , 6.8)
Simu WFPC2 + PSFex (15.0 , 12.0) (47.7 , 43.7) (6.4 , 6.4) (5.4 , 5.4)

SkyMaker + ePSF (36.3 , 32.1) (8.7 , 8.5) (9.3 , 8.1) (7.5 , 6.4)
SkyMaker + PSFex (17.3 , 13.6) (48.5 , 41.7) (8.5 , 7.5) (6.8 , 6.3)

Simulation + PSF [11] [1] VGG 34K VGG 214K

Simu WFPC2 + ePSF (34.1 , 35.1) (8.3 , 8.0) (7.8 , 7.4) (6.8 , 6.5)
Simu WFPC2 + PSFex (12.3 , 13.7) (13.6 , 14.3) (6.7 , 6.0) (5.0 , 5.0)

SkyMaker + ePSF (41.1 , 44.3) (9.1 , 9.0) (8.7 , 8.8) (7.4 , 7.2)
SkyMaker + PSFex (13.4 , 15.8) (20.8 , 16.2) (8.3 , 7.4) (5.9 , 5.9)

Table 1 shows mean residuals in both x- and y-axis for PC and WF3 chip achieved by
two classic methods [11] and [1], as well as for the DL model with two different numbers of
trainable parameters. Outliers above 3σ have been removed. All four methods were applied
on the same set of stars and known positions, simulated by SkyMaker and Simu WFPC2 and
making use of ePSF and PSFex. It is shown that the VGG with 214K parameters exhibit
slightly better results w.r.t. hst1pass, in particular when ePSF was used to generate the data
set. Additionally, DL models are more stable in their results independently of the simulation
code and the PSF used to generate the dataset.

Figure 2 plots for all four methods the distribution of x, y-residuals (left panels) and their
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dependence with magnitude (middle and right panels). Residuals shown are for the PC chip
under the configuration Simu WFPC2 + ePSF. Similar results are obtained for the WF chip.
The hst1pass code has a built-in quality that can be used to reject outlier star images thus
producing tighter plots. On the other hand, hst1pass cannot provide results for magnitudes
< 15, in contrast with the DL model, which extends this range up to magnitudes < 14.

Figure 2: From top to bottom: 2D elliptical Gaussian and centering routine by [11]; ePSFs
and hst1pass by [1]; VGG with 34K parameters; VGG with 214K parameters. Leftmost
column: residuals distribution w.r.t. (x,y) position. Middle and right columns: residuals in
x,y as a function of magnitude. Simulations are with Simu WFPC2 and using ePSFs. Results
are for the PC chip. Similar results are obtained for WF.

5 Conclusions and Future Work

The VGG model introduced in this paper has performed well on simulated HST data, over-
coming some challenges of traditional centering methods and performing comparably or
slightly better that the state-of-the-art classic algorithm in hst1pass. Our current simula-
tions can still be improved to introduce non-isolated stars and the variation of the PSF
across the FOV. This can limit the final performance of the current model, taking into ac-
count that we are constrained in the number of convolutional layer, due to the input image
size, and the number of trainable parameters, due to the overfitting effect. We have recently
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begun testing this methodology on real WFPC2 data. Preliminary results are encouraging.

Finally, we are planning to test a new model on this problem, in particular, ResNets archi-
tectures [9]. These architectures involve skipping connections which connects activations of a
layer to further layers by skipping some of them in between, thus forming a so-called residual
block. ResNets are built by stacking these residual blocks together. Therefore, the final
network will fit the residual mapping instead of the features mapping, resulting in training
deeper networks avoiding vanishing gradients. Additionally, we will explore the use of larger
image sizes by upsampling as well as an automatic choice of the training hyperparameter.
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Abstract

Measuring colours is a crucial task for many of current and future cosmological surveys.

Colour calibration is essential to obtain cosmological information from supernovae to pho-

tometric redshifts. In the coming years the Legacy Survey of Space and Time will start to

carry out a massive survey which will provide data with statistical errors below the system-

atic uncertainty due to photometric calibration. Therefore, photometric calibration will be

one of the main challenges in our way to obtain reliable cosmological measurements. One of

the main sources of photometric uncertainty is associated with atmospheric transmission.

We propose a method to derive colour corrections based on spectroscopic observations with

the Auxiliary Telescope (AuxTel). In this method, we will measure the colour corrections to

compensate for the effect of atmospheric transmission by measuring this transmission from

spectro-photometric standard stars.

1 Introduction

When carrying out ground-based observations we wish to recover the photometric information
(magnitudes, colours, etc) of the observed objects as if they were seen from top of atmosphere
(TOA). Another possibility is to obtain this information for a standard atmosphere. In both
cases, we need to apply some type of correction in order to obtain the desired photometry.

For a survey such as the Legacy Survey of Space and Time (Rubin-LSST) [1, 3] the colour
information of the sources comes from observing their fluxes through broadband filters. In
particular, the filters used by Rubin-LSST are ugrizY, which cover from 320 nm to 1080 nm.
In the right hand side of Figure 1 the filter passbands are represented by the shaded regions
with solid contours. The observed flux is the integrated product of the TOA spectral energy
distribution (SED) of the source, Fν(λ), and the filter passband, Sb

filter(λ). However, the
filters are not the only factor that determines the observed magnitude of an object. The
optical throughput of the telescope affects the number of photoelectrons converted in the
CCD. The throughput is the product of the filter passband with the efficiency of the different
mirrors and of the disperser element in the case of spectroscopic observations, the quantum
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Figure 1: Left : simulated atmospheric transparencies obtained using libRadtran varying
the amount of aerosols from 0.01 to 0.09 for airmass = 1.2, PWV = 3.0 mm, O3 = 300
DU and no clouds. Right : filter passbands (shaded regions with solid contours), atmospheric
transparency (dotted line), throughput of the telescope (dashed lines) and effective passbands
(solid lines) of LSST telescope.

efficiency of the CCD and the transmission of the refractive elements (lenses, entrance window,
etc). The product of all these wavelength dependent factors is Sb

inst(λ).

Finally, the observed flux is also impacted by the atmospheric conditions. In particular,
the concentrations of some of the components of the atmosphere, such as precipitable water
vapour (PWV), aerosols or ozone, together with the airmass of observation have different
effects on the atmospheric transparency, Satm(λ). For example, PWV has more impact on
the redder part of the spectrum, inducing several telluric absorption lines, while aerosols are
more important on the bluer wavelengths. The atmospheric transparency for different values
of the aerosol concentration at an airmass of 1.2 is shown in the left hand side of Figure 1.

Then, the effective passband, Sb
obs(λ), through which the light of a source goes through is

the product of the throughput of the telescope and the atmospheric transparency given by
the state of the atmosphere at the moment of observation. This way, the flux (in number of
photons) observed through each filter is given by

F b
obs ∝

∫
Fν(λ) · Sb

obs(λ) · dλ
hλ

, (1)

and from it is possible to compute the observed magnitudes, mb
obs. Therefore, the atmosphere

affects the magnitudes and thus the colours of the astronomical sources with respect to a
reference case (e.g. TOA or a standard atmosphere). In the right hand side of Figure 1
we depict a certain atmospheric transparency (dotted line), the throughput of the LSST
telescope (dashed lines) and the effective passbands (solid lines).

In this work, we present the basics of the colour correction method that we propose to
employ for the photometry of LSST. This method makes use of the standard spectra observed
by AuxTel to derive corrections by comparing with their corresponding TOA observations.
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2 An auxiliary telescope for Rubin-LSST: AuxTel

The auxiliary telescope, AuxTel, is a 1.2m telescope equiped with a single CCD and located
in Cerro Pachón, Chile, together with the Rubin-LSST’s 8.4 m main telescope. Since 2021
AuxTel is taking data twice a month during 3-day long observing runs on average, making it
the prototype instrument used for data management commissioning of Rubin-LSST.

AuxTel is equiped with a slitless spectrograph. Slitless spectroscopy has the advantage
of not requiring a precise positioning of the source to make it coincident with the slit, thus
making this technique much less time consuming. In addition, the absence of slit means that
there is no loss light, allowing to perform spectro-photometric observations. On the other
hand, this also implies that the subtraction of sky and stellar background must be performed
more carefully and that the spectral resolution is limited by the seeing.

In order to obtain the spectra, a especially designed thin phase hologram [5] was installed
in AuxTel. It was obtained by recording the interference pattern of two point sources at the
zero-order position and at the desired first-order position (see Figure 2). Periodic gratings
rely on the assumption that the incident beam is parallel, which is not the case, since the
beam is convergent. Moreover, in the geometrical configuration of an imager, each wavelength
is focused at different distances from the focal plane. These problems are overcome by the
hologram, since it works with a convergent beam and each wavelength is correctly focused
near the focal plane, allowing to reach the nominal resolution (R>200 within [342,1100] nm)
and to increase the signal-to-noise ratio. Figure 2 showcases the different focus positions
as function of wavelength between a normal periodic grating and the hologram. The final
mission of the spectrograph is to measure the atmospheric transmission so we can correct one
by one the fluxes of the observed objects so we can recover their photometric information as
if seen with standard atmospheric conditions.

Figure 2: Difference between the focus position for each wavelength obtained with a periodic
grating (left) and a holographic optical element (right) [5].
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3 A colour correction method for Rubin-LSST

The final goal of the images obtained with a survey such as Rubin-LSST is to infer cos-
mological information from them. In this regard, there are different ways of working with
the images. For example, galaxy clustering and weak-lensing analyses make use of coadded
images, obtained by stacking the individual images to reach higher depths. On the other
hand, transient object analyses, such as the study of the lightcurves of SNe Ia, use individual
images. The differences between cosmological probes imply different photometric calibra-
tion requirements. The official Rubin-LSST precision goal is 10 mmag, while for SNe Ia the
desirable goal is 1 mmag.

From the point of view of photometric calibration, there are two main sources of systematic
uncertainty: the instrumental signature, caused by a plethora of effects (e.g. vignetting, filter
transmission variations over time and position, electronic gains, non-linearities, PSF, etc),
and the atmospheric absorption. Furthermore, both elements are wavelength dependent. As
introduced in Section 1, we can express the effective passband as

Sb
obs(x, y, alt, az, t, λ) = Sb

inst(x, y, t, λ) · Satm(alt, az, t, λ) , (2)

where the subscript b represents each photometric filter, x, y correspond to the CCD coor-
dinates, t is the time of observation, alt, az are the altitude and azimuth coordinates and λ
is the wavelength. In order to correct the impact of both effects on photometry, we need to
apply corrections to compensate them within the precision requirements.

The current proposal to obtain such photometric corrections for Rubin-LSST is to use the
Forward Global Calibration Method (FGCM) [2]. It assumes that passbands vary over time,
so it defines a standard passband that corresponds to standard atmospheric conditions. Then,
it computes the correction as the difference between the observed and standard magnitudes.

Here we present the basics of a method proposed as an alternative to FGCM. The main idea
behind it is to infer the atmospheric transparency and the amount of different atmospheric
components in real time using the spectrograph placed in AuxTel. For this task, we use a
set of standard spectra that have been observed from space, such as HST or Gaia standards.
The main steps of the method are the following:

� We generate a set of atmospheric simulations using the libRadtran software [4] by vary-
ing one of the atmospheric parameters while keeping the others fixed. These parameters
are PWV, aerosols and ozone. We can also vary the airmass and the cloudiness. Then,
for each simulated atmospheric transparency we generate the effective passband multi-
plying by the telescope’s throughput.

� We pass each standard SED through each of the simulated passbands (see Equation 1),
obtaining the observed fluxes at different atmospheric conditions. An example of this
is shown in the left panel of Figure 3.

� For each simulated flux we compute the observed colours: u− g, g− r, r− i, i− z and
z − Y . Then, we define ∆ci as the difference of a given colour, ci, with respect to the
colour expected with a standard atmosphere that we fix beforehand. Then, we obtain
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the variation of colour, ∆ci, as a function of the atmospheric parameters, enabling us
to determine the colour correction that needs to be applied to each object in order to
recover the standard photometry. This is shown in the right panel of Figure 3. By
doing this, we populate an N -dimensional space with the N observed colours of each
SED and the corresponding correction.

� Finally, when observing with LSST we can identify to which hyper-volume element
belongs each observed object based on its colours, so we can apply the corresponding
colour correction to it.

Figure 3: Left : standard star flux observed through the different simulated passbands, which
take into account the diffente atmospheric transmissions. Right : colour evolution of different
standards as a function of simulated values of aerosols.

Since LSST uses broadband filters, the shape of the SED plays an important role. For
example, high aerosols concentrations have more impact on hotter (i.e. bluer) stars, making
them to appear redder. On the other hand, high PWV values have more impact on the
redder wavelengths, so colder (i.e. redder) stars appear bluer. For this reason, we consider
the spectral type as a variable to populate the N -dimensional parameter space from which
we determine the colour corrections.

We have tested our sensitivity to various observing conditions by measuring the equivalent
width (EW) of stellar and telluric lines on the spectra of reference stars. While the EW of
the stellar lines only depend on stellar and interstellar physics, the EW of the telluric lines
depends on the atmosphere. In particular, we evaluate its dependence with the airmass,
which traces the O2 column density. Our preliminary results, presented in Figure 4, show
that we are sensitive to variations on the amount of O2 and H2O.

4 Summary and prospects

In this contribution we present the basics of a new method proposed to obtain colour cor-
rections for Rubin-LSST using of the spectra obtained with the holographic optical element
installed in AuxTel. Our preliminary results with simulations show that we need ∼ 10%
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Figure 4: Equivalent width of stellar and telluric absorption lines. The former does not
depend on the airmass and other atmospheric parameters, while the telluric ones show a
clear dependence, proving our sensitivity to variations on the atmospheric parameters.

precision on the determination of atmospheric parameters to achieve 5 mmag precision in
the photometric corrections. This is especially important for SNe Ia cosmological analyses
carried out within Rubin-LSST. To apply this method, we use spectra of objects observed
from space to compare them with the results obtained after passing through the atmosphere.
This allows us to compute the correction on the colours to recover a reference photometry,
such as that of a standard atmosphere for the site of observations.

Since AuxTel is slower than LSST, it will be usually pointing to a different position on the
sky from LSST. Thus, we will use the atmospheric parameters derived by AuxTel to model
the atmosphere in the direction that LSST is pointing to and then we will apply our method
to obtain the corresponding correction. If both telescopes are observing the same position of
the sky at the same time, we will directly obtain the atmospheric transparency by evaluating
the ratio of the TOA and observed spectra of the standards on the field of view and we will
correct the photometry consequently. Finally, the estimations of atmospheric parameters
provided by AuxTel can serve as a prior to FGCM, allowing to use both in combination.
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Abstract

It is very common in astrophysics that certain relevant parameters of the objects studied
cannot be obtained directly from observations, but require numerical models that simulate
the relevant physical mechanisms, often through an iterative process of trial and error. This
is often lengthy and consumes a large part of the human and material resources of the
research process. This is the case in the characterisation of the circumstellar envelopes
of Asymptotic Giant Branch (AGB) stars, which could greatly benefit from the use of
Artificial Intelligence Deep Learning (DL) techniques. We present the preliminary results
of this project as an illustrative example of what can be achieved by (and expected from)
the application of DL to numerical modelling in astrophysics.

For this project we have trained a convolutional neural network (CNN) to predict the physi-

cal conditions of these envelopes (mass loss, molecular abundance, temperature distribution,

expansion velocity pattern, and distance) from a reduced set of single-dish observations of
12CO rotational transitions including J=1–0, J=2–1, as observed with IRAM 30m, and

J=6–5, J=10–9, and J=16–15 as observed with HERSCHEL/HIFI. The network has been

trained by building a complete library of numerical models covering a large range of param-

eters using a custom radiative transfer 1D code, which computes the excitation of CO using

the Large Velocity Gradient (LVG) approximation and then solves the radiative transfer

problem via ray tracing, thus generating synthetic CO profiles from a detailed description

of the physical structure of a circumstellar envelope. Once the learning is completed, the sys-

tem should be able to determine these fundamental parameters from observations without

the need for ’manual’ model fitting.

1 Introduction

The goal of this work is to evaluate the feasibility of using Deep Learning (DL) techniques in
the study and characterization of evolved star envelopes, specifically stars in the Asymptotic
Giant Branch (AGB) phase. The objective is to determine if we can predict the most im-
portant physical parameters of these systems from observations in radio of certain emission
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lines of the CO molecule. The specific goal is to characterize the envelope, determining its
mass loss rate, the terminal velocity of the gas, the spatial distribution of the velocity and
temperature, the CO abundance, and the distance to the star.

The preliminary work presented here will be further discussed in the Master’s Thesis by
one of the authors, José Antonio Manuel Julián, to be presented in early 2023.

2 Artificial neural networks

In the last 10 years significant progress has been made in the development of Artificial Neural
Networks (NN), due to advancements in computing capacity and the growing trend in the
availability of public data sets. A NN is defined as a set of nodes, called neurons, connected to
each other that apply a non-linear transformation to input data to produce an output data.
The original idea of NNs dates back to the late 1950s with the invention of the perceptron
by Frank Rosenblatt [5], but could not be properly developed until decades later due to the
limitations of early computers.

Just like in a biological neuron, an artificial neuron receives multiple inputs, from all of the
outputs of the neurons it is connected to, it applies weights to those inputs, also applies an
activation function, usually non-linear, and generates a specific output that is propagated to
the neurons connected to its output. Normally the different neurons are organized in layers,
where neurons only connect from one layer to another layer. This way, we will have an input
layer, an output layer, and in between a series of layers that we usually call hidden layers.
Depending on the number of hidden layers, we will have deeper or shallower networks. Signals
are propagated from the input layer to the final output layer where the desired results are
obtained.

One of the most successful applications of NNs has been image processing. This has been
possible thanks to the development of a neural network architecture called Convolutional
Neural Network (CNN), which are able to extract specific features from images and establish
correlations between them, as well as their spatial distribution in the image by applying
convolutional filters. However, the price to be paid is that they are much deeper and require
more computing and memory capacity. In recent years, various companies dedicated to
the development of artificial intelligence, such as Google, Facebook, etc., have developed
different CNN architectures, training them with image datasets and making them available
to the community. Some of them have represented a notable advance in the analysis and
identification of objects in images and video.

Basically, the operation of a CNN is to accept a data tensor as input (the RGB values
at each pixel of the image), apply a series of convolutional filters to that input, extract a
feature map of the image and establish relationships between them, using fully connected
neuron layers as output. Some of the most popular CNNs are capable of recognizing objects
in images as well or even better than a human, for certain very specific tasks for which they
have been conveniently trained.

The training process of an NN is very demanding in terms of computation and memory,
as it consists in minimizing an error function between the output of the network and the
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expected output. The error is calculated through an equation and it is sought to minimize it
by adjusting the weights of the connections between the neurons using the gradient descent
method. This process is repeated until the errors are small. The use of graphic cards (GPU)
has significantly improved the training time, as they are specially designed to handle tensor
operations and can improve performance by a factor of 20.

3 Methodology

The main idea behind this work is to take advantage of the success of CNN networks, specifi-
cally those that have already been shown to be efficient in extracting and identifying patterns
in images. By using a pre-trained CNN network, it is expected that the training performance
will be improved so that it can learn new patterns that will identify our images.

The goal is to perform simultaneous fitting of sets of single-dish observations of 12CO
rotational transitions including J=1–0, J=2–1, as observed with IRAM 30m, and J=6–5,
J=10–9, and J=16–15 as observed with HERSCHEL/HIFI. The data of each set of lines is
transformed into an image where the most outstanding line features can be seen thus tak-
ing advantage of the power of CNN networks. A large set of images, built from synthetic
modelling by a 1D radiative transfer code using the Large Velocity Gradient (LVG) approx-
imation [1], are used to train the network by associating each image with a point in the
physical parameter space. The challenge now is to create an appropriate image from the
line profiles. To do this, a 3D surface is created by representing the lines in that 3D space,
repeating each line 10 times, and placing each set of repeated lines one after the other. A gap
of 3 additional values, whose values are the interpolation of the data, is added between each
block of repeated lines in order to achieve a smooth surface. Once the surface is created, it
is projected onto the plane Z = 0 as a density map of the height of this surface. See Fig. 1
for an example of 3D surface construction.

These meta-images are associated with the set of physical parameters and are used to
train the CNN network. In order to have a broader set of images, and to face the network
with the noise that we will probably have in the real data obtained from a radio telescope,
we generate 10 meta-images for each point in the parameter space. Each of these 10 images
is the same version but adding noise to the data of each line, spanning a range of S/N similar
to those typically found in real observations. This allows the CNN to learn the fundamental
features that distinguish one image from another without being biased or affected by noise
in the spectra.

3.1 The parameter hyperspace

The first important decision is how to discretize the space of physical parameters and how
many simulations we needed to do to populate the parameter hyperspace. Initially, we con-
sidered a range of values that resulted in 107 simulations, where in each simulation the profile
of 5 lines for 12CO and other 5 lines for 13CO must be calculated. In this scenario, despite
having 16 double thread cores available from a machine at the Observatorio Astronómico
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Figure 1: Left: Synthetic line set corresponding to a model AGB with Ṁ=3.16×10−7

M⊙ a−1, X12CO=2×10−4,v∞=8 km s−1, αT=0.8, βv=2.0, D=316 pc. αT and βv refer to the
exponent of the radial distribution of the gas temperature and velocity, respectively. Right:
3D surface or meta-image built by stacking each of the lines on the left, each of them cloned
10 times, with a 3-pixel interpolation between successive lines.

Nacional (OAN), and being able to run 32 processes in parallel, the time it would take for
our code to perform all the scenarios was more than 30 days, just to calculate the data of
the lines. To this we would have to add the time necessary to create the meta-image, which
would make the total process take more than 120 days of CPU, something unviable for a
Master’s Thesis work.

We therefore decided to further restrict the scope of the problem and focus only on 12CO,
thus reducing the number of necessary simulations and the parameter space. We priorised
discretization in those parameters with a greater impact on the shape of the spectra, that is,
Ṁ , v∞, X12CO, and D, ending up with a discretely randomized parameter space with fine
granularity in the most relevant dimensions (see Table 1). A dataset of 290,000 images was
generated to train the CNN, testing different models and modifying the final layers to adapt
them to the desired output. We also introduced a modification so that the CNN would not
only accept the meta-image as input, but also the maximum value of the signal present in
the line data.

With regard to the CNN used, several tests were performed with different architectures,
modifying the final layers to adapt them to our output. This is a common practice in DL,
using a network that has already been created and previously trained, which we modify the
final layers to make the output what we are looking for and retraining it with our image
dataset. In this way, the network learns to extract the features of our images, in our case the
meta-images.
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Table 1: Range of model parameters covered. αT and βv refer to the exponents of the radial
distribution of the gas temperature and velocity, respectively. The term ‘Scale’ refers to the
type of distribution between the minimum and maximum values.

Parameter Minimum value Maximum value # values Scale

Ṁ 10−7 M⊙ a−1 10−5 M⊙ a−1 10 Logarithmic
X12CO 2×10−4 8×10−4 10 Lineal
v∞ 8 18 10 Lineal
αT 0.8 1.25 5 Lineal
βv 0.8 2.0 5 Lineal
D 100 pc 1000 pc 5 Logarithmic

4 Preliminary results and conclusions

The DenseNet169 network [4] was ultimately selected for its superior performance. When
training the network to focus on and predict the most relevant parameters only (i.e. Ṁ ,
v∞, X12CO, and D), the process reached an accuracy of 99.85% in sucessfully predicting
the parameters of a validation set of 10,000 meta-images made from synthetic spectra lying
within the sampled hyperspace volume, but never seen by the CNN before. We consider
a prediction sucessful if the normalized distance between the predicted and real parameter
vectors is within 10% of the normalized modulus of the real parameter vector. This training
took 2 hours using GPU resources provided by the Instituto de Astrof́ısica de Canarias (IAC).

Figure 2 shows the relative error distribution of the validation image set in each parameter.
Negative values in the figure are simply due to the way the error is defined, thus the sign can
largely be ignored. As can be seen, the CNN accurately predicts v∞ within a 6% uncertainty,
while the error in the distance ranges between 10% for the smaller distances (∼100 pc) to
60% for the largest ones (∼1 kpc). The error in the 12CO abundance, on the other hand,
is ∼50% for abundances typical of O-rich stars, and ∼20% for those typical of C-rich stars.
Finally, the CNN accurately predicts high mass losses (∼10−5 M⊙ a−1) within a ∼20%, and
low ones (∼10−7 M⊙ a−1) with an expected, larger error around 100%.

Put together, these results have nothing to envy in comparison to the modelling work of
an expert human (e.g. [6, 3]), which would also have taken a significantly larger amount of
time. Future work, which we will detail in a forthcoming paper, consists of testing the trained
CNN with data from a sample of real stars in order to evaluate its prospects in this field,
including a detailed treatment of the errors and correlations between parameters following
strategies tested in other fields [2]. In the meantime, in the light of present results, we can
preliminary conclude that the prospects for the use of CNN for modelling AGB star envelopes
are promising.
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Figure 2: Relative error distribution of the image validation set in each of the most relevant
parameters. From top to bottom and left to right, parameters are Ṁ , X12CO, v∞, and D.
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Abstract

EMIR is one of the first common user instruments for the GTC, the 10 meter telescope
operating at the Roque de los Muchachos Observatory (La Palma, Canary Islands, Spain).
EMIR has been built by a Consortium of Spanish and French institutes led by the Instituto
de Astrof́ısica de Canarias (IAC). The instrument is primarily designed to be operated as
a MOS in the K band, but offers a wide range of observing modes, including imaging and
spectroscopy, both long slit and multi-object, in the wavelength range 0.9 to 2.5 µm.
EMIR had its first light on June 2016 and started routine observation in 2017, while the MOS
mode was commissioned and offered to the community in 2018. Since the beginning, EMIR
performances were hampered by the high noise and instabilities of its detector, a Hawaii2
20482 array. We had no option but to use this low quality item as the original detector,
much superior in virtually every aspect, was flagged with potential risk of explosion due to
a defect in the fabrication procedure, that was corrected in subsequent fabrication batches.
At that time, there were no more detectors available of the same type, a PACE architecture
in the hybrid Silicon chip plus MCT. The lack of sensitivity due to the signal instabilities is
more pronounced in spectroscopic mode, while the data frames taken in image mode could
be cleaned to a large extent.
With support from the Spanish national funding agency, GRANTECAN has acquired two
Teledyne Hawaii2 RG + ASIC to be used in the EMIR and FRIDA instruments. We
are characterising the arrays in the lab and are executing a complex plan to permit the
replacement of the EMIR detector in short time. This plan includes changes in the control
software and a new detector assembly with piezoelectric actuators for remote control and
adjustment of the alignment.

In this contribution we will provide a short description of the main problems of the current

detector and will show how the new detector will improve significantly in all of these. We

will also mention the current plans for installation.

1 Introduction

Among the large instrumental suite in each of these new telescope stations, multi-object spec-
trographs (MOS) play a prominent role and are always in the top rank of the most demanded

http://research.iac.es/proyecto/emir/
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instruments. The near-infrared (NIR) MOS is particularly interesting for large telescopes as
the NIR permits the detection of objects in the optical bands hidden by massive material
clouds, and because of the effect of redshift in objects at cosmological distances. Given
the next and upcoming generation of ground- and space-based observatories (e.g. JWST,
E-ELT), NIR spectroscopy is of increasing importance. To support 30m class telescopes,
well-established NIR spectrographs on 8–10m class telescopes are a vital resource, and are
scientifically viable in their own right. EMIR ([4, 5, 6, 2, 3]) is occupying this niche at the
Gran Telescopio Canarias (GTC).

EMIR is a NIR wide-field spectrograph, similar to other instruments developed in the 2000s
for 10m class telescopes, such as KMOS/VLT1, MOSFIRE/Keck2, and Flamingos2/GEMINI3.
The concept of the instrument corresponds to a classical camera and spectrograph design,
but with several novelties. Its spectral working range is dictated by the spectral response of
the detector, hence it spans from 0.9 to 2.5 µm. From the beginning the top priority mode
of EMIR was set as multi-object spectroscopy in the K band, due to the requirements of the
instrument main scientific driver, the Galaxy Origins and Young Assembly (GOYA) Survey
([7], [1]). This imposed a fully cryogenic layout of the instrument that, in addition, set a
severe restriction for the multi-object capability of EMIR.

It is one of the common user instruments at the GTC, and offers observing capabilities
in imaging and spectroscopy in both long-slit and multi-object modes, over a field of view of
6.67arcmin× 6.67arcmin in image mode and 6.67arcmin× 6.67arcmin in spectroscopy. It
had its first light at the GTC in mid-2016 and was initially offered to the community in late
2017 after a long period of commissioning and science verification phases. The control system
of EMIR was constantly tuned during the first years to permit a smooth coordination with
the telescope and proper functioning of the different observing modes. EMIR was tested
in the lab with a Hawaii2 FPA detector of the initial architecture, but we were forced to
replace it, rather close to the shipping date to the GTC, due to the high risk of explosion
that had happened in other similar arrays. The new detector, while free from the risk of
explosion thanks to the new manufacturing process, was less adequate than the original one,
due to higher read-out noise and instabilities in the signal. All together, these features led to
an overall instrument performance below what was expected, in particular for faint sources.
This unforeseen problem forced the instrument team to devote substantial efforts to try to
alleviate the lower effective sensitivity. While in image mode we developed methods to clean
the frame with remarkable success, in spectroscopy only minor improvements were achieved
despite the many attempts using different approaches. It should be noted that this caveat is
of particular importance, but only for faint objects. Finally, new funds arrived that permit
the replacement of the detector by a new Hawaii2RG, which is currently being tested at the
IAC. In the rest of the paper, we will describe the main problems observed in the current
detector, will compare the performances of the two slates as they have been measured so far,
and will summarise the status of the replacement project and expected schedule.

1http://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlt-instr/kmos
2https://www2.keck.hawaii.edu/inst/mosfire/home.html
3https://www.gemini.edu/instrumentation/flamingos-2

http://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlt-instr/kmos
https://www2.keck.hawaii.edu/inst/mosfire/home.html
https://www.gemini.edu/instrumentation/flamingos-2
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Figure 1: DC measurement test where ramps were taken with the instrument was fully
closed to avoid any illumination onto the detector. Left panel: 4 channels of the current
detector, with 10 ramps. Right panel: same test, but with the new detector mounted in the
testing cryostat at the IAC, and with 4 ramps in total. See text for details.

2 The problem with the current detector

As it has been mentioned above, during the AIV phase of the EMIR instrument at the IAC,
we had to replace the detector array, mounted on EMIR during a large fraction of the testing
phases, for a new one due to the reasons already mentioned. Since the beginning, this new
array exhibited an abnormal behaviour, particularly marked at low signal levels. Needles
to say that the target objects at the faintest possible limit are of utmost interest for the
observing programmes in 10 m class telescopes as the GTC.

Figure 1-left shows an example of the main caveat in the performances of the current
EMIR detector. This is the result of a Dark Current (DC) test. During this measurement,
the instrument was closed to the maximum possible extent – external window, CSU, grism
and filter wheels in closed positions – to ensure complete darkness inside the cryostat. Then,
the detector registers the signal produced by itself, that is called dark current. This current
sets typically the sensitivity limit of the detector, together with the read-out noise (RON). In
fig. 1 , each panel shows the result of one of the 4 central panel out of the 32 readout channel of
the detector, as its architecture permits the simultaneous read through 32 separated channels,
each one in charge of a subset of the full detector pixel set, hence diminishing the readout
time by a factor of 32. On each panel, the average signal of the central 5000 pixels of each
subset is marked as a single point in black. The red points correspond to the initial read
of each ramp that are followed by 27 reads, totalling 28 non-destructive reads on each ramp
in the left panels. 10 ramps were taken on this test. Each panel shows the trend of the 10
ramps in counts vs. time from the start of the test. The ramps were taken without any time
shift in between them, as in the routine measurements on sky objects. What is of interest for
the user is the slope of the ramp, from which the incident flux can be derived after proper
calibration.

Two main features can be seen in fig. 1-left. At first, there is a clear shoulder on the
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Figure 2: Left panel: detail of an area of the detector free of target signal during an
observation. Right panel: portion of an object spectrum without cleaning, in white, and
after cleaning, in red.

ramps, with the first 3–4 points climbing much steeper than the rest of the ramps. This
effect is mostly due to a parasitic signal in the detector, that is added to signal produced by
the target object. As a result, the first points cannot be used to derive the slope of the ramp,
hence this calculation has to be performed with a smaller set of points than the total number
of reads, that yields a poorer signal to noise ratio. The numbers close to each individual ramp
are the slopes calculated using only the second half of the read points. And the numbers
in the middle of each panel represent the average of the 10 measurements plus the standard
deviation. The second issue is the fact the the first ramps behaves differently than the last
ones. Depending upon the incident flux, which in this test is virtually null, there are a number
of ramps that show a more pronounced shoulder than the rest of the series. In fig. 1-left,
the first 3–4 ramps show this effect. Fortunately, the second half of this abnormal ramps are
aligned with the rest of the set, so they can be used in the calculations. A third issue that is
not visible in fig. 1-left consists in marked jumps in the reset level, that sets the initial level
for the integration. Figure 1-left has all these pedestal level, marked in red, arbitrarily set to
1000 adu, hence displacing vertically each ramp a different amount. Without this artificial
manipulation, that does not change the slopes, the comparative analysis of the ramps would
have been a bit more difficult, as these jumps are of the order of a few hundred counts.

The above described effects are associated to intrinsic currents within the detector and
to the reading procedure. So it is not unexpected that they show as a correlated pattern in
the read frame. Figure 2 shows this pattern in a section of the frame free of spectral lines
that would otherwise make more difficult to see the regularity of the pattern. We have taken
advantage of this similarity to design cleaning procedures that works until a given extent, as
can be seen in the right panel of fig. 2. The reduction in the spectrum noise in this case is
a factor of 3. Regrettably, the cleaning fails in the presence of abundant sky lines, as in the
H and K spectral bands, as there is no section of the detector frame free of input flux of
sufficient extent to derive the pattern noise.

All in all, plus other less important features that are not commented in this paper, result of
an irregular and unstable behaviour of the detector, which a clear impact in the performances
of the whole instrument so, after receiving additional funds, we are now in the process of
replacing the current detector for a new model of a modern and different technology and free
of these flaws.
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Figure 3: Several views of the design of the new detector mount. The green card on top the
mount represent the ASIC unit of the new detector, that takes care of much of the detector
driving. The right panel shows the complete set detector plus mount assembled onto the
EMIR DTU.

3 New detector: short summary of performances and current
installation plans

GRANTECAN received funds from the national agency to purchase two complete sets of
detector array Hawaii2RG, which are currently been tested at the IAC. The item that will
replace the EMIR detector is now fully tested in lab, and its performances, as far as DC
is concerned, can be compared with that the current one in fig. 1. The right panel shows
the DC measurements of 4 channels, with the same color code as in the left panel explained
in Section 2, but with 500 reads on each ramp. In this case, the ramp points are depicted
without correction for pedestal level. It can be seen that the red points aligned within a few
counts, and that there is no shoulder in the ramps, that are mostly pure noise, as it should
be. Also the average DC levels, showed on top of each panel in the right side of fig. 1, are
much smaller than in the left side. And additional good feature of this new array resides on
its flatness, that has been measured to be as small as 11µm peak-to-valley, that has to be
compared with the figure of around 100µm in the current detector, that should result in a
better image quality once mounted in EMIR. In addition, the new detector will be seated in
a new gimbal mount, see fig. 3, equipped with remote controlled piezo-electric actuators to
permit an fine tilt alignment once integrated onto the instrument.

At this time, we are finalising the construction of the new mount that will be assembled
and tested in the next months. Also, the engineering team is updating the EMIR control
software to cope with the driving of new detector, which is now controlled through a dedicated
SIDECAR ASIC provided by the detector vendor.

We are expecting to be able to initiate tests on sky, with the new detector mounted in
EMIR, during the first semester of 2023, but this tentative schedule has to be put in context
with GRANTECAN and IAC capabilities and availabilities.
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Abstract

The discovery potential from astronomical and other data is limited by their noise. We
introduce a novel non-parametric noise reduction technique based on Bayesian inference,
FABADA, that automatically improves the signal-to-noise ratio of one- and two-dimensional
data, such as astronomical images and spectra.
The algorithm iteratively evaluates possible smoothed versions of the data, the smooth
models, estimating the underlying signal that is statistically compatible with the noisy
measurements. Iterations stop based on the evidence and the χ2 statistic of the last smooth
model. We then compute the expected value of the signal as a weighted average of the
whole set of smooth models. We evaluate its performance in terms of the peak signal to
noise ratio using a battery of real astronomical observations.

Our Fully Adaptive Bayesian Algorithm for Data Analysis (FABADA) yields results that,

without any parameter tuning, are comparable to standard image processing algorithms

whose parameters have been optimized based on the true signal to be recovered, something

that is impossible in a real application. On the other hand, state-of-the-art non-parametric

methods, such as BM3D, offer a slightly better performance at high signal-to-noise ratio,

while our algorithm is significantly more accurate for extremely noisy data, a situation

usually encountered in astronomy. The source code of the implementation of the method,

is publicly available at https://github.com/PabloMSanAla/fabada.

1 Introduction and Methodology

The acquisition of any experimental data is affected by several sources of statistical er-
ror, which ultimately translate into a random noise component in the measurements to be
recorded. In astronomy, the noise introduced can sometimes be comparable to or even larger
than the signal, and different image processing algorithms may be used to recover the infor-
mation that is buried deep in the data.

https://github.com/PabloMSanAla/fabada
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Figure 1: Visual layout of the Fully Adaptive Algorithm for Data Analysis.

The purpose of our Fully Adaptive Algorithm for Data Analysis is the estimation of the
underlying signal in a way that is compatible with the measurements and the variance asso-
ciated with it. Then, the inputs of our algorithm are the one- and two-dimensional data (such
as astronomical spectra and images) and the variance associated with it (which can be het-
erogeneous). In Fig. 1 we show the layout of the method. FABADA is a novel non-parametric
technique that reduces the noise in the image by applying Bayes’ theorem in an iterative
way. Therefore, we must define a suitable likelihood function to evaluate the models to be
tested, and specify a prior probability distribution for the signal to initiate the process. Our
likelihood is based on the statistics of a Gaussian process, and we start from an improper,
constant prior. Then, we evaluate different smooth versions ( by using the average of the
surrounding points) of the posterior probabilities until a certain condition is reached. This
new Bayesian technique incorporates an automatic selection criterion based on the statistical
properties of the residuals, and therefore it yields a fully non-parametric method.

2 Astronomical Examples

In Fig. 2 we show two examples of the performance of FABADA in comparison with optimized
standard algorithms (LOWESS [8], WIENER [7], and Gaussian Filter [3] and the state-of-the-
art no parametric method, the Block-matching and 3D filtering, BM3D [5] of one-dimensional
data (a-left) and two-dimensional images (b-right).

In figure 2-a we present the recoveries obtained for two random realizations with high, and
low signal-to-noise ratios (SNR) for the spectrum of a pair of interacting galaxies, Arp 256
[2]. At high SNR (left column), all algorithms display not only a similar performance, but
actually converge to very similar solutions. All algorithms are able to correctly trace the
presence of the most prominent emission lines, as well as the strong absorption line near the
peak at the left end of the spectrum. Nevertheless, it is important to note that, while the
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Figure 2: Examples of the recoveries obtained by FABADA on one-dimensional astronomical
data (a-left) spectra, and two-dimensional images (b-right).

Wiener filter provides the best recovery in terms of to the overall noise reduction, FABADA
tends to preserve the true intensity of these features slightly better than any of the other
algorithms. This trend becomes more significant as the noise increases, and it is more difficult
to discriminate significant spectral features from Gaussian random fluctuations. In the right
panel, at low SNR, all models are able to reproduce the overall shape of the continuum.
However, they fail to recover even the strongest absorption and emission lines, although hints
of the brightest emission lines are still present in the standard methods. Only our prescription
is able to provide a good description of these prominent features with this level of noise in
the input data, albeit weaker absorption and emission lines are completely lost.
Similar trends are observed in the results obtained for the 2D data. Figure 2-b shows the
recovery of the Bubble nebula image, taken from the Hubble Space Telescope gallery produced
by NASA and the Space Telescope Science Institute (STScI). We compare the recovery with
the state-of-the-art method (BM3D) and an optimized Gaussian Filter (GF) represented in
each column, with three different noise levels (σ = 15 95, 255 out of a dynamical range of 255)
along the rows. All models yield fairly similar reconstructions for the highest signal-to-noise
case (σ = 15). In particular, several edges in FABADA and GF seem to be a little bit more
blurry compared to BM3D, together with a clearly visible salt and pepper noise component.
Once again, the advantages of our algorithm become more evident as the noise increases.
It is remarkable how the state-of-the-art BM3D method starts to add some artificial edges
to the recovered image while FABADA is able to trace smoothly the global structure of the
nebula. The GF can trace the structure but shows a preference for circular regions that can
be related to the radius of the filters. These trends become more prominent if we push the
noise even further, as is often the case in practical astrophysical applications, the signal itself
is comparable to or even lower than the statistical uncertainties (σ = 255). While BM3D
and the GF introduce some kind of artifacts, rectangular sharp gradients and circle regions,
respectively, FABADA recovers the global structure in a smooth way.
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3 Comparison Results

In Fig. 3 we show the results of the comparison between FABADA, the optimized standard
methods, and the state-of-the-art BM3D method (only in 2D). We use the Peak Signal to
Noise Ratio (PSNR) to evaluate the quality of the reconstruction by each algorithm. For
simplicity we merge all the optimized standard methods (LOWESS, Savitzky–Golay filter
[6], Gaussian filter, Wiener filter, and median filter) in one line (orange line), showing the
region from the lowest to highest values of the metric obtained with this methods. Fig. 3-a
(top panel) show the results for one-dimension for the three different spectra used in the
comparison. The first, second and third column shows the results for a Kurucz stellar model
[4], a emission line spectra from a supernova remnant SN132D [1], and for an interacting
pair of galaxies, the pair group Arp256. Taking into account these results, one can see how
FABADA performs as well as the best possible solutions of the standard methods typically used
in astronomy.

Fig. 3-a (bottom panel) show the PSNR obtained for all the methods for different images.
We consider eight different targets that are intended to sample the wide range of features that
may be encountered in the field, including planets (Saturn), stars, diffuse nebulae (bubble,
crab, ghost and eagle), and galaxies, either alone or in potentially blended groups (cluster).
We can see similar behavior as the one-dimensional results. FABADA seems to offer the best
solution possible obtained by the standard methods without the fine tuning of any parameter.
However, in general, BM3D stands over the other methods, including FABADA, at high SNR
(σ ≲ 95 dB), in particular for the Saturn image. Its collaborative filter is particularly well
suited for periodic data, or images with repetitive patterns, which are virtually absent in
other test cases. The stars image would be a paradigmatic example, and the difference in
this test is insignificant. On the other hand, FABADA perform better than BM3D at low
signal-to-noise ratios.

4 Conclusions

In this work, we present the theory and implementation of a novel automatic algorithm
for noise reduction: the Fully Adaptive Bayesian Algorithm for Data Analysis (FABADA).
Our method iteratively evaluates progressively smoother models of the underlying signal and
then combines them according to their Bayesian evidence and χ2 statistic. The source code
is publicly available at https://github.com/PabloMSanAla/fabada.

We compare FABADA with other methods that are representative of the current state of
the art in image analysis and digital signal processing. For this comparison, we used the
most typical metrics, the Peak-Signal-to-Noise-Ratio (PSNR), which is a measure of the
Mean Square Error (MSE). One important advantage of our method, shared by BM3D over
classical algorithms is the absence of free parameters to be tuned by the user. Our results
suggest that FABADA and BM3D achieve values of PSNR comparable to or better than the
best possible solution attainable by the classical methods.

Beyond the precise values of the global quantitative metrics, both FABADA and BM3D are

https://github.com/PabloMSanAla/fabada
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Figure 3: Results of the PSNR comparison between standard and state-of-the-art algorithms
with respect to FABADA on one-dimensional astronomical data (a-top) spectra, and two-
dimensional images (b-bottom).

quite successful in adapting to the structures present in the input data. Perhaps the most
significant difference between them is that FABADA’s priors assume that the signal is smooth,
whereas BM3D uses block-matching to look for repetitive patterns. This might be relevant
when one must recover the height and shape of the spectral features in 1D or the gradients and
boundaries in 2D. We argue that FABADA appears to offer a trade-off between noise reduction,
increasing the metric values significantly, in a way that is statistically compatible with the
data, keeping significant features without introducing considerable artifacts.
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Abstract

With the purpose of advancing the technological maturity of novel magnetic sensing tech-

niques, in-orbit platform opportunities (IOD/IOV experiments) offer the possibility to as-

sess their in-flight capabilities. Magnetic Experiments for the Laser Interferometer Space

Antenna (MELISA) are a series of in-flight demonstrators that intend to characterize the

low-frequency noise behavior of a magnetic measurement system under the harsh space en-

vironment. One of these undergoing experiments developed by the University of Cádiz is

MELISA-III, an improved payload based on magnetoresistive sensors embarked on the first

CubeSat mission of the Horizon 2020 IOD/IOV program with the support of the European

Space Agency (ESA). After the successful environmental test campaign on the Qualification

Model and the acceptance-level testing, the MELISA-III Flight Model was delivered to the

prime contractor in February 2022 for its integration into a 6U CubeSat. A review of the

main performances of the payload, the test campaigns, and the planned scientific operations

at LEO will be described in this paper.

1 Introduction

LISA (Laser Interferometer Space Antenna) is the future space-borne gravitational wave
(GW) observatory under the lead of the European Space Agency (ESA) in collaboration
with NASA [1]. LISA will be constituted by three drag-free spacecraft forming a laser inter-
ferometer with 2.5-million-kilometer optical arms. Each spacecraft contains free-floating test
masses (TMs) that behave as inteferometer end mirrors and follow a Geodesic trajectory.
Hence, GWs passing through the LISA costellation will slightly change the distances be-
tween TMs shifting the inter-satellite optical arms of the laser interferometer. The top-level
requirement for the LISA scientific payload is defined in terms of free-fall noise density as
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in the frequency band between 0.1 mHz ≤ ω/2π ≤ 100 mHz. One of the non-gravitational
forces that can disturb the free-fall requirement is the magnetic environment caused by the
interplanetary magnetic field and the spacecraft’s magnetic sources, such as the electronics
units or the solar panels. Therefore, to allow the accurate functioning of the GW detector,
proper low-noise magnetometers are required to discern the magnetic contribution from the
total acceleration budget.

2 CubeSat mission for in-orbit demonstration

To increase the technological maturity of chip-scale magnetic sensing techniques under harsh
conditions in space, further experiments with In-orbit Demonstration and Validation (IOD/IOV)
platforms need to be done for future space-based GW observatories. For this end, MELISA
(Magnetic Experiments for the Laser Interferometer Space Antenna) are a series of compact
magnetic measurement payloads with a detectivity capable of distinguishing interplanetary
magnetic field fluctuations down to 100µHz [2, 3].

MELISA-III is a technology demonstrator that intends to characterize the low-frequency
noise behavior of a magnetic measurement system based on anisotropic magnetoresistive
(AMR) sensors by applying low-noise bias fields with a built-in Printed Circuit Board (PCB)
coil. With this purpose, the environmental magnetic field fluctuations will be diminished
during in-flight operations by using a cylindrical shield with three concentric mu-metal layers
enclosing the triaxial AMR sensors.

MELISA-III was selected by the European Union on the H2020 IOD/IOV mission, a 6U
CubeSat with the support of ESA called CSC-2. The mission goal is to provide flight heritage
to MELISA-III and two other selected experiments.

3 MELISA-III Payload: design and analysis

3.1 Analog signal conditioning circuit

The output from a full Wheatstone bridge of AMR elements is modulated at 5 Hz to re-
duce the 1/f noise of the sensor and electronics. The signal then goes through a precision
instrumentation amplifier and is synchronously demodulated. Once the signal is integrated,
a feedback controller helps to minimize the thermal dependence of the payload. This will
decrease the excess noise in the lower end of the frequency bandwidth that is coupled to the
long-term thermal drifts [2, 3]. Figure 1 displays the physical architecture of the experiment.
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Figure 1: Block diagram of MELISA-III.

3.2 Compact PCB coil optimization

A transducer coil is built into the inner layers of the PCB to inject ultra-stable magnetic
fields in the three axes of the AMR sensors. The purpose is to obtain noise curves along
the whole magnetic field range of the payload during the in-flight scientific operations. The
circuit that produces the current to feed the PCB coil contains a Digital-to-analog converter
(DAC) followed by a low-noise floating current source. The DAC that sets the amplitude of
the current applied to the coil is configured with bipolar operation.

An adapted Inverse Boundary Element Method (IBEM) has been utilized to optimize the
multilayer PCB coil considering different geometrical and performance constraints, such as
magnetic field maximization in the region where the AMR sensitive axes are located. The
theoretical results were compared to numerical simulations using COMSOL Multiphysics and
experimental measurements. Those results were deemed to be in good agreement [4].

3.3 Structural assessment

The design of MELISA-III is analyzed and validated from the structural point of view by
means of Finite Element Analysis (FEA) using Ansys. The loading scenarios considered in-
clude: quasi-static loading, sine vibrations, random vibration, and shock response spectrum.
The load levels are established according to the information supplied by the prime contrac-
tor. Moreover, a lower limit of 135 Hz is established for the first natural frequency. Given
the dynamic nature of the loads, the numerical analyses are carried out based on modal
decomposition and all the vibration modes within range of interest are considered. Based
on the CAD, a simplified geometrical model is developed where design details not impacting
structural analysis are removed. The geometrical entities and parts considered are showed in
Fig. 2. Additionally, punctual and distributed masses are included to compensate the mass
neglected due to geometry simplifications and modeling approach. A 3D finite element mesh-
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Figure 2: Left: MELISA-III geometry description. Exploded view. Right: First natural
mode.

ing, based on tetrahedral/hexahedral SOLID185 elements, is created with the help of ANSYS
meshing tools. With regards to properties, with the exception of FR4, which is modeled as an
orthotropic material, isotropic properties are considered and applied to the modeled parts. In
reference to connection, Multi Point Constraint (MPC) elements are used in order to model
mechanical connections such as the bonding between cylinders or the connections to the PCB
stack rods. Bolted joints are modeled as a combination of MPC and bar elements.

The results obtained from analysis allow to conclude the fulfilment of the structural re-
quirements: i) the minimum natural frequency computed is 337.57 Hz, represented in Figure
2; ii) the stress levels and displacements obtained provide positive Margins of Safety for both
metallic and FR4 parts, being the shock loading the most critical case.

4 Qualification and acceptance tests

The model and test philosophies were agreed upon with ISISpace as the System Integrator
and ESA. The Qualification Model (QM) and Flight Model (FM) approach was selected for
the MELISA-III payload. An overview of the required tests that were successfully performed
at subsystem level is shown in Table 1. The environmental tests (EMC, TVAC/Bakeout,
Vibration, and shock) were carried out in collaboration with ALTER Technology at their
facilities.

5 Low-frequency environmental noise contributions at LEO

5.1 Magnetic impact of LEO environment

The LEO magnetic fluctuations that the magnetic shielding can not cancel out will be per-
ceived by the measurement system. Therefore, the subtraction of these contributions must
be applied during postprocessing. As a result, a simulation of the in-orbit environment is
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Table 1: Qualification and acceptance tests performed in MELISA-III QM and FM.

Test QM FM

Functional and performance ✓ ✓
EMC ✓ ✓
Bakeout/TVAC ✓
Thermal ambient ✓
Burn-in ✓
Vibration ✓
Shock Response Spectrum ✓

needed in order to foresee the influence of these conditions in the magnetic measurements,
and elaborate an approach for the subtraction [5].

The LEO orbit is simulated in GMAT (General Mission Analysis Tool), providing the
position of the satellite during a number of days. The orbital parameters are implemented
according to the current information about the Sun-synchronous orbit provided by the Cube-
Sat Operator. From these data, the magnetic environment that the CubeSat will experience
is calculated during that time using the World Magnetic Model in MATLAB. The attitude,
which will be nadir pointing, is simulated by applying a rotation matrix

RZ =




cos(ω) − sin(ω) 0
sin(ω) cos(ω) 0

0 0 1


 (2)

while ω = 7.66 deg. On-ground triaxial Helmholtz coils are fed using controlled currents
that provide the previously-determined magnetic field. MELISA-III is placed inside these
coils along with an unshielded fluxgate magnetometer.

The in-orbit fluctuations are simulated in the three axes, while the scientific data of
MELISA-III is produced at 5 Hz for 42 hours. The results are displayed in Figure 3, with
and without the environment simulation. In this Amplitude Spectral Density (ASD), the
fundamental frequency appears at approximately 93 min, which is the period of the orbit.
Besides, the peak at ≈ 100 mHz is associated to the quantization noise due to the control of
the currents through the Helmholtz coils. Eventually, ongoing postprocessing techniques will
allow to disentangle these contributions from the scientific data provided in orbit through
correlation with measurements of the platform’s magnetometers.

5.2 Excess noise caused by temperature fluctuations

Variations in the ambient temperature may result in changes in the magnetic field generated
by other components of the satellite, impacting the measurements of sensors. For instance,
a rare-earth magnet is located in the same platform as MELISA-III for other experimental
purposes. A test was performed in order to assess the magnetic field generation of that magnet
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based on the in-orbit temperature fluctuations. Thus, variations of approximately 20◦C in the
magnet conditions were induced by a heater with the aim of assessing the magnetic influence
on MELISA-III.

The results of the test are shown in Figure 3. The peak located at 0.35 mHz corresponds
to the fundamental frequency of the thermal cycle of the magnet. Therefore, results pro-
vided by MELISA-III at mHz frequencies are significantly influenced by the temperature of
this magnet, resulting in a possible in-orbit surpassing of the mission requirements. A suit-
able magnetic shielding for the payload is required for the mitigation of these contributions,
otherwise postprocessing techniques are also needed.
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Figure 3: Top: ASD for the MELISA-III during the orbit simulation with the Helmholtz
coils. The black dashed line indicates the instrument requirement. Bottom: Comparison
between MELISA-III measurements with and without the influence of the magnet that is
part of another on-board experiment.

6 Conclusions

MELISA-III, a low-noise magnetic measurement system based on AMR sensors with dedi-
cated noise reduction techniques, has been designed, developed, and tested for a 6U CubeSat
mission of the Horizon 2020 program. The MELISA-III payload has successfully passed the
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qualification and acceptance test campaigns at subsystem level before its final assembly, in-
tegration, and validation on the platform. The CubeSat is scheduled to be launched from
Kourou in ESA’s Vega-C rocket before mid-2023.

During scientific operations, ongoing post-processing analyses will enable discerning ther-
mal and magnetic contributions from the scientific data provided in orbit. The in-flight
characterization of MELISA-III will allow reaching an unprecedented noise performance and
expand the frequency range for magnetic sensing in space-based gravitational wave detectors,
pushing the technological discipline beyond its previous state of the art.
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Abstract

The Gaia Data Release 3 (DR3), published in June 2022, delivers a diverse set of astromet-

ric, photometric, and spectroscopic measurements for more than a billion stars. The wealth

and complexity of the data makes traditional approaches for estimating stellar parameters

for the full Gaia dataset almost prohibitive. We have explored different supervised learning

methods for extracting basic stellar parameters as well as distances and line-of-sight extinc-

tions, given spectro-photo-astrometric data (including also the new Gaia XP spectra). For

training we use an enhanced high-quality dataset compiled from Gaia DR3 and ground-

based spectroscopic survey data covering the whole sky and all Galactic components. We

show that even with a simple neural-network architecture or tree-based algorithm (and in

the absence of Gaia XP spectra), we succeed in predicting competitive results (compared

to Bayesian isochrone fitting) down to faint magnitudes. We will present a new Gaia DR3

stellar-parameter catalogue obtained using the currently best-performing machine-learning

algorithm for tabular data, XGBoost, in the near future.

1 Introduction

The Gaia mission [14] has triggered an enormous increase in astronomical data that is revo-
lutionising not only stellar and Galactic science but also has implications for cosmology and
fundamental physics. The latest Gaia data release, DR3 [17], for the first time contains also
low-resolution spectra, taken with Gaia’s blue and red photometer (BP/RP), for 219 million
sources. These so-called XP spectra [10] represent the biggest homogeneous spectroscopic
dataset (albeit at very low resolution; R ∼ 25) available to date. Efficient methods to extract
information from this dataset are starting to appear (e.g. [28, 3]).
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2 Bayesian inference of stellar parameters with StarHorse

In the past years, our group has been developing an efficient Bayesian isochrone-fitting code,
StarHorse [27, 24, 25], to infer stellar parameters, distances, and extinctions, to be able to
analyse the ever-growing stellar spectroscopic survey datasets.

In [1], we applied the code for the first time to the Gaia data without spectroscopic informa-
tion. The first experiments proved to be so promising that a big-data analysis run (285 million
Gaia DR2 stars with G < 18, cross-matched with the Pan-STARRS1, 2MASS, and WISE
photometric catalogues) was carried out using the computing cluster of the Leibniz-Institut
für Astrophysik Potsdam (AIP). Our results doubled the number of Gaia DR2 sources with
astrophysical parameters, improved the accuracy of the geometric distances, and revealed the
presence of the Galactic bar in the Gaia data in a direct and completely unexpected manner
(see Fig. 1).

Figure 1: Comparison of the 5-year mission expectation for the Galactic coverage of the
Gaia data before launch (left; [23]) with the results from StarHorse for Gaia DR2 (G < 18,
22 months of observation, right; [1]).

After the release of Gaia’s Early Data Release 3 in 2021 [16], and building on the success
of the previous StarHorse catalogue, we ran our code on Gaia EDR3 data coupled with
other large-area photometric surveys (now also including SkyMapper data). This resulted
in an improved catalogue of 362 million stars, down to magnitude G < 18.5 (published in
[2]). Thanks to the more precise EDR3 parallaxes and drastically reduced systematics [22],
the Galactic density maps derived from it now probe a much greater volume than in [1],
extending to regions beyond the Galactic bar and to Local Group galaxies, with a larger
total number density.

The code was also sped up by using a less dense stellar model grid and a new computing
cluster, which improved the CO2 footprint of the project by factor ∼ 6, but still consumed



Anders, F., et al. 351

around 1 month of computing time on a 1000-core cluster. At latest with the upcoming LSST
surveys, this type of endeavour will therefore become unfeasible. In addition, StarHorse is
unable to process spectroscopic measurements (such as the XP spectra) directly, which is an
obvious drawback given that these data contain valuable information on the stellar parameters
[13].

3 Predicting stellar parameters with a simple neural network

Figure 2: Results of the neural-network approach to stellar parameter estimation. Compar-
ison between the colour-magnitude and Kiel Diagrams produced by the ANN model (right)
with the spectroscopic test dataset [25]. Plot from the MSc thesis of Rany Assaad (University
of Surrey, 2021).

In view of the computational drawbacks of traditional isochrone-based methods, in 2020
we started testing artificial neural networks (ANN) to predict stellar parameters for Gaia
DR2 stars together with R. Assaad, an Erasmus+ MSc student visiting from the University
of Surrey. As a training and test dataset, we used the StarHorse labels for various large-scale
spectroscopic stellar surveys available at the time [25] (see Fig. 2).

This experiment was also surprisingly successful: with respect to [1] the ANN technique
(even a very basic multi-layer perceptron architecture) doubled the number of stars (now
more tha 300 million) considered to be of good quality. The full pipeline (including training
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and prediction) could now be run on a 48-core machine within only 3 days, and it produced
competitive posterior uncertainties (using a Monte-Carlo drop-out technique). The median
uncertainties amounted to 16% in distance, 0.15 mag in V -band extinction AV , 155 K in
effective temperature Teff .

After cleaning the results of our Gaia DR2 run for poor input and output data, a sam-
ple of 373 million converged stars remained, for which we achieve a median uncertainty of
16% in distance, 0.15 mag in V-band extinction, and 155 K in effective temperature. Our
experiment showed that even with a simple neural-network structure, one can succeed in
predicting competitive results based on Gaia DR2 down to fainter magnitudes compared to
classical isochrone or spectral-energy distribution fitting methods. Independent recent work
[12] reached similar concluisons.

4 Improved results with tree-based algorithms

Figure 3: First results (June 2022) of the XGBoost approach to stellar parameter estimation
for the case of stars with available Gaia DR3 XP spectra. One-to-one comparisons between
the predicted stellar parameters and the spectroscopic test dataset [26] (labelled ”true val-
ues”).

The Gaia DR3 XP spectra are not delivered in the form of classical spectra, but come in
the form of internally-calibrated spectral coefficients [6]. They can therefore be treated as
tabular data and easily fed to a supervised learning technique. [5] benchmark-tested several
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regression algorithms (including several neural network architectures) for tabular data and
found that the most efficient and accurate technique was the tree-based algorithm Extreme
Gradient-Boosted Trees (XGBoost, [7]). This technique is implemented in the python package
xgboost that is widely used for classification tasks in astronomy (e.g. [4, 29, 20, 9]). Examples
for the use of XGBoost for regression tasks in astronomy are sparser, but also start to appear,
e.g. for photometric redshifts [8, 21], predicting the number of sunspots [11], or determining
spectroscopic stellar ages [19].

For our first tests, we assembled a training set of 4 million Gaia DR3 stars with XP
spectra that have also been observed by spectroscopic stellar surveys and have StarHorse

stellar parameters [26]. As training columns we used the normalised XP coefficients, as well
as Gaia astrometry and broad-band optical and infra-red photometry. The training set was
complemented with spectroscopically observed white dwarfs from [18]. The predicted labels
include distance, AV , Teff , surface gravity log g, metallicity [M/H], and stellar mass.

The first tests yielded the following precisions and accuracies for unseen test data: ∆ log d =
–0.002± 0.075,∆AV = +0.001± 0.145,∆ log Teff = 0.000 +−0.011 (see Fig. 3). The compu-
tational cost is even lower than in the case of the simple neural network (Sect. 3), and robust
to both the choice of hyperparameters and the scaling of the input data. For the first time,
our group is also able to deliver acceptable stellar parameters for white dwarfs.

5 Conclusions

While traditional (and genuinely astrophysical) methods continue to be both useful and nec-
essary to understand the new astronomical data, machine-learning techniques are needed to
handle the sheer amounts of present and future data, and to lower the total CO2 budget of
astronomical research. Here we showed that both neural-network and tree-based algorithms,
once sufficiently well trained, can be successfully employed to infer stellar parameters, dis-
tances, and extinctions in the absence of high-resolution spectroscopic data. In the near
future, we will present a new StarHorse-like catalogue for Gaia DR3 stars based on XGBoost

trained on high-resolution spectroscopic data.
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Abstract

The European Southern Observatory (ESO) invites applications for the ESO-Chile Fellow-

ship Programme every year around mid-October. The Programme provides a unique oppor-

tunity for young scientists to develop their independent research programs and successfully

reach the next step of their scientific careers. With this contribution, we aim at promoting

the ESO-Chile fellowship among the Spanish and Italian community. ESO Fellowships in

Chile are granted for 4 years. During the first three years, the Fellows are assigned to one of

the Science Operation groups of Paranal or ALMA, where they contribute at a level of 80

nights per year, corresponding to 50% of the working time. ESO Chile Fellows may choose

to spend the fourth year at any astronomy/astrophysics institute in an ESO member, Chile

or ESO’s strategic partner, Australia, with 100% of their time devoted to scientific research.

ESO Chile Fellows will benefit from developing their scientific profiles and becoming ma-

ture and independent researchers in a rich, collaborative and structured environment. In

summary, this unique mix of technical knowledge and their close contact with the science

carried out at the Observatories, ESO Chile Fellows can build a solid research programme

that can boost their future career.

1 Introduction

The ESO fellowship program has been running since 1977. It is one of most recognized post-
doctoral positions and an important component of ESO’s mission, with positions open both
in Germany and Chile. In the latter, ESO offers 5 to 6 positions every year open for young
postdocs, who can spend part of their time working at ALMA or Paranal and carry out their
independent research in the Vitacura premises in Santiago. These positions are open to all
nationalities but preference is given to nationals of ESO member states.

2 The ESO Fellowship Program

The ESO Fellowship is a postdoctoral position for young researchers that can develop an
independent research in combination with working at the ESO facilities and acquiring large
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technical experience operating state-of-the-art instrumentation.With time, the fellow will also
have the possibility to train new arrivals to the team.

During the duration of the position, the fellow will be part of the Office for Science
which has a generous budget to support the fellow in travelling to conferences, science leaves
or observing runs. In addition, the fellow have the possibility to co-supervise and mentor
students or interns.

3 The ESO Fellowship in Chile

ESO operates 3 observatories in Chile: ALMA, La Silla and Paranal with about 70 staff
and fellows which complement a larger team of engineers, students and colleagues working
in administration and logistics. Around 300 people are currently working in Chile, divided
between the observatories and the Vitacura campus in Santiago, where we have the ESO and
ALMA headquarters.

The ESO Fellowship in Chile is a 4 years contract During the first 3 years, fellows will
spend up to 50% of their working time performing duties either at ALMA or at Paranal.
This corresponds to up to 80 nights per year. The remaining 50% of the working time to
carry on and independent research.

During the 4th year, the fellow have different possibilities that they can choose according
to their convenience:

� The fellow can decide to stay in any institution of any ESO Member State, Australia
(as strategic partner) or in a Chilean institution, doing 100% research time.

� The fellow can also choose to stay at ESO Chile doing 25% operational duties (up to
40 nights) and 75% research.

There are 5 - 6 positions opened per year that are divided between Paranal and ALMA.
The number of positions assigned to each observatory changes every year based on the ob-
servatories needs. The functional duties are mostly on-site for Paranal and partially on-site
for ALMA, which is currently running many operations remotely from Santiago. These du-
ties are performed in shifts: typically 8 days/nights in the case of ALMA and shifts of 6–14
days/nights (length chosen by the Fellow) in the case of Paranal. After each shift there are
compensation days of similar length.

The duties of the fellows at Paranal include supporting astronomers for service and visitor
runs, carrying out the execution of the observations (choosing which observing block can be
executed in the current weather conditions, operating the instrument, analysing the quality
control of the observed data, . . . ) and providing advice to the visitors. In addition, they
will become instrument fellow acquiring in-depth knowledge of a given instrument. They
will participate in engineering activities as recommissioning of instruments, will/can develop
improvements of instrument performance, operation or data reduction.

Fellows that choose to perform the duties at ALMA are similar to the Paranal ones. They
will be the astronomer on duty observing at the array and they will be working on the data
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Figure 1: Left: Sunset at the Paranal observatory. Right: View of the Paranal residencia

processing and software testing. The fellow will also assist in the ALMA proposal review
process and could also develop new capabilities.

Figure 2: Left: ALMA array. Right: View of the ALMA residencia

During the research time, the fellow will be in the Vitacura campus in Santiago where
they will engage in a great scientific and social environment, attending and organizing talks,
lectures and workshops as well as topic-related coffees and other social events. Being in
Santiago will also allow the fellow to make connections with the growing Chilean astronomical
community.

Fellows can co-supervise ESO students or interns with other ESO staff. They can also
request funds to the Visitor program to bring students or senior collaborators to Chile or
participate in organizing committees of workshops. The fellow will also benefit of working
in a true international environment working closely with people from different cultures and
disciplines.

ESO personnel do not have privilege access to any telescope time, However, if the fellow
decides to stay in a Chilean institution during the 4th year, they will be eligible to apply for
time on all telescopes in Chile through the 10% Chilean observing time.

There are other benefits that makes this post-doc position very competitive:

� Access to an international health insurance
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Figure 3: ESO and ALMA Headquarters in Vitacura, Santiago.

� A plane ticket to the home station for all the fellow’s family members paid by ESO
(starting on the 2nd year)

� Education grant for fellow’s children

� Paid relocation and installation grant

� And of course being in an amazing country and continent while working in a successful
and recognized position.

The deadline for submitting applications is every year on Oct 15th using ESO’s
Recruitment Portal https://recruitment.eso.org

For more information about the ESO Fellowship program, please visit eso.org/fellowship
or the talk uploaded to zenodo.org that can be found here.
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Figure 4: Posters with more information about the ESO Fellowship.
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navidez, A. de Lorenzo-Cáceres, M. A. Fuente, M. J. Mart́ınez, M. Vázquez- Acosta, C. Dafonte

(eds.), 2023

Status of the SKA project and the SKA Regional

Centre Network.

Julián Garrido1, Lourdes Verdes-Montenegro1, and Susana Sánchez1 and Julio
Gallardo1

1 Instituto de Astrof́ısica de Andalućıa (CSIC)

Abstract

The aim of this contribution is to present the status of the SKA (Square Kilometre Array)
project and the SKA Regional Centre Network (SRCNet). The SKA project is an inter-
national effort to build two radio-interferometers that will be able to make revolutionary
contributions to Astrophysics, Astrobiology, and Fundamental Physics. In January 2021,
the SKA Observatory (SKAO) was established as the second intergovernmental organisation
in astronomy (after the European Southern Observatory). For SKA1, the first phase of the
telescopes, SKA-Low will consist of more than 130.000 low-frequency dipoles in Australia,
and SKA-Mid will consist of 197 dishes in South Africa (including MeerKAT’s 64 anten-
nas). The construction commenced in July 2021 and the procurement for its contracts have
already been initiated with 5 contracts pre-allocated to Spain. In addition, the SKAO is
planning to start a development program for new instrumentation development.

The high data-rate and complexity of SKAO will necessarily transform how scientists access,

analyse and share data from observations, being considered a Big Data machine. A network

of SKA Regional Centres (SRCs) is being established to take the science data products that

will emerge from the SKA telescopes to the final state required for science analysis.

1 Introduction

The SKA Observatory (SKAO) is an ESFRI (European Strategy Forum on Research Infras-
tructures) Landmark aimed to build two radio interferometers with the potential to make
revolutionary contributions to astrophysics, astrobiology and fundamental physics. The un-
precedented sensitivity of the Square Kilometre Array (SKA) telescopes pursues a number
of scientific goals, like understanding the evolution of galaxies and how dark energy works or
searching for complex molecules that are fundamental to the formation of life, among others.
The Spanish scientific community has showed a strong interest in the project by drafting the
Spanish SKA White Book [1], gathering the national scientific interest in SKA.

The two radio interferometers will complement each other over a wide range of the radio
spectrum. In their first phase one will have 197 dish antennas with a maximum baseline of
150 km (SKA-mid, 350MHz - 15.4GHz) located in the Karoo Desert in South Africa, and the
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other more than 131000 2-metre high dipole antennas located in Western Australia, grouped
into 512 stations with maximum separation of 65 km (SKA-low, 50-350 MHz).

The SKA Regional Centres (SRCs) will receive data from the SKAO and will be respon-
sible for maintaining its scientific archive. The SRCs will be distributed around the world,
forming a global network to provide computational resources and collaborative tools to allow
the international SKA community to take full advantage of the SKA telescopes. The SRC
Network (SRCNet) will also provide scientific support in the use of the instruments and in
the analysis of their data, being the SRCs the place where SKA science will take place.

In the following sections it is explained the overall summary of the international SKA
journey so far (section 2) and the national scientific preparatory work (section 2.1), the
design and construction activities (section 2.2) and the communications and outreach effort
(section 2.3). The section 3 includes the activities related with the SRCNet (Section 3.1), the
Spanish SRC prototype and the Open Science (section 3.2) and the SKA Data Challenges
(Section 3.3). At the end, a section with the conclusions is also included (section 4).

2 The SKA Observatory journey

In 2008, the preparatory phase of the SKA (PREPSKA: A Preparatory phase proposal for the
Square Kilometre Array, European Union FP7 2008-2012) officially started with the goal of
preparing for the pre-construction activities. The SKA Organisation was established in 2011
as the entity in charge of the coordination of the pre-construction activities. The detailed
design of the SKA telescopes were carried out by 12 international engineering consortia,
formed in 2013, which were responsible for the fulfillment of the design requirements defined
for the telescopes. The System Critical Design Review (CDR), a review of an independent
external panel for the SKA telescopes’ overall design, succeeded in December 2019.

A few months before the CDR, in March 2019, 7 countries signed the SKAO Convention
with the aim to establish the Observatory as an intergovernmental organisation (IGO), which
would tackle the construction and operations of the telescopes. This milestone started a
transition phase from the SKA Organisation to the SKA Observatory, concluding in January
2021 with the ratification of the needed signatures to establish the SKAO. The first Council
meeting was held a few days later and two high-level documents were approved: 1) the
Construction Proposal, the plan to build the SKA Phase 1 and 2) the SKAO establishment
and Delivery Plan, which establish the SKAO as a scientifically productive entity. They cover
the first decade of SKAO’s planning, from its establishment until two years after the end of
the construction phase. More than 26 contracts with a total value of ¿216M have already
been tendered and, once operational, a lifetime of more than 50 years is foreseen.

At the time of writing, eight countries1 have joined the SKAO so far and another eight2

are expected to join the IGO in the coming years. Spain became the 11th member of the
SKA Organisation in June 2018 and the SKAO Council approved the Spanish membership
in July 2021, being the accession process very advanced. While the process is on going, the

1Australia, China, Italy, the Netherlands, Portugal, South Africa, Switzerland and the United Kingdom.
2Canada, France, Germany, India, Japan, South Korea, Spain and Sweden.

https://skao.canto.global/s/M8159?viewIndex=0
https://skao.canto.global/s/MV7P2?viewIndex=0
https://skao.canto.global/s/MV7P2?viewIndex=0


362 SKA project and SRCNet status

country has already started contributing to fund the SKAO.

Researchers from Spanish institutions have expressed their interest in the SKA since the
90’s. From 2011 on, the Instituto de Astrof́ısica de Andalućıa (IAA-CSIC) coordinates the
national participation in the project, and receives direct economical support from the Spanish
Science and Innovation Ministry (MCIN) since 2020. The coordination team gives support
to academic groups, industry and MCIN in matters related to the project and interacts
with the SKAO office. It also coordinates proposals and disseminates calls for funding and
promotes the Spanish representation in SKAO committees, the scientific preparation and
the participation in the SKAO construction. The group also coordinates communications
and outreach at national level, being members of the SKA Communications and Outreach
Network (SKACON) and its Steering Committee (SKACOSC).

2.1 Scientific preparatory work

The Spanish community participates in projects and observatories across the entire electro-
magnetic spectrum in synergy with SKA science. The participating in SKA precursors (tele-
scopes located at future SKA sites) and pathfinders (telescopes using SKA preparatory tech-
nology) observation programmes (GASKAP, WALLABY, MIGHTEE, MHONGOOSE,...) is
one of the major ongoing preparatory activities. Figure 1 shows two examples of the un-
precedented science that SKA precursors are already delivering.

Figure 1: On the left, the deepest, most resolved image of the Milky Way centre (Heywood
et al. [2], MeerKAT). On the right, the brightest ever pulsar found in the Magellanic Cloud
(Wang et al. [3], ASKAP, Australian Square Kilometre Array Pathfinder)

The SKA-Mid and SKA-Low commissioning phase is expected to initiate in early 2024,
with the finalisation of the construction of the first Array Assembly (AA - batch of antennas
or stations), and science verification is scheduled to start by 2027. A series of SKA Data
Challenges are being and will continue to be launched at the same time to help the community
prepare for the analysis of the SKA data products that the SKA telescopes will deliver (sect.
3.3). Many astronomers from Spanish centres currently carry out research projects aligned
with the SKA Science Drivers an have expressed a huge interest in SKA Science over the years
specially by: 1)publishing the Spanish SKA White Book [1] in 2015 through the collaborative
effort of 119 Spanish astronomers affiliated to 25 Spanish centres and 15 foreign ones; 2)
organising and contributing in more than 10 SKA specific conferences in Spain; 3) being part
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of 13 out of the 14 SKA Science Groups with the participation, at the time of writing, of 58
scientist from 18 Spanish research centres; and 4) establishing the Spanish SKA Network with
national funds for national groups interested in the SKA project at scientific, technological
and industrial levels to maintain contact and get involved in the initiative.

2.2 Design and Construction activities

In November 2011, the former MCIN funded a feasibility study for Spain’s participation in
SKA. As part of its results, the Spanish industry was interviewed to elaborate a Capability
Map and identify stakeholders that could have relevant technological profiles for the SKA
project. Two years later, eleven consortia were formed in order to carry out the design the
specific elements of the telescopes between 2013 and 2019. At national level, more than 20
Spanish research centres and companies participated in 8 out of the 11 SKA design consortia.

The time period between the system CDR and the start of the telescopes’ construction was
defined as the ’bridging’ phase, aimed at improving the design of different elements. Spain
contributed to the Science Data Processor (IAA-CSIC and GMV through the project ’Sup-
porting Open Science in the SKA by collecting Provenance from its Science Data processor’)
and to the Signal and Data Transport element (‘White Rabbit Switch de alta fiabilidad de
interoperabilidad 10G’ project led by University of Granada and Seven Solutions).

Once the SKAO was established, its Council approved the start of the telescopes’ con-
struction in July 2021. This phase will last about 8 years and, in this period, the scientific
community will begin to use part of the instrument to carry out the commissioning and ver-
ification of the instrument. As the MCIN has started the process to join the SKAO, Spain
agreed with the SKAO on different technological areas for the Spanish industry to participate
in i.e. synchronisation and distribution of signals, SKA-Mid dish antennas’ sub-reflectors and
different elements for the Band 1 (0.58–1.015GHz) and Band 5 (4.60–15.4GHz) receivers.

2.3 Communication and outreach

In 2022, the Spanish representatives at the SKACON and SKACOSC participated in the
design of the SKAO Communication Strategy document, it covers the whole construction
phase (2022-2029). In the same year, the SKAO website was published, including a page for
Spanish national information about the SKA project.

Since last Spanish Society of Astronomy meeting, the SKA Spanish coordination team
have been granted with funds from the International Astronomical Union (IAU) for two
outreach projects. The IAU Office for Astronomy Outreach funded the ’From SKA to the
World’ project, aiming at developing online science communication and education products
while targeting high school students. The ’Education for all’ project, funded by the Office of
Astronomy for Development, aimed to promote education in internally displaced communities
in Burkina Faso. A collaboration has also been initiated in November 2022 during the Spanish
Childhood day with the international Non-Governmental Organization, ’Aldeas Infantiles
SOS’ (’SOS Children Villages’) with the intention to keep it growing.

https://www.skao.int/
https://www.skao.int/en/partners/prospective-members/398/spain
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3 SKA Regional Centre Activities

3.1 The SKA Regional Centre Network

In September 2016 the SKA organization established the SRC Coordination Group (SRCCG),
with the mandate to define the requirements of the SRCNet. At that time, different interna-
tional initiatives started contributing to the design of the SRCs, analyzing the requirements
from a regional point of view, highlighting among them the European project “Advanced
European Network of E-infrastructures for Astronomy with the SKA” (AENEAS). At the
end of 2018, the SRC Steering Committee (SRCSC) took over from the SRCCG to take the
SRCNet from design to implementation on a global basis. To this end, 7 working groups were
established, focused on the following areas: SRCNet architecture, data logistics, operations,
federated computing and data software services, SKA science archive, compute, and science
user engagement. All these groups included a total of 12 Spanish members from 7 institu-
tions. Among these groups the Science User Engagement Working Group was in charge to
engage the community during the identification of requirements for the SRCNet

In early 2022, the SRCSC, with the support of the SRC Architect, defined nine interna-
tional teams to carry out the SRCNet prototyping phase following an agile methodology. Five
of these teams were focused on identifying and explore solutions in different areas (data man-
agement, science platform, Authetication and Authorisation, High Performance Computing
(HPC) platforms and Visualisation). Two agile teams are in charge of building testbeds to
provide feedback and a formal assessment of the technologies considered for the different SRC
components. One of these teams is lead by the Spanish group in charge of the development
of the Spanish SRC prototype (SPSRC). Two teams have not started their activity yet.

3.2 The Spanish SRC prototype and the Open Science

The IAA-CSIC is leading the development of the SPSRC as part of the program associated to
its Severo Ochoa distinction. The SPSRC is providing support to scientific activities related
to the SKA precursors and pathfinders, while promoting synergies and best practices on Open
Science. The SPSRC initiative aims to build a transversal facility and uses Open Science as
a tool to reach the whole astronomical community beyond that of radio astronomy.

As acknowledged by the United Nations Educational, Scientific and Cultural Organization
(UNESCO), Open Science impacts on areas related to some of the Sustainable Development
Goals (SDGs). The engagement of the SPSRC with Open Science is aligned with the position
of SKA in this topic. SKAO is the first facility including reproducibility as a scientific metric
of success. SKA project is aware of how Open Science impacts on areas related to some of the
SDGs and the SKA’s foundational principles include the adoption of Open Science values.

3.3 The SKA Data Challenges

The SKA Data Challenges (SDCs) are exercises designed and published by the SKAO. They
entail analysis of simulated SKA data products and their aim is to prepare the scientific
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community for the analysis of the SKA data. The SDC1 was published in 2018, the SDC2
ran during the first part of 2021 and SDC3 will do in the first part of 2023. Since the SDC2
several international computing facilities provide support to the SDC participants, so the
community get familiar to analyse the data using external platforms, in a similar way as
when the SRCNet will be functioning. The SKAO offered reproducibility award for those
SDC2 participants who demonstrated reusable methods and reproducible results.

4 Conclusions

The SKAO started the construction of the two telescopes in 2021 and Spain was allocated with
5 contracts in the areas of synchronisation and distribution of signals, SKA-Mid antennas’
sub-reflectors and different elements for the bands 1 and 5. The SRCNet will be part of
an end-to-end system composed by the SKAO and the SRCs. The SRCs will provide the
community with access to data, computational resources and support to produce SKA science,
as well as a platform for collaborative science. Spain is contributing to the development of
the SRCNet and the SPSRC is supporting ongoing preparatory scientific activities.
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Abstract

The IAC in Tenerife is collaborating with an international consortium involving the Univer-
sity of Hawaii, MorphOptic (USA), Dynamical Intelligent Structures (DiSL, Canada) and
two institutes in Lyon (CRAL@CNRS + INSA; France), to design the future ≥40m ExoLife
Finder (ELF), an optical hybrid interferometer telescope. The objectives of ELF are both
scientific and technological: the discovery of biomarkers in the atmospheres of exoplanets
and patenting tensegrity and ultra-light ultra-thin mirrors to reduce the weight of future
large telescopes by at least a factor of ten.

The consortium embarked in building a 3.5-m prototype (nicknamed Small-ELF) as a

demonstrator for ELF, made of 15 mirrors of 0.5m in diameter mounted on a ”bicycle

wheel” structure. Small-ELF will have high angular resolution astronomical capabilities in

the near-infrared and will also serve as a technology demonstrator for the much larger ELF.

The installation is planned in the coming years at Teide Observatory. The detailed design,

which provides optical, mechanical, and electronic solutions with bottom-up cost estimates,

is presented.

1 Introduction

Since the announcement of the first planet orbiting the 51 Peg star outside of our Solar system
by Mayor & Queloz (1995) who received the Nobel prize in Physics in 2019 [1], the field of
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exoplanets have evolved dramatically with the discovery of more than 5000 exoplanets with a
wide variety of physical properties. The main objective has now shifted to the detection and
characterization of telluric exoplanets. The search for biomarkers in their atmospheres and
imaging of continents on their surfaces motivate the construction of dedicated giant telescopes
capable of unprecedented contrast, angular resolution, and spectral stability.

2 The ExoLife Finder

To be able to image exoplanets, several key observational and technical requirements are
mandatory, including:

1. high spatial resolution = angular separation to detect close companions to the star

2. high dynamic range i.e. contrast photometry to detect faint companions

3. high sensitivity or depth to detect faint companions

4. never mind the field-of-view because the planet is close to its host star

5. observe in the infrared where the planet is brighter

There is a specific need for a large but light and cheap telescope dedicated to exoplanet
science with the above characteristics. This new telescope, nick-named the ”ExoLife Finder”
(ELF), is an hybrid optical interferometer planned with a minimum diameter of 40m [4].
It will be the lightest and unique telescope world-wide dedicated to high-resolution high-
contrast infrared imaging. The challenges of ELF to reduce the weight, hence, the cost by a
factor of approximately ten, are both technological and scientific.

The main scientific goals of ELF is to detect biomarkers in the atmospheres of exoplanets
orbiting the nearest and brightest stars to the Sun and reconstruct the surface of extrasolar
planets in the near-infrared with inversion techniques [3, 2].

ELF will work as a hybrid optical interferometer. Its contruction and success relies on
three major technological challenges outlined below:

� Tensegrity will use cables instead of trusses to join the bicycle wheel shape of the
mechanical structure to the mirror support structure [5]

� Ultra-light, self correcting, ”Live” Mirrors lowering mirrors aerial density and maximiz-
ing performance with non-abrasive, additive, 3D-printed novels technology [6]

� Wavefront sensing and control technologies to reach unprecedented planet-to-star con-
trast (>108) by correcting on the fly the atmospheric turbulence together with telescope
co-phasing and nulling [7]

3 The Small-ELF prototype

The consortium, made of the Hawaii Institute for Astronomy, MorphOptic Inc, and Geor-
gia State University in the US, DiSL in Vancouver (Canada), and the Centre de Recherche
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d’Astrophysique de Lyon (CNRS/CRAL) along with the Institut National des Sciences Ap-
pliquées (INSA) in Lyon (France), and the Instituto de Astrof́ısica de Canarias (IAC) is
currently designing a 3.5-m prototype to be installed at Teide Observatory to develop, prove,
and validate the three aforementioned key technologies. Small-ELF is a 3.5 m telescope that
will have high angular resolution astronomical capabilities with bright sources that will serve
as a technology demonstrator and prototype for ELF.

Our consortium has now a detailed design delivered and funded by the Spanish Ministry
of Science’s recovery plan that provides optical, mechanical, and electronic solutions with
cost estimates. The basic optical design of the Small-ELF consists of a ring of 0.5m diametre
lightweight primary mirrors (Figure 1). The ultra-light mirrors and the wavefront sensing
technologies have recently been funded through European and french-national funds, respec-
tively. The Small-ELF develops opto-mechanical and interferometric capabilities that are
critical for the next generation of ultra-large optical telescopes and instruments. In partic-
ular, Small-ELF will demonstrate that new technologies such as synthetic optical aperture,
light-weight mirrors, and tensegrity can be manufactured, assembled, tested, and installed
efficiently and cost-effectively.

Figure 1: Detailed design of the Small-ELF 3.5-m prototype. Copyright DiSL, IAC

The construction of the mechanical structure of Small-ELF is planned in-house for the
second half of 2024 and its installation a year later at Teide Observatory in Tenerife, Canary
Islands (Spain). Small-ELF will provide a unique coronographic capability to the Spanish
astronomical community to obtain high-contrast images of sources visible from the Northern
Hemisphere. There is no other facility capable of provide images with such high contrast in
the near-infrared available to the Spanish community.

4 Conclusions

Modern ground-based optics will far surpass space experiments for exoplanet observations. A
dedicated exoplanet research facility like ELF is sorely needed to achieve both low scattered
light and high photometric dynamic range in the next decades. We believe that ELF can be
built in the next 10–20 years so that the new generation of astronomers can detect exolife
during their career.
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Abstract

The Isaac Newton Group of Telescopes is completing a strategic change for the scientific
use of its two telescopes, the 4.2-m William Herschel Telescope (WHT) and the 2.5-m Isaac
Newton Telescope (INT). After more than 30 years operating as multi-purpose telescopes,
the telescopes will soon complete their shift to nearly-single instrument operation dominated
by large surveys.
At the WHT, the WEAVE multi-fibre spectrograph is being commissioned in late 2022.
Science surveys are expected to launch in 2023. 30% of the available time will be offered in
open time. For the INT, construction of HARPS-3, a high-resolution ultra-stable spectro-
graph for extra-solar planet studies, is underway, with deployment planned for late 2024.
The INT itself is being modernised and will operate as a robotic telescope. An average of
40% of the time will be offered as open time.

The ING will maintain its student programme. Plans call for moving student work from

the INT to the WHT once the INT starts operating robotically.

1 Introduction

Since the mid 1980’s, the Isaac Newton Group1 (ING) operates the 4.2-m William Herschel
Telescope (WHT) and the 2.5-m Isaac Newton Telescope (INT) at the Observatorio Roque
de los Muchachos on the Canarian island of La Palma. The telescopes have provided front-
line multi-instrument observing capabilities to the ING astronomical communities of the UK,
Spain and the Netherlands. Instrumentation comprised facility instruments (most recently
ISIS, LIRIS, ACAM, PF, AF2, WYFFOS, INGRID, LDSS, NAOMI, OASIS, TAURUS-II,
WFC, IDS), as well as powerful visiting instruments for science or for technology demonstra-
tion (AOLI, CANARY, DIPOL, GASP, GHaFaS, HiPERCAM, iQuEyE, LEXI, PAUCAM,
PN.S, SPIFS, CIRPASS, CIRSI, ExPo, INTEGRAL, MAOJCam, PLANETPOL, PWFS,
SAURON, ULTRACAM, Stereo-SCIDAR, Sodium Profiler).

1www.ing.iac.es
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In 2010, following a strategic review and community consultation2, and following the
Astronet Roadmap for European Astronomy [5] and the European Telescope Strategy Review
Committee 2010 report [15], ING started making steps to allow the WHT to become a
powerful spectroscopic survey facility. This transformation had been announced at previous
SEA conferences[3].

This paper provides a much needed update, after the pandemia years, coinciding with the
exciting times when the WHT is starting to collect sky light with its new instrumentation.

Figure 1: The WHT prime focus equiped with the WEAVE fibre positioner. Photo credit:
J. Méndez, ING.

2 The new WHT

With a strategic view focused on science from massive spectroscopic surveys doable on a
4-m class telescope, there were clear design drivers for new instrumentation[1]. The WEAVE
instrument (Fig. 1) is the result of that strategy. Three main elements comprise the new
WHT:

Prime-focus corrector. A new optical corrector delivers a corrected field of view (FOV)
of 2 degree (40 cm) diameter, with good transmission from 360 nm to 1000 nm.

Fibre positioner. A pick-and-place system, based on the 2dF system at the AAT, employs
two robots to place up to 960 fibres on the focal plane. In addition to the standard single-
fibre multi-object mode, the instrument comprises 20 fully-deployable mini-integral-field
units (mIFU) of 10 arcsec FOV, as well as a monolithic integral-field unit (LIFU) with
field of view 90 arcsec. A total of 3243 fibres transmit the light from the MOS system,
the mIFU system and the LIFU to the spectrograph.

2https://www.ing.iac.es/about-ING/strategy/
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Spectrograph. A new two-arm spectrograph provides spectroscopy at resolving power of
either 5,000 (LR) or 20,000 (HR). Wavelength coverage at LR is the entire optical range,
366 – 959 nm.

2.1 WEAVE highlights

The WEAVE instrument has been described elsewhere [7][8][17][2]. The definitive description
of the as-built instrument, at the time of integration at the telescope, pre-commissioning, is
given in [12]. And an updated description is being maintained at the ING web site3.

We direct the reader to the above references, and here just note the three input modes:
multi-object mode (MOS), the large-integral field mode (LIFU) and the mini-integral field
mode (mIFU). We discuss WEAVE’s main highlights in the global context of multi-object
spectroscopy instruments.

Table 1: WEAVE highlights

Parameter Interest

MOS lowres R = 5, 000 δv ∼ 3 km s−1 @ V ∼ 20, match to Gaia vT
MOS highres R = 20, 000 Improved continuum for line strengths
MOS, mIFU FOV ∼ 2 deg High multiplex
LIFU highres R = 10, 000 Resolving vertical vel. disp. of galaxy disks
LIFU FOV ∼ 90 arcsec Evolution of PPAK
20 mIFU, FOV ∼ 11 arcsec MANGA but on a 4-m, R = 5, 000
End-to-end pipeline Science-ready data
Offered for surveys and open time Accommodates both large and small projects

When compared to other MOS instruments on 4-m class telescopes, WEAVE shines in a
number of aspects. The more salient of them are noted in Table 1:

� In its default, low-resolution mode, WEAVE’s resolving power R = 5000 is high among
high-multiplex MOS instruments built for galactic and extra-galactic science, and makes
WEAVE ideal for Milky Way dynamics and archaeology, as it provides stellar radial
velocities with accuracies similar to those of tangential velocity data from Gaia.

� In its high-resolution mode, WEAVE’s resolving power R = 20, 000, when combined
with its high multiplex, represents a significant step forward for stellar line strength
determinations, as continua adjacent to the lines are less affected by instrumental broad-
ening.

� The MOS FOV, 2 degree diameter, is unique in its mIFU mode and in the high-
resolution MOS.

3https://www.ing.iac.es/astronomy/instruments/weave/weaveinst.html
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� The LIFU high-resolution configuration, which delivers R=10,000 spectra, can resolve
the vertical velocity structure of galaxy disks.

� The LIFU FOV, which was patterned after the PPAK LIFU[13], has 50% higher FOV,
and higher wavelength coverage (3660−9590 Å), and represents a true next-generation
large IFU for the study of extended sources.

� The mIFU FOV matches the smaller end of the distribution of FOV for the MANGA
units[4]. With their wide wavelength coverage and with spectral resolutions 2.5[10]
times higher than the SDSS-III spectrographs in the low[high] WEAVE resolutions, the
WEAVE mIFU’s will be powerful tools for low-mass galaxies and for compact star-
forming regions in our Galaxy.

� Data will be delivered fully reduced and containing a range of science-ready products.

2.2 WEAVE surveys

Eight surveys (Table 2) have been approved for execution over 5 years of WEAVE operation;
they will be allocated 70% of the available time on WEAVE. As of this writing, the most
comprehensive description of the surveys is given in [12]. For updates and contact points for
the surveys and for WEAVE science, the reader is directed to the WEAVE web site4.

Table 2: The eight WEAVE surveys

Title Title

GA Galactic Archaeology SCIP Stellar, Circumstellar and Interstellar Physics
WC Galaxy Clusters[6] StePS Stellar Populations At Intermediate Redshift[11]
WA WEAVE Apertif [10] WL WEAVE LOFAR[16]
WQ WEAVE QSO[14] WD WEAVE White Dwarfs

2.3 Using the WHT: surveys and open time

ING is offering time on WEAVE for large surveys as well as through the ING national time-
allocation committees. The International Time programme of the Canarian Observatories5

provides an additional means of obtaining up to 15 WEAVE nights per year in addition to
time on any of the other ORM telescopes.

WEAVE is due to start commissioning in the fall of 2022. We anticipate LIFU science
verification observations in early 2023, and aim for starting science in the middle of 2023.

4https://ingconfluence.ing.iac.es/confluence/display/WEAVEDEV/WEAVE%3A+The+Science
5https://www.iac.es/en/observatorios-de-canarias/observing-time/observing-time/international-time-

programme
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3 The third life of the Isaac Newton Telescope

ING is in the middle of transforming the 2.5-m Isaac Newton Telescope (INT) by installing
HARPS36 [18], an enhanced version of the HARPS and HARPS-N spectrographs aimed at
achieving 10 cm s−1 radial velocity precision on nearby stars to search for Earth-like planets.
HARPS3 differs from its predecessors by a stabilised beam feed and a polarimetric sub-unit[9]
which will provide a powerful tool for characterising stellar activity. The Terra Hunting Ex-
periment (THE) consortium, P.I. Didier Queloz, is building HARPS3 and making it available
in exchange for ∼50% of every night over 10 years; the remaining time will be offered as open
time through the usual national time allocation channels. The consortium is also modernising
the INT, which will become a robotic telescope. This will be the third encarnation of the
venerable INT, after its first installation in Herstmonceux in 1967 and it re-deployment in
La Palma in 1982.

With this transformation, we expect the INT will provide the UK, ES and NL astronomical
communities with a much needed tool for extra-solar planet science.

Current plans call for the robotic INT to be commissioned during the summer of 2024,
and for HARPS3 to start scientific operations before the end of 2024.

4 Opportunities for students

ING will continue to welcome 4 to 6 students for year-long stays at the ING. Building on
the success of this highly-demanded programme, we are hoping to increase the number of
student positions in the near future.

When the INT closes down for reforms and becomes a robotic telescope, students will
dominantly work at the WHT, partaking in WEAVE survey and open-time observations.
This will open up opportunities for the students to become familiar with the execution of
large projects and to develop expertise in WEAVE data.
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Abstract

FastCam is an instrument designed to obtain high spatial resolution images in the optical

wave- length range from ground-based telescopes by using the Lucky Imaging technique.

This technique is based on the idea of registering the instants of atmospheric stability, typ-

ically lasting just some milliseconds, using very short exposures. The instrument consists

of a very low noise and very fast readout speed EMCCD camera capable of reaching the

diffraction limit of medium-sized telescopes from 380 to 1000 nm. At the beginning of

2019, a new camera was commissioned. Now the instrument makes use of an Andor iXon

DU-888U3-CSO#BV back-illuminated system containing a 1024x1024 pixel frame transfer

CCD sensor from E2V Technologies. The pixel size is 13 microns and the camera allows

up to 30 exposures per second. A new update of the camera acquisition software is cur-

rently being worked on. A complete characterization of the detector is also being carried

out in order to better understand and exploit all the performances of the instrument, ap-

plying particular configurations for each scientific case. A standard reduction of the data

is also being implemented in order to offer it to all users of the instrument. The first

FastCam was an instrument jointly developed by the Spanish Instituto de Astrof́ısica de

Canarias (IAC) and the Universidad Politécnica de Cartagena which started in 2006. Since

then, the IAC assumed the instrument and tested it on several telescopes of the OOCC,

among them the Nordic Telescope (NOT) where images were obtained in the optical domain

diffraction-limited with high contrast, reaching a resolution of 0.1”/px. Currently FastCam

is a common-user instrument at the Cassegrain focus of the 1.52-meter Carlos Sánchez Tele-

scope (TCS, Teide Observatory) where observations are being made to calibrate the detector

with sky tests. The idea is that in the near future it will be installed in the NOT to finish

the commissioning process of the new camera and the whole acquisition system so that this

instrument can be used by the international community.

1 Introduction

Fastcam is an instrument that uses the Lucky Imaging (LI) technique to obtain high spatial
resolution images in the optical range. It has been developed by the Instituto de Astrof́ısica
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de Canarias (IAC) in collaboration with other institutions [1]. This technique is based on
recording the instants of atmospheric stability through very short exposures (30-50 ms). The
selection of those images minimally affected by turbulence allows to reach the resolution
limit of the telescope in the optical range, offering results similar to those of space telescopes
(Figure 1).

Figure 1: I-band images taken at the TCS showing the first Airy disc.

2 UPDATE OF THE INSTRUMENT

Fastcam consists of a commercial EMCCD (Electron Multiplying Charge Coupled Device)
detector with fast-reading and low-noise together with an optical system and the acquisition,
selection and process software packages. A new camera has been purchased and based on it
we are carrying out a complete upgrade of the instrument and associated software (Figure
2).

3 A NEW CAMERA

The new Fastcam camera is an Andor iXon Ultra 888 detector, model DU-888U3-CS0-#BV
(Back-illuminated, standard AR coated): 1024 x 1024 active pixels, 13 um pixel size, 30 MHz
max readout time, ≪1 e- readout noise (with EM gain), 26 fps full frame, 93 fps at 512x512
(Cropped mode), ≫ 95% QE. Some features of the detector are the frame transfer mode.
This option is a special acquisition mode that contains 2 areas of approximately equal size as
shown below: 1. The Image Area, which is at the top and farthest from the readout register.
This is the light sensitive area of the CCD. 2. The Storage Area is located between the
Image Area and the readout register. This section is covered by an opaque mask, usually a
metal film, and is therefore not sensitive to light. Frame transfer devices typically have faster
frame rates than full frame devices, and have the advantage of a high duty cycle, meaning
the sensor is always collecting light (Figure 3).
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Figure 2: Left image: Fastcam at TCS, Right image: Fastcam at NOT

Figure 3: Frame transfer mode.

4 DETECTOR CHARACTERISATION

In addition to the new hardware, we are carrying out a complete characterization of the
system both in the laboratory and in test nights at the Carlos Sanchez Telescope. Basically,
the new generation of this type of optical detectors has the great advantage of performing
the electron multiplication of the signal before the readout of the detector, which means
that, proportionally, the readout noise can be significantly reduced in each pixel compared
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to useful signal, down to 1 e- rms. Using Electron Multiplication, the iXon is capable of
detecting single photons, therefore the actual detection limit of the camera is set by the
number of ‘dark’ background events. These events consist of thermally generated residual
electrons and Clock Induced Charge (CIC) electrons (also referred to as Spurious Noise), each
appearing as random single spikes above the read noise floor. This total characterization of
the system will allow optimization of the camera configurations according to the scientific
objective (Figure 4).

Figure 4: The system in the laboratory for a complete characterization.

5 SOFTWARE UPGRADE

Finally, we are carrying out a complete upgrade of the following software packages: New
acquisition and control software. More robust user interface. Optimisation of the reduc-
tion software. In the LI algorithm, the images that suffered less atmospheric distortion are
detected according to a quality criterion, then re-centered and added together into a sin-
gle image [2]. A limitation of the LI technique is that a corrected image of a star shows a
diffraction-limited central core with a residual halo corresponding to the atmospheric turbu-
lence that could not be corrected as it can be seen in the figure. The new COELI algorithm
(COvariancE of Lucky Images) [3, 4] has been designed to overcome that improving the de-
tectability of faint objects falling inside the residual halo by analyzing the correlation between
the peak pixel and the rest of the pixels of each lucky image (Figure 5).
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Figure 5: Left images: a 30ms exposure; natural seeing; 1% of 4,000 aligned and averaged
images. Bottom image: profile of a partially corrected image of a star, showing a diffraction-
limited central core and the residual halo..

6 CONCLUSIONS AND FUTURE WORK

The project started in March 2006 and, since then, FastCam has been successfully tested on
different OCAN telescopes and the theoretical diffraction limit of the following telescopes has
been reached in the I band (850nm), 0.17 at TCS, 0.10 at NOT and 0.07 arcsec at WHT,
and similar resolutions have been also obtained in the V and R bands. For this update
process we are performing observations that help us in the commissioning of the instrument
to define the most appropriate configuration for each scientific case. The instrument can
offer competitive observations in multiple fields of astronomy: Solar System with asteroids
and comet; Exoplanets; Studies of stellar formation and dynamics; Multiplicity of stars in
a wide range of masses and evolutionary states; Extragalactic resolution studies (quasars,
AGNs, etc). Fastcam is a common-user instrument at TCS since 2008 and will be offered for
installation at NOT in the near future.
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Abstract

Infrared spectroscopic observations from the ground must be corrected from telluric con-

tamination to make them ready for scientific analyses. However, telluric correction is often

a tedious process that requires significant expertise to yield accurate results in a reasonable

time frame. To solve these inconveniences, we present a new method for telluric correction

that employs a roughly simultaneous observation of a Vega analog to measure atmospheric

transmission. After continuum reconstruction and spectral fitting, the stellar features are

removed from the observed Vega-type spectrum and the result is used for cancelling telluric

absorption features on science spectra. This method is implemented as TelCorAl (Telluric

Correction from Alicante), a Python-based web application with a user-friendly interface,

whose beta version will be released soon.

1 Introduction

Infrared spectra that are observed from ground-based facilities are heavily contaminated
by absorption features from the Earth’s atmosphere. The accuracy of the decontamination
process, known as telluric correction, is crucial for producing reliable results from subsequent
spectroscopic analyses.

Telluric correction basically consists in dividing the science spectra by atmospheric trans-
mission. However, the latter cannot be easily determined because the atmosphere behaves
in a complex and unpredictable manner. The intensities and shapes of telluric absorptions
depend not only on observational settings (airmass, instrumental profile, the observer’s alti-
tude) but also on atmospheric properties that can change dramatically (abundances for the
involved molecules, precipitable water vapor, seeing).
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The currently available methods mainly differ on how this transmission spectrum is ob-
tained. On the one hand, theoretical methods (e.g. [11]) fit a transmission model to the
observations. On the other hand, observational methods (e.g. [12]) extract the transmis-
sion spectrum from a roughly simultaneous observation of a standard star whose intrinsic
features are well known and easily separated from telluric absorptions. There also are some
hybrid approaches (e.g. [2]). The user often has to make a complex choice, based on instru-
mental and operational features (spectral resolution, exposure times, observation schedule,
etc.), and other requirements related to the planned treatment (intended signal-to-noise ratio,
integration into a pipeline, etc.).

The majority of publicly available algorithms are designed for specific instruments or
tailored to the scientific goals of some particular team. A few others have a more general
purpose and are targeted to a wider community, although they have practical disadvantages
in common. For example, users often complain about problems for installation and usability
of these software, or about the amount of experience needed to obtain accurate results in a
reasonable amount of time.

This situation has encouraged us to create a cross-platform, user-friendly application for
telluric correction. To avoid the complications of fitting sky models or empirical libraries
to the telluric component of science spectra, we have chosen the approach of measuring
atmospheric transmission on an Observed Standard Star Spectrum (OSSS). We refer to [10]
and [12] for the theoretical background for this kind of methods.

2 Methodology

Vega-type standards (i.e. spectral types around A0V) are preferred, as their intrinsic spectra
only display wide hydrogen absorptions in most cases (see [9] for a notable counterexample).
These lines are usually well described by Voigt functions (see [8] and references therein), which
facilitates the modeling and removal of the OSSS stellar features. Model fitting, however,
cannot be directly performed within wavelength regions where the continuum disappears from
the observation (owing to broad telluric bands or to overlapping high-order hydrogen lines).

The extraction of the atmospheric transmission spectrum in such a way is the first phase
of telluric correction, and is carried out in five steps:

1. A “default telluric correction” of the standard star is made by dividing the OSSS by a
synthetic trasmission spectrum (respectively shown in black and light blue in Fig. 1).
To generate the latter, the [4] telluric models for average atmospheric conditions are
interpolated at the airmass of the OSSS, convolved with a Gaussian profile that matches
the spectral resolution of the instrument, and resampled into the OSSS wavelength
axis. The [4] models also provide variability information that is used for computing the
uncertainty of the default correction.

2. A simple model of hydrogen absorption spectrum is created as a combination of Voigt
profiles whose widths and relative intensities are preset for the spectral type of the
OSSS. The profile heights are then multiplied by a scaling constant to match the line
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Figure 1: Spectra involved in the process of fitting a spectrum of a telluric standard star,
as well as the normalized version of the OSSS for comparison purposes.

heights of the default telluric correction (brown line in Fig. 1), thus obtaining a first
model of the standard star (dashed orange line).

3. The ratio between the results of previous steps (i.e. brown line divided by orange line) is
used as an approximation for the continuum level (shown in green in Fig. 1). Weighted
least-squares polynomial fits with boundary conditions are performed for increasing
degrees of the polynomial, and the optimal result (magenta dashed line) is chosen on
the basis of a goodness-of-fit test.

4. The spectrum that results from the default correction is normalized (i.e. brown/magenta
= red in Fig. 1) and used for fitting a model for the combination of all H line profiles.
The result is multiplied by the continuum fit (magenta dashed line) to produce a full
model for the intrinsic features of the OSSS (See upper graph in Fig. 2).
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Figure 2: TelCorAl interface, showing an example of the fitting process for intrinsic features
of a telluric standard star.

5. The telluric transmission spectrum (Fig. 2, lower plot) is obtained as the ratio of the
OSSS to its full model.

If one or both of the initial synthetic spectra (like those in Fig. 1, top pannel) diverges
significantly from the OSSS features, the fitting procedures will produce inaccurate results.
In this case, the method will iterate on steps 1–5 so that the model and transmission results
of an iteration are used as initial spectra for the next one.
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Once an accurate result for telluric transmission is achieved, the second phase consists in
using the resulting spectrum for correcting the science spectra. In an ideal case, the telluric
features imprinted on all these spectra would be identical, and could be perfectly removed by
dividing each science spectrum by the transmission. In practice, however, there are intensity
and shape variations, caused not only by variability of the sky (for non-simultaneous obser-
vations), but also by factors related with the reduction process (e.g. wavelength calibrations
of co-added frames) or with implicit approximations (e.g. the definition of airmass). To deal
with these differences, the following tasks are carried out for each science spectrum:

� The transmission spectrum is slightly red- or blue-shifted according to a factor that
corresponds to the maximum cross-correlation with the science spectrum. As far as
possible, the cross-correlation function should be computed in a wavelength range where
telluric features dominate over the intrinsic features of the science spectrum.

� The ratio between airmass factors for the science and transmission spectra is used for
scaling the strength of telluric features through an exponential relation ([7]). The result
can be manually fine-tuned by the user until optimal telluric cancellation is achieved.

3 Implementation and current status

We have developed TelCorAl (Telluric Correction from Alicante), a user-friendly web appli-
cation that performs telluric correction in a semiautomatic way. Apart from carrying out all
the telluric correction process as explained in Sect. 2, the users may choose to perform just
one phase, or both phases independently, in order to test the method or make the correction
in a more customized way. In all cases, the users are required to upload their input spectra
in comma-separated value format, and the results are delivered in the same format together
with information on the parameters used throughout the process. All calculations are inter-
nally made by a Python 3 code, and users interact with it through a web interface that also
displays helpful plots (Fig. 2). Everything is processed in the RAM of the server, and no
data or results are ever stored outside it, thus keeping them private at all times.

The combined H line models are built and fitted through lmfit 1.0.3 ([6, 5]), by em-
ploying a line profile function of the user’s choice. Based on our experience, the pseudo-Voigt
approximation ([14]) is usually the option that works better in general, although Gaussian
or Lorentzian profiles are also offered, as they are more suitable under certain circunstances
(e.g. extreme values for resolution and v sin i of the standard star). Other critical compo-
nents of fitting and processing the spectra for telluric correction make use of the SciPy ([13]),
PyAstronomy ([1]), and specutils ([3]) libraries.

A preliminary version of TelCorAl is currently running on the server of our group, although
being only accessible from the University of Alicante network for the moment. Once the final
telluric correction code is fine-tuned and comprehensive testing is carried out, a beta version
will be released to the public.
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4 Concluding remarks

Our forthcoming web application solves issues that make other telluric correction software
impractical for widespread use. The user-friendly webpage format, which does not require
installation, along with the semiautomatic approach, makes our software suitable even for
inexperienced users that aim at promptly getting a decent correction of their infrared data.
TelCorAl is also capable of dealing with a wide variety of instrumental and observational
features of the input data.

Compared to other telluric correction methods that are based on spectral fitting of Vega-
type stars ([12, 10]), our code uses a novel approach that consists in reconstructing the
continuum level (green line in Fig. 1). This allows us to achieve accurate fits on regions where
hydrogen line profiles overlap with each other or with wide telluric bands (e.g. between 1.54
and 1.62 µm, see Fig. 1).
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Abstract

We briefly outline the basic ideas behind LIFE, the Large Interferometer For Exoplanets, a

proposed space mission which topic coincides with one of those recently selected for ESA’s

Voyage 2050. LIFE is a project initiated in Europe with the goal to consolidate various

efforts and define a roadmap that eventually leads to the launch of a large, space based mid-

infrared nulling interferometer to investigate the atmospheric properties of a large sample

of (primarily) terrestrial exoplanets. We summarise the current scientific and engineering

efforts related to LIFE.

My poster is available at https://zenodo.org/record/7043679

https://life-space-mission.com/
https://zenodo.org/record/7043679
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Abstract

The Kepler mission has been the most successful so far in the search and characterization
of exoplanets by transit. With this technique, the intensity of light emitted by the star
is measured at regular intervals to detect periodically recurring photometric reductions,
from which the presence of an object can be inferred. We introduce an approach to anal-
yse light curves by using the Discrete Wavelet Transform (DWT) for exoplanet classification.

Our method consists of four stages. Firstly, light curves are phase folded distinguishing
odd and even events. Secondly, a symlet 5 DWT is applied to the resulting curves creating
up to 7 wavelet scales. Thirdly, noise filtering is applied to high-frequency scales. Finally,
statistical features from the reconstructed curves are extracted by means of tsfresh. This
information is used to perform supervised classification (LightGBM and AutoSklearn
methods) as well as unsupervised statistical learning (t-SNE and UMAP non-linear
dimensionality reduction techniques) to discriminate exoplanets from false positives (e.g.,
binary systems, pulsating stars, etc.). Our approach achieves an accuracy of 81%, beating
by 5 − 6% its non-wavelet counterpart.

Further evaluation of more complex extracted features and enlargement of the data
set through simulated curves is required. The present work is a first approach to the
identification of the nature of the eclipsing objects in light curves, by extracting features
after a wavelet pre-processing.

Acknowledgements: This communication summarizes the results obtained by LGF in his

Master’s Degree final project entitled “Análisis de curvas de luz Kepler mediante la trans-

formada wavelet”, defended in the Master’s Degree in Astrophysics and Observational Tech-

niques in Astronomy at UNIR. RBG is funded by the UNIR research project “ADELA: Deep

Learning Applications for Astrophysics”, no. B0036.

.

My poster is available at https://doi.org/10.5281/zenodo.7326640

https://orcid.org/0000-0001-5214-7408
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Abstract

In astronomical image acquisition, it is common to find artifacts and anomalies due to
the particularities of the studied objects as well as the acquisition process. Two of these
aberrations are, firstly, an object random light distribution that is usually modeled with
a Poisson distribution, and, secondly, the loss of spatial resolution due to the optical and
atmospheric point spread function (PSF).

Motivated by the recent advances in the field of Deep Learning in image reconstruction,
we have built a solution based on convolutional neural network (CNN) for astronomic
image aberrations removal. Our model is based on architectures with auto-encoders to
extract fundamental image features, skip-connections to recover lost features during the
compression stage, and two branches in parallel to perform the reconstruction task at
different levels of resolution.

Our results over simulations of galaxy images show an improvement of up to 8dB in PSNR,
and an increasement from ∼ 0.45 to ∼ 0.95 in SSIM for noise removal. However, weaker
galaxy structures such as the halo, filaments and point-like structures associated with star
formation regions are not well reconstructed yet. We are now researching to design and
apply more complex deep learning models, such as U-Nets and GANs, to improve the
quality in galaxy image recovery.

Acknowledgements: This communication summarizes the results obtained by JHA at his

Master’s Degree final project entitled “Redes Neuronales Convolucionales para la Recon-

strucción de Imágenes de Galaxias”, defended in Master’s Degree in Artificial Intelligence at

UNIR. RBG is funded by the UNIR research project “ADELA: Deep Learning Applications

for Astrophysics”, no. B0036.
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Corral-Santana, Jesús M.1, and Mehner, Andrea1

1 European Southern Observatory (ESO), Alonso de Córdova 3107, Casilla 19, Vitacura,
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Abstract

Time-domain astrophysics comprises a vast array of phenomena, spanning from solar system

objects to periodic variables, massive star eruptions, novae, supernovae, gamma-ray bursts,

tidal disruption events, fast radio bursts, active galactic nuclei, and microlensing. Multi-

messenger astrophysics is starting to become a powerful investigative tool and within the

next decade several missions and facilities will explore the timevarying Universe. ESO’s

instrumentation suit is ideal for coordinated follow-up efforts, but are we prepared for it in

terms of tools and procedures?.

My poster is available at https://zenodo.org/record/7046721

https://zenodo.org/record/7046721
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Abstract

Control and monitoring of light pollution is key to environmental and human wellbeing.

To address a proper study of the many factors involved in this research area is mandatory,

as well, for particular geographical regions with protected dark skies. In this context, the

worldwide famous Ćıes Islands, in the Spanish Galician Autonomous Community, hold

since 2016 a Starlight Touristic Destination certificate that must be audited every 4 years.

A summary of the results obtained for historical series and recent observational campaigns

are here presented.
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Abstract

Some space missions require a thorough control of the spacecraft’s magnetic environment.

With the aim of reducing risks, novel magnetic measurement designs that are likely to be

included in these ambitious satellites might be previously tested in CubeSats as a cost-

effective alternative. However, the adverse environment that these nanosatellites undergo

at LEO altitudes may impact on the measurements that on-board magnetic sensors per-

form. For instance, continuously orbiting the Earth and changing the spacecraft’s attitude

entail undesired contributions to the noise estimation of the measurements. Therefore, this

research elaborates on an approach to simulate these in-orbit magnetic variations at LEO

orbit in order to identify the contributions generated by these conditions and to subtract

them, so that just the intrinsic noise of the sensor can be assessed. The system tested for

this purpose is Magnetic Experiment for LISA (MELISA), an AMR-based design. A ver-

sion of this system, MELISA-III, is featured in the CubeSat Carrier-2 (CSC-2) platform as

part of the Horizon 2020 programme. Additionally, MELISA-II is included in UCAnFly, a

CubeSat developed under the FYS programme of the ESA. An on-ground Helmholtz Coil

is fed to generate a suitable magnetic field according to the orbit simulations provided by

tools like GMAT. Thus, SSO orbit conditions, which are typical scenarios for CubeSats, are

represented in a laboratory environment along with the corresponding attitude variations.

As a result, contributions in the measurements of the magnetic sensor are reflected at the

frequencies that correspond to the orbit and attitude control simulated by the Helmholtz

coils, which can be useful for foreseeing and cancelling out this effect for future missions.
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Present and future of the IRAM 30-meter

millimeter telescope.
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Abstract

The IRAM 30-meter millimeter radio telescope is placed at 2850 m above the sea level in

the Loma de Dı́lar, a slope of Pico Veleta in Sierra Nevada, Granada, Southern Spain. The

facility has been continuously operating around the clock since its inauguration in 1984. It

is still one of the most sensitive and powerful telescopes worldwide in its frequency range. It

has been recognised as one of the facilities within the Spanish Map of Singular Scientific and

Technical Infrastructures (ICTS). IRAM has undertaken an ambitious project to upgrade

the 30-meter to keep it in the research leading edge in the coming years. The planned

improvement actions include a new servo control system for the mount and sub-reflector,

comprising hardware (motors, amplifiers, sensors etc.) and low-level software components,

and upgrades in the primary reflector to improve the thermal behaviour, surface accuracy

and gain-elevation curve. The upgrade of the servo system, in advanced progress state,

is supported by the Spanish Instituto Geográfico Nacional (IGN) and is co-financed by

European Regional Development Fund (ERDF) programme. For the improvement of the

primary reflector, different options are being considered, although the most important action

being assessed is in-situ re-painting the surface with a high accuracy (50µm with a tolerance

of ±5µm peak-to-peak). The on-site upgrade work will start in late February 2023 and will

extend for several months (likely until the end of the Summer semester 2023).
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missions at the University of Vigo.

Alejandro Ramı́rez Ramos1, Alejandro Cardesin Moinelo2, Ana Ulla Miguel1,
Andoni Moral Inza3, Alicia Berrocal Bravo3, Carlos Briones Llorente4, Stefano
Chiussi1, Alejandro Camanzo Mariño1, Carmen Sieiro Vázquez1, and Fernando
Aguado Agelet1

1 Universidade de Vigo, Vigo, Spain
2 European Space Astronomy Centre, Villanueva de la Canada, Madrid, Spain
3 Instituto de Tecnica AeroEspacial, Torrejon de Ardoz, Spain
4 Centro de Astrobiologia, Torrejon de Ardoz, Spain

Abstract

We present here a research collaboration between the University of Vigo, ESA and
INTA/CAB to analyse, adapt and test standard Planetary Protection (PP) protocols to
avoid biological contamination during the development of future Mars exploration instru-
mentation.
This project is based on the standard PP requirements, procedures and techniques currently
used for Mars science instruments, in particular for the Raman Laser Spectrometer (RLS)
developed at INTA/CAB for the ESA ExoMars mission. The goal of the project is to
compile, adapt and test these procedures in the current instrumentation facilities at the
University of Vigo, so they could be used for the development of science payload in a
potential future mission to Mars surface.
We will summarize in this contribution the standard requirements and procedures followed
by ExoMars RLS team (biological contamination prevention, monitoring and cleaning meth-
ods) and how these techniques can be adapted to the University, including the preliminary
study of various samples taken at the UVigo SpaceLab and CINTECX FA3 lab facilities to
assess the current state of biological contamination.

Acknowledgements: This study has been supported by the ESA Science Faculty at ESAC,

INTA/CAB RLS team, UVigo SpaceLab, CINTECX FA3 group and the Faculty of Biology

of the University of Vigo.
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Abstract

The Athena Community Office has been supporting the ESA’s Athena Science Study Team
and the broad Athena scientific community since June 2016. Currently, the community
counts more than 1000 researchers spread around the world.
In this talk, we will present some of the most relevant projects carried out in the last two
years, such as: supporting the production of the multimessenger-Athena and Rubin-Athena
white papers; coordinating the Athena science monthly webinars; developing simulation
software; assisting members of the community and other astronomers in performing science
simulations; and last but not least keeping the development of communication and outreach
activities openly distributed to the astronomical community.
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Abstract

The Yebes Observatory is one of the six Spanish ”Infraestructuras Cient́ıficas y Técnicas

Singulares” (ICTS) in astronomy and manages a 40m radio telescope as its main facility with

open and competitive access. Since 2019, thanks to the Nanocosmos project, observations

at 31.5–50 GHz and 72–90.5 GHz with an instantaneous bandwidth of 18 GHz are available,

making it possible to observe many molecular transitions with single tunings in single-

dish mode. This reduces the observing time and maximises the output from the telescope.

The most remarkable result bringing by this upgrade is the detection of more than 50

new molecular species in space in the last three years in a wide variety of astrophysical

environments. In addition, Yebes Observatory has recently built and installed a new C band

receiver which covers the frequency range 4.5–9 GHz. Its main goal is to be used for very

long baseline interferometry (VLBI), cover the two main European VLBI network (EVN)

observing bands and provide a wide band of 4 GHz. This is a transition receiver which will

work until an ultra wide one between 4 and 18 GHz (VLBI global observing system) is built

and installed. One of the main goals is the design, construction, measurement, installation

and commissioning of a high sensitive cryogenic receiver with an instantaneous bandwidth

between 18 GHz and 32 GHz that will be deployed at the Yebes 40m radio telescope. This

receiver will be a step forward in an ultimate goal that consists in having a full observable

frequency coverage between 4 and 90 GHz at the 40m radio telescope.
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Abstract

The European archive of the James Webb Space Telescope (eJWST) is designed to be a

service to the European scientific community, but open to all scientists around the world,

enabling the most direct and useful access to the JWST science data products. eJWST

forms part of ESA’s science archives. It is therefore searchable in combination with data

from any other ESA science mission. The eJWST holdings consist of all public data from

the JWST mission and allows access to proprietary data, as produced by the official pipeline

software at STScI. eJWST provides multiple methods for searching and filtering products

and calibration data. The data can be downloaded directly from the UI or using ADQL,

CURL, WGET or Astroquery scripts.
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Abstract

The X-ray Athena (Advanced Telescope for High-Energy Astrophysics) mission, selected in
2014 by ESA within its Cosmic Vision Program to address the Hot and Energetic Universe
scientific theme, will offer spectroscopic and imaging capabilities exceeding those of cur-
rently operating X-ray astronomy satellites. In particular, X-IFU (the X-ray Integral Field
Unit), one of the two instruments to be on board the Athena Observatory, will provide
unprecedented spectral resolution (2.5 eV at 7 keV) with 5 arcsec pixels.
As part of the Spanish contribution to this mission, an important effort has been invested
in the detailed study of the impact of different algorithms devoted to the proper characteri-
zation of the energy of each photon that will be detected by X-IFU (see e.g., Ceballos et al.
2019ab, Cobo et al. 2020, Vega-Ferrero et al. 2022). The spectral resolutions achieved with
the different strategies are evaluated by fitting X-ray line complexes corresponding to labo-
ratory data generated with calibrated X-ray sources. Traditionally these data are binned in
order to generate histograms which are subsequently fitted using the familiar chi-squared
statistic or a maximum-likelihood approach (Fowler 2014).

In this work, we show how the use of cumulative distribution functions can be employed to

determine the fit of X-ray line complexes constituted by several lines without the need to

perform an a priori data rebinning. The method has been checked using simulated data,

and the results indicate that it can recover photons beyond the fitting range. The procedure

has been programmed in Python and the source code is publicly available.
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Abstract

MADCUBA is an astronomical package primarily aimed to reduce and analyze data from
many radio astronomical facilities. MADCUBA is not only able to process individual spec-
tra, but also data cubes. In addition, it is able to identify thousands of molecular rota-
tional transitions and radio recombination lines by consulting the most important molecular
databases. One of its tasks -SLIM- simulates LTE conditions and makes a semi-automatic
fitting of many lines simultaneously.
Under a collaborative effort of Virtual Observatory (VO) and MADCUBA groups, we are
implementing new functionalities in MADCUBA to make it VO-compliant. The final objec-
tive is to profit the robustness of MADCUBA and the versatility of VO in order to increase
visibility of MADCUBA and allow users to enhance results through the interaction with the
pleiad of VO tools and available data sets.

In this e-poster we present the scope of the project, changes already implemented and future

work. In detail, we show the data model which will be implemented and the options that

the user will have to export their work adhering to the VO standards.
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Abstract

AB Aur is a Herbig Ae star that hosts a well-known protoplanetary disk in which a series of

interesting features are observed. Such features (a large inner cavity, a dust trap, and spiral

arms) can be attributed to the presence of a forming planet, making AB Aur an interesting

target to study planet formation and the interactions between a disk and a forming planet.

We present NOEMA observations of molecular species towards the transition disk around

AB Aur, including CO, 13CO, C18O, HCN, HCO+, SO, H2CO, and H2S. These observations

reveal a complex chemistry with strong chemical differentiation in the radial and azimuthal

directions and the presence of a cavity-crossing filament. We have computed a series of

Nautilus models to help us interpret our observations. Our astrochemical models point to a

disk with a low gas-to-dust ratio and strong sulfur depletion. These Nautilus models helped

us to understand the sulfur budget in the disk and the role of sulfuretted species in the

system chemistry, and more generally in planet-forming disks.

1 Introduction

Planets are born in circumstellar disks made of gas and dust that surround young stel-
lar objects, implying that a planet’s composition is, at least partially, inherited from the
protoplanetary disk. Therefore, characterizing the physical conditions and the chemical com-
position of protoplanetary disks is key for understanding planet formation. Furthermore, to
study the chemical complexity of planetary atmospheres, it is mandatory to understand that
of protoplanetary disks.
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Figure 1: Top: from left to right we show the velocity-integrated intensity maps of HCO+

(left) and HCN (right) 3-2 emission, and the HCO+ 3-2 first-moment map. In the HCO+

3-2 first-moment map, the dashed lines indicate the direction of the major and minor axes.
The blue circle contains a region with large anomalies with respect to a Keplerian rotation
velocity field. The synthesized beam is shown in the bottom left corner of each map. Bottom:
from left to right we show the residuals of a model consisting of two Keplerian disks and a cut
along the velocity anomaly for the HCO+ first-moment map (black lines with dashed region).
Solid contours in the left panel depict 5σ to 25σ levels of the integrated line intensity. The
black solid line shows the direction of the cut through the bridge used for the right panel. In
the right panel, the blue line depicts a model consisting on two Keplerian disks (blue line),
and a free-falling component (red line). The dashed vertical lines mark the positions of the
center, the bridge, and the inner edge of the dust disk. From [30].

Statistical studies are key to understanding planet formation, but the detailed charac-
terization of individual sources can provide deep insights into the physical properties and
chemical reaction networks that are present in protoplanetary disks. AB Aur is a widely
studied Herbig A0 star that hosts a transitional disk. At a distance of ∼160 pc [14], the
system is well suited to study the distribution of gas and dust in circumstellar environments.
The system presents a series of features that can be attributed to planet formation, such as
a large inner cavity [29, 37, 38, 11], spiral arms [13, 17, 38, 31], and a dust trap [29, 11]. The
source has been observed at all wavelengths from visible to centimetric. Low-resolution spec-
tral observations are available from ∼1 µm up to ∼ 400 µm. The detection of lines of O I, C
II, C, OH, as well as rovibrational lines of CO and H2 demonstrates the existence of warm gas
in the source. The origin of these emission lines is, however, uncertain due to the moderate
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Figure 2: From left to right and top to bottom the panels show the velocity integrated
intensity maps of 12CO 2-1, 13CO 2-1, C18O 2-1, H2CO 303-202, SO 56-45, and H2S 110-101.
The synthesized beam is shown in the bottom left corner of each map. From [31] and [32].

angular resolution of the observations. A few molecular species have been detected in AB
Aur, including CO, SO, HCO+, HCN, H2CO, and H2S [36, 29, 37, 38, 9, 25, 26, 30, 31, 32].
The first detection of SO in a protoplanetary disk was reported towards AB Aur [9, 25, 26].
Our team is performing a large observational effort to study the dust and gas content in this
interesting object [11, 30, 31]. In this proceedings, we summarize the main results of our
study.

2 NOEMA observations of HCN and HCO+: accretion within
the dust cavity?

We observed AB Aur with NOEMA in 2017 [30] to map the emission of HCO+ 3-2 and HCN
3-2. Velocity-integrated intensity maps are shown in Fig. 2. Both maps look vey different.
While HCN is detected in an annular ring spatially coincident with the dust ring, HCO+ is
detected in the outer ring and also features intense emission towards the central position.
But the most striking feature of the HCO+ 3-2 map is a bright HCO+ emission bridge that
connects the outer disk with the inner structure [30].

We show in the right panel of Fig. 2 the first-moment map of HCO+ J=3-2. The outer
parts of the disk are close to Keplerian rotation, but twisted isophotes are observed towards
the center (r<0.6”). Two mechanisms have been proposed to explain twisted isophotes: two
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Table 1: Peak position in radial profiles, and angle peak in azimuthal profiles of the continuum
and the different species surveyed before de-projection. The last column gives the binding
energy of the different species surveyed. References are: 1 [8]; 2 [24]; 3 [16]

Species Peak Peak Peak. ED

position position angle
– (”) (au) (◦) (K)

Cont 1mm 0.96 157 269 –
12CO 0.292 52 279 15751
13CO 0.80 130 279 15751

C18O 0.89 146 275 15751

p−H2CO 1.20 195 279 32602

SO 1.41 229 105 2600 3

HCO+ 0.00 0.0 92 –
HCN 1.02 166 99 20503

misaligned Keplerian disks [17] and the presence of an outflow [34]. We created a simple model
consisting of two misaligned disks. This model provides a good fit across the disk except in
the position of the bridge region, where prominent residuals are observed. Visual inspection of
spectra at this position demonstrates the presence of material moving at forbidden velocities,
most likely infalling material moving at free-fall velocities. By including a free-fall velocity
component in our model we get a much better fit to the first-moment map. At the position
of the bridge, the free-fall model has a velocity of 5.5 km s−1, compared to the velocity of
5.3 km s−1 of the blue-shifted component observed towards the bridge. According to this,
the material in the bridge seems to be infalling at a velocity close to free-fall. Assuming that
this component was due to accretion, we derived a mass accretion rate in the range 3×10−8

to 3×10−7 M⊙ yr−1, comparable to previous measurements [35].

Radial inflows crossing dust cavities have been invoked before to explain a series of features
observed in protoplanetary disks, such as gas and dust streamers and twisted isophotes [4,
7, 27, 43, 20, 21, 42]. Radial inflows were proposed to explain absorption features in CO ro-
vibrational lines towards AA Tau [43], with material moving at free-fall velocities in regions
between the inner and outer disk. These gap-crossing radial inflows could explain the high
accretion levels derived in transitional disks, such as those observed in AB Aur [15, 35]. A
compact and collimated bipolar jet was detected by [33] in the continuum at 7 mm suggesting
the existence of a disk-jet system. In order to sustain it, the gas must flow through the cavity
and reach the inner regions of the system. Otherwise, accretion would drain the inner disk
very fast.

3 Spatial distribution of chemical species

We continued our research by studying the spatial distribution of 12CO, 13CO, C18O, HCN,
HCO+, SO, H2CO [31], and H2S [32], by means of high angular resolution NOEMA observa-
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Table 2: Nautilus 1D model parameters.

Parameter Value

Molecular cloud

Tgas (K) 10
Tdust (K) 10
nH 104

Av 20
fUV (Draine units) 1
ζH2 (s−1) 10−17

Gas-to-dust mass ratio 100

AB Aur at r=200 au

Tmid (K) 39
Tatm (K) 65
Av 2
fUV(Draineunits) 1.2×104

ζH2 (s−1) 10−17

Gas-to-dust mass ratio 40

tions. The species surveyed showed strong radial segregation, with differences as large as 100
au in the positions of their radial peaks. The only species that peaked toward the center was
HCO+. The emission from all gaseous species was more extended than that of the dust, 12CO
and 13CO being the most extended ones, with 5σ emission detected at distances larger than
4” due to pollution by envelope emission. It sounds reasonable to postulate that this radially
layered structure is related to the snow lines of the different species, which are determined
by their binding energies. If thermal desorption is the main desorption mechanism in the
mid-plane, one would expect that the radius of the snow line anti-correlates with the binding
energy. However, this was not the behavior observed (see Table 2), which suggests that ther-
mal desorption is not the main driver of the surface chemistry in this system. Furthermore,
our data revealed that different species are probing different regions of the disk and the en-
velope. Species such as 12CO and 13CO trace the disk surface and the remnant envelope.
Other species, such as C18O and HCN, are tracing the dusty disk, with a radial profile that
almost overlaps with that of the continuum. H2CO and SO trace the outer regions of the
disk, and SO is likely to arise from shocked regions, such as the centrifugal barrier.

We also observed differences in the azimuthal profiles of the different species. C18O peaks
close to the position of the dust trap, while SO peaks at ∼180◦ from the position of the dust
trap, and other species such as HCN, H2CO, and HCO+ are mostly flat along the ring.

Using H2CO lines we derived a mean gas temperature of 39 K. Using SO lines we derived
a temperature of 37 K, in good agreement with the value from H2CO lines. This average
temperature of 39 K is larger than the typical value for disks around T Tauri stars. By
combining observations of the continuum, 13CO, and C18O we computed a gas-to-dust ratio
map, with a mean value of 40.
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Figure 3: Cumulative sulfur abundance fraction of the ten main sulfur carriers from Nautilus

models. Left: molecular cloud. Right: AB Aur protoplanetary disk at r=200 au. The
horizontal blue dashed line depicts the position of the 98% cumulative fraction. From [32].

4 Chemical modeling and sulfur budget

To help us interpret our interferometric data, we developed a series of 1+1D Nautilus models
[41], following the prescriptions used by [19]. The details of the model can be found in [31]
and [19]. The elemental gas phase sulfur abundance is a controversial issue [10, 40, 39, 12, 23].
In our models, we considered a high-S abundance case, with the sulfur elemental abundance
equal to the solar one [2], and a low-S case with S/H∼8×10−8, which is the value usually
adopted to fit the abundances of S-bearing species in dark clouds [1]. We varied three
parameters: the gas-to-dust ratio (40 and 100), the sulfur abundance (solar, [S/H]=1.5×10−5,
and depleted, [S/H]=8×10−8), and the carbon to oxygen relative abundance (C/O=0.7 and
C/O=1). By comparing the model abundances with that derived from our observations, we
concluded that the best model was one with a low gas-to-dust ratio (thus supporting our
estimated value), strong sulfur depletion ([S/H]=8×10−8), and C/O=1, supporting the idea
that evolved disks are oxygen depleted [3, 5, 18, 22].

The previous models aimed at reproducing our observations of sulfuretted species in AB
Aur. After our detection of H2S we decided to model again the chemistry of AB Aur using
Nautilus, but this time our focus was on understanding the budget of sulfur, as well as
of molecular species in general. Instead of producing a 1D+1 model, we estimated the
abundances at 200 au, where all the observed species are detected, allowing us to study
the chemical budget and the evolution with height. The values adopted for the different
parameters are summarized in Table 2. To set our initial abundances we first modeled the
chemistry of a 10 K molecular cloud for 1 Myr, and used the output abundances from that
model as input for the protoplanetary disk model. The parameters for the molecular cloud
are also shown in Table 2. The details of the model can be found in [32].

In Fig. 3, we show the total cumulative fraction for the 10 most abundant sulfuretted
species for the cold molecular cloud (left) and the AB Aur protoplanetary disk (right). In
our protoplanetary disk model, 98% of the sulfur budget is contained in six species: g-H2S,
g-SO2, g-H2S3, S+, g-CS2, and S, where g- stands for molecular species in the surface of dust
grains. The budget is dominated by surface species, with 90.5% of the sulfur contained in
molecular species on the surface of grains, and 9.5% in species in the gas phase. We show
in Fig. 4 the 10 most abundant species for the different phases of the model. Surface H2S
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Figure 4: Abundances of the ten most abundant species in our Nautilus model for the global
content (top), the gas phase (middle), and the surface of grains (bottom). From [32].

is the third most abundant species in the surface of grains, after H2O and CO. Considering
all phases, g-H2S is the ninth most abundant species in the model, making H2S a relevant
component of dust grains, whose abundance in different protoplanetary systems is worth
modeling to understand the chemical budget.

To test the stability of our sulfur budget model we computed new models where key
parameters were changed, including the temperature of the cold cloud prephase, the UV
field, the grain size, and the temperature of the mid-plane. For the temperature of the cold
prephase, we computed a second model with a cloud temperature of 18 K, instead of 10 K.
The abundance of all molecular species remained the same within an order of magnitude,
exception made of HSCN+. To test the impact of the UV -field, we computed a model with
fUV = 12 instead of fUV = 1.2 × 104, and observed that 85% of the sulfur species remained
the same within an order of magnitude. To understand the role of the grain size distribution
we computed a model where we assumed a different grain size at each height, with 1 mm
grains in the mid-plane, 0.1 µm grains in the atmosphere, and a logarithmic interpolation in
between. Again, most of the species (92%) remained the same within an order of magnitude.
Finally, to test the impact of varying the mid-plane temperature we computed a model with
a mid-plane temperature of 10 K. We show in the top panel of Fig. 5 the cumulative sulfur
abundance fraction of the ten most relevant sulfur carriers from this model. The most relevant
sulfur carrier, g-HS, is not among the 10 most abundant sulfur carriers in the original model.
Most species that are important sulfur carriers in the original model are irrelevant to the
sulfur budget in the 10 K model. In the mid panel of Fig. 5 we show a comparison of
the abundances of all the sulfuretted species in both models. The large scatter observed
indicates that varying the temperature of the mid-plane gas has an important impact on
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Figure 5: Impact of varying the mid-plane temperature on the model results. Top: cu-
mulative sulfur abundance fraction of the ten main sulfur carriers for the Nautilus model
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versus the abundance computed assuming Tmid=39 K. We show the names of the species
when there is an order of magnitude difference between both models, and plot black dots
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the derived sulfur abundances. In the bottom panel of Fig. 5 we show the abundance of a
subset of important sulfuretted species in both models. These species include H2S, g-H2S,
SO2, g-SO2, SO, g-SO, CS, and g-CS. Large differences are observed, indicating the power of
simultaneously observing this set of species to derive the mid-plane temperature.

5 Summary

AB Aur’s protoplanetary disk presents a series of interesting phenomena that could be the
result of the interaction between the disk and an embedded planet, including a cavity in the
inner disk, a dust trap, and spiral arms. Thus, studying AB Aur can help us to get insight into
the physical and chemical properties during the process of planet formation. For the last few
years we have been driving an observational program to characterize the gaseous content of
this system using observations with the NOEMA interferometer, the ALMA interferometer,
and the IRAM 30 m telescope.

Our observations of HCO+ revealed the presence of a gap crossing filament that connects
the inner and outer disk. The material in this bridge appears to be moving at free-fall
velocities and it is likely due to the material being accreted onto the central source. Assuming
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that this component was due to accretion we derived an accretion rate in good agreement
with previous estimates from the literature. Such radial inflow has been observed before and
could explain the high accretion levels observed in transitional disks.

Our NOEMA observations showed strong radial segregation of chemical species in the
disk. The positions of the radial peaks of the different species surveyed thus far suggest that
thermal desorption is not driving the chemical evolution of the disk, and other mechanisms
such as chemical desorption seem to be playing an important role. We derived an average
gas-to-dust ratio of 40, significantly smaller than the value of 100 assumed for the ISM, in
agreement with recent studies. We used observations our of H2CO and SO to estimate a
mean temperature of 39 K for the gas in the disk.

To help us to interpret the data, we modeled the chemical content of the protoplanetary
disk using Nautilus. In our first attempt, we aimed at reproducing the abundance of the
sulfuretted species detected thus far in the gas phase. Our best model was one with a gas-
to-dust ratio of 40, in agreement with our estimate, strong sulfur depletion ([S/H]=8×10−8),
and a relative abundance of carbon to oxygen C/O=1, in agreement with recent studies
that show an overabundance of carbon with respect to oxygen in evolved protoplanetary
disks. After the detection of H2S we aimed at deriving the evolution of the sulfur budget
with height and to understand the role of sulfuretted species in the global chemistry of the
system. According to our NAUTILUS model, H2S is the main sulfur carrier on the surface
of grains. It is also the third most abundant species on the surface of grains, after H2O and
CO2. Our results show that H2S observations are an essential diagnostic to determine the
level of sulfur depletion in protoplanterary disks. Observations of H2S and other sulfuretted
species toward more young stellar objects are needed to understand sulfur depletion and put
our observations of AB Aur in context. Our results also show the relevance of the mid-plane
temperature for sulfur chemistry, illustrating to what extent the chemistry of T Tauri and
HAeBe are different.

Future observations with NOEMA will help us to grow our database to study the proto-
planetary disk around AB Aur and contribute to our global knowledge of the chemistry of
protoplanetary systems.
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Abstract

Understanding the evolution of protoplanetary discs is key to understand the formation of

planets around young stars. However, modelling these protoplanetary discs is not an easy

task as several complex dynamical processes must be included in the numerical models. In

this work, we analyse the impact of adding a progressive flattening in protoplanetary flared

discs combined with different photoevaporative winds in the creation of ring-like structures,

using a simple semi-analytical 1D α-disc. Our results show that such a progressive flattening

may favour the formation of ring-like features resembling those observed in real systems.

Depending on the control parameters, these features are created with proper disc masses

and accretion rates at the right evolutionary times. However, further enhancements are still

needed for better matching all the evolutionary times seen in real systems.

1 Introduction

The protoplanetary discs are the natural scenario for planet formation processes. Analysing
their dispersal time-scales constraint the time in which those planets must form, while com-
puting their masses at given times provide the mass available for planet formation.

We will focus here on modelling the so-called transitional discs. These discs have relatively
short-lived inner cavities and gaps. Hence, analysing their creation and lifetimes will help in
refining the model parameters.

Because of the complexity of the problem, we take an approach based on a semi-analytical
1D viscous α-disc, with a flaring profile that changes with time added to a photoevaporative
term.

Viscous momentum transport is of interest in disc modelling from disc-possessing to dis-
cless status even when other transport alternatives are possible. In principle, the molecular
viscosity of the gas is too small to produce significant evolution. Despite of above, a vis-
cous approach is still quite common when ones interprets the viscosity as the outcome of a
turbulent process.
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Hence, the surface density Σ(r, t) evolves as per the laws of mass and momentum conser-
vation, with a diffusion coefficient regulated by the viscosity ν as follows,

∂Σ

∂t
=

3

r

∂

∂r
[r1/2

∂

∂r
(νΣr1/2)] − Σ̇w, (1)

where Σ̇w denotes the mass loss by a given photoevaporative wind, functionally equivalent
to have a sink in this diffusion equation.

The photoevaporation can explain the two time-scales behavior observed in real systems,
the shutdown of the mass accretion and disc dispersion at proper time scales. And an
inside-out dispersal model produced by photoevaporation can naturally produce the observed
internal cavities and gaps in the disc,

This can be considered a may be too simple model. There is not magnetic field, envelopes
or other 2D/3D structures. Moreover, it does not include hydrodynamics, chemical processes,
radiative or MHD processes. Many of these different mechanisms could create the observed
ring-like features.

Despite of this, simple 1D (semi-)analytical models are still in use nowadays. They com-
plement more complex models meanwhile offer simplicity in interpreting the results. And,
because they can incorporate further details in a bottom up approach, they are ideally suited
for the α-parametrization and numerical winds.

We extend the initial analyses carried out in [14], and we will evolve a set of models corre-
sponding to a grid of physically meaningful systems covering some of the typical parameter
values. Among all possible parameters, we will focus on those defining the disc (disc mass,
host star mass, accretion rate, disc age), viscosity values, the time scales when the progressive
flattening of the flared disc takes place and the different efficiencies of the photoevaporative
winds.

The final goal will be to crosscheck the results with the ring-like features observed in some
reference real systems located in the Taurus star forming region, aiming to see how different
parameter affect their creation.

2 The numerical α-discs

The α-parametrisation was firstly introduced as a convenient scaling factor of the friction
between adjacent rings. This parametrisation was firstly used in [12] and later refined in
[13]. It hides the details of the specific viscous transport mechanism while reflecting the
impact of the transport in the disc evolution. Therefore, as this parametrisation simplifies
the implementation of the viscosity in numerical models, it has been widely used for many
years and it is still in common use today [8, 9, 2].

This model relies on an optically thick accretion disc and a turbulent fluid described by a
viscous stress tensor, with this stress tensor being proportional to the total pressure. When
the eddy size (mean free-path) is less than the disc height and the turbulent velocity smaller
than the sound speed cs, one can write the viscous profile as ν(r) = αcsH(r), with H(r) the
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scale height profile that models the disc thickness, presuming H(r) << r for a thin disc.

Considering hydrostatic equilibrium perpendicular to the disc plane and a simple rela-
tionship between the disc and surface temperatures, the sound speed can be written as
cs = H(r)Ω, with Ω is the circular keplerian velocity [7]. Hence, the ν viscosity at a given
distance r depends on rotation, with a linear dependency on the mass of the star M∗ and on
the flaring of the disc,

ν(r) = α
c2s
Ω

= αΩH2(r). (2)

Note that Magneto Rotational Instability (MRI) was a widely used candidate for modelling
turbulence and angular moment transport, but MRI can be suppressed by non-ideal MHD.
Other mechanisms such as outflows, gravitational instabilities or magnetic winds can also
play a fundamental role in the evolution of the disc, but they do not exclude the viscous
transport.

So, α-parametrisation can be seen as a mere (re)parametrisation of the viscosity, but also
as a value that models the whole disc reflecting the different effectiveness of the different
hidden processes.

A value of α = 0.01 was typically used because it usually provides evolutionary time-scales
in line with known properties of discs [5, 4]. Later on, values ranging from α = 0.1 to 0.001
have been also used [1, 3, 7]. Nowadays, even lower values α = 10−4 can be found [2, 10],
and these seems to better agree the observed discs [14, 15].

3 The photoevaporative wind

A simple 1D model can incorporate different radiation fields and be at the same time a
convenient way for exploring the role of the different parameters. The photoevaporative wind
will be different depending on the different heating radiation mechanisms. These winds can
be dominated by EUV radiation, with energies from 13.6 eV to 0.1 keV, capable of ionising an
Hydrogen atom. But also by fields dominated by X-rays radiation, with photons of energies
ranging from 0.1 keV up to 1 − 2 keV. These much energetic photons can penetrate large
hydrogen columns but provide small heatings. Finally, one can also consider winds dominated
by FUV radiation, embracing energies from 6 eV to 13.6 eV, capable of dissociating the H2

molecule.

As a consequence, the wind term physics can be very complex. However, it can be included
on the model as a simple mass sink term in the density surface evolution equation, in the
form of numerical fits to the results coming from more complex simulations (as those from
[11], [7] or [6]). The profiles corresponding to these results can be seen in the Fig. 1.

3.1 The progressive flattening of the disc

The flaring profile is a key parameter that defines the sound speed cs profile, and, in turn, the
temperature profile of the disc. The temperature depends on the amount of stellar radiation
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Figure 1: (left) The selected grid of discs models in the M∗–M i
d plane. The initial disc

masses M i
d decrease as the discs evolve. Hence, these initial points move downwards in the

diagram, approaching to the parameters observed in real Taurus systems. (right) Normalised
photoevaporative wind mass losses corresponding to the FUV wind profiles described in [6]
and the X-ray wind profiles from [11].

impacting the disc, which also rests on its geometry again. Hence, the resulting scale height
H(r) can follow an approximate power law dependence,

H(r) = κ rh. (3)

Even when it is customary to keep constant the flaring profile of the disc, it seems reason-
able to consider that this flaring may change with time, with a progressive flattening of the
disc as the age increases. Therefore, we will include in our simulations a changing profile for
the flared disc, by decreasing the κ parameter in Equation 3 at given times.

4 Results

We have solved the evolution of the surface density derived from Equation 1, for different
stellar masses and disc masses. We can observe in Fig. 2 that some features resembling the
observed ring-like structures can be obtained with our simple photoevaporative models.

Further details and results can be seen in [15]. A progressive flattening of the disc seems to
support the production of ring-like features at the observed ages. For certain viscosities, discs
with large gaps and strong accretion rates, which have been linked to giant planet formation,
can be also obtained.

However, our simple models do not reproduce in full all reference real systems. The
produced features seem to be short-lived and some additional mechanism may be needed for
carving faster the dents and create real gaps with proper lifetimes. This points to add further
flattening laws and new winds evolution in a broader grid, and may be to extend the available
wind efficiencies.
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Figure 2: Evolution of the grid of models for a fiducial photoevaporation controlled by X-ray
heating, efficiency factor=1.0, a viscosity value of α = 10−4 and a progressively flattened
flaring profile. The surface density in blue gets lighter as the disc is eroded. The red points
indicate local minima in the density profiles. The second dent can be carved at the same
time or even at earlier times than the the inner dent. These two dents can produce ring-like
features when exist at the same time. Sometimes, these two dents can be accompanied by
a third outer dent. Some Taurus discs are also plotted for reference. They appear in black
when their stellar masses are similar to the mass of the analysed synthetic model. Otherwise,
they appear in grey.
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Abstract

At a distance of only 8.1 pc, GJ 486 b is the third closest transiting planet. The relatively

bright, very weakly active, M-dwarf host star, its visibility from both Earth hemispheres,

and the short orbital period and warm expected surface temperature make this planet one

of the best targets for planet atmosphere emission and transit spectroscopy with Webb and

future ground-based extremely large telescopes. Caballero et al. (2022) slightly improved

the precision and accuracy of the planet mass and radius determination, with which they

developed different planet interior and atmosphere scenarios. There are a few differences

with respect to previous work that made this analysis unique. Instead of estimating the

stellar radius from luminosity and model-dependent spectral synthesis, they directly mea-

sured the angular radius of the planet host star with MIRC-X at the CHARA Array. They

reduced the input data error contribution by gathering extremely precise radial-velocity

data collected by CARMENES and MAROON-X and transit data obtained by TESS and,

presented there for the first time, CHEOPS. The selected joint radial-velocity and transit fit

model with a Gaussian process was supported by an independent photometric monitoring

with small and medium-size telescopes for determining the stellar rotation period. As a

novelty in M dwarfs, they determined Mg, Si, V, Fe, Rb, Sr, and Zr abundances of the stel-

lar host, which constrained two of the three considered planet interior scenarios. They also

considered different planet atmosphere scenarios and their detectability with forthcoming

Webb observations with NIRSpec and MIRI after taking into account different possibilities

on composition and planet surface temperature and pressure. In the most probable com-

bination of scenarios, GJ 486 b is a warm Earth-like planet of R ∼ 1.343R⊕ and M ∼
3.00M⊕ with a relatively low-mass, metallic core surrounded by a silicate mantle with dis-

solved water, and an upper layer probably composed of a mixture of water steam and carbon

dioxide.

1 Introduction

Instead of developing what is concisely summarised in the abstract just above or what is
reported and discussed extensively in the discovery publication by Trifonov et al. (2021)
[1] and the follow-up publication by Caballero et al. (2022) [2], here I just sum up the
unpublished novelties on the rocky planet GJ 486 b (plotted with a black star symbol in Fig. 1)
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in the last few months, for avoiding overlapping of forthcoming works. Environmentally-aware
and busy readers may welcome this approach to avoid the never-ending repetition of content
in conference proceedings and refereed papers.
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Figure 1: Mass–radius diagram of all transiting exoplanets with mass determination (from
RV or transit time variations) known in Summer 2022, in comparison with the Solar System
planets. Filled circles with error bars colour-coded by their host’s Teff are planets with mass
and radius uncertainties of less than 30%, and open grey circles are the others. The filled
black star is GJ 486 b. Dashed coloured curves are theoretical models, as specified in the
legend. The Earth-like model is orange. The grey vertical dashed line is the deuterium
burning mass limit at 13MJup (‘planet’-brown-dwarf boundary). The inset zooms in around
the smallest planets and add mass-radius relationships informed by stellar abundances with
median and 1σ error regions following nominal relative abundances of Fe, Mg, and Si of the
host star without (pink) and with (cyan) empirical correction based on well-characterised
super-Earths. The original figure, references, and details were provided by Caballero et al.
(2022) [2].

2 What?

On the one hand, TESS revisited the star with its Camera 1 during Sector 50 observations
between late March and late April 2022; these data are public. Besides, CHEOPS made three
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additional visits in early March and early April 2022; these data have a one-year proprietary
time (PI: J. A. Caballero). The early-April CHEOPS visit, simultaneous to TESS observa-
tions, will be very useful for direct spacecraft data comparison purposes; this is, however, a
secondary objective. The new dataset, which virtually doubles the number of transits and en-
larges the time baseline of the precise photometry by several orders of magnitude, is ideal for
investigating transit time variations in the GJ 486 system. To date, previous searches (radial
velocity, high resolution imaging, space astrometry) have, though, failed to find any addi-
tional planetary companion besides GJ 486 b [2]. As a bonus, together with the previously
used CARMENES and MAROON-X radial velocities, the new precise photometry dataset
will help further improving the stellar-to-planet radius ratio and other planetary parameters.
All this analysis is being done by a team in Spain.

On the other hand, a team in the Netherlands is implementing an exhaustive planet mod-
elling that includes both the structure, composition, and dynamics of the interior and a grid
of global circulation models for different hypothetical atmospheres, while another team in
Spain has proposed to use PIONIER at the ESO’s Very Large Telescope Interferometer for
covering the current observational gap in spatial frequency and, thus, determine a precise
and accurate radius of the host star. New improved parameters of both the star (via inter-
ferometric data) and planet (via new TESS and CHEOPS data) will be excellent inputs for
additional planet characterisation and modelisation works.

All this work in preparation is on time for the forthcoming publication of the analysis of
the NIRSpec/Webb transmission spectra taken on 25 and 29 December 2022 with the filter
F290LP, which are already available at the Webb archive (jwst.esac.esa.int/archive),
and under analysis by a team in the USA. If you are interested in developing new projects
on the GJ 486 planetary system on, for example, a wider grid of global circulation models
with very different atmosphere compositions, structures, and dynamics, or the generation of
magnetic fields in the liquid planet outer core, which may interact with the stellar magnetic
field, feel free to contact the author of this proceeding.

3 Who?

Last but not least, the host star GJ 486 and the exoplanet GJ 486 b were one of the 20 star-
planet pairs for which the International Astronomical Union offered all countries to name
in the 2022 edition of the NameExoWorlds competition (nameexoworlds.iau.org). Other
offered planetary systems pairs were, for example, GJ 1214, HD 95086, and WASP-69; all of
them had, as well as GJ 486, been scheduled for observations by Webb.

In recognition of the United Nations Decade of Indigenous Languages (2022–2032), speak-
ers of Indigenous languages were encouraged to propose names drawn from those languages.
The Universidad del Páıs Vasco/Euskal Herriko Unibertsitatea and the Centro de Astro-
bioloǵıa (CSIC-INTA) presented a proposal in Spain to name “Gar” and “Su” to the star
GJ 486 and the planet GJ 486 b, respectively. In Basque1, Gar means “flame”, the luminous

1In Spain, in addition to Spanish, there are three co-official languages: Catalan/Valencian, Galician and
Basque. All of them are Romance languages that evolved from Vulgar Latin, except for Euskara, which is a

https://jwst.esac.esa.int/archive/
https://www.nameexoworlds.iau.org/
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gas coming from a burning object, while Su means “fire”, a dual being (as it is good – it pro-
vides protection – but it can also be dangerous) as the selected planet. In Basque mythology,
the fire of the hearth is the genie of the house and is asked for favours. Further details can be
found at exoterrae.eu/gar+su. At the time of writing these lines, NameExoWorlds 2022 is
in phase 2, namely national vetting process.

4 Why?

Finally, one may wonder why such a peculiar title for the proceeding of an oral contribution,
“Here comes the GJ 486”. Any reader with some musical rudiments will quickly realise of
the reason when is told the titles of the other two contributions of the author in the same
meeting: “A Day in the LIFE”, on the Large Interferometer For Exoplanets, and “Radio
Clásica’s Longitud de Onda Club Band”, the fifth item of the series “Music and astronomy”.
Actually, GJ 486 b has a soundtrack, which is the instrumental version of the CARMENES
song2 and that you can listen here.
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Abstract

The Mars Wind & Wave Mapping project is an ESA-funded research activity with the objec-

tive of extending our current knowledge in the dynamics of Martian atmosphere, comparing

remote sensing data from Mars Express (MEX) spacecraft, Earth telescopes and simulations

of the Mars Global Climate Model (GCM) and mesoscale models. The expected outputs of

this project are a map of wind velocities, based on Doppler measurements during the 2018

Global Dust Storm, and a database of atmospheric gravity waves.

1 Introduction

There is currently a considerable effort from the science community to study planetary at-
mospheres to understand the role of the climate change in planetary evolution. In particular
for Mars, the climate history plays a key role to understand the conditions that could have
allowed the presence of liquid water in the past and its consequences for comparative plan-
etology and potential past life habitability. Nevertheless, the knowledge of the mechanisms
dominating the planetary atmospheres is still limited. An understanding of the dominant
factors and key elements controlling the atmospheric general circulation is a prerequisite for
our understanding of terrestrial planets’ variability and evolution.

2 Objectives

This new project aims to extend our current research activities in the dynamics of Martian
atmosphere and compare data from Earth Telescopes and Space Missions with the Mars
Global Climate Model (GCM) and mesoscale models. The proposal is mainly based on the
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existing collaboration with IA Lisbon and their expertise in processing atmosphere dynamics
data. The main two outputs of this project will be a map of wind velocities, based on Doppler
measurements during the 2018 Global Dust Storm, and a database of atmospheric gravity
waves that can be used to foster the science exchange between observations, global climate
and mesoscale models.

3 Winds

Measuring winds on Mars is a challenge for remote observations but a global dust storm offers
a unique opportunity to use an innovative technique, measuring the Doppler effect of solar
Fraunhofer lines back-scattered on the Mars dust cloud. This innovative Doppler technique,
never used on Mars before, has been developed by the research group at IA Lisbon and
successfully implemented by retrieving winds at Venus cloud top region [7], producing the
first ground-based direct mapping of Venus wind velocities. Although the Martian atmosphere
is optically thinner, it is possible to adapt the Doppler method and retrieve wind velocities
using the solar radiation back-scattered on the dust particles during a Global Dust Storm.
The first ground observations using this technique were already performed as a Target of
Opportunity proposal with the Very Large Telescope (VLT) UVES instrument in June/July
2018 [1], and coordinated with simultaneous MEX remote sensing measurements. The first
efforts to retrieve a Martian wind velocity field have already demonstrated the proof of concept
with promising results Figure 1 [8]. In this contribution we will describe the progress in the
preparation of the first global map of Martian winds retrieved from Earth, measured at the
altitude of the dust layer using the VLT/UVES data obtained during the past global dust
storm in 2018.

4 Waves

The second part of this project is a characterisation of the Gravity Waves in the atmosphere
of Mars. These waves have already been detected by MEX OMEGA instrument [9], [13],
although there is still an important dataset of unexploited atmospheric observations [6] to
be analysed. The second task (MWWM-T2) aims to build the first catalogue of atmospheric
gravity waves and morphological parameters using Mars Express OMEGA data. Preliminary
work has already started to validate the methodology Figure 2 [2] adapting the technique that
was already used successfully for Venus [10],[11],[12]. This task will provide the main wave
parameters: time, spatial coordinates, packet length/width, orientation and phase speed,
to be analysed in correlation with mars topography, illumination conditions, local time and
Mars seasonal climate variability.

5 Expected Results

Both winds and waves induce temporal and spatial variations in the atmosphere and the
complete interpretation is only possible with the application of 3D climate models and con-
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Figure 1: VLT/UVES Observations of Mars Global Dust Storm 2018. [8]

textual information. For this reason this project aims to cover an extensive science exchange
with the experts that have analysed the contribution of winds and gravity waves in the Mars
climate circulation [13], [4],[5], and strengthen the research collaboration promoting the use
of observations performed from Earth and simultaneously from Mars Express and Trace Gas
Orbiter [3].
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Figure 2: . Preliminary analysis of Gravity Waves [2]
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Abstract

Carbon monoxide is one of the important minor species in the Martian atmosphere due to

its role in the photochemical stability of the CO2 atmosphere and can also be used as a

dynamical tracer. The SO spectrometer onboard the Trace Gas Orbiter (TGO) scans the

Martian limb in the infrared provides transmittances with fine vertical sampling (∼ 1km).

In the spectral region, the sounding of CO is found to be reliable due to its strong and well

separated absorption lines. Here, we present the retrieval scheme for CO from the solar

occultation observation. Our scheme obtains density profiles up to 100 km with a vertical

resolution better than 5km and errors below 15%. The observations for the last two seasons

of Mars Year 34 (MY34, April 2018 - March 2019) are analyzed here. We found important

results such as a strong depletion of CO density during the global dust storm (GDS) and a

clear dynamical influence of global Hadley circulation on the CO distribution.

1 Introduction

Untill the arrival of TGO, detailed systematic mapping of the Martian CO density and its
variation in the vertical was essentially absent. The instrument NOMAD (Nadir and Occul-
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tation for MArs Discovery) and ACS (Atmospheric Chemistry Suite) have proved themselves
as successful instruments in terms of measuring atmospheric trace gases. The CO retrieved
from the mid-infrared (MIR) channel of ACS showed a depletion in CO density during the
global dust storm (GDS) of MY 34 [13]. A detailed quantitative comparison study based on
the retrieved profiles from the ACS MIR, NIR, and TIRVIM can be found in [3]. Here, we
present vertical profiles of CO retrieved from the measurements recorded by NOMAD solar
occultation (SO) for the first year of TGO observations from April 2018 to March 2019, for
the first time. This covers the last two seasons of MY 34 with fine latitudinal coverage. An
extended version of this work can be found in a recently submitted manuscript [12].

2 The NOMAD Solar Occultation Channel

NOMAD is a suite of three spectrometers SO (Solar Occultation Channel), LNO(Limb and
Nadir Occultation) and UVIS(The Ultraviolet and Visible Spectrometer) [16] onboard TGO.
In this study, we only have used the SO observations. The SO spectrometer operates in the
spectral range of 2.2-4.3µ m with a nominal resolving power ∼ 20,000. The spectrometer
is primarily composed of an echelle grating in Littrow configuration which means the inci-
dent, the reflected and the blaze angles are equal. The other important components of the
spectrometer are the detector, parabolic mirrors, and the Acousto Optical Tunable Filter
(AOTF). The AOTF, controlled by radio frequency, works as a bandpass filter and should
ideally, allow only one selected diffraction order to fall onto the detector. In practice, AOTF
introduces contamination from the adjacent diffraction orders due to which we only process
the spectra in selected microwindows (MWs)(see [12] for details).

The components of the SO spectrometer such as the detector, the AOTF, and the grating
are characterized by numerical parametric functions. These functions are respectively, the
Instrumental Line Shape (ILS), AOTF transfer function, and the blaze function. The blaze
function is taken from [8] and the ILS and AOTF are determined by our team in collaboration
with other NOMAD teams which is described in [17]. The AOTF transfer function has been
further finetuned by our retrieval method as described in [12]. These parameters are essential
for theoretical simulation of the SO spectra and have been convolved within forward model
called KOPRA(Karlsruhe Optimized and Precise Radiative transfer Algorithm)[14] to deter-
mine the incoming solar radiation received by the spectrometer. Both the preprocessing and
the inversion which are described next make use of the line-by-line forward model KOPRA.

3 Preprocessing and Inversion

The SO spectra used for this study are Level 1 calibrated data which provides atmospheric
transmittances along with the measurement noises at all altitudes in every scan or orbit. The
left panel of Figure 1 shows an example of these spectra for a given scan. The spectra clearly
suffer from several residual calibration effects like spectral bending and shift. As an initial
step, we clean these calibration issues before feeding the spectra into our retrieval scheme.
We call this internal step preprocessing. The preprocessing is described in detail in [9, 1, 12].
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The right panel of Figure 1 shows the cleaned/preprocessed spectra which are corrected for
the spectral bending and the spectral shift.

Figure 1: Example of our cleaning method applied to diffraction order 190 in one specific
scan. Panel (a), all the original spectra (Level 1 calibrated transmittances) taken in this scan,
showing clear bending effects and spectral shifts. Panel (b), spectra after cleaning.

Here we describe, in brief, the working principle of our retrieval scheme managed by
a Retrieval Control Program (RCP) which performs a global fit (spectra at all altitudes)
iteratively. The preprocessing and the retrieval scheme are common to our group targetting
other atmospheric quantities such as temperature [10], water vapor [2], and aerosols [15].
The RCP runs KOPRA iteratively keeping the CO, continuum, and spectral shift as free
parameters and compares the simulated spectra with the cleaned measured spectra until
the best fit is obtained. The continuum is simulated by a spectrally constant transmittance
level, adjusted to account for the impact of aerosol absorption. The goodness of our fit is
characterized by χ2 value obtained from the global fit method. For a more detailed description
of this retrieval scheme the reader should refer to [12].

Figure 2: The effect of the reference thermal structure on the retrieved CO.

Retrieved CO values are highly dependent on the a priori temperatures [7]. To quantify
the effect of temperature, we use simulated and retrieved climatologies[9] in the example de-
picted in Figure2. Figure2 shows two sets of atmospheric quantities; pressures, temperatures,
mixing ratios, and number densities. Pressures and temperatures are referring to the apriori
climatologies while the mixing ratios and the number densities are the results of the retrievals
with those climatologies. The black curves are corresponding to the GCM scenario while the
red curves are to the retrieval with SO T/P. The differences in CO number densities and the
mixing ratios are indicating the sensitivity of CO retrievals on the apriori climatologies. This
demonstrates that it is very important to use realistic temperatures profiles from a previous
inversion from the same scan.
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4 CO profiles and Variability

Above 60 km CO is produced by the photolysis of the CO2 and the variability in these
mesospheric altitudes is dominated by the production and atmospheric circulation while the
lower atmosphere (below 60 km) is dominated by the loss of CO[6, 4, 11]. This inspires us
to describe the CO variability of these two altitude regions separately with the help of an
arbitrary marker fixed at the orange iso contour representing a CO VMR value of 2500 ppm
(see Figure 3). There are two different seasons where the upper atmospheric CO distribution
reflects the Martian dynamical behavior. During the northern autumn equinox (LS = 160◦

- 180◦) when the two Hadley cells extend from the equator to the high latitudes over both
the hemispheres, CO enriched air from the low latitude regions most likely to downwell over
the high latitude regions. Thus the increase in the CO mixing ratio is observed over the
high latitudes during this period. During the southern soltice in the period LS ∼ 280◦, the
reference orange contour seems to reach down to altitudes near 60 km over the northern
hemisphere (NH) whilst over the southern hemisphere (SH), this contour seems to retract
towards altitudes above 80 km. This kind of upper atmospheric CO distribution points
towards an interhemispheric circulation from SH to NH. The behavior of CO distribution in
the lower atmosphere is mostly controlled by its loss. The loss is apparent during the onset of
the GDS when CO is depleted due to the rise in water content of the atmosphere. This loss
again becomes dominant during the southern summer but in this period the depletion might
be due to a combined effect of the release of water vapor and CO2 from the southern polar
cap due to their annual sublimation. The release of CO2 increases the total atmospheric mass
thus depleting the CO mixing ratio.

Figure 3: All CO profiles retrieved for this study. The upper panels ((a) and (b)) show the
LS-latitude distribution of the dataset used, with the colors on scale indicating the localtime.
The bottom panels show LS-altitude distribution of the CO profiles corresponding to the
location shown in the top panels.

Figure 4 shows the latitudinal distribution of the CO profiles for small LS periods. The
left-hand panels of the Figure 4 show the retrieved CO distribution for fixed LS periods
corresponding to the northern equinox and southern summer while the right-hand panels
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(panels (b),(d),(f) & (h)) show the corresponding CO distribution from the GCM simulations.
The GCM simulated CO distributions are shown in order to illustrate the departure from
apriori and to predict possible dynamical effects. During the northern equinox, the Martian
dynamics is dominated by the two Hadley cells extending from the equatorial regions to
the high latitude regions. The SO observations, in panel (a) suggest an increase in the low
altitude CO abundance over high latitude due to the hemispheric Hadley cells which are also
depicted in panel (b). At the beginning of the southern summer(panels (c) & (d)), there
seems to be an increase in CO density in the upper altitudes which is probably a result of the
increased photodissociation due to the increased solar insolation. The next panel (e) shows
a globally developed interhemispheric Hadley cell which is not apparent in the simulation
panel (f). According to our results, and despite the patchy maps obtained, it seems that the
Hadley cell originates over the southern latitude > 40◦S and downwells over the 60◦N.

Figure 4: Latitudinal distribution of the retrieved, on the left panels ((a), (c), (e), & (g)) and
GCM-simulated CO profiles on the right panels ((b),(d),(f), & (h)) Each panel corresponds
to a fixed LS period.
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Abstract

At present, detecting new rocky planets within the habitable zone and the radial velocity

follow-up of transiting candidates are priority objectives of the exoplanetary field. Both,

require a great effort including high-precision instruments and state-of-the-art analysis tech-

niques. Additionally, a proper observing strategy is crucial to ensure the effectiveness of

the observations, avoiding unnecessary measurements that waste invaluable telescope time.

In this talk, we present the KOBEsim algorithm, a Bayesian-based strategy for the detection

of planets in radial velocity surveys. It is developed within the KOBE experiment, aspiring

at maximizing the detection of potential habitable exoplanets orbiting late K-dwarfs. The

algorithm uses the first data obtained for a given star to choose a target orbital period

(usually the highest power periodicity) and uses Bayesian inference to propose the opti-

mum next observing date, thus accelerating the detection/rejection of such period. This

new approach has demonstrated to improve the detection efficiency in comparison with a

conventional strategy of monotonic cadence, reaching a detection in ∼50% less observations

and timespan. KOBEsim has the potential to save expensive telescope time in current and

upcoming instruments, and to allow the detection of light planets further away from their

host star in reasonable timespans.

1 Introduction

Over the last decades, exoplanetary exploration has been focused on filling the census of
exoplanet properties. Currently, the number of confirmed planets according to the NASA
Exoplanet Archive overtakes the figure of 5200 [1]. The reason for this rush is that we need
statistics. Only if we have a representative sample of the planet diversity we could create
reliable models, for instance on planet formation, migrations, or dependencies with the host
star properties. But it is undeniable that the planets that most yearn to detect are potentially
habitable. Finding life beyond the Solar System is what guides the actions of the field.
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Figure 1: Exoplanet population within the HZ for different stellar types. Source [4].

2 The KOBE experiment

The majority of the efforts dedicated to searching for habitable planets have preferred two
spectral types as host stars: M and G-dwarfs. The M-dwarfs are an interesting target from
the detectability point of view. Since they are cold and less massive stars, their habitable zone
(HZ) is closer and thus inducing higher radial velocity (RV) semiamplitudes and requiring less
time to infer their presence. As an example, the high-resolution spectrograph CARMENES [2]
is optimized to find planets orbiting M-dwarf stars. In parallel, since the only planet that
we are certain to be habitable is the Earth, G-dwarfs (solar-type stars) seem the perfect
target from an astrobiological point of view. One of the most fruitful missions, Kepler, was
specifically designed for finding Earth-type worlds around solar-type stars [3].

Nonetheless, we are missing what might be the perfect target. Putting the focus on M
and G stars has resulted in an observational bias around K-dwarfs (see Fig. 1). This spectral
type is in the middle of the other two, thus finding a trade-off between habitability and
detectability. Moreover, theoretical studies have shown that the highest occurrence rate
of habitable planets is around the quiet late-K-dwarfs [15]. These reasons have inspired to
start the first RV survey devoted specifically to late-type K-dwarfs. The K-dwarfs Orbited By
habitable Exoplanets (KOBE) [4] experiment, a legacy program of the Calar Alto Observatory
(CAHA; Almeŕıa, Spain), making use of CARMENES at the 3.5 m telescope. Its observations
began in January 2021 and will be monitoring 50 late K-dwarf stars over five consecutive
semesters.

The aim of KOBE is to detect a handful of habitable planets around K-type stars to ease
the paucity. Reaching such an ambitious goal requires an observational strategy designed
accordingly to the needs. KOBEsim [5] is an open-source algorithm written in Python language
that we have developed to make more efficient the detection of planets in blind-RV surveys.

https://kobe.caha.es/
https://github.com/olgabalsa/KOBEsim


O. Balsalobre-Ruza, et al. 439

3 Observational strategy of KOBEsim

The proposed observational strategy consists of two steps. First, the star is monitored with
the usual survey strategy until the periodogram shows a predominant periodicity (Ppeak). For
example, a conventional strategy would be following a monotonic cadence that consists of
gathering data every N days. Second, Ppeak is targeted by the KOBEsim algorithm to speed up
the confirmation or rejection of a planetary origin. The algorithm uses the prior knowledge
(the observations gathered so far) to predict future measurements and makes a ranking of
the dates available to observe the target again. The criterion for the ranking is based on the
expected knowledge gain. In the following sections, we see in more detail the method.

3.1 Statistical framework

The mathematical tool we use is the Bayes factor. Basically, it compares two models to assess
from which one is more likely that our data come1. We compute this quantity by comparing
1) the null hypothesis in which we assume there is no planet in the system (H0), and 2) a
1-planet model orbiting with a periodicity near to Ppeak (H1). The Bayes factor is frequently
used in planetary searches to claim a detection when it is higher than a threshold [6], [7], [8].
In our case, we opt for a conservative criterion considering a detection at ln (B10) > 6 [9].

3.2 Code methodology

The algorithm is composed of three steps: estimation of the orbital parameters, simulation of
the next RV measurement at different orbital phases, and selection of the optimum observing
date according to the expected increase of the Bayes factor.

1. Parameter inference and evidence of the models: In order to infer the orbital
parameters from the observations, KOBEsim explores the parameter space and samples
the posterior distribution by using the Markov chain Monte Carlo (MCMC) affine
invariant ensemble sampler emcee [12]. The model used for the 1-planet hypothesis is a
single Keplerian from the python module RadVel [13], meanwhile for the null-hypothesis
the RV takes a constant value equal to the systemic velocity. Next, it calculates the
Bayes factor metric employing the bayev [14] code to quantify how much evidence we
have with the current observations on the existence of the planet at the selected period.

2. Simulation of the future dates: To find the candidate dates we divide the period
under study into a total of Nphases orbital sub-phases. We choose the next assigned
date from the schedule at the telescope that matches each sub-phase. Next, from
the posterior probability distributions inferred through the MCMC algorithm in the
previous step, KOBEsim predicts the RVs at each potential observing date. Running
again emcee and bayev over each of the datasets (our already gathered RV plus one
additional datapoint corresponding to each predicted RV at a proposed date), we end

1B10 is the notation for a Bayes factor comparing a hypothesis H1 over another H0.
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Figure 2: KOBEsim output figure. Predicted Bayes factor for each candidate date (orbital
phase). Source [5].

up with an estimation of the expected increase in the Bayes factor (∆ ln(B10)) for each
of the proposed future dates.

3. Ranking of the candidate observing dates: KOBEsim sorts the tested dates accord-
ing to the Bayes factor giving the maximum priority to the highest ∆ ln(B10). However,
the largest ln(B10) increase may occur at a very distant date, which is against the ef-
ficiency of the observations. To prevent this situation, we introduce a weight to the
increase of the Bayes factor with the shape of a density function of a beta distribution.
Hence, the ranking is done according to the Bayes factor weighted with this function to
find a trade-off between the number of observations and timespan. In Fig. 2 we show
an example of the output figure of KOBEsim. Additionally, it delivers a table with these
results sorted by the priority of the the candidate dates.

4 KOBEsim efficiency test

In this section, we show a test with simulated data to quantify the efficiency improvement
when using this strategy. We use ten mock RVs for a 5M⊕ planet orbiting within the HZ of
a late-K-dwarf with a 59-days period, corresponding to an RV semiamplitude of 1.2 m s−1.
We estimate how long it would take to detect this planet following different strategies: with
a monotonic cadence (MC), following the recommendations of KOBEsim (K) every new obser-
vation, and KOBEsim using the beta function (Kβ, see step 3 of Sect. 3.2).

In Fig. 3 we show the evolution of the Bayes factor (y-axis) as a function of the number
of observations (x -axis) for each strategy (color-code). From a quick visual inspection, it is
easy to perceive that the number of observations is greatly reduced when using the algorithm
in comparison with the MC strategy. It is also highlighting the timespan (see legend at
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Figure 3: Prediction in the evolution of the logarithm of the Bayes factor for a 5M⊕ simulated
planet. Source [5].

the right bottom of Fig. 3) is only improved when using the Kβ strategy, thus finding the
optimum trade-off in sake of efficiency. The improvement is, therefore, a 33 % in the number
of observations and a 47 % in timespan.

5 Conclusions

The biggest conclusion is that there is room for improving the efficiency of observations.
Reducing the observational time required to achieve our scientific goals means being capable
of including additional targets or even achieving goals that otherwise would be inaccessible.
In particular, our approach demonstrates speeding up detections up to a 50 % in both number
of observations and timespan. The more challenging the target is, the higher the efficiency
gain when using KOBEsim. Therefore, its use could be decisive to detect rocky planets within
the HZ in reasonable timespans.

GTO programs can be highly benefited from the use of this algorithm since they enjoy
wider freedom in their schedule. An opportunity for saving time and favor the detection of
the most elusive planets for the upcoming generation of instruments such as HARPS3 [16]
or NIRPS [17]. We want to note that, even designed for blind-search surveys, it also can
be highly useful in the RV follow-up of transiting candidates since the orbital period is clear
since the very beginning of the observations. Furthermore, by customizing the code, one could
optimize other problems such as discerning between competing periodicities, or the number
of planets in the system. Indeed, the strategy could be used to schedule the observation of
time series in any other field than exoplanets just by modifying the models.
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Abstract

Debris discs represent the last stages of planet formation and as such are expected to be

depleted of primordial gas. Nonetheless, in the last few years the presence of cold gas has

been reported in ∼ 20 debris discs from far-IR to (sub-)mm observations and hot gas has

been observed in the optical spectra of debris discs for decades. While the origin of this gas is

still uncertain, most evidences point towards a secondary origin, as a result of collisions and

evaporation of small bodies in the disc. In this paper, we present ALMA observations aimed

at the detection of CO gas in a sample of 8 debris discs with optical gas detections. We

report the detection of CO (12CO and 13CO) gas in HD 36546, the brightest and youngest

disc in our sample, and provide upper limits to the presence of gas in the remaining seven

discs.

1 Introduction

As exoplanetary studies progress, with more than 5000 planets confirmed, we tend to imagine
planetary systems as simple associations of a central body (or more than one in some cases),
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i.e. a star, and a few to several planet sized objects revolving around it, much like our own
Solar System. In doing so, we usually forget the plethora of other bodies that are present:
moons, asteroids, comets, etc.; as well as the non-negligible amounts of dust and gas that are
released via interactions of those components, mostly through collisions and evaporation.

However, minor bodies play a key role in the chemical and dynamical evolution of planetary
systems, as they interact with each other and the proto-planets being formed. The Earth
itself is thought to have been heavily impacted by small bodies in the system during the
moon formation process and during the Late Heavy Bombardment event, possibly having its
early atmosphere altered by volatiles (i.e., water) deposited by comets and asteroids. The
study of the gaseous component of planetary systems in debris disks can help us investigate
these kind of interactions, and have a significant impact in the study of habitability.

2 Circumstellar gas in debris disks

Gas has been classically expected to be depleted after the protoplanetary phase, and therefore
not detectable around stars that have reached the main sequence already (i.e., debris disks).
In the past 5-10 years, the increasing sensitivity of interferomertic facilities, such as ALMA,
have led to multiple detections of CO gas in debris disks, challenging the classic view, and
raising the question about why this gas is present in debris disks. While the community
still investigates the possibility of this gas being a remnant of the protoplanetary phase, the
general agreement is that secondary processes, such as evaporation and collisions of minor
bodies, are acting as replenishment mechanisms of both the gas and dust components [9, 6].

The gas we find in debris disks can be separated in two populations. As mentioned above,
(sub-)mm interferometric facilities have revealed the presence of CO emission in over 20
debris disks so far. This gas is usually located in the outer regions of the systems (¿10 au
and up to several hundreds) and it has very low temperatures (a few Kelvin). Using optical
spectroscopy, we can detect the gas located in the inner regions, at very high temperatures
(over 1000 K) and most likely released by exocomets as they sublimate at very small distances
from the star. This gas is mostly from highly refractory elements (e.g. Ca ii) but has also
been detected in multiple species in the ultraviolet region [15].

In both cases, the most likely origin of the gas is collisions or evaporation of minor bodies
in the system, i.e. exocomets. The first detection of exocomets is reported in 1987 [4], where
they observe variable absorption features overimposed to the Ca ii line at 3933.66 Å. These
absorptions were suggested to be originated by Falling Evaporating Bodies or FEBs, and later
explained as bodies similar to the comets from the solar system [1].

3 Co-existence of hot and cold gas

In order to determine if cold and hot gas are co-existing and possibly connected to the presence
of exocomets, I led a study presented in [12] that investigated the presence of absorption gas
in systems with emission gas detection. At the time of the study, cold emission gas had been
detected in 17 debris disks, out of which we selected 15 (excluding β Pic and Fomalhaut,



Isabel Rebollido, Álvaro Ribas, et al. 445

due to their spectra being analyzed in previous research work). For those 15 sources, we
obtained high resolution spectra containing the Ca ii doublet. We collected inclinations for
all the sources, with only one being unresolved. We separated the spectra between those with
a non-photospheric absorption (i.e. a narrow absorption that is not originated in the stellar
photosphere) and those without non-photospheric absorptions in the Ca ii K line. After
investigating if the origin of the absorptions is either from the circumstellar or interstellar
environment by checking the radial velocities and the neighboring stars, we found out that
∼90% of the debris disks with edge on orientations (¿ 70◦) showed a circumstellar absorption,
and similarly ∼90% of the debris disks with face on orientations (¡ 70◦) did not show any
circumstellar absorption 1. This is explained simply by a geometrical effect, meaning that
the inner gas detected in absorption needs to transit the star in order to be detectable. The
fact that cold and hot gas are simultaneously present in the majority of systems where both
are detectable seems to be proof that they co-exist in debris disks, and they might have a
common origin.

4 Results from ALMA observations

Given the presence of hot and cold gas seems to be simultaneous in debris disks, we de-
signed the reverse experiment, where we selected a sample of stars with narrow circumstellar
absorptions in the Ca ii K line and searched for the cold gas counterpart [14].

We performed ALMA Band 6 (1.3 mm) observations in a sample of 8 debris disks with
infrared luminosities between 10−5 and 10−3 and ages between 3 and 890 Myr.

We report detections in the dust continuum for 3 sources (HD 36546, HD 110411 and HD
158352) and 12CO and 13CO detections around HD 36546. We also report the detection of
background sources in the field of view of HD 37306 and HD 182919. Detections around HD
36546 are shown in the top panel of Fig. 1, and the values for the fluxes, along with the rest
of the detections can be found in [14].

The continuum detections allow to constrain the disk masses by assuming optically thin
disks and a temperature of the dust consistent with the black body temperature of the
thermal excess. The dust mass estimates of HD 36546 and HD 158352 are consistent with
other debris disks, while the dust mass of HD 110411 appears to be particularly low, with
less than 10−3 M⊕. CO gas mass was also estimated for HD 36546 using the optically thin
13CO transition, yielding a gas mass of (3.2 ± 1.2) × 10−3 M ⊕.

The line profile of the detected 12CO line shows an asymmetric profile, with a larger flux in
the blue-shifted velocities. Although the signal to noise is not enough to confidently measure
any asymmetry in the 13CO, a similar feature is observed (see bottom pannels of Fig. 1).
This could indicate a significant asymmetry in the disk caused by disk perturbations from
internal (self-stirring, planets) or external (binary, flybys) agents.

1β Pic and Fomalhaut were not included in this study, but also follow this trend.
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Figure 1: Figure from [14]. Emission observed in HD 36546. Top panels, left to right:
Integrated emission of 12CO (230.538 GHz), 13CO (220.398 GHz) and continuum (1.33 mm).
In all panels the size of the beam is indicated in the lower left corner. Contours indicate 5, 10
and 50 σ. Bottom panel, left to right: Spectra of 12CO and 13CO. The 12CO panel shows the
double peaked profile, characteristic of Keplerian rotation, and less visible in the 13CO panel.
The continuous horizontal line marks the continuum (at 0 mJy) and the vertical dashed line
shows the systemic velocity of the disc.

4.1 HD 36546

The detection of large amounts of CO around HD 36546 fits in the overall picture we have
of this system based on previous work.

Spectroscopic work by [8] showed a prominent feature at 8-9 µm, indicative of an over-
abundance of carbon that could be due to a large collision of rocky bodies. [2] presented
scattered light observations later re-analyzed in [7] where they reported the first estimation
of the morphology of the disk (consistent with our findings in ALMA). They also included
planet detection limits based on an estimated age of 3-10 Myr, with upper limits of 5-6 MJ

at 23 au, and ∼ 2.5 MJ at larger separations. This system also has exocometary activity
reported in [13], and a significant amount of Ca gas in the inner region of the system.

All these findings put together seem to indicate considerable dynamical activity in the
system, and likely the presence of large bodies; i.e., planets.

4.2 The general picture

The detection of CO around HD 36546 puts this disk in context with previous detections,
and shows a similar behaviour as other CO rich debris disks, with a high infrared luminosity
and dust mass.
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The overall result of the observations yielded a 12% of gas detections with only one out of
8 in the total sample. This appears to show that these systems lack a cold gas component,
and therefore the rejection of the hypothesis of co-existence of hot and cold gas in them.
However, theoretical predictions for gas production in debris disks depend on the amount
of small bodies and dust particles in the system. [5] presented a model that predicted the
CO mass in debris disks based on their infrared luminosity. Looking at Fig. 2, all our non
detection have much lower dust masses than the disks with CO detections. It is thus possible
that the low number of cold gas detections is instead due to insufficient sensitivity of our
observations, rather than the lack of cold gas in these systems.
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Figure 2: Figure from [14]. Context of the sample compared to other debris discs around A-
type stars with detected CO gas. Red symbols mark the positions of the stars in the sample,
numbered from 1 to 8. Triangles indicate upper-limits for non-detections. Black circles mark
other debris discs with detections in the literature numbered from 9 to 21 [10, 11, 3].

5 Summary

The work presented in this contribution summarized the ALMA observations of project
2019.1.01517.S (PI: I. Rebollido). We report the detection of 12CO and 13CO in the de-
bris disk HD 36546, which confirms this is a complex and interesting system with cold gas
[14], hot gas and exocomets[13] and a debris disk with several belts and a carbon enhance-
ment [8]. We also report continuum detections for HD 158352 and HD 110411. The rest of
the disks observed within the same ALMA program showed no gas or dust detections, which
is probably linked to their low dust content as suggested by [5]. This analysis and results can
be found in [14].

We intend to follow up with ALMA observations for the HD 36546 disk to improve the
spatial resolution, and recent observations with JWST (GO 2053, PI: I. Rebollido) will al-
low to investigate the presence of volatiles in the warmer regions of the disk and delivery
mechanisms.
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[10] Moór, A., Curé, M., Kóspál, Á., Ábrahám, P., Csengeri, T., Eiroa, C., Gunawan, D., Henning,
T., Hughes, A. M., Juhász, A., Pawellek, N., & Wyatt, M., 2017, ApJ, 849, 123

[11] Moór, A., Kral, Q., Ábrahám, P., Kóspál, Á., Dutrey, A., Di Folco, E., Hughes, A. M., Juhász,
A., Pascucci, I., & Pawellek, N., 2019, ApJ, 884, 108

[12] Rebollido, I., Eiroa, C., Montesinos, B., Maldonado, J., Villaver, E., Absil, O., Bayo, A., Canovas,
H., Carmona, A., Chen, C., Ertel, S., Garufi, A., Henning, T., Iglesias, D. P., Launhardt, R., Liseau,
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Abstract

The water vapor in the Martian atmosphere plays a significant role in the planet’s current

and past climate, being crucial in important chemical processes like those involved in the

stability of the CO2. The recent ExoMars 2016 mission, with its NOMAD Solar Occultation

channel spectrometer onboard the Trace Gas Orbiter, allowed us to measure the H2O vertical

distribution with unprecedented resolution. Recent studies of vertical profiles have shown

that high dust concentration in the atmosphere, in particular during dust storms, induces an

efficient transport of the H2O to higher altitudes, from 40 km up to 80 km. Here we present

the water vapor vertical distributions obtained for the Martian Years 34 and 35, covering

the Global Dust Strom (GDS) event of 2018 (during MY 34) and hence, characterizing how

it varies under very different dusty conditions. The direct comparison of the same season in

these two consecutive Martian Years allowed us to confirm the strong impact of the GDS

in the water distribution.

1 Introduction

Water vapor is present in the Martian atmosphere in relatively low abundances. Being
a trace gas, its vertical distribution is affected by numerous processes, from the surface
interactions to atmospheric chemistry and transport to escape to space at high altitudes.
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[12]. Recent observations have proven that the ancient Mars was wetter than today, meaning
that processes like the escape of water to the space have driven the planet to its current
state. Also, previous works have pointed out how important is the vertical distribution
of the water in the atmosphere for the evolution of the planet and for the understanding
of the physical and chemical processes driving the water cycle [9]. Recent studies with
the Atmospheric Chemistry Suite (ACS) and NOMAD revealed an enhancement of water
vapor at high altitudes during dust events such as the Global Dust Storm during MY 34
[4, 5, 1, 2]. Other works focused on the hydrogen escape [20, 21] have suggested that the
dust enhancement has a strong effect on the escape processes. Here we apply an state-of-the-
art retrieval scheme to derive precise vertical profiles from NOMAD observations. Then we
analyze the seasonal and latitudinal variation of the water in the atmosphere during the first
half of the perihelion season of two consecutive Martian Years (MY), sampling an altitude
range from the surface of the planet up to 110 km, along with an estimation of the water
vapor saturation ratio.

2 NOMAD SO Measurements and Analysis

2.1 NOMAD Instrument and Dataset

The Nadir and Occultation for MArs Discovery (NOMAD) is an infrared spectrometer on-
board the ExoMars Trace Gas Orbiter (TGO) that covers the spectral range between 0.2
and 4.3 µm [19]. The instrument consists of three independent channels, Limb Nadir and
Occultation (LNO) operating between 2.3 and 3.8 µm, Ultraviolet and Visible Spectrometer
(UVIS) operating at 200-600 nm, and Solar Occultation (SO) operating in the range between
2.3 and 4.3 µm and designed only for solar occultation measurments. This channel with a
spectral resolution ∆λ/λ ≃2000, uses an echelle grating with a density of ∼ 4 lines/mm in a
litrow configuration. It contains an Acousto-Optical Tunable Filter (AOTF) which permits
to select different diffraction orders with a width that varies from 20 to 35 cm−1. During each
atmospheric scan, a solar occultation is measured every ∼1 s, allowing a vertical sampling
of ∼1 km. In addition, the AOTF is able to change the observed diffraction order quasi-
instantaneously so the SO channel can measure up to 6 diffraction orders every observation.
For this study we selected a subset of measurements taken during 180◦ - 270◦ of solar longitude
(Ls) during MY 34 and 35, corresponding to the first half of the Martian perihelion season.
For the retrievals of water vapor we used diffraction order 134 (3011-3035 cm−1) to study
the the lower atmosphere (below 60 km) and order 168 (3775-3805 cm−1) to study higher
altitudes (above 60 km), due to the difference in the strength of the water vapor absorption
lines present in these two orders. The selected dataset includes simultaneous observation of
both diffraction orders, allowing us to analyze the atmosphere from ∼10 km above the surface
up to ∼100 km.
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2.2 Data Anaylsis and Inversion of Vertical Profiles

The NOMAD SO data used in this work are Level 1a calibrated transmittances processed at
the Belgian Institute of Space Aeronomy (ISAB-BIRA) [18]. These data need to be further-
more processed in order to identify and correct for residual calibration features including spec-
tral shifts and spectral bending across each diffraction order. At IAA we have developed tools
(pre-processing phase) to clean the measured transmittances (T ) corrected for the spectral
shift (∆λ) as a proportional combination of the modeled transmittance (T0) scaled by a factor
(k), the residual bending (Tb) and the aerosol extinction along the slant path (τ). This clean-
ing of the data can be summarized with the following expression T (λ+∆λ) = T k

0 (λ)·Tb(λ)·e−τ .
After this pre-processing we performed the water vapor inversion using the Retrieval Con-
trol Program (RCP), which is a fully-tested multi-parameter non-linear least squares fitting
of measured and modeled spectra [22], which incorporates the state-of-the-art line-by-line
radiative transfer model KOPRA (Karlsruhe Optimized Radiative transfer Algorithm) [16].
The a priori atmosphere used for RCP during the retrievals was taken from specific runs of
the Mars Planetary Climate Model (LMD Mars PCM)[6], using the recent implementations
of the water cycles [14] and the dust scenarios appropriate for MY 34 and 35 [10, 11]. This
inversion of H2O profiles was done with two different diffraction orders, 134 and 168. When
both were measured simultaneously, in this work we built a full water vapor vertical profile
merging information from order 134 below 60 km and from order 168 above.

3 Results and Discussion

3.1 Water Vapor Seasonal Variation

The maturation phase of the 2018 Global Dust Storm (GDS) occurred during Ls ∼190◦ - 210◦

with a long decay phase until Ls ∼270◦ of MY 34. In Figure 1 we show the seasonal variation
of the water vapor at 50 km and 90 km for MYs 34 and 35. During the GDS maturation
phase, we observe an intense peak in the water vapor volume mixing ratio (VMR) showing
abundances <150 ppm at 50 km in both hemispeheres and ∼50 ppm at 90 km in the Southern
hemisphere. This enhancement of the water vapor at high altitudes is not present during the
same period of MY 35, when a GDS was not present. At the end of the analyzed period at
Ls > 240◦ we observe a progressive increase of the water vapor abundances in the Southern
hemisphere during both MYs due to the seasonal temperature increase and the sublimation
of the southern polar cap, allowing more water to be present in the atmosphere.

3.2 Water Latitudinal Variation

The effects of the GDS during MY 34 in contrast with MY 35 can also be observed at different
latitudes. This is shown in Figure 2. During the period of strong activity of the GDS we
observe a clear increase of the water vapor VMR with the water confined mostly between
60◦N and 75◦S and reaching altitudes up to 80 km at mid latitudes with abundances about
150 ppm. Regardless of the poor coverage of the northern hemisphere, this same period
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Figure 1: Seasonal variation of water vapor at 50 km (left) and 90 km (right) during Ls =
180◦ - 270◦ of MY 34 (top) and MY 35 (bottom). See text for details.

during MY 35 shows that water vapor is mostly confined below 45 km and in latitudes lower
than 50◦S.

Figure 2: Latitudinal distribution of the water vapor during Ls = 180◦ - 220◦ of MY 34 (top)
and MY 35 (bottom). See text for details.
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3.3 Water Vapor Saturation and Water Ice

The water vapor saturation ratio (S) can be calculated as the ratio of the water vapor
present in the atmosphere (retrieved water vapor µH2O) over the expected saturated water
vapor (µsat) under certain pressure and temperature conditions. In order to estimate the
saturation pressure over water ice we used the well known relation of saturation vapor pressure
with temperature for H2O [13] and applied it to the NOMAD SO retrieved temperatures as
obtained in our team [8], only applied when coincident retrievals of H2O and temperature
were available for MY 34. In addition, using the aerosol information obtained by [17] for the
same period we identified several saturation events occurring in presence of water ice and two
events of saturaiton occurring towards the top of ice clouds layers, supporting the schematic
model proposed by [15]. An example of saturation in presence of water ice is shown in Figure3
(top panels) and an event of saturation observed at the top of an ice cloud is shown in Figure3
(bottom panel).

Figure 3: Profiles of water vapor, aerosols mass mixing ratio (MMR), temperature and water
saturation ratio for two NOMAD SO observations. Left panels: Water vapor VMR (blue)
and aerosol MMR (dark red). Center panels: NOMAD temperature (red) and water vapor
condensation temperature (dashed). Right panels: Water saturation ratio (black), water
ice detections (light blue) and dust detections (light brown). Vertical dashed line shows
saturation ratio equal to 1. See text for details.
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4 Conclusions

In this study we have presented the water vapor vertical distributions obtained for the first
half of the perihelion season during Martian years 34 and 35 characterizing the water vapor
under GDS and non-GDS conditions. The main results we found are:
- During the strong activity of the GDS, we observe an intense peak in the water vapor showing
abundances about 150 ppm at 50 km in both hemisphere. In contrast, during MY 35, water
vapor does not exceed abundances of 50 ppm above 50 km in the northern hemisphere.
- During northern winter solstice, at high southern latitudes, we observe high water vapor
abundances to altitudes as high as 60 km, indicative of a progressive temperature increase.
This feature is observed in both Martian Years.
- We identify saturated layers in presence of water ice, indicative of a condensation process
going on at the terminator at the precise moment and local time of the NOMAD observations.
An extended version of this paper can be found in [3]. Application of these methods to an
extended dataset of NOMAD solar occultations, covering the whole MY 34 and MY 35 are
ongoing at our team and will be presented in future works.
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Planets, 125(8), e2019JE006111.

[12] Montmessin, F., Smith, M. D., Langevin, Y., Mellon, M. T., & Fedorova, A. 2017, The atmosphere
and climate of Mars, 18, 338.

[13] Murphy, D. M., & Koop, T. 2005. Quarterly Journal of the Royal Meteorological Society,
131(608), 1539-1565.

[14] Navarro, T., Madeleine, J. B., Forget, F., Spiga, A., Millour, E., Montmessin, F., & Määttänen,
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Are pit craters habitable? Geological analysis and

description of their structural potential as lunar

bases.
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Abstract

Pit craters, also known as subsidence or collapse craters, are circular-shaped holes in the
terrain found throughout the Solar System. Their formation does not relate to any impact,
in some planetary bodies, the surface collapses over a lava tube [1], [2], [3] or magma
chamber, generating a natural entrance of a planetary cave. The presence of these lava
tubes on the Moon has been proposed since the sixties [4], using as evidence the sinuous
rilles. More recently, attempts have been made to evaluate the dimensions of lava tubes
using the Lunar Radar Sounder of Kaguya [5] and gravimetry data from GRAILS, to
detect huge mass deficits under the surface [6]. These studies give strong indications that
sublunarean caves might exist, and they could be related to pit craters [5], also known
as skylights. Caves could become the first human settlements on the Moon because they
provide a natural and safe refuge for astronauts, technology and resources [7]. However,
the connection between pit craters and caves is not demonstrated.

We located the best skylight candidates by overlaying pit crater locations from the LROC
atlas to the global geologic map of the Moon (USGS), getting information on the properties
of the lunar regions (material type and age); the Kaguya (SELENE) mission maps, covering
latitudes from -60° to 60°; and the north and south pole LOLA LRO lunar topographic
maps. A wrinkle ridges layer is also added to find some clues about how the pit craters in
an area might be connected and how large the subsurface caves would be.

A sublunarean lava cave accessible from one of these four skylight candidates would be a

promising astrobiological region due to its own microclimate preservation capabilities and

its shielding against radiation [8] and meteorites. Additionally, a pristine lava tube would

be helpful to better understand the Lunar geological history.

.
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Exploring stable lithium isotope (δ7Li)

concentration on the lunar surface.
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Abstract

We explore the concentration of Lithium and δ7Li in the lunar surface (out rocks and

regolith) using spectral data obtained from the Clementine mission (images UV–VIS with

450, 750, 900, 950 and 1000 nm bands), that provide 100 % coverage of the lunar surface

at resolution of 100 to 300 m, between latitudes of 70° S to 70° N. In order to extract

quantitative abundance of Lithium, ground truth sites must be used to calibrate the sensor.

Lithium composition of samples (12045, 15058, 15475, 15555, 70035, 74220 and 75075)

returned from Apollo missions 12, 15, 16 and 17 have been compared to the Clementine

UV-Vis-Nir bands. We find an excellent linear correlation between the spectral parameters

and Lithium content of samples. The analysis presented here further explores the presence

of Lithium and δ7Li in areas with different exposures to solar wind, as shadowed craters or

elevated areas of lunar crust with different exposure age, trying to elucidate the possibility

of Lithium enrichment of lunar regolith by spallation processes.
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Canet, A.1,2, and Gómez de Castro, A.I.1,2

1 AEGORA Research Group. Fac. de CC. Matemáticas. Universidad Complutense de
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Abstract

Forming planets around young, fast-rotating solar-like stars are exposed to strongly mag-

netized stellar winds, as a consequence of the enhanced magnetic activity of these stars.

In addition to the action of these winds, transient energetic events such as coronal mass

ejections (CMEs) are believed to be frequent in these environments, increasing the density,

velocity, and magnetic field of the background stellar wind. The interaction of winds and

CMEs with orbiting planets around active stars may lead to the formation of observable

signatures due to the formation magnetic field and density disturbances in the vicinity these

planets, such as comet-like tails or large bow-shocks, and may play a fundamental role in

shaping the geometry of the possible present young planetary atmospheres. In this work,

we study the interaction between the stellar winds and CMEs of very active, young stars

with planetary obstacles through numerical 2.5D simulations using the PLUTO MHD code.

The case of study is AB Doradus, a nearby young star, with a small rotation period (0.51

days) and a strong flaring activity. From these simulations, we characterize the formation

of density and magnetic field disturbances in the vicinity of the planetary obstacles for

different stellar wind configurations, in the case of close-in Earth-like planets. These re-

sults may contribute to the study of the temporal variability in UV and sub-mm ranges in

young-protoplanetary discs due to the presence of planets.
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Geomorphological characterisation and

Spectroscopy analysis of the Gusev and Jezero

craters on Mars: Landing sites of NASA’s Mars

exploration missions.
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Abstract

Gusev Crater, landing site of the MER-A mission, and Jezero Crater, site of the Mars2020

mission, were possibly two past fluvial-lacustrine systems, and have therefore been of great

interest to understand the past of Mars. The mapping of both craters has been carried

out by the Context Camera (CTX) and the High-Resolution Imaging Experiment (HiRISE)

on board the Mars Reconnaissance Orbiter (MRO), improving the resolution of previous

studies. Also the analysis of the data collected by The Compact Reconnaissance Imaging

Spectrometer for Mars (CRISM, on board MRO), shows the mineralogy present on the

surface. These are complemented by data from the Thermal Emission Imaging System

(THEMIS) and the Mars Orbiter Laser Altimeter (MOLA), both on board the Mars Global

Surveyor mission (MGS). CTX and HiRISE provide visible images with detailed information

related with the surface features of morphological units. CRISM produces images from

visible, infrared and near-infrared (VNIR) spectra, where it records the residual mineralogy

present on the surface. In both craters shows mineralogy associated with Fe and Carbonates

by spectral signatures and RGB composition. THEMIS images collect information in the

infrared range, showing the temperature variation in materials during the day and night.

With MOLA data has been possible to determine the stratigraphic position of the mapped

units and to obtain information on the slopes and elevations of the units. With the analysis

and combination of all the data, we have been able to describe the geological characteristics,

such as the presence of fluvial-lacustrine, aeolian, glacial and volcanic deposits present in

craters Gusev and Jezero, of great importance in the former, since new units have been

defined and are described in this research. For Jezero, slight modifications are proposed to

some of the units already described in previous studies.
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and optimization of extractive techniques applied

to minor bodies of the Solar System.
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Abstract

In this work we review what are the demands related to critical elements in technological

areas in the near future, being its extraction from asteroids the main target. We study how

frequently those critical elements appear in different asteroid taxonomies by comparing the

asteroid taxonomies with meteor remains on Earth, concluding that the best candidates

to be mined in a future mission would be M/X type asteroids. We have selected several

NEA’s and asteroids from the Main Belt belonging to this taxonomy as optimal candidates

to be mined, studying their composition by spectroscopy. We also analyse their available

dense and sparse photometry in databases in order to obtain their physical parameters

(pole orientation, rotation period, size) and also apply the light curve inversion method,

complemented with radar images, if available, to estimate their shape, which is fundamental

to determine which mining method is the optimal in each particular asteroid. In this work

we have focused on (4660) Nereus.
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Modelling activity-induced radial velocities through

STELLA/WiFSIP simultaneous photometry.
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Abstract

The search for habitable worlds is a challenging process but key in our search for life beyond

Earth. In this context, the KOBE experiment is aimed at searching for new worlds within the

habitable zone of K-dwarf stars through the radial velocity method using the CARMENES

instrument. When searching for low-amplitude radial velocity signals, as those produced by

rocky worlds, stellar activity is one of the major contaminants. A widely-used procedure

to overcome this is to use activity indicators from the spectroscopic data, simultaneously

modelling the stellar activity and the radial velocity. However, our simulations show that

the KOBE long cadence (∼9 days) is not enough to properly do so. To overcome this,

we are performing a high-cadence photometric monitoring of the KOBE sample stars over

the duration of the CARMENES observations (until 2023A) through the robotic telescope

STELLA/WiFSIP located in Tenerife. This way, we are able to obtain contemporary and

time-resolved information about activity that allows us to use it as a proxy to account

for activity in the radial velocity time series. In this contribution we show our modelling

procedure, current results, and discuss the capabilities of the CARMENES-WiFSIP synergy

in order to facilitate and improve planet detection and characterization.
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New compositional proposals to asteroid (121)
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analysis.
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Abstract

(121) Hermione is a Cybele group asteroid discovered in 1872 with a km-size moonlet de-

tected in 2002. Based on bulk density (1.4 ± 0.2 g/cm3) and albedo values, the derived

Hermione’s taxonomic class is C-type with a low albedo, making the CI and CM carbona-

ceous chondrites the best meteoritic analogs. Nowadays our knowledge on the mineralogy

of asteroids is based on remote-sensing photometry and spectroscopy in the visible and

near-infrared, radar polarimetry and comparison with meteorites studied in the laboratory.

Spectral observations of Hermione at VIS-NIR wavelengths will help to refine its taxonomic

classification and state of weathering. In this work we review the mineralogy assignation

of Hermione comparing JPL spectral libraries of minerals and meteorites (ultramafic rocks,

pyrites, piroxenes, diamonds, olivine, hematites, carbons and carbonaceous meteorites) re-

sampled to the wavelengths of VIS-NIR spectrum of Hermione from SMASSII. In order

to quantify similarities between resampled spectra and Hermione SMASSII spectrum, we

performed a Factor Análisis (PCA). The same analysis was carried out with spectra re-

sampled to wavelengths of 367, 436, 545, 638 and 797 nm, which correspond to effective

central wavelengths of U, B, V, R and I photometric filters used to observe (121) Hermione

from ICTEA observatory (mpc code L94). Pyrite, Sphalerite and Goethite are the min-

eral species with more similar spectra to Hermione’s SMASSII spectrum. In the same way,

chondrite carbonaceous and troillite are the meteorites more similar. The same results were

found using our photometric analysis, but olivine also was included in the same group of

(121) Hermione.
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Abstract

Tons of cosmic material enter the Earth atmosphere every year, most of them being leftovers

and debris from comets and shattered asteroids. Many of the estimates of this material influx

rely on measurements carried out by observations of meteor showers and by ground-based

searches of meteorites in deserted areas, either in hot deserts or in Antarctica. However,

global space-based surveys are still missing; these surveys will provide valuable clues on

the chemistry and physical properties of near-Earth bodies prior to its fragmentation in

the Earth’s atmosphere and its later shock with the surface. The thermal emission from

this space dust is expected to be polarized due to the alignment of the grains with the

solar radiation field and/or the Earth’s magnetic field by radiative torques (RATs), de-

pending on their properties (size and composition). In this work, we analyse the expected

properties (strength and polarization) of space dust as seen from space. This is done at

microwave wavelengths in the context of the project MARTINLARA funded by the Co-

munidad Autónoma de Madrid, to build a cubesat operating in the 80-220 GHz range, to

test new technologies and probe the properties of space dust. The calculations have been

carried out using the Monte Carlo code RADMC-3D for a grid of models simulating various

possible properties of the dust grains and of their spatial distribution.
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Abstract

Recent MHD 3D modelling of the Proxima system predicts that the interaction of the planet
Proxima b with its host star, Proxima, would be proceeding in the supra-Alfvénic regime.
In this case, no radio emission from the star-planet interaction should be observed.
In this poster, we present multi-epoch radio observations of the Proxima Centauri system
obtained with the Australia Telescope Compact Array (ATCA) in 2017 and 2021, at fre-
quencies between from 1 to 3 GHz.
We also present a relatively simple modelling, which indicates that Proxima b is in the
sub-Alfvénic regime, and therefore can induce radio emission from the interaction with its
host star.

We find that the radio emission is highly circularly polarized in many epochs, with the

maxima of emission happening at about twice per orbital period of Proxima b. The radio

emission is consistent with being produced by the electron-cyclotron maser emission mecha-

nism, and we suggest it is originated as a consequence of the interaction between Proxima b

and its host star, Proxima. If confirmed, this result would validate the use of radio observa-

tions to detect new exoplanets. In addition, this would contradict the predictions from some

3D MHD modelling. This could in turn suggest that some of the stellar wind parameters

in the region where Proxima b is located may need to be revised.
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Abstract

Observations in far-infrared and (sub-)mm wavelengths have found evidence for a non-
negligible amount of gas around 20 nearby main-sequence stars with debris disks. This
gas, located in the outer regions of the systems, is likely to have originated via collisions
or evaporation of planetesimals due to dynamical instabilities. Gas detected in the optical
range with spectroscopy, located much closer to the star, and attributed to the presence of
evaporating bodies, has also been found in these systems, pointing towards these objects,
also known as exocomets, as a possible transportation mechanism for volatiles from the
outer regions of planetary systems, beyond the snowline, to the inner regions where rocky
planets are located.However, observations thus far have not been able to identify warm gas
in intermediate regions, or the presence of water, and therefore we don’t yet understand
how the transportation mechanisms might compare to those observed in the solar system.

We propose to use NIRSpec fixed slit mid-resolution observations in the 3 to 5 micron range

to look for volatiles in a sample of 5 debris disk stars with known millimetric and optical

gas, in particular targeting the 4.5-5 micron water features that is not observable from the

ground. The detection of CO and water could not only help constrain the amount and

temperature of gas, key in planet formation studies, but also shed light into the dynamics

and architecture of planetary systems, and have implications in astrobiological studies, such

as water delivery theories.
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Abstract

In this work we search and characterize exoplanets orbiting members of stellar streams,

structures in the Galaxy composed of stars with similar dynamic and chemical properties,

and with galactic or extragalactic origin. With current facilities, the detection of exoplanets

in extragalactic stellar streams, resulting from merger events, could be the only way to

study in detail exoplanets formed outside the Milky Way. This could help to understand

better the impact of the merger events in the planetary systems of these stars, and also to

compare their planetary properties and statistics with the ones from the Milky Way. We

used Gaia DR2 to select stellar candidates of the Arcturus stream, an over density of stars

suspected to have an extragalactic origin, and we obtained their photometry from the TESS

Full Frame Images. We found several transiting planetary candidates and present three of

them which are being studied in detail.
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navidez, A. de Lorenzo-Cáceres, M. A. Fuente, M. J. Mart́ınez, M. Vázquez- Acosta, C. Dafonte

(eds.), 2023

The search for exocomets in photometry using

CHEOPS.

Isabel Rebollido1, Sebastian Zieba2, Daniela Iglesias3, Vincent Bourrier4,
Flavien Kiefer5 and Alain Lecavelier Des Etangs6

1Space Telescope Science Institute, Baltimore, MD 21218, USA
2Max-Planck-Institut für Astronomie, Königstuhl 17, D-69117 Heidelberg, Germany
3Leiden Observatory, Leiden University, Niels Bohrweg 2, 2333CA Leiden, The Netherlands
4School of Physics and Astronomy, Sir William Henry Bragg Building, University of Leeds,
Leeds LS2 9JT, UK
5Observatoire Astronomique de l’ Universitè de Genève, Chemin Pegasi 51b, CH-1290
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Abstract

The interest in minor bodies has grown significantly in the past decade, thanks to the
growth of the exoplanetary field and their relevance in planetary system formation and
architecture. Particularly, the presence of exocomets has been detected in spectroscopy as
variable absorption events in metallic lines (mainly Ca II K and Na D) in several A-type
stars. While spectroscopy allows the detection of the gas component of cometary tails, it
wasn’t until the appearance of intensive exoplanet search photometric missions that the
dust counterpart of these events was found, first with Kepler and then with TESS.

Still, there is only one star where exocomets have been detected simultaneously using the

two different techniques: Beta-Pic. In an attempt to enlarge this number, we proposed

observations of the bright exocomet-host star, 5 Vulpeculae, with CHEOPS for a time span

of almost 2 full days. We present here the negative results of the observations, and what

have we learned from the experiment.

My poster is available at https://doi.org/10.5281/zenodo.7048264

https://doi.org/10.5281/zenodo.7048264
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Abstract

Astroaccesible is an outreach project hosted by the Instituto de Astrof́ısica de Andalućıa

- CSIC aimed at the teaching and popularisation of the astronomy among all publics in-

dependently of their capabilities and abilities, paying special attention to the collective of

blind and visually impaired (BVI). Among the different strategies and resources using in our

project, we have developed new 3D models representing in relief some of the stars, constella-

tions and deep sky objects that can be observed during night from the Northern hemisphere

in spring and summer. These models can be used by BVI to transmit to them the spatial

configuration of the sky during night, but can be also used as an additional resource for

all kind of publics to complement their sensorial experience. We also describe additional

resources based on sounds that can also be employed to get deeper into this multisensorial

experience. Finally, we summarize some of the activities and the context in which this new

material has been used in the last 2 years.

1 Introduction

The outreach project Astroaccesible1 [5] has the objective of bringing astronomy to every
public, using all kind of resources based on the senses other than that of sight in order to
reach to the collective of blind and visually impaired (BVI). The objective of using this
material and strategies for every public, independently of their abilities, is fundamented on
that many of these complementary resources strength and deepen the attention and the
clarity of the transmitted contents [3]. Therefore, Astroaccesible has also the objective of
convincing other scientists and teaching professionals to incorporate an inclusive aspect to
their projects, as this largely benefit the collective of impaired people, helping at the same
time to improve the quality of their contents for everyone.

Among the different activities carried out by Astroaccesible in the last years there are thus
sessions devoted to BVI, mainly in collaboration with the Organización Nacional de Ciegos

1http://astroaccesible.iaa.es

http://astroaccesible.iaa.es
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de España (ONCE), but also to all kind of publics at different educational levels, covering
from primary to college, always using an inclusive methodology in any case. In all these
activities it is common to resort to complete oral descriptions of the presented material, in
combination with adequate comparisons, highlighting the relative weight of the sense of sight
in the acquisition of the explained information.

Another important resource used in all the activities of Astroaccesible is the tactile mate-
rial, under the form of both sheets in relief or 3D models, as those developed by the project
A Touch of the Universe [2], representing some of the rocky planets and moons of the Solar
System.

In addition, 3D models of the night sky printed on the outer surface of an hemisphere,
and representing stars in relief, with lines joining stars of the same constellations have been
also widely used in our activities. These models help BVI to establish a spatial mental image
of the distribution of these elements on the sky, but can also help people able to see the
same figures projected onto a screen, to identify and to put them in the context of the whole
sky. We have used in the last years 3D models representing the night sky visible from the
Northern hemisphere during autumn and winter (i.e. from Orion to Gemini constellations),
an epoch when public observations are not frequent due to the adverse weather conditions.
For this reason, in this contribution, we present a new model representing the night sky during
spring and summer, with most of the constellations observable during this period that can
be used by both the collective of BVI and people without problems of vision during outdoors
or indoors inclusive activities.

2 Description and goals of the 3D models

The 3D models described here consists of an hemisphere whose outer surface presents different
elements in relief representing stars and deep sky objects that can be observed in the night
sky from the Northern hemisphere, at a latitude similar to that of southern Europe, during
spring and summer.

The different elements in relief include points representing stars. The size of these points
is proportional to the brightness of the corresponding star. Stars belonging to a same con-
stellation are joined by solid lines. The represented constellations include Virgo, Scorpius,
Sagitarius, Lyra, Cygnus, Andromeda, Perseus, Ursa Major, and Ursa Minor. These are also
joined between them with dashed lines that serve as a guide to travel throughout the model
using the sense of touch. In addition, a coarse band goes through the surface representing
the Milky Way, as observed during the same epoch. Finally, there are some other coarse
extended circles representing deep sky objects, such as the Virgo cluster, the Ring Nebula,
or the Andromeda galaxy. This portion of the night sky is easily observable from places
without an excess of light pollution during spring and summer, when most of public observa-
tions made with an outreach purpose are carried out. Therefore, this material can supply a
valuable additional source of information for people of the BVI collective and, at same time,
an additional source of information to identify the same objects to those able to see them
directly in the sky.
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A prototype using different elements in relief was designed, manually elaborated and finally
digitalized. From this, we printed several models that could be later used in face-to-face
activities thanks to the financial support from the Sociedad Española de Astronomı́a (SEA)
through its annual program of grants to outreach projects. An image of one of the printed
resulting 3D models can be seen in left panel of Figure 1. Additionally, the file necessary
to create more copies of the same model, along with instructions describing the represented
elements, both in English and Spanish, can be found in this link. The optimal diameter to
print the models is 20 cm.

Figure 1: Left: Image of the printed 3D model representing the summer and spring northern
night sky. Right: Image of one of the activities carried out within the project Astroaccesible
using the set of printed models. This activity was done in the Museo Casa de la Ciencia of
CSIC in Sevilla (Spain) in October 2022 as part of the Space Week organized by this museum
and was addresed to students of secondary level without any problem of vision.

3 Additional sonic resources

Sounds constitute an additional resource that can largely contribute to complement the mul-
tisensorial aspect of the activities carried out by Astroaccesible, adding an extra dimension
to all the treated material. The amount of available adaptations from astronomical data
to sounds through their multiple techniques (e.g. audification, sonification, or musification)
helps to incorporate them to different adapted activities, as those related with the use of the
models, deepen on their inclusive aspect.

For instance, among the different available resources, the Cosmonic project [1], whose
different products can be consulted in its webpage http://rgb.iaa.es/es/cosmonic/, provides
different animations with sounds, that allow the BVI to access to the data and simultaneously
help people able to see the graphical content to properly interpret them.

An additional resource developed in the framework of Astroaccesible is the project El Uni-
verso en palabras (The Universe in words) [4], a series of videos publicly available through a
web channel in YouTube with images of different astronomical objects with an audio descrip-
tion in Spanish of both the context and the content of the image. Again, this resource can
be useful for people of the BVI collective to overcome the barrier of the lack of information,

http://astroaccesible.iaa.es/content/descarga-el-cielo-de-verano-para-imprimir-en-3d
http://rgb.iaa.es/es/cosmonic/
https://www.youtube.com/playlist?list=PLDOpkwOM33-YAGnWAKSV9ZHiljg56o8mK
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supplying at same time a valuable background to everyone who want to better understand
the described objects.

Since many of the objects represented in the 3D model of the night summer sky can be also
represented with either sonifications or audio descriptions, the simultaneous use of sounds in
the activities focused on models ensures a much more efficiency in the teaching process when
this material is used.

Moreover, the situation of pandemic suffered during most of 2020 and 2021, when most of
in-person activities were cancelled and, therefore, the activities using tactile activities were
not possible, the inclusive workshops participated by Astroaccesible were totally virtual and
based exclusively on the use of sonic resources. This other modality of interaction, however,
has also the advantage that it can be used for a more extended public involving participants
from different geographical areas. Our experience from this period shows that a combination
of both types of activities (i.e. in-person with models and virtual using only sounds) can be
the best solution for the post-pandemic times.

Figure 2: Images of one of the inclusive visits to the Calar alto Observatory Left: A person
of the BVI collective exploring a sheet showing in relief some of the domes of the Observatory.
Right: Picture of one of the groups under the dome of the telescope of 3.5 m.

4 Use of the 3D models in outreach activities

Although the 3D models representing the summer night sky were designed and printed during
2019, due to the global situation of pandemic, they could not be used in public outreach
activities until the end of 2021. Fortunately, given the growing number of astronomical
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resources based on sounds, as explained in the previous section, allowed us to continue our
inclusive activities addressed to an impaired and non-impaired public, during the period
when in-person activities and the use of tactile material was restricted. As an example,
during April 2021 Astroaccesible took part in the organization of the Month of Astronomy,
including several virtual activities addressed to members of ONCE in Spain. This program
included virtual conferences using the sound as a resource to understand several astronomical
objects, the public launch of the project El Universo en palabras, or the organization of a
round table with several professional astronomers to describe without the use of images,
different fields or problems of the astronomy. The conference using sounds was repeated for
several educational institutions and scientific associations encouraging people to get interest
about astronomy using sensorial channels complementing the sight.

Once some in-person activities could be organized and the new 3D models could be used
again, they were employed in scholar activities at different educational levels, such as the event
Noche Europea de los Investigadores, or the Aula Cient́ıfica in the University of Granada, with
a high level of acceptance among the students and the teachers, even if these collectives did
not include any participant with a visual disability. An example of these activities can be
seen in right panel of Figure 1 taken during the Week of Space organized by the Casa Museo
de la Ciencia in Sevilla (Spain) for students of secondary level.

Among the other activities for which this set of models were used and exclusively addressed
to people of the BVI collective, it is important to highlight the program of inclusive visits to
the Observatory of Calar Alto (Almeŕıa, Spain) financed by CSIC. We made three visits to
this Observatory for BVI people in ONCE in the region of Andalusia, and another one for
a intellectual disability association. The combined used of the models, sounds, images and
inclusive explanations, along with the presence under the dome of several of the telescopes
of the observatory was a complete experience that helped to fight against the idea that as-
tronomy can only be learnt by people without any sight problem and reinforces the argument
that multisensorial resources can be always applied to better transmit any scientific concept
to any public. Two images of one of these inclusive visits are shown in Figure 2, one showing
one person of the BVI collective exploring one sheet in relief showing the different domes
present in the Observatory, and another one taken in the moment of the visit to the dome of
the telescope of 3.5 m, the largest of the Observatory.

Therefore, the production of new tactile and sonic resources, not just in the outreach
ambit, but also at a higher educational and research level can largely benefit the teaching
process and the transmission of ideas and knowledge of all type of public and researchers.
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Abstract

The “Proyecto Educativo con Telescopios Robóticos” (PETeR) of the Instituto de Astrof́ısica

de Canarias is an online inquiry-based laboratory that allows school students to carry out

their own observations and research projects in astronomy using professional robotic tele-

scopes. The availability of observing time on several telescopes, which also offer different

types of observations through user-friendly portals, has allowed us to open the project to

the entire Spanish educational community, from primary to secondary school and vocational

training. This paper outlines the project’s goals, materials and educational approaches used,

as well as the teacher training programmes we provide in the framework of PETeR.

1 Introduction

Student lack of interest in STEM (Science, Technology, Engineering and Mathematics) studies
and careers is a growing concern in many European countries [2]. In Spain, the demand for
enrolment in these university studies is five percentage points below the European average
[1]. Factors influencing students’ disenchantment with STEM include: the way these subjects
are taught in schools, the perception that they are difficult studies, and the apparent lack of
sufficiently attractive career opportunities [5].

Therefore, in order to engage students in these areas, it is necessary to focus on three
aspects: 1) promoting hands-on science education; 2) providing teachers with the necessary
resources, training and support to enable them to develop a more attractive and stimulating
STEM education for their students; and 3) contributing to improving the social perception
of science and technology professions.

Astronomy is the perfect engine to arouse interest in STEM subjects [6]. In addition to
its aesthetic and general appeal, the development of robotic telescopes in recent decades,
together with tools that allow their use by non-professional observers, has opened up this
science to the participation of the educational community [4]. Robotic telescopes also allow
developing an inquiry-based approach to teaching-learning STEM, which translates into a
better understanding and assimilation of concepts [3].
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The Instituto de Astrof́ısica de Canarias (IAC) has made a firm commitment to STEM
education deciding to allocate part of its guaranteed time on some robotic telescopes to
the Spanish educational community. To this end, it launched the Educational Project with
Robotic Telescopes (known by its Spanish acronym PETeR), linked to its Outreach and
Communication Unit.

PETeR seeks to foster the interest of pre-university students in science and the devel-
opment of their STEM skills through their participation in real research experiences using
professional robotic telescopes. Our objectives also include training teachers in astronomy
and inquiry-based learning methods, as well as contributing to the dissemination of astronomy
and astrophysics.

2 PETeR robots

PETeR was launched in 2006, following the installation of the Liverpool Telescope (LT) at
the Roque de los Muchachos Observatory (Canary Islands). The LT was the first of the fully
autonomous 2-metre robotic telescopes and it is one of the largest and most advanced even
today. The IAC decided to allocate 25% of its observing time with the LT to PETeR, which
is 5% of the total observing time on this telescope.

Figure 1: Some of the robotic telescopes available through PETeR. Left: the Liverpool
Telescope, credit: Daniel López / IAC. Middle: worldwide distribution of the LCO 0.4 m
telescopes (bottom) and image of those at the Teide Observatory (top, credit: Daniel López
/ IAC). Top right: PIRATE and COAST telescopes, credit: IAC. Bottom right: SARA
telescope at the Roque de los Muchachos Observatory, credit: ING / IAC.

In addition to the LT, other “robots” have been added to the project in recent years. In
2018, PETeR joined as educational partner of Las Cumbres Observatory (LCO) through the
Global Sky Partners programme, which gives access to its network of 40 cm telescopes lo-
cated in six observatories around the world, in both the Northern and Southern Hemispheres

https://lco.global/education/partners/
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(see Fig. 1). Since 2019, PETeR users can also observe with the 0.5-metre-class PIRATE
and COAST telescopes of the Open University, installed at the Teide Observatory (Canary
Islands). The latest telescopes that we have incorporated into the project are those of the
Southeastern Association for Research in Astronomy (SARA) network, of 1-metre class, lo-
cated in the Canary Islands, Chile and the USA.

All the telescopes available at PETeR are fully autonomous, except for the SARA tele-
scopes, which are controlled remotely. In the first case, users can access the portals of the
different telescopes through the PETeR website to request their queued observations and
download the images once they have been obtained. At the SARA network telescopes, we
request half nights at the Kitt Peak (USA) and Cerro Tololo (Chile) observatories to coincide
with school hours in Spain, allowing schools to connect live to the remote observations.

3 Target audience

The availability of observing time on several telescopes, which also offer different types of
observations through user-friendly portals, has allowed us to open the project to all levels of
pre-university education, from primary to high school and vocational training. The obser-
vation time is offered to schools completely free of charge and, for the time being, with no
limitation other than the division of the available time among the registered schools.

At present, PETeR’s users include more than 300 schools throughout Spain, some 25 sec-
ondary schools in other countries that collaborate in specific projects with Spanish schools, as
well as some 40 non-formal schools and associations of amateur astronomers that participate
in the project by carrying out educational and outreach activities with children and young
people. The scope of the project is currently around 10,000 students per year.

4 PETeR approaches

PETeR works as an online inquiry-based laboratory (www.iac.es/peter) that allows students
to discover the Universe by carrying out their own astronomical observations and research.
To do this, we offer different tools, resources and formats.

In 2012, we launched a survey among Spanish teachers, active and potential users of PE-
TeR, to find out their needs and the project models they found most interesting and appro-
priate. Based on the results of that study [7], we proposed three active learning approaches,
complementary to each other, which try to cover most of the demands of the educational
community. Below we present the different models that we offer in the project.

4.1 Pre-defined observations

This model consists of obtaining and analyzing one- or three-color images of different types
of objects that can be selected from a list. The observing interface sets, for each object, the
appropriate instrument, filter(s), and exposure time. Therefore, this is the easiest option to
integrate into teaching practice, as it requires less prior knowledge and is less time-consuming.

https://www.saraobservatory.org/
https://www.iac.es/peter
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For this approach, we use the LT and the observing portal of the National Schools’ Ob-
servatory (NSO), which allows observations of regions of the Moon, planets, nebulae, stellar
clusters and galaxies. On the PETeR website, we also offer a programme for visualising and
analysing astronomical images, PeterSoft, which is specially designed for education.

4.2 Didactic Units

Each Unit introduces several astronomy concepts related to primary and secondary school
curricula, and provides one or more activities, which make use of pre-observed data and serve
as a practical introduction to the different tools of the image processing software. Some of the
topics proposed are the structure of the Solar System, the movements of planets and satellites
or the determination of distances in the Universe. The aim of this approach is for students
to develop their STEM skills while assimilating knowledge about the topic presented.

4.3 Research Projects

This format corresponds to real scientific processes, either guided or open enquiry. In the first
case, we propose to teachers the type of objects to be studied and the possible methodology
to select the objects, programme the observations and analyse the data obtained, providing
them with the teaching resources and software necessary to carry out the research. Some
examples of guided research projects we offer are the search for supernovae and for variable
stars, the characterisation of exoplanets with transits or the confirmation of asteroid orbits.

Figure 2: Sixth grade primary school students (left) and 12-year-old secondary school
students (right) developing different research projects with PETeR. Image credits: Aleix
Roig, Escola GEM (left), IES El Calero (right).

In open research projects, it is the groups of students plus their teacher who decide what
they want to investigate and how. In all cases, we provide scientific and technical advice to
the users for the development of the project.

The observations required for these types of projects can be performed directly by our users
through the LCO observation portal, the Open University’s public portal, and the advanced

https://www.schoolsobservatory.org/
https://www.schoolsobservatory.org/
https://outreach.iac.es/peter/software/
https://observe.lco.global/
https://www.telescope.org/
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interface of the NSO portal. By requesting their observations autonomously, PETeR users
have a real experience of obtaining data in astronomy. The strength of this approach is
that students experience the scientific process in all its phases. Collaborative work is also
encouraged, both within the classroom and with other schools in Spain and other countries.

5 Teachers: a key factor

During the first years of the project, few observations were made. One of the reasons given
by teachers was their lack of knowledge in astronomy to guide their students in the research
projects. Thus, in 2015 we started to run teacher trainings that introduce astronomy and
astrophysics concepts but are eminently practical. Our courses focus on the use of robotic
telescopes, software and web resources to visualize and analyse astronomical images, inquiry-
based learning methods, and examples of research projects that can be develop with PETeR.

One of our main target groups is teachers in the Canary Islands, as we aim for the local
educational community to identify the scientific culture and sky of the Archipelago as part
of their own heritage. We offer them extensive training along the school year, both in person
and online, in collaboration with the Department of Education of the Canarian Government.
During the school year, we also run online training sessions for teachers from all over Spain.

In summer we run the international school “Astronomy Education Adventure in the Ca-
nary Islands” (AEACI), which celebrated its eighth consecutive edition in 2022. This teacher
training is organized with the collaboration of NUCLIO, the NSO, the Faulkes Telescope
Project and, in the last four editions, the CESAR project. It consists of a week of intensive
training that includes lectures, workshops, visits to the IAC facilities and activities that allow
participants to establish links with teachers from other schools in Spain and other countries,
fostering cooperation between schools around the world.

Figure 3: Pictures taken during the AEACI 2019 and AEACI 2022 international schools.
Credit: IAC.

We have trained more than 1,200 teachers and educators from over 60 countries of the
five continents (more than 800 of them from Spain) through the different courses that we
organize or in which we participate.

https://outreach.iac.es/peter/astronomy-adventures-in-the-canary-islands/
https://outreach.iac.es/peter/astronomy-adventures-in-the-canary-islands/
https://nuclio.org/
https://www.schoolsobservatory.org/
https://www.faulkes-telescope.com/
https://www.faulkes-telescope.com/
http://cesar.esa.int/
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6 Conclusions

Educational projects with robotic telescopes require a significant investment of technological
resources (telescope time, observation portals, educational software, etc.) and human re-
sources (staff dedicated to developing teaching materials and research projects, advising and
training teachers, etc.), but the benefits are considerable. PETeR and other similar projects
democratise access to the sky and to astronomy, allowing hundreds of schools to observe
with telescopes located in some of the best observatories on the planet, regardless of their
economic level and without the light pollution of the region where they are located being an
impediment. In addition, queued observations as well as remote observations during school
hours greatly facilitate the participation of schoolchildren aged 6 to 12, for whom night-time
observing activities are not usually organised.

In the field of STEM education, the results show that the educational use of robotic
telescopes can effectively develop inquiry-based teaching-learning processes, foster students’
interest in these areas and stimulate scientific thinking. In Astronomy, we often say that our
tools, the telescopes, allow us to look into the past. At PETeR, we use them to encourage
the scientific minds of the future.
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Abstract

The project described is an initiative undertaken by the Pamplona Planetarium and high

school students from several different institutions. The goal of the project was to construct

and assemble a 1:4 scale replica of the Perseverance rover. This project was carried out over

the course of a school year, with the participation of 12 students from 4 different institutions.

Each institution was responsible for a different part of the model, and monthly sessions were

held to discuss the progress and any challenges encountered. In addition to building the

rover replica, each student also conducted their own small-scale scientific research on Mars

and the context in which the Perseverance rover operates. This project appears to be a

unique opportunity for high school students to engage in hands-on learning and teamwork,

while also gaining a deeper understanding of Mars and the science behind the Perseverance

mission. This can help to foster students’ interest in science and technology, and may be a

valuable experience that prepares them for future studies and careers in these fields.

1 Introduction

In June 2021, a collaboration agreement was established between the Pamplona Planetarium
and several high schools institutes in order to promote an initiative called ”Bachillerato I+”.
This type of research high school has been implemented in the institutes of Barañáin, Plaza
de la Cruz, Ribera del Arga and Valle del Ebro, and constitutes an educational option within
the high school aimed at students who are interested in delving into the different research
methods and in the analysis of the problems of any investigation.

The rover replica construction project was carried out during a school year, with the
participation of 12 students from 4 different institutes, with equal participation between male
and female students. However, the total number reached by the project has been higher, due
to the participation of the leading students in different outreach sessions within their own
institutes. Each institute has been in charge of a different part of the model, and during
this course there have been monthly sessions in which the work done and the difficulties
encountered were shared. In addition to the construction of the rover, each student has
carried out a scientific investigation about Mars and the context in which the Perseverance
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rover is located. This is a project in which the students have participated very actively and
in which both technological and scientific concepts of missions to Mars have been worked on.

2 Development of the project

The way of working has consisted of simulating the operation of NASA or another space
agency, in the construction of these kind of vehicles, with the distribution of the different
components between the different centers. The project has been articulated in monthly
sessions divided between the technical and scientific fields, in which the students have shared
the development of the parts for the assembly of the rover that they had assigned by institute,
and the difficulties in their construction and/or acquisition. Also in these sessions, each
student has exposed to the rest of the participants the details of the scientific topics that they
are analyzing, such as the meteorology on Mars, geology, impact craters, polar caps, water
on the planet, storms from dust etc. In the development of their scientific investigations, the
students have been working with data from the missions to Mars, downloading the information
from the public repositories of the PDS, processing the data and relating the results to their
own investigations.

The rover model selected for the project is publicly available on the informative web space
howtomechatronics.com and consists of the assembly of different parts made with 3D printers,
installation of the vehicle’s electronic system and programming and connection of the devices.

In total, more than 150 parts have been printed with 3D printers and the manufacturing
of these parts was divided equally among the four institutes (Figure 1). This part of the
project allowed the students to gain experience in this type of tool, since it was the first time
for all the students that they had to get involved in the use of this type of tool. The students
also made a 1:1 scale Perseverance rover wheel to compare with the wheels on our model and
get an idea of the rover’s actual dimensions.

3 Results

After 9 months of diligent work, the team successfully completed the construction of the
replica of the Perseverance rover (Figure 2). However, the scientific research projects related
to the project are currently ongoing, and will soon be presented and defended at their re-
spective institutions. This multi-faceted project has been a valuable learning experience for
the students involved, and we look forward to seeing the results of their research.

The rover is equipped with motors and electronic components that allow it to move across
the terrain avoiding obstacles. It also has a camera that allows you to observe the situation
from the rover’s perspective. All these pieces of equipment can be handled and controlled
with a radio control joystick.

https://howtomechatronics.com
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Figure 1: Two types of sessions in the project: The engineering sessions (left) ordering the
more than 150 pieces made by the different institutes. The scientific sessions (right) with the
presentation of the different topics to the rest of the students.

Figure 2: Final result of the construction of the rover model, which is currently on display
at the Pamplona Planetarium.

4 Conclusions and Next Steps

Among the direct benefits focused on the students who have participated, we can highlight::

1. Hands-on learning experience for high school students.

2. Opportunity to apply technological and scientific concepts to a concrete project.

3. Collaborative teamwork among students from different institutions.
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4. Development of deeper understanding of Mars and the Perseverance mission.

5. Enhancement of students’ interest in science and technology.

6. Preparation for future studies and careers in these fields.

7. Positive impact on students’ engagement and motivation.

We can conclude that this project in order to build a replica of the Perseverance rover has
been successful in terms of engaging and motivating students, as well as providing a practical
application of technological and scientific concepts. Additionally, the project has contributed
to a deeper understanding of Mars and the Perseverance mission, and has fostered students’
interest in science and technology. To which we must add that as a result of the project we
have a replica of the Perseverance rover on which to continue working.

4.1 Next Steps

We have proposed to the students of the following course the possibility of including a robotic
arm and a weather station in the rover.

The decision to continue the project and add a robotic arm to the front of the rover shows
a long-term commitment to educational and practical learning for students. The addition
of a robotic arm also offers the opportunity to continue exploring and experimenting with
technologies and processes used in Mars exploration. Overall, this project seems to be a
valuable initiative that benefits students and promotes their interest in science and technology.

In addition, there is the possibility of the inclusion of a weather station (similar to MEDA
weahter station, [1]) inside the rover replica also offers the opportunity to address topics
related to meteorology and climate change with students, which can help to increase their
knowledge and interest in these important subjects. Overall, this project seems to be an ex-
cellent opportunity for students to gain practical skills and scientific knowledge while working
on a collaborative and engaging project.

We highly encourage other schools to replicate this project. The construction and assembly
of a replica of the Perseverance rover offers a unique and engaging learning opportunity for
students, and allows them to apply technological and scientific concepts to a tangible project.
Additionally, the project promotes collaboration among students from different schools, and
encourages a deeper understanding of Mars and the Perseverance mission.
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13,14, Suso, J.15, Varela, J.11, and Vidal-Garćıa, A.12
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Paterna, Valencia, Spain



Manjavacas, E., et al. 485

Abstract

Mentoring programs for career and personal development have shown to be incredibly bene-

ficial for mentees, boosting their work and life satisfaction. Mentoring programs are partic-

ularly important for women in academia, where they are usually a minority. In 2021, in the

context of the commission of Women in Astronomy of the Spanish Society of Astronomy,

we started a mentoring program for female astronomers to support their careers. In the

first two editions, we have more than 50 participants between mentors and mentees. In the

mentoring program, we assigned a mentor to each mentee, according to their preferences

and objectives. To encourage networking, we carry on group peer-mentoring sessions among

mentors and mentees. Finally, we organized training sessions for mentors and mentees with

the aim of boosting their career development.

1 Introduction

Mentoring is the act or process of helping and giving advice to a younger or less experienced
person in your field. The benefits of mentoring programs in career development, personal
development and mental health have been widely shown: mentoring allows the mentees to gain
practical advice, encouragement and support, learn from the experiences of others, increase
academic confidence, establish a support network, and ultimately increase work and life
satisfaction. Thus, mentoring is particularly important in the case of women in academia, who
often feel more isolated and unsupported in a work environment than their male counterparts,
where they are a minority [1]. This is probably one of the reasons explaining the lack of
women in academia beyond the postdoctoral stage [2]. Mentoring programs that aim at
increasing diversity in academia are therefore crucial since it has been demonstrated that
diverse research groups produce stronger research [3].

The Commission of Women and Astronomy of the Spanish Astronomical Society is the
peer support group for women in the Society, which advocates raising awareness of the role of
women in astronomy, and it is leading the change toward a less-biased academic environment
(see Rodŕıguez-Baras et al. in this Proceedings series). In the context of the Commission of
Women and Astronomy, we started a mentoring program in May 2021 for female astronomers
members of the Spanish Astronomical Society. This year we started the second edition of the
program, with about 50 participants (25 mentor-mentee pairs). In this proceeding, we will
describe the activities we have carried out in this mentoring program during the first two
editions.

2 Aims of the Mentoring Program

The aims of the mentoring program for female astronomers are focused on providing the
support and tools to the younger female astronomers that are given by default to their male
counterparts by the academic system since it has traditionally been male-dominated. The
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three main objectives of this mentoring program are the following:

� Provide role models of female astronomers that support the younger generation of
women astronomers to succeed in academia.

� Build a solid network among women of different academic environments members of
the Astronomical Spanish Society across the globe.

� Help younger female astronomer to gain confidence in their skills and abilities.

3 Flow of the Mentoring Program

Any female member of the Spanish Astronomical Society may apply to be part of the men-
toring program as mentor, under the requirement that they have a postdoctoral experience of
at least 2 years, and a mentee, under the requirement that they have been accepted in a PhD
program inside or outside Spain. The minimum time-requirement to stay in the program is
1 year, with the possibility of staying longer if they wish, and to follow the code of conduct
as stated in the program webpage1. These are the annual different stages of the mentoring
program that repeat every year after we receive all mentees and mentor applications:

� We put in contact mentors and mentees, according to the preferences and career/personal
objectives of the mentees.

� We offer training to the mentors and the mentees at the beginning of the program. The
aim of these trainings is to clarify the role and support that mentors might offer, and
prepare mentees to make the most of the mentoring relationship.

� Each trimester of the academic year, we organise a peer-mentoring session among men-
tors and mentees separately. The aim of these sessions is to allow engagement on
networking, and to provide a space for support among mentors and mentees.

� After 4–6 months in the mentoring program, we offer another training session to further
guide the mentors into the mentoring relationship with their respective mentees.

� Finally, we offer additional, non-mandatory trainings during the academic year to fur-
ther support the careers of the mentoring program, with special focus in the mentees.
In the next section, we will specify some of the activities during the first edition of the
program.

4 Activities

These are the extraordinary activities we carried on as part of the mentoring program in its
first edition:

1https://www.sea-astronomia.es/programa-mentoria

https://www.sea-astronomia.es/programa-mentoria
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� Training for Mentors: we offered a training for all mentors in the mentoring program by
Yolanda Garćıa2, an expert in leadership development, diversity & inclusion, executive
coaching, project management, and business consulting. The training had three sessions
in which the mentors were trained to guide their mentees through the program.

� Special Chat with Dr. Jocelyn Bell-Burnell: As part of the visit of Dr. Jocelyn Bell-
Burnell to the European Space Agency Center (ESAC) in Madrid, the members of the
SEA mentoring program for female astronomers had the chance of chatting with one
of the most relevant female role-models in Astronomy, and ask her for advise on how
to further advance academy to be more inclusive for women.

� Impostor Syndrome Workshop: Dr. Paola Pinilla3, Associate Professor of Astrophysics
at University Collegue London gave a workshop in which we talked about what is the
Impostor Syndrome, and how it affects women in academia and other minorities. The
aim of this workshop was to raise awareness of this issue to mitigate the impact in
women within our mentoring program.

� How to prepare your Postdoc Application: Dr. Violeta González Pérez4 gave an in-
troductory training session for our mentees on how to write your postdoc applications.
This training session was particularly useful for the mentees that were applying the
first time for postdoc positions.

5 Conclusions

After the closing of the first edition of the SEA mentoring program for female astronomers,
the great majority of the participants showed to be highly satisfied with the SEA mentoring
program. 9 of the survey respondents graded the program with a 10/10, 12 graded as 9/10,
and 6 graded the program with a 8/10. In addition, the great majority were extremely
satisfied with their mentors: 16 respondents gave a 10/10 to their mentors, 3 gave a 9/10, 4
gave a 8/10, and 3 gave a 7/10. Finally, about 76% is willing to participate in the second
edition of the mentoring program as well, and an extra 14% may be also participating. The
second edition of the mentoring program for female astronomers is already ongoing until
June 2023. The call to participate in the third edition of the program is scheduled to open
in September 2023.
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Abstract

Most researchers and educators are familiar with the Erasmus+ programme of the Euro-

pean Commission through its support for spending a semester or two abroad during an

undergraduate degree programme. However, the programme also provides funding for other

activities including multinational strategic partnerships between research and educational

institutions. Here, we outline the details of two such strategic partnerships, demonstrating

that they can prove to be an incredibly valuable resource for supporting and promoting

educational projects as well as furthering the development of early career researchers.

1 Introduction

When most people think of the European Commission’s Erasmus+ programme, they think
of semesters abroad during undergraduate degrees. However, this is only part of what is
supported by the programme. Key Action 2 of the Erasmus+ programme includes financial
support for multinational strategic partnerships to carry out projects in line with the pro-
grammes aims: the promotion of educational, professional and personal development. Such
strategic partnerships are applied for on a national level by the lead institution in their home
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country - in our case by the Astronomical Institute of the Academy of Sciences of the Czech
Republic (AI ASCR). We have been fortunate enough to be two awarded consecutive projects
– “Per Aspera Ad Astra Simul” (2017- 2020, 2017-1-CZ01-KA203-035562) and its (currently
active) successor “European Collaborating Astronomers Project: España-Czechia-Slovakia”
(2020-2023, 2020-1-CZ01-KA203-078200) – which we describe here with the hope of encour-
aging others to make use of these opportunities to fund educational and outreach projects
might otherwise be difficult to undertake.

2 Partners

The complete list of partners involved in the two strategic partnerships is given in table
1. Charles University joined as a partner only for the second instance of the project, while
GranTeCan was an Associate Partner for the first. AI ASCR was the lead institute of both
projects, with key involvement in all activities from all partners. For example, all part-
ners participated in mobilities and in local outreach and educational activities. Financially,
the projects were managed by the lead institute with funds transferred to the partners in
accordance with the planned activities.

Table 1: List of partner institutions

Institution Country

Astronomical Institute of the Academy of
Sciences of the Czech Republic (AI ASCR) Cz
Instituto de Astrof́ısica de Canarias (IAC) Es
Comenius University Bratislava Sk
Masaryk University Cz
Astronomical Institute of the
Slovak Academy of Sciences (AI SAS) Sk
Astronomical Institute of Charles University (AI CU) Cz
GranTeCan (GTC) Es

3 Mobilities

Erasmus+ strategic partnerships offer excellent financial support for mobilities of researchers
for periods ranging from a few weeks to several months. As part of our strategic partnerships,
we supported short term exchanges for senior researchers, in order to build and strengthen
collaborations, and longer term exchanges for early career researchers, for their personal and
professional development. To date, we have been able to support more than 30 mobilities (in
spite of the COVID-19 pandemic striking towards the end of the first strategic partnership
and adversely affecting travel).
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Many of the mobilities have led to very tangible outcomes, like continued longterm col-
laboration and publications (see [1] for more details). One special example is the case of
one long-term mobility of a Czech student to GranTeCan, where she combined her doctoral
research with support astronomer activities. This offered the student a unique opportunity
to gain experience in a world-leading observatory, something which has proved invaluable in
her subsequent career as she has gone on to obtain highly competitive positions as both the
European Space Agency and the European Southern Observatory following graduation.

4 Summer schools and educational resources

To date, the projects have supported the organisation of three summer schools targeting
early career researchers. The first of these was organised in Tatranská Lomnica (Slovakia)
in collaboration with OPTICON in 2019 [2]. “Observational astrophysics: from proposals
to publication” comprised hands-on research projects for the attendees using archival data,
as well as more traditional lectures on astronomical techniques and how to obtain observing
time. The school was attended by approximately 40 students, with all local costs covered by
the strategic partnership.

A second school, “GAIA and TESS: Tools for understanding the Local Universe” was held
online (due to the COVID-19 pandemic) in 2022 with 17 students in attendance [4]. The
school comprised a number of talks by experts on the TESS and Gaia missions (all of which
were archived online and are available to the public), as well as detailed example research
projects making use of the public data products of these missions.

“Eclipsing Binaries and Asteroseismology: Precise fundamental stellar parameters in the
golden age of time-domain astronomy” was held in a hybrid format with 18 in-person atten-
dees being hosted at the IAC’s offices on La Palma. The school featured a combination of
practical tutorials using publicly available resources as well as more traditional lectures from
both in-person and remote presenters.

A final school focusing on dynamics in the Universe is planned to be held in 2023 in
Slovakia.

In addition to the summers schools, a brief workshop on échelle spectroscopy was organ-
ised for masters students from the Charles University and AI ASCR in September 2021.
Furthermore, senior researchers from all institutes contributed to a book of review papers,
each designed to provide a graduate-level introductions to their respective topics, ranging
from stellar evolution through to the standard cosmological model [3].

5 Outreach

A key component of both strategic partnerships was outreach, with funding being used to
support activities in schools and for the general public. Preschoolers in Ondv́rejov were
invited to visit the observatory and tour the 2-m telescope there, before listening to a talk by
one of the researchers of the AI ASCR. The children then created art projects based on what
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they had seen and learned during the visit, with the results presented in a small gathering
with their parents invited. In the Canary islands, a number of talks in local schools were
organised catering to audiences ranging from six years old through to seventeen years old.

Talks for the general public were also presented in both the Czech and Slovak republics.
Similarly, a YouTube channel was created hosting bilingual (English and Spanish) videos pre-
senting basic astronomical concepts and interviews with astronomers1. Partners at the Come-
nius University also contributed to a pre-existing YouTube channel as part of the project2.

6 Conclusions

We have briefly outlined some of the activities undertaken as part of two strategic partnerships
carried out under the auspices of the Key Action 2 of the Erasmus+ programme of the
European Commission. Such strategic partnerships offer substantial financial support for
educational and outreach activities and we strongly encourage other astronomy educators to
consider how they too might make use of the scheme in future calls.
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Abstract

The Network of Colombian Astronomy Students (Red de Estudiantes Colombianos As-

tronomı́a, RECA – in Spanish) is a civil association that seeks to create and maintain

strong links among Astronomy students in Colombia. One of the RECA’s main goals is to

build a strong collaborative community of early-career Astronomers and professional As-

tronomers to enhance the scientific development of the country. Since 2020, RECA has

successfully implemented two programs targeting last year undergraduate and master stu-

dents looking to take their next step in their professional career. These are the mentoring

and summer internship programs. With these two programs together with an educational

project for schools, RECA intends to foster in the students the essential capacities to carry

out scientific research, contribute to their academic training and encourage vocations. An

overview of these activities implemented by RECA is presented, as well as the preliminary

impact of these activities.
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1 Introduction

RECA1 began in the framework of the III Colombian Congress of Astronomy and Astro-
physics (Congreso Colombiano de Astronomı́a y Astrof́ısica, COCOA – in Spanish) held in
2012, from the need of physics and astronomy students to create spaces to generate ex-
tracurricular environments for dissemination, discussion, and interaction, with the purpose
of creating an astrophysical community that would provide academic opportunities and so-
cial connections for students. The network is part of the Colombian astronomers community
(Comunidad de astrónomos de Colombia, AstroCO2 – in Spanish) since 2021, which is also
a member of the Colombian Academy of Exact, Physical and Natural Sciences (Academia
Colombiana de Ciencias Exactas, F́ısicas y Naturales, ACCEFYN – in Spanish). Nowadays,
RECA is a civil association that seeks to create and strengthen the links between astronomy
students in Colombia and Colombian professional astronomers; promoting spaces that allow
the exchange of ideas and significant experiences among its members, where collaboration
prevails for the realization of diverse academic projects generating a professional and social
impact.

The network is currently composed of 171 members, of which 111 are from more than 18
Colombian institutions and 60 are from different institutions in 22 foreign countries, with a
percentage of 38.60% women, 60.82% men, and 0.58% non-binary.

RECA’s operational functionality is based on a horizontal structure composed of nodes
defined on the main projects developed by the network: organizational, mentoring, internship,
education, census, communications, and institutional relations nodes. RECA works to have
a very welcoming environment, especially for early-career researchers.

2 Mentoring

The Mentoring program[1] was conceived in response to the barriers experienced by Colom-
bian students in getting access to postgraduate studies, especially due to the lack of informa-
tion and guidance during undergraduate studies. The primary goal is to connect early-career
students with astronomers who have developed a professional career. This program is focused
on providing information on the different options to continue their career, guiding students
during the application process to postgraduate programs in astronomy, and/or advising them
to succeed in their following professional steps.

2.1 First edition

The first edition of the RECA Mentoring program was held in the 2020-2021 academic year
and involved 24 students from 13 Colombian institutions, and 24 Mentors from 22 institutions
of which 18 were international. The program consisted of 1:1 virtual mentorships in which
students received personal advice in the process of applying to postgraduate studies. In

1https://www.astroreca.org/
2https://accefyn.com/microsites/nodos/astroco/

https://www.astroreca.org/
https://accefyn.com/microsites/nodos/astroco/
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addition, weekly panels (8 in total) were carried out on CV preparation, exam preparation
(e.g., the Graduate Record Examination, and the Test Of English as a Foreign Language),
scholarships and funding opportunities, and time management, among other soft skills topics.
All the panels are accessible to the community through the website and YouTube channel of
RECA.

As a result of this first edition, 12 applications were made to international universities
of which 10 were successful. However, not all students were able to finish the application
process to universities or start their postgraduate studies due to financial hardship (need for
scholarship) and the lack of research experience in astrophysics.

2.2 Second edition

The second edition of the RECA Mentoring program was carried out in 2021-2022 with a
considerable increase in the number of applications to the program, from 24 in the past
edition to 46 in this edition, from 14 universities in 7 different cities in Colombia. Meanwhile,
the number of Mentors remained similar to the first edition, with 20 Mentors for this edition,
from 18 institutions in 8 different countries.

Because of the increase in the number of students and the small decrease in the number
of Mentors, an advisory mode was included for the first time in the program. This advisory
mode consisted in 23 students who were not yet at the stage of applying for postgraduate
studies but wanted to learn more about the process a couple of semesters in advance. These
students had full advice from the RECA Mentoring node members and access to the panels
but were not involved in the 1:1 mentoring. The remaining 23 students had a 1:1 mentoring.
As part of the activities developed in this edition, there were the panels as in the first edition.
This time, thanks to a grant of 5000e, from the Office of Astronomy for Development of the
International Astronomical Union (IAU-OAD) in 2022 to improve the program, it was possible
to recruit experts for the panels and improve the quality of the videos.

As feedback from this edition, the students expressed their satisfaction with the program
and highlighted learning about writing motivational letters as well as helping to organize and
prepare their applications to postgraduate studies.

2.3 Third edition

The third edition of the mentoring program started in September 2022 and follows the same
scheme that the second version. In this case, 47 early-career students applied for advising
and 20 later-career applied for 1:1 mentoring. The students are from 20 universities in 13
different cities in Colombia. For the first time, a decentralization of applications has been
observed, with students coming from regions of the country where access to education is more
challenging (e.g. applications from students coming from the Amazon region, a region that
is considered difficult to access due to communication problems, limited education, and poor
health). In addition, for the first time, 2 Colombian students from international institutions
were allowed to participate.

Regarding the Mentors, for this edition, the program currently has 17 Mentors, from 17
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institutions in 9 different countries. This third edition is still ongoing and is expected to
finish before July 2023.

3 RECA Internship

Currently, there are many research internship programs around the world aimed at under-
graduate students, but many of them are highly competitive and citizenship-limited. With
the idea of enriching the curriculum of Colombian students to make them more competi-
tive when applying to international programs, the RECA internship program was created
to promote scientific research and create networks to establish collaborations. The summer
internship consists zof a 10-week training program in scientific research in Astronomy, aimed
at students from Colombian institutions who are in their final years of undergraduate studies
under the supervision of scientists inside and outside Colombia.

3.1 First edition

The first edition of the internship program took place in the summer of 2021. Over 60
applications were received from Colombian students in astronomy, physics, chemistry, and
engineering, of which 13 were selected (6 men and 7 women). Besides, there were 13 selected
research projects proposed by researchers from 10 different countries. The projects covered
a variety of current topics in Astronomy and the results were presented at the 1st RECA
Internship Symposium3, held virtually, and published in Astrobitos4.

The work was carried out over a period of 10 weeks in which each student worked one-to-
one with each researcher and also had the opportunity to participate in remote observations
using the Nordic Optical Telescope (NOT) and the Mercator Telescope, located at the Roque
de los Muchachos Observatory, in Canary Islands (Spain).

Some of the research projects done during this internship have been published in high-
impact journals in Astronomy, have been presented as undergraduate theses, and have been
the beginning of collaborations between Colombian and foreign researchers.

3.2 Second edition

The second edition of the program was held in the summer of 2022. In particular, this edition
was supported by funding from different organizations such as The LSST Corporation5, The
Flatiron Institute, Platzi, and the IAU-OAD6. This funding was used entirely to pay research
stipends to the students because, in the first edition, some students commented that it was
financially difficult to balance work and internship. In this edition, there were more than 40
applications from students from 13 different Universities and 9 research projects proposed by

3https://www.astroreca.org/internship-simposio-2021
4Spanish version of Astrobites: https://astrobitos.org/
5https://www.lsstcorporation.org/node/270
6https://www.astro4dev.org/category/a-virtual-community-mentorship-program-for-development-in-

colombia/

https://www.astroreca.org/internship-simposio-2021
https://astrobitos.org/
https://www.lsstcorporation.org/node/270
https://www.astro4dev.org/category/a-virtual-community-mentorship-program-for-development-in-colombia/
https://www.astro4dev.org/category/a-virtual-community-mentorship-program-for-development-in-colombia/
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Supervisors from 5 countries. On this occasion, 9 participants were selected (4 men and 5
women).

In addition to the research projects, the students had the opportunity to participate in
different activities organized by the RECA Internship Committee such as a Python Bootcamp,
lectures given by experts on current topics in astrophysics, and remote observations. This
time the observations were performed with the VLT Telescope at the Paranal Observatory
and the IAC80 Telescope at the Teide Observatory. As in the last edition, the results were
presented at the 2nd RECA Internship Symposium7 and will be published in Astrobitos.

4 RECA Education

The RECA educational node was created in 2021 with the aim of bringing Astronomy to
schools in all socio-economical contexts (rural and urban) around Colombia to promote links
between professional Astronomers and schools and encourage scientific inquiry from an early
age. Among the activities that the education node organizes with teachers in schools, RECA
has the project “Astronomy goes to your School”. This consists of creating spaces for schools
to have the opportunity to interview an Astronomer or attend a talk related to diverse topics
of Astronomy and Women Scientists.

During 2021, 14 talks were given in different public and private schools in cities such as
Bogota, Medellin, Cali, and Bucaramanga. The main problem we encountered was commu-
nication with teachers and the use of virtual platforms such as Zoom or Meet. In the case
of 2022, 30 talks were held throughout different regions of Colombia, including 5 schools in
rural areas. These talks were a great challenge for the RECA team and the teachers because
there was no internet access in the schools, so the sections were recorded on weekends. Nev-
ertheless, there was an overall 14% increase of talks finalized compared to 2021, and a 22%
of talks given in schools from rural areas. However, there were still a number of issues and
delays in the final encounter between the astronomer and the school because of the lack of
connectivity.

Additionally, we have implemented the ”Accompanying schools” program that is focused
on school clubs. In the major cities of Colombia where the schools have more resources to
implement programs outside the general curriculum, some teachers have initiated astronomy
clubs. However, they often do not know how to access resources for workshops or activities
and therefore the RECA Education Node offers help in this matter. For example, we have
worked closely with the Abraham Maslow School in Bogota, which has an observatory with
two 12” and 16” and a meteorological station. We have made motivational talks for students
in primary and secondary school to make use of these resources at their school. Moreover,
we have helped the teacher in charge of the astronomy curriculum in implementing ideas and
resources in the classroom. Finally, the 2023 version is in preparation and we hope to reach
more schools and cities in the country.

7https://www.astroreca.org/internship-simposio-2022

https://www.astroreca.org/internship-simposio-2022
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Abstract

The Spanish Virtual Observatory (SVO) is an initiative whose main goal is to boost and
coordinate Virtual Observatory activities in Spain. SVO has a large experience organising
VO schools and workshops both at national and European level.
In the context of the pandemic situation caused by COVID-19, we made a large effort to
carry on with these educational activities by making them virtual. At the time of writing
these proceedings (December 2022), six VO schools have been carried out remotely.

The main conclusion that can be drawn from the online schools is that neither a negative

impact on the follow-up of the tutorials nor on the communication with the participants was

detected. Moreover, the online activities benefited from the advantages that remote teaching

presents in particular in terms of number of attendants and geographical flexibility.

1 Introduction

National and international ground- and space-based observatories produce terabytes of data
per year, which are publicly available all around the world from data centres. Theoretical
models, as well as results, published in electronic journals are also available on line.

The Virtual Observatory (VO) is the e-infrastructure necessary to efficiently exploit the
scientific contents of the huge databases that populate the distributed worldwide astronomical
data centres. VO is an ecosystem of interoperable tools and services that enable discovery,
access, and subsequent analysis of multi-wavelength, multi-epoch data. Underpinning the
VO are data discovery and access protocols that enable archives to interoperate through
common interfaces. The protocols themselves are negotiated on behalf of the worldwide
astronomy community by the International Virtual Observatory Alliance (IVOA). This is a
diverse organization, consisting of 21 nationally funded VO projects on all continents and two
intergovernmental organizations (ESA and SKAO). The IVOA has been promoting Open Sci-
ence and what have become formalized as FAIR (Findable, Accesible, Interoperable, Reusable)
[1] principles since its founding in 2002.
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VO’s ultimate goal is to produce better, new, and more efficient science. To work toward
this aim, IVOA established in 2009 the Standing Committee on Science Priorities. However,
the lack of familiarity of the astronomical community with the VO tools and services may
limit the scientific impact of the VO. Also, the absence of strong links between VO and the
research groups may lead to futile efforts. So, for instance, if the services and tools developed
by the VO are not scientifically oriented, they will not be used by the community.

Training is, thus, considered a key element to ensure the adoption of the VO framework
by the astronomical community. This is why, since its early times, IVOA has explored
different approaches to reach astronomical researchers. The so-called Research Initivatives, an
activity aiming at actively supporting research projects which require the unique capabilities
offered by VO tools and services, was conducted in the framework of the European Virtual
Observatory Astronomical Infrastructure for Data Access FP7 project (EuroVO-AIDA, 2008-
2010)1. A couple of workshops on spectroscopy and multi-wavelength astronomy were also
organised in the framework of the same project. Nevertheless, schools have proven to be the
most effective mechanisms to attract astronomers to the VO. The Euro-VO initiative began
to organise regular VO schools during the EuroVO-AIDA project. The usefulness of these
schools was immediately obvious, and they were continued in the framework of the projects
EuroVO-ICE (2010-2012), CoSADIE (2012-2015), ASTERICS (2015-2019) and ESCAPE
(2019-2023). SVO is, among all VO projects, the most active one in the organisation of VO
schools, with 22 schools held in Spain since 2009 and nine schools (in collaboration with
Euro-VO2 partners) at European level.

2 The schools

In all cases, both for the national and international schools, the goals were twofold: On one
hand, to expose astronomers to the variety of currently available VO tools and services so
that they can use them efficiently for their own research, and, on the other hand, to gather
their feedback on the VO tools and services and the school itself. Although schools are mainly
aimed at targeting early-career scientists, other profiles (senior researchers, technical staff,
amateurs,...) showing a clear interest on the use of VO tools and services are also accepted.

The programme of the schools is typically structured around four main topics:

� Introductory presentations about the VO in general and the school itself in particular,
to ensure that all participants are well informed of the organisational background before
the hands-on sessions start.

� Hands-on sessions where VO experts guide participants on the use of the tools through
a series of predefined science cases. This is the activity that takes most of the allocated
time. Different tutorials adapted to the participants’ profile (beginners, intermediate,
advanced) are offered. In these tutorials, the most important functionalities of the most
used VO tools and services (Aladin, TOPCAT, VOSA,...) are described. Thanks to the

1http://cds.u-strasbg.fr/twikiAIDA/bin/view/EuroVOAIDA/WebHome
2http://euro-vo.org

http://cds.u-strasbg.fr/twikiAIDA/bin/view/EuroVOAIDA/WebHome
http://euro-vo.org
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feedback gathered in previous schools, tutorials are continuously updated to best suit
specific scientific cases and their duration fitted to match the mean time users need to
go through them for the first time. The latest functionalities implemented in VO tools
and services and the latest data releases of publicly available data are also taken into
account when improving the tutorials.

� Use cases proposed by the participants. In schools with a duration longer than two days,
each participant is encouraged to propose a scientific case related to his/her research
and, if possible, a case in which his/her own data could be used. During the school,
they can work on it under the guidance of VO tutors. This session is conducted on
the last day of the school to profit the knowledge gained throughout the previous days.
Also on the last day, a selection of the projects is made and participants give a short
presentation on their scientific use cases and how VO tools and services helped for their
projects. Examples of science cases proposed by the participants can be found here.

To ensure that all participants get the best out of this session, each one is asked to
fill in a questionnaire before the school. The purpose of this is to better understand
the science cases proposed by the participants, along with the type of data (images,
spectra, catalogues, data cubes,...) and wavelength range to be used, and also to assess
their feasibility using VO tools and services. This way, a picture of the participants’
interest and needs is obtained. Based on this information, a suitable tutor is assigned
to each participant. Every tutor typically coaches two to three students.

� Feedback. Participants are requested to anonymously fill in a feedback survey with
questions about the quality, length and level of difficulty of the tutorials, about their
previous knowledge of VO tools and services, their plans to use them in the own research
as well as on other aspects of the school. The results of the survey are commented
before the closure session. They help us to improve the organisation and programme
of subsequent schools.

After the schools, participants are encouraged to act as VO-ambassadors in their research
institutes by giving informal talks with colleagues, seminars, scientific workshops and con-
ferences, and making use of the material employed during the school, which remain publicly
available.

Detailed information on the schools organised by the SVO can be found at the SVO
portal3.

3 Virtual Observatory schools become virtual

The COVID-19 lockdown that affected many countries in the Spring of 2020 and the long
period in which the pandemic situation was far from being under control, made us to move
the schools to an online format.

The online school sessions are carried out using Zoom4. To provide an adequate response

3https://svo.cab.inta-csic.es/docs/index.php?pagename=Meetings
4https://zoom.us/

https://svo.cab.inta-csic.es/svoMeetings/index.php?mid=54&action=page&pagename=Meetings/SVO_thematic_network/First_ESCAPE_School/Program
https://svo.cab.inta-csic.es/docs/index.php?pagename=Meetings
https://zoom.us/
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to the needs of the participants, tutors are assigned to cover the following roles:

� Host tutor: Responsible for setting up sessions, organising breakout rooms, taking care
of the chat and delivering participant’s questions to the main tutor and backup tutors.

� Main tutor: Runs the tutorial and answers questions of general interest in the main
room.

� Backup tutors: Support participants via chat and breakout rooms. While the main
tutor conducts the tutorial at the main room for all participants, backup tutors are
available to answer the participants’ question through the Zoom chat. In case of complex
questions, the backup tutor and the participant are sent by the chair to a breakout room
for a closer interaction. In these breakout rooms the participant is able to directly talk
to the tutor and shares his/her screen if necessary. Typically, 3-4 backup tutors are
assigned per tutorial.

Once the school session is finished and the Zoom connection is closed, a Slack5 channel
is, sometimes, open for off-line communication between the students and tutors. At the
beginning of each day, 5-10 minutes are devoted to comment on the most relevant topics
discussed on Slack the previous day. The Slack channel remains open to allow tutors -
students interactions well after the school. Finally, “virtual” coffee-breaks are also conducted
using the Slack platform to allow for informal interactions between participants and tutors
in a relaxed atmosphere.

Six virtual VO schools have been organised so far. Four schools were oriented towards
MSc and PhD students from Spanish universities and research centres, one focused on the
Spanish amateur community, and one targeted at the Brazilian astronomical community.
The main result that can be drawn from the organisation of these events is that they have
allowed us to reach a more numerous and more geographically distributed audience (Fig. 1).
Being more accessible, they increase the participation for those who may experience travel
restrictions due, for instance, to financial restraints. The organisation of a school for the
Brazilian astronomical community with more than 100 participants from different centres or
the participation in the last school of two students from Ethiopian research institutes are
good examples of the strength of virtual meetings.

4 Conclusions

Running a high-level interactive event in an online setting is a challenging task and the SVO
has pioneered this format in the IVOA environment. The experience is being extremely
successful and no negative impact on the schools has been observed. On the contrary, we
are taking advantage of the benefits of the virtual format to reach a larger audience and
geographical flexibility and to lower economic and environmental costs.

5https://slack.com/

https://slack.com/
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Figure 1: Number of participants in the last four online schools. As a comparison, the
average number of participants in physical meetings was typically below 35-40.

Now that the pandemic is becoming part of the past, we plan to conduct future VO schools
in an hybrid format, combining face-to-face and virtual participation. This way, in-person
attendants would benefit from the more natural face-to-face interaction, while the option of
remote learning remains open for those unwilling or unable to travel without losing access to
a high quality VO formation program.
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2 Departamento de F́ısica de la Tierra y Astrof́ısica, Facultad de CC. Matemáticas,
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Abstract

Astronomy and astrophysics students in the last degree and Master courses often encounter

difficulties in dealing with astronomy specific software that hampers their progress during

the practical lessons. In an effort to ease their way and provide complementary resources, we

started a teaching innovation project at Universidad Complutense de Madrid that consisted

on a wordpress blog and an associated YouTube channel with video-tutorials. Based on our

own teaching experience at all academic levels, we identified what we considered the main

weak points of the students that would benefit from supplementary material and published

a series of entries and videos focused on the use of UNIX systems, Python packages, and

specific astrophysical software and databases. The characteristic feature of this material is

that it is available completely in Spanish.

1 Introduction

At Universidad Complutense de Madrid, we have a large number of students interested in
specialising in astronomy and astrophysics. Students in the Physics faculty are offered a
series of subjects to introduce them into astrophysics at the last courses of their degree, while
those in the Mathematics faculty are taught position astronomy and celestial mechanics at a
very high level, and many of these students do an End-Of-Degree project in astrophysics and
later choose to study the Astrophysics Master at the Physics faculty. As former students of
that Master programme and teachers involved in the courses, we had first-hand information
on the main weak points of the students that made their introduction into practical astro-
physics difficult. Although it depended strongly on their background, we found that students
commonly struggled working with UNIX-based systems (in many cases without a supporting
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graphical interface) and their programming skills were at a level much lower than desired.
Therefore, in 2019 we applied for a teaching innovation project at our university entitled ‘Soft
skills for degree and master students’ with the objective of elaborating additional support-
ing material for these students. In that framework, during the academic year 2019/2020 we
created a Wordpress blog, Universo Complutense, and an associated YouTube channel where
we uploaded a series of video-tutorials as supporting material for the written entries. In the
following sections we present an overview of the contents of both sites (Secs. 2 and 3) and
an overview of the envisioned future content of the blog (Sec. 4).

2 Wordpress blog

The Wordpress blog can be accessed via this link. In a first stage, we elaborated a list of
potential contents for the blog classified into four blocks:

� UNIX systems. How to use the terminal for remote connections and file edition (vi).

� Python. Basic usage of the commonly-used packages pandas and numpy, graphical
representation with matplotlib, and the specific package astropy.

� Databases: VizieR, MAST, ESA Archive, SIMBAD, and Virtual Observatory tools
such as TopCat.

� Specific software: Aladin Sky Atlas, EsaSky, Wobble, iSpec.

We started covering the contents of the first two blocks, which were the most technical
ones and the most needed by our students for their projects. First, we introduced UNIX at
a very low level and provided a virtual machine with a basic Lubuntu installation that could
be run on Windows systems, which is the most popular operating system. On subsequent
publications, we explained what a terminal was and the mostly used shortcuts for creating files
and folders, renaming and moving them, and updating the software, and devoted one entry
to remote connections and basic file edition using ‘vi’. Once this part was finished, we moved
towards more specific written tutorials from the last two blocks. We provided a page with a
list of useful links and then we moved to Python (how to perform a basic installation with and
without anaconda). With that, we finished the introduction and immersed ourselves in the
main contents of the blog focusing on specific software and working with real astrophysical
data. At the time of writing this contribution, we have published more than ten entries
classified into different categories to help the readers to find the desired content, as is shown
in Fig. 1. Apart from the direct feedback received from our students, it is also possible for
any reader to leave their comments on the blog, but up to now we have not received any
suggestions for new content.

https://universocomplutense.wordpress.com/
https://www.youtube.com/channel/UC4CmtXIS8Ta_9qkrWDCyQYw
https://universocomplutense.wordpress.com/


Beitia-Antero, L., et al. 507

Figure 1: Preview of some entries of the blog (left) and the categories available on January
3, 2023 (right).

3 YouTube channel

The YouTube channel is also public and available through this link. On January 3, 2023, it
counts with 19 suscribers and 8 videos (Fig. 2). There is not a one-to-one correspondence
between blog entries and videos, since sometimes the written content in wordpress was self-
consistent and self-explanatory, while other times we decided to provide supporting videos
showing different functionalities (for instance, the two versions of Aladin, Desktop and Lite).
As a general rule, we have opted for a format of short (less than 15 minutes) videos that are
easy to follow and reproduce, where we explore either the general features of the software or
one very specific example.

4 Future steps

So far, we have covered roughly three quarters of the contents we envisioned when we proposed
the teaching innovation project, but we have several ideas to continue. Among them, we
can list: a tutorial on the use of EsaSky, specific entries for an advanced use of SIMBAD
and other CDS tools such as the cross-match catalogue service, basic use of DS9 for FITS
preview and apperture photometry, and more Python-related entries for sofisticated plots
with matplotlib or line fitting with specutils. Besides, since some of us are also involved
in teaching space science to students of Mathematics Engineering, we are also planning to
expand our horizons with new content focused on positioning, signal and image processing,
that might catch the interest of engineering students in other fields outside astronomy, making
Universo Complutense a fundamental tool for unifying space astronomy and astrophysics for
the Spanish-speaker community.

https://www.youtube.com/channel/UC4CmtXIS8Ta_9qkrWDCyQYw
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Figure 2: Snapshot of the videos available on the YouTube channel on January 3, 2023.
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Astronomy Communication in a Time of

Confinement: #AstroatHome.

Montes, D.1
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Abstract

During the confinement (in Spain from March to June 2020) the usual observations at the

UCM (Universidad Complutense de Madrid) observatory (Observatorio UCM) were not

possible. There were no public observations and was impossible to take pictures with the

telescopes or teleobjetives. To solve this problem, I started to make observations from the

window on my root at home. I got up with a scale, installed on a small tripod my digi-

tal camera and started to take pictures of the more relevant ephemerides and shared the

images on internet in order a lot of people could enjoy from these events. These observa-

tions included: phases of the Moon night and day, the supermoon, timelapses, startrails

and Moontrails, pass of the Moon close to Mars, Jupiter and Saturn, pass of Venus across

the Pleyades, conjunction of Mars and Mercury, pass of the ISS and Starlink satellites,

etc... and later, when the confinement finished, I also took pictures of the penumbral

Moon eclipse in June and comet C/2020 F3 (NEOWISE) at the observatory but without

public . All the resulting images are available in several picture galleries and on Twitter

accounts @DMontesG and @ObservaUCM and Instagram (@dmontesg fotos astro) with

hashtags: #AstronomiaenCasa #AstroatHome #AstronomiaContraElVirus and part of

@IAU Outreach.

My poster is available at https://doi.org/10.5281/zenodo.7036127

https://webs.ucm.es/info/Astrof/obs_ucm/obs_ucm.html
https://twitter.com/DMontesG
https://twitter.com/ObservaUCM
https://www.instagram.com/dmontesg_fotos_astro/
https://twitter.com/IAU_Outreach
https://doi.org/10.5281/zenodo.7036127
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Difundiendo eventos astronómicos desde el

Observatorio UCM.
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Abstract

Desde el Observatorio de la Universidad Complutense de Madrid (UCM) se realizan difer-

entes labores de divulgación ademas se su utilización para actividades docentes en la Facul-

tad de Ciencias F́ısicas con alumnos del Grado en F́ısica y el Master en Astrof́ısica. Todos

los años se organizan con motivo de la Semana de la Ciencia de la Comunidad de Madrid

visitas guiadas por las instalaciones con observaciones solares y nocturnas con una gran

afluencia de público. Asimismo, los telescopios e instrumentación con los que cuenta ac-

tualmente el Observatorio han permitido organizar otras actividades de divulgación como

la observación en tiempo real, y su difusión a través de Internet, o en las redes sociales

como Twitter (@ObservaUCM) e Instagram (@observaucm) de los eventos astronómicos

de mayor interés como eclipses de Sol y de Luna, tránsitos de Mercurio y Venus, alinea-

ciones de planetas, ocultaciones, etc... En esta contribución se hace un resumen de estas

actividades mostrando algunas de las imágenes obtenidas.

My poster is available at https://doi.org/10.5281/zenodo.7036204

https://asaaf.org/
https://webs.ucm.es/info/Astrof/obs_ucm/obs_ucm.html
https://webs.ucm.es/info/Astrof/obs_ucm/obs_ucm_divulgacion.html
https://twitter.com/ObservaUCM
https://www.instagram.com/observaucm/
https://doi.org/10.5281/zenodo.7036204
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Music and astronomy. IV. The Astrophysical

Brothers.
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Abstract

The separation between music and astronomy is only superficial, as Pythagoras already

noted in his Musica Universalis. Artists from Gustav Holst to Lady Gaga, going through

David Bowie or Rob Zombie have been inspired by the planets of the Solar System, by

space travel, and by ideas of life beyond Earth. Bowie claimed to be based on 2001: A

Space Odyssey to narrate the story of Major Tom in Space Oddity. Antonio Vega imagined

the vastness of the Universe in Lucha de Gigantes, as a “recollection of the location of the

dimensions of the human being in a cosmic environment, of the relativity between the great-

ness of humans and their smallness in a grandiose and infinite environment”. For instance,

within the project Cultura con C de Cosmos: Astromúsica (www.culturaccosmos.es), we

proposed a journey through time, space, and music, to reach with the imagination what our

eyes sometimes cannot.

My poster is available at https://zenodo.org/record/7034801

https://zenodo.org/record/7034801
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Music and astronomy. V. Radio Clásica’s Longitud

de Onda Club Band.
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1 Centro de Astrobioloǵıa, CSIC-INTA
2 Radio Clásica, Radio Nacional de España

Abstract

“¡Hola y saludos a todos!”. Does listening to Mozart make us smarter? How could Beethoven

going on composing when he became deaf? How are the places with the best acoustics? Is

there music outside our planet? Music, science and new technologies, and their relation, are

the central axis of Longitud de Onda (Wavelength), a unique radio programme in Spanish

radio. The LDO “astrónomo de cabecera” recounts his wanderings and adventures at the

Radio Clásica studio, accompanied by microphones, two awarded presenters and a grand

piano (and, from time to time, some guests). “Y que la Fuerza os acompañe”.

My poster is available at https://zenodo.org/record/7038085

https://zenodo.org/record/7038085
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Más allá de Madame Curie: iniciativas IFCA para

todos los públicos por la visibilización de cient́ıficas.

M.T. Ceballos1, R. Garćıa1, C. E. Graafland1, D. Herranz1, S. Mart́ınez-Núñez1,
J. Piedra1, M. Seror1, and R. Vilar1

1 Instituto de F́ısica de Cantabria, CSIC-Universidad de Cantabria

Abstract

Es una situación en la que seguro que muchos/as nos hemos encontrado alguna vez... en
una charla pública preguntamos por el nombre de cient́ıficas importantes y el único nombre
que surge es el de Marie Curie. Pero las personas que hacemos ciencia cada d́ıa sabemos
que ella solo fue la punta del iceberg.
El Instituto de F́ısica de Cantabria a través de su comisión de igualdad y diversidad en
colaboración con el departamento de difusión cuenta con una larga trayectoria de actividades
enfocadas a dar visibilidad a las cient́ıficas tanto del presente como del pasado, en los campos
relacionados con la ciencia de las diferentes ĺıneas de investigación del centro. El público al
que esta labor va destinada incluye desde escolares en la etapa de infantil hasta estudiantes
de universidad, pasando por todas las etapas educativas, además del público general.
El objetivo de esta labor es conseguir transmitir que no solo Madame Curie tuvo un papel
relevante en la F́ısica (en la ciencia en general) sino que el nombre y el trabajo de otras
muchas cient́ıficas esté presente en la cultura cient́ıfica de la sociedad.
Desde la divulgación y como primer campo de actuación, abordamos el papel de las
cient́ıficas en nuestro programa “Expandiendo la ciencia: investigadores/as en la escuela”,
de charlas en los centros educativos. La visibilización tiene una doble vertiente, ciencia con-
tada por cient́ıficas del IFCA y charlas espećıficas visibilizando las “gigantas” del pasado en
cuyos hombros nos apoyamos las personas en ciencia del presente.
Con este objetivo en mente, anualmente participamos también en la celebración del “Dı́a
internacional de las mujeres y las niñas en la ciencia” con dos iniciativas concretas: el
concurso de cómics sobre mujeres cient́ıficas (que ha celebrado en 2022 su V edición) y el
ciclo de conferencias cient́ıficas “Ateneas” en colaboración con el Ateneo de Santander.

El balance a lo largo de los años en que llevamos realizando estas actividades es realmente

positivo. Aunque somos conscientes de que son pequeños granitos de arena, hemos podido

constatar que cuando ahora preguntamos en los colegios o en charlas públicas por nombres

de cient́ıficas importantes, no solo aparece el nombre de Madame Curie... ¿será que algo

está(mos) realmente cambiando?

My poster is available at https://doi.org/10.5281/zenodo.6913197

https://doi.org/10.5281/zenodo.6913197
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Techniques in Astronomy.

Roberto Baena-Gallé1

1 UNIR - Universidad Internacional de la Rioja. Avenida de la Paz, 137, 26006 Logroño, La
Rioja, Spain. https://orcid.org/0000-0001-5214-7408

Abstract

The 2021/2022 academic year, the Master’s Degree in Astrophysics and Observational
Techniques in Astronomy, at Universidad Internacional de la Rioja (UNIR), was instituted.
This master’s degree is structured in one academic year and 60 ECTS credits (one credit
corresponds to between 25 and 30 hours of student’s work), 12 of them devoted to the
realization of a final master’s project. This official study (MECES level 3) provide access
to doctoral programs, and it is designed to give a broad view of numerous astrophysical
processes that occur in nature, as well as instrumentation and main data reduction
techniques. Hence, it is the beginning of a professional career focused on astrophysics and
astronomy, for example, as a researcher, telescope operator, science communicator, etc.

The main particularity of UNIR is its purely online methodology. In this way, from any
laptop, students can access PDF materials, recorded pills and interact with professors
in live classes and through an online forum. Online teaching has numerous advantages
to extend knowledge by canceling geographical distances. Therefore, in its first year of
teaching, the Master’s Degree in Astrophysics and Observational Techniques in Astronomy
at UNIR has been taught to students residing in Spain, Panama, Ecuador, Chile, etc. One
of the most obvious examples that this methodology does not involve any training handicap
is in the fact of having offered access to astronomical facilities remotely, so students were
able to acquire their own astrophysical data from their homes by themselves, no matter in
which country they lived.

Acknowledgements: More information can be found on the official website. RBG is funded

by the UNIR research project “ADELA: Deep Learning Applications for Astrophysics”, no.

B0036.

My poster is available at https://doi.org/10.5281/zenodo.7019079

https://orcid.org/0000-0001-5214-7408
https://www.unir.net/ingenieria/master-astrofisica-astronomia/
https://doi.org/10.5281/zenodo.7019079
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1 Universidad Internacional de Valencia, C/Pintor Sorolla 21, E-46002 Valencia, Spain

Abstract

In this poster, we are presenting a qualitative study on the way that teaching of astronomy
in Spain was adapted to the situation generated by the COVID-19 pandemics. We have
selected several cases of study corresponding to a Physics Degree (UV), Master Degree
(UGR, VIU) and university courses for elder people (UVigo). As it could be expected, the
models applied were built and implemented on the fly, as there were no plans for such a
situation.
In the case of the Valencia International University, a complete online university, its method-
ology was already well settled once the Master Degree had completed 9 previous editions.
This led to a dramatic increase in the number of students, reaching a 30% increase in the
edition starting in April 2020 and a 55% in the October 2020 edition. Apart from some
minor issues generated by the larger number of students, there were no critical problems,
with the students refering a 9/10 satisfaction.

In the case of the presential university, the migration to the online teaching, apart from

obvious initial problems, was not bad, but it has not led to major changes in the teaching

methodologies of those universities, apart from students choosing the online model for ”tu-

toŕıa” or professor attending hours. In general, the impact of the switch to an online model

has been lower as the digital competence of the students was higher.

My poster is available at https://zenodo.org/record/7044523#.Y72KyxXMJD8

https://zenodo.org/record/7044523#.Y72KyxXMJD8
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Abstract

The next generation of water Cherenkov neutrino detector, Hyper-Kamiokande will take a

unique role in neutrino astrophysics. The detector which has an effective volume 8.4 times

larger than its predecessor, Super-Kamiokande, will be capable of observing proton decay,

atmospheric neutrinos, and neutrinos from astronomical sources. The detector will be in-

strumented with new technology photo-sensors, faster and with higher quantum efficiency

than the ones in Super-Kamiokande, its improved photon yield will enable superior signal

efficiency and background rejection. This is particularly relevant for astrophysical neutri-

nos, such as the supernova burst neutrinos, supernova relic neutrinos, and solar neutrinos,

allowing a much more precise study of their physics phenomena.

1 Introduction

Hyper-Kamiokande[1]-[3] is the next experiment, approved by the Japanese government, in
the successful Kamiokande neutrino program. In 2020, the collaboration transitioned from
a proto-collaboration to a real collaboration. Accordingly, the collaboration structure was
reorganized for the construction work in the coming years. The number of collaborators
has been increasing rapidly since the project approval, and it now involves a total of 493
researchers from 99 institutes in 20 countries participate as of January 2022.

Hyper-Kamiokande will be devoted to the search for nucleon decay as well as the study
of neutrino phenomena and neutrino sources. Over the years, a series of water Cherenkov
neutrino detectors have been built, beginning with the original Kamiokande detector[5] (1983-
1996) and continuing with the Super-Kamiokande detector[4] (1996- ). Hyper Kamiokande,
like its predecessor Super-Kamiokande, will use the T2K long-baseline neutrino oscillation
experiment as a far detector to measure the oscillations of neutrino and anti-neutrino beams
generated at the Japan Proton Accelerator Research Complex (J-PARC)[6]. The detector
will be capable of observing - far beyond the sensitivity of the Super-Kamiokande detector -
precision neutrino oscillation with accelerator neutrinos and sun and atmospheric neutrinos,
and neutrinos from astronomical sources. The expected potential for physics research and
more detailed discussion are reported in [3].
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2 Experiment design

2.1 The Far detector

The Hyper-Kamiokande detector will be located 600 m under the Mount Nijugo-yama in the
Tochibora-mine at Kamioka, Japan. It will consist of a cylindrical tank with a diameter of
68 m and a height of 71 m, the schematic view of Hyper-Kamiokande tank is shown in Fig.
1. The experiment, which will be 8.4 times the size of its predecessor, Super-Kamiokande,
will be filled with ultra-pure water, providing a fiducial volume of 188 kton. The tank is
optically separated into 2 regions: the Inner-Detector (ID) and the Outer-Detector (OD).
The ID consists of an array of 20,000 50 cm diameter photo-multiplier tubes (PMTs) which
detect the Cherenkov light generated from events in the detector. This PMTs will provide
20% surface area coverage and have been developed by Hamamatsu (Hamamatsu R12860)
with a high Quantum Efficiency photo-cathode and with a large Box & Line (B&L) type
dynode to give 2.6 ns timing resolution. In addition to the 50 cm PMTs, 1,000 8 cm multi-
PMTs (mPMTs) grouped in modules of 19 PMTs will be include to provide unique and
complementary information to the 50 cm PMTs. Improving the position, timing and direction
resolution of the detected events.

The OD will act as both, a passive shield for low energy backgrounds and an active veto
for cosmic ray muons. The expected cosmic ray muon rate through Hyper- Kamiokande is
around 45 Hz so this system is required to veto nearly 4 million muons per day. The OD
region surrounds the inner detector, and is 1 m wide in the barrel region and 2 m deep at
the top and bottom of the cylinder. It consist of 8,000 8 cm PMTs, each mounted within a
∼ 30% cm sided Wave Length Shifter (WLS) plates that serves to increase the coverage and
collection efficiency.

2.2 The Neutrino Beam

The J-PARC beam-line that currently provides a 500 kW neutrino (anti-neutrino) beam to the
T2K experiment will be upgraded over 1.3MW beam power in 2028. This will be achieved in
two stages with a main ring power supply upgrade and a subsequent radio frequency upgrade
to allow the repetition rate to be doubled.

2.3 Near detectors

There are near detector suites for monitoring the neutrino beam and studying neutrino in-
teractions at the J-PARC site: The INGRID on-axis detector and the ND280 magnetized
tracker. These detectors are an essential component of the long baseline experiment, allow-
ing measurements to constrain the flux and neutrino interaction model uncertainty. The
Hyper-Kamiokande project include upgrades of this detectors to improve the angular accep-
tance of the ND280 tracking detector.
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Figure 1: Schematic view of the Hyper-Kamiokande water Cherenkov detector. The tank
will provide a volume of 260 kton of ultrapure water, with the dimensions of the 71 m × 68
m.

3 Current status of construction

Hyper-Kamiokande ground-breaking ceremony was held in May 2021. But in 2020, con-
struction of the entrance yard and intensive geological surveys were carried out. The results
indicated that the rock quality at the location of the main Hyper-Kamiokande cavity was
excellent. The basic design of an underground facility was determined. Important milestones
have been achieved since then: excavation of the access tunnel (1873 m) was initiated in
November of 2021 and completed in February 2022. In 2021, mass production of the new 20-
inch PMT commenced and was followed by the delivery of electronics and other equipment.
In June of 2022, the tunnel excavation reached the center of the cavern dome and, the cavern
dome excavation started in October of the same year. The construction of the tank structure
is scheduled in 2024 and 2025, and the PMT installation will occur in 2026. Simultaneously,
the power upgrade of the neutrino beam at J-PARC began during the shutdown period in
2021 and 2022. It is expected that the experiment start operations in 2027. The status of
the experiment construction is shown in Fig. 2.
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Abstract

Do galaxies that quenched at early epochs remain passive since then or do they rejuvenate,

experiencing further episodes of star formation? We apply a structure spectro-photometric

decomposition method to obtain the spectral energy distributions for bulges and disks in

a representative sample of massive galaxies at redshift 0.14 < z ≤ 1. This opens the

possibility to study the star formation history of each morphological component, a novelty

in the characterization of galaxy evolution at this redshift. We find that bulges display a

bimodal distribution of mass-weighted ages, i.e., they form in two waves. The first wave

of bulges could start to form as early as z = 10 and evolve passively for as long as 6 Gyr

before re-entering the star-forming main sequence at later times, after acquiring a stellar

disk. Being very massive and compact systems, which formed through a very intense episode

of star formation, we identify first-wave bulges to be the result of a compaction event that

occurred at a very high redshift. These results allow extending to late-type galaxies the two-

phase formation scenario currently accepted to shape early-type galaxies: first-wave bulges

represent a complementary channel for the evolution of the blue and red-nugget systems

observed at cosmic noon, which could enter the main sequence and acquire a stellar disk

while evolving in massive disk galaxies as we observe them at z < 1.

1 Introduction

The formation of the first galaxies is supposed to take place in the largest dark matter halos at
z ∼ 10 when highly-perturbed systems form through accretion-driven violent instabilities and
very efficient starbursts ([1], [2]). They are supposed to undergo a fast dissipative process
characterized by an impressive star formation rate (∼ 1000M⊙ yr−1) resulting at z ∼ 4
into blue and centrally-concentrated galaxies, called blue nuggets ([3], [4], [5]). Then, they
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probably suffer violent compaction, exhaust their gas, stop forming stars, and passively evolve
by z ∼ 2 into red, spheroidal, and dense stellar systems named red nuggets ([6], [7]). At this
stage, they are quite small (effective radii re < 2 kpc) but very massive stellar systems
(M⋆ > 3 × 1010M⊙; [8], [9]).

Despite the major effort produced, the hunt for the relics of red nuggets still has not
provided reasonable answers. Only a few of these systems survived intact until today and
were spectroscopically observed at z ∼ 0 in the form of ultra-compact massive ellipticals
([10], [11], [12]), but their number density is much less than predicted ([13], [14]). While
some of them could possibly hide in the cores of ellipticals (e.g., [15]), their characterization
is very complicated because of the mix of the different stellar populations that result from the
multiple mergers and the chaotic star formation history that early-type galaxies experienced
([16], [17], [18]).

In [19] and [20] we proposed a novel approach based on the two-dimensional bulge/disk
photometric decoupling of the galaxy light across wavelength (spectrophotometric decompo-
sition) to derive the spectral energy distribution (SED) for individual morphological compo-
nents in galaxies. This technique allowed us to study the interplay between the bulge and
disk properties through cosmic time, identifying a fraction (∼ 20%) of bulges in massive disk
galaxies as candidate red-nugget relics.

2 Data

We studied the assembly history of bulges and disks in a sample of 91 massive (M⋆ > 1010M⊙)
galaxies at redshift z ≤ 1 in the North field of the Great Observatory Origins Deep Survey
(GOODS-N). For this study, we combine data from the Survey for High-z Absorption Red and
Dead Sources (SHARDS; [21]) and the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS; [22]; [23]). In particular, we used 25 filters for SHARDS data in
the optical wavelength range 500 − 941 nm and seven filters for HST images (∼ 500 − 1600
nm). This data set was complemented with the K-band information at ∼2100 nm (Canada-
France-Hawaii Telescope WIRCam data; [24]).

The combined dataset allowed us to take advantage of SHARDS spectral resolution and
HST spatial resolution and perform a spectro-photometric decomposition of the morphologi-
cal structures of our galaxies (Fig. 1). This technique, extensively described in [19], consists
of a two-dimensional photometric decomposition across wavelength using the GASP2D algo-
rithm ([25], [26]), where high spatial resolution broadband images (i.e., HST) are used to
robustly constrain “spectroscopic data” (i.e., SHARDS) with a lower spatial resolution (see
also [27, 28]).

The SED of each bulge and disk component was fitted with the Bruzual & Charlot (2003)
stellar population library ([29]) by means of the synthesizer fitting code ([30], [31]). We
assumed a Chabrier (2003) initial mass function ([32]) and parametrized the star formation
history (SFH) of each morphological component with a declining delayed exponential law.
Models were chosen to have subsolar, solar, or super-solar metallicity (Z/Z⊙ = [0.4, 1, 2.5]).
The V-band attenuation was parametrized by the extinction law of Calzetti et al. (2000)
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Figure 1: Example of SED for galaxy ID 18522. Green and black stars stand for SHARDS
and HST integrated photometry, respectively (apart from the latest K-band WIRCam data
point). Red dots and blue diamonds and red dots represent the individual photometric results
of our decoupling analysis of the bulge and disk components, respectively. The best models
for the bulge, disk, and galaxy are shown as red, blue, and green lines, respectively. HST,
SHARDS, and WIRCam filters are shown as dashed, solid, and dashed-dotted profiles.

([33]) with values ranging from 0 to 3 mag.

As an example, in Fig. 1 we presented the best model for the bulge and disk SED for the
galaxy ID 18522.

3 Results and Conclusions

The characterization of each bulge and disk SFH allows us to derive their stellar masses (Mb

and Md), mass-weighted ages (t̄M,b and t̄M,d), as well as their corresponding redshift (i.e., the
mass-weighted formation redshift z̄M,b and z̄M,d). In Fig. 2 we show the correlation between
mass-weighted formation redshift and stellar mass of bulges and disks in our sample. We
found that bulges form in two waves: first-wave bulges have median z̄M,b = 6.2+1.5

−1.7, while
second-wave bulges have median z̄M,b = 1.3+0.6

−0.6 ([19]). On the other hand, the majority of
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Figure 2: Mass-weighted formation redshift of bulges (dots) and disks (triangles) as a
function of their stellar mass. Bulges are separated into first-wave (purple) and second-wave
(orange) ones. Errors are reported as a 16th–84th percentile interval. The gray dashed-dotted
horizontal line marks z̄M,b = 3. The histograms represent the frequency of the mass-weighted
formation redshifts of the bulge and disk populations. Purple and orange histograms stand
for first- and second-wave bulges, while the blue histogram stands for the disk population.

our disks formed at similar cosmic times as second-wave bulges (z̄M,d = 1.0+0.6
−0.3 ), since only

10 out of 91 disks have z̄M,d > 2 ([20]).

First-wave bulges are fast-track spheroids (i.e., short formation timescale) and have similar
sizes but higher masses compared to second-wave bulges. Thus, we interpret the population
of bulges formed at z̄M,b > 3 as relics of the early Universe, formed by compaction events
driven by violent disk instabilities and clump migration, in agreement with predictions from
numerical simulations ([34], [35], [36]).

Finally, we quantified the differences in mass-weighted ages between each bulge and disk,
finding a median ∆t̄M,bd = t̄M,b − t̄M,d = 1.6+5.4

−0.7 ([20]). In particular, first-wave bulges
and their disks have ∆t̄M,bd = 5.2+1.1

−1.9, while the age difference for second-wave bulges is
∆t̄M,bd = 0.7+1.5

−1.6 ([20]). In this context, we argue that a fraction of massive disk galaxies,
hosting a compact core (first-wave bulge), went through a blue and red nugget phase and
grew an extended stellar disk at later cosmic times. This could allow one to extend the
two-phase paradigm to late-type galaxies, as already proposed by recent studies ([37], [38],
[39], [40]).
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[28] Méndez-Abreu, J., Sánchez, S. F., & de Lorenzo-Cáceres, A. 2019b, MNRAS, 488, L80
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Abstract

After the discovery of more than 5,000 exoplanets, one of the most striking aspects is the

diversity of types found, as well as the diversity of architectures of exoplanetary systems.

It is therefore reasonable to expect that a similar diversity should also be observed in their

progenitors, the protoplanetary disks. I will focus on the observed diversity of protoplan-

etary disks, presenting some unique examples, taken from our recent research, that show

planetary formation under extreme conditions. I will then present our work on dwarf pro-

toplanetary disks around M-type dwarf stars, disks around very massive stars, and disks in

multiple star systems, and discuss the implications for planetary formation.

1 Introduction

In the current paradigm ([20]), the stars are formed through the collapse of a fragment of a
molecular cloud. At the very beginning of this process a central object is formed. This is
the protostar. At the same time, because of the angular momentum conservation, a flattened
structure is developed around the protostar, the accretion disk. In addition to accretion, a
fraction of material is ejected in a direction perpendicular to disk. In this way, the excess of
mass and angular momentum is removed. During the evolution of the process accretion and
outflow coexist and are the hallmark of the current star formation paradigm. As time goes
by, the envelope is being removed, accretion decreases and the star reaches its final mass.
Also, the accretion disk becomes a planetary system. For this reason, these disks are called
protoplanetary disks.

In the last 10 years, the focus of study of the earliest stages of star formation has shifted
to the earliest stages of planet formation. This is because of the advent of the ultra-sensitive
radio interferometers, such as the Atacama Large Millimeter/submillimeter Array (ALMA),
the Very Large Array (VLA), and large infrared telescopes that have completely revolution-
ized the field. Thanks to these instruments, we have been able to detect several signatures
of the onset of the planet formation process in many of these disks. Examples of these sig-
natures are cavities, gaps, spirals, rings, walls, and azimuthal asymmetries. These signatures
are attributed to the presence and perturbations produced by one or several planet embryos
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within the disk. A confirmation of this interpretation is the detection of infrared point sources
within the cavities of some disks ([21], [11], [28]).

The most compelling case may be that of the PDS70 disk, where an infrared source at 20
au from the star is found inside the cavity. This has been interpreted as a protoplanet or
substellar companion with an estimated mass of 10 Jupiter masses. The orbital period of this
object is about 120 years. Another example is HD 169142, where a protoplanet candidate has
been detected inside its cavity at similar distance and with a similar mass. These candidates
can be confirmed if orbital proper motions are measured. Given the period of about 100
years, this can be done in the next few years.

The distinctive characteristic of the standard star formation paradigm is the presence
of a disk-jet system. The presence of a disk makes the formation of a planetary system
possible. However, the standard paradigm assumes isolated low-mass star formation. After
the consolidation of this paradigm, it is worth asking whether it could also be extrapolated
to other cases. Are disk-jet systems also present in other scenarios, for instance in multiple
or even in high-mass star formation? Can planetary systems be formed in these scenarios?
How are these planetary system expected to be?

Certainly, the study of these additional star/planet forming scenarios may provide the clues
for a better understanding of the striking diversity of all the known exoplanetary systems
that are being discovered. In this paper, I will present some striking results on protoplanetary
disks associated with multiple or high-mass protostars, and discuss the possibility of planet
formation under these extreme physical conditions.

2 Disks in binary or multiple systems

In the case of multiple star formation, the standard star formation scenario is not completely
valid. Each protostar may develop its own disk and jet system, but the whole system is
more complex. In a binary system, there might be up to three protoplanetary disks: two
circumstellar disks (CS), and a circumbinary disk (CB) surrounding the two stars. In the
case of a close binary, there may also be strong interaction between stars, even with matter
exchange. The evolution of one star may affect the other one; actually, one of the protostars
may be formed from the fragmentation of the disk of its companion. High angular resolution
data (< 1”) are needed to disentangle the emission of each component, especially for those
systems separated by less than 100 au. In summary, the standard paradigm of star formation
may be used for the study of binary star formation, but it is more complex.

The development of different kinds of disks is confirmed by hydrodynamic simulations,
demonstrating that the key parameter in disk formation is the specific angular momentum of
the infalling gas [3]. This can be seen in Figure 1 which shows the distribution of material as
a function of the specific angular momentum. According to these simulations, systems with
low specific angular momentum, the material will only fall toward the primary (the more
massive), forming a circumstellar disk. Systems with increasing specific angular momentum,
part of material will also fall toward the secondary star, forming another circumstellar disk.
If the specific angular momentum increased even more, circumbinary disk starts to appear,
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Figure 1: Hydrodynamic simulations of disk formation in a binary system as a function of
angular momentum per unit mass, Jinf . The more massive star is labeled as P (primary) and
the less massive star is labeled as S (secondary). Credit:[3].

and if the specific angular momentum is very high all the material goes to the CB disk. In
summary, a protobinary system might develop one, two or three protoplanetary disks.

The results of simulations are supported by ALMA observations as can be seen in Figure 2,
which shows millimeter observations revealing a protobinary system where one circunstellar
disk is brighter than the other, a system with two circumstellar disks of similar brightness
and an example in which a circumbinary disk, in addition to the two CS disks is present. One
of these cases is the L1551 IRS5 system, which is the first binary in which a clear disk/jet
system associated with each star was discovered, suggesting that the formation of binary
systems has shown similarities with the formation of isolated stars. VLA observations of
L1551 IRS 5 show two disks ([22]), separated by 45 au, and two jets ([23]), so that each of
two protostars is associated with a disk/jet system. The disks have a radius of only 10 au,
which is one order of magnitude smaller than the typical radii of disks around single stars.
The small radii of the disks can be explained as the result of tidal interactions between the
stars. For this reason, the disks could be truncated at a size that is a fraction of the maximum
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Figure 2: Dust emission of HOPS 242 (left) and HOPS 193 (center) circunstellar disks de-
tected by ALMA at 870 µm in the Orion star forming region. Circunstellar and circumbinary
dust disks of the L1551 IRS 5 protobinary system (right), in Taurus, detected by ALMA at
0.9 mm. Figures adapted from [26] and [24]. Other examples can be found on the website:
https://planetstarformation.iaa.es.

separation between the stars. Twenty years ago, the system was modeled in great detail [18].
The model predicted that in addition to the CS disks a CB disk is required to explain the
SED and mm images properly. Interestingly, ALMA has detected the circumbinary disk very
recently ([24], [8]).

The SVS 13 proto-binary system is another case with a circumbinary disk. The CB disk
shows prominent spiral arms extending up to ∼ 500 au (see left panel of Figure 3) that
appear to converge mainly toward the position of the western source ([9]). Each source has
a circumstellar disk with radius of ∼ 10 au. We have recently conducted a comprehensive
observational study of this system to derive the physical and chemical properties of the
disks as well as their kinematics ([9]). Compiling data from 30 years of observations, we have
measured the orbital proper motions of the stars and found that they rotate counterclockwise.
Combining the proper motions with the line of sight velocities, inferred from the molecular
line observations, we obtained the 3D kinematics of the system.

Figure 3 (top-right panel) shows the mean velocity (in color scale) overlaid on the inte-
grated intensity of the CS (J=7-6) rotational transition. The image clearly illustrates an
east-west velocity gradient in the CB disk with a peculiar “yin-yang” shape. We interpreted
this morphology as a combination of infall and rotation motions in this structure. Inter-
estingly, there are a few Etylene Glycol transitions which are only detected in the western
circumstellar disk (Figure 3, bottom-right panel), allowing the isolation of the western disk
kinematics at scales of the order of 10 au, and to infer the stellar mass of this component
(0.3M⊙) by fitting a Keplerian rotating disk model to these transitions. We are currently
working on radiative transfer models to further characterize the properties of the CS disks
(see [16]) and on analyzing in detail the properties of the very high velocity outflow driven
by this source ([6]).

The existence of planets around one of the stars or around each star of a binary, or even
around the two stars, circumbinary planets, as predicted by the simulations and observations
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Figure 3: Dust emission of SVS 13 protobinary system in Perseus molecular cloud com-
plex observed by ALMA at 9mm. Two circumstellar disks and a spiraling circumbinary disk
are clearly detected in dust continuum emission (Left panel). Velocity-integrated emission
(contours) overlaid on intensity-weighted mean velocity (color scale) of the CS (7–6) molec-
ular lines observed with ALMA toward the circumbinary disk (Top-right panel). Velocity-
integrated emission (contours) and intensity-weighted mean velocity (color scale) of the ethy-
lene glycol lines associated with VLA 4A disk (Bottom-right panel). Figures adapted from
[9].

of protobinaries has been confirmed by exoplanet observations. Recently, the TESS satellite
has discovered a planet orbiting two stars in the system Kepler 34 ([12]).

In addition to the presence of several types of disks, another factor that increases the com-
plexity of multiple star formation is the interaction between the stars. Recent simulations
performed by ([4]), depicted in Figure 4, illustrate the matter exchange due to tidal interac-
tions in the formation of multiple systems and also show spiral arms, fragmentation, merges,
etc. These simulations take into account the formation of a cluster of about 100 stars. Each
panel of Figure 4 is a close-ups of several groups of stars (white points), corresponding to a
snapshot of the whole system at a given time.

In some cases there are two very close protostars and a third more separated one. Also
there are tidal tails with a shape of spirals, produced by the interaction between components.
The simulations also show four protostars, but they are grouped in close pairs, so that, at
large scale appears as two stars. There is matter exchange between the protostars, and as
the systems evolves, the relative masses of the disks and stars may change. Merging of two
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Figure 4: Hydrodynamic simulations of disk formation in binary systems and in multiple
systems that take account matter exchange. Protostars or sink particles are plotted as white
filled circles. Credit: ([4])

stars is also possible. Fragmentation of the disks also occurs, originating new stars. This is
exactly what observations show, as can be seen in a gallery of disks observed with ALMA
(Figure 5), where the formation of double, triple and high order stellar systems is revealed. In
the protobinary system SVS 13 spiral arms can be observed ([9]), while in BHB 2007 system
tidal tails ([1]) are observed. In fact, there is evidence of fragmentation, from which new
stars are formed in L1448 system ([25]) and flybys in UX Tau A/C disk system ([27]). Even,
in the most extreme cases, the interaction of a triple hierarchical system usually results in
the ejection of the less massive star, while the other two stars remain gravitationally bound
in a closer orbit. This may be the case o of our nearest neighbor Alpha Centauri, where
the less massive component, Proxima, is located at a much larger distance (∼ 10000 au)
from the other two components. These interactions will be reflected in the final result: the
exoplanetary systems.

3 Dwarf disks

One of the most striking results of the study of exoplanets is the diversity of planets from
super-Earth to mini-neptunes and their configurations. It is particularly noteworthy, the
small exoplanetary systems discovered by Kepler mission. Although there may be strong
observational biases, Kepler has found planetary systems really small planetary systems, with
many planets orbiting within a radius smaller than 1 au. Kepler 11 ([15]) is a prototypical
example of the so-called closely packed exoplanetary system, in which a large number of
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Figure 5: Gallery of disks in multiple young stellar systems observed by ALMA in the
submillimeter regime. Panel a) protobinary system SVS 13 ([9]), Panel b) protobinary system
BHB 2007 ([1]), Panel c) triple system L1448 IRS 3B ([25]), and Panel d) multiple system
UX Tau ([27])

.

planets are found within a small radius. In fact, in these systems all the stable orbits are
occupied by a planet. Within the orbit of Venus our Solar system has only Mercury, while
Kepler 11 has 6 planets. Trappits 1 also fall into this category. Which is the origin of these
compact exoplanetary systems? Do compact exoplanetary systems originate from dwarf
protoplanetary disks? There is evidence of an extremely small disk from which the compact
exoplanetary systems may originate.

A few years ago we reported the detection of a circumstellar disk of only 3 au radius
([19]). This disk belongs to the protobinary system XZ Tau (located at 4200 au from the
well-known HL Tau disk), whose components are separated by 40 au. The large improvement
in the angular resolution of ALMA allow us to probe scales of only 2 au. Figure 6 shows
HL Tau and XZ Tau B disks at the same scale in order to see how small XZ Tau B is.
Interestingly in this small disk signs of the onset of planet formation can be seen, e.g., the
decrease in the emission towards the center may be indicating a small cavity and the slight
azimuthal asymmetry, with the SW side brighter than the NW side, could be a dust trap.
To test the disk interpretation, we modeled ([19]) the compact dust emission to reproduced
the SED and the 1.3mm spatial profile obtained by ALMA. Despite the scarcity of data, for
which many solutions are posible, we see the model predicts a disk with enough mass to form
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Figure 6: Left: Comparison of the HL Tau and XZ Tau B disks at the same scale. Right:
Close-up of XZ Tau disk showing some possible features of planet formation.

planets (Mass >9 MJup) even though it is very small.

If planet formation is feasible in XZ Tau B, such disks could be the precursors of compact
exoplanetary systems. A large population of these very small disks could exist, but has
remained hidden because only a few extremely high angular resolution observations have
been made so far.

4 Disks around high-mass protostars

Finally, the case of high-mass star formation and the possibility of planet formation in these
stars is discussed. If massive stars could be formed by accretion, with a disk/jet system,
then, in principle, a planetary system could be formed from the circumstellar disk. However,
there are some important differences between low-mass star and high-mass star formation,
for example, the evolution of massive stars is faster than that of low-mass stars, massive stars
reach the main sequence when they are still accreting material from their maternal cloud,
and in addition they are born in crowded regions, which makes the process more complex.
Massive stars develop HII regions with a high UV photon rate. Radiation pressure and intense
stellar winds of these stars may halt the collapse, so that the star cannot continue growing
and reach a high mass. Therefore, it has been debated in recent years whether it is possible
to form high-mass stars by accretion.
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Two main mechanisms have been proposed to form high-mass stars: the coalescence sce-
nario in which a massive star is formed by collisions of low-mass stars. The other scenario
is the monolithic accretion, which is a scaled version of the standard scenario for low-mass
stars formation. The coalescence scenario has the problem that the time between collisions
is much longer than age of the cluster where the massive star is born, however, it may be the
only way to form extremely massive stars (∼ 100 M⊙).

As mentioned before, the accretion scenario may have a problem with the radiation pres-
sure, however, detailed radiative transfer calculations ([17]) show that it is possible to form
stars up to 30 M⊙. Moreover, the observations show that massive stars are associated with
disk/jet systems ([5]) similar to those found in low-mass stars. Since disks and jets are not
expected to survive after the collisions, their detection is taken as a strong argument in favor
of the accretion scenario.

One of the most remarkable cases is that of the high-mass protostar HH80, where a clear
disk/jet system is associated with a star of 20M⊙. Figure 7 shows this spectacular system,
consisting of a disk (observed by ALMA at 1.14mm, [13]) with a radius of 200 au and a radio-
jet clearly perpendicular to the disk (observed by the VLA at 3.6 cm, [7]). We believe this
is a genuine accretion disk around a 20 M⊙ protostar. We have also carried out polarization
observations ([13]) from which dust properties can be inferred using the polarization pattern
and assuming that scattering is the dominant mechanism. This is important to model the
disk. We have performed radiative transfer models to reproduce the image at 1.14mm ob-
tained by ALMA ([2]). The model takes into account stellar irradiation, viscosity dissipation
and the accretion shock which is a relevant source of heating due to the high-mass accretion
rates of high-mass stars ([17], [10]).

From the modelling, several disk parameters can be inferred, for instance, the disk mass
(5 M⊙), its stability, the ratio between mass accretion rate and viscosity and also its physical
structure (see [2]). We found that this disk is very hot, with temperatures above 100K
everywhere. As a consequence of the high temperature of the disk, no solid-phase molecules,
such as water or CO, are expected to survive. Condensation fronts, also called snow lines,
must be near the edge of the disk, in the envelope surrounding it. Therefore, the formation
of giant gas planets, such as Jupiter, within the disk is not expected unless they form at
great distances from the star. This is consistent with the recent finding of an exoplanet at a
distance of 500 au from the massive b Centauri star ([14]), that has been detected by direct
imaging.

5 Summary of the results:

The diversity observed in exoplanetary systems can reflect the diversity of scenarios in the
formation of protoplanetary disks.

We find that disks in binary protostars are in agreement with exoplanet observations, since
exoplanets have been discovered around already formed binary stars.

We propose that dwarf disks are possible precursors of closely packet compact exoplanetary
systems discovered by Kepler mission.
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Figure 7: Sequence of amplifications of the disk/jet system associated with the high-mass
protostar HH80. The dust continuum emission from the disk (ALMA at 1.14 mm, color scale)
has a radius of ∼ 200 au. The free-free emission (contours) associated with the radio-jet,
traced by the VLA at 3.6 cm (left and center panels) and 1.3 cm (right panel), is seen clearly
perpendicular to the disk. The ALMA and VLA beams are shown in the lower left corner of
each panel. Figures adapted from [13], [7], [2].

Finally, we find that disks in massive protostars can form Jupiter planets only at large
distances from the star, which is supported by the recent finding of an exoplanet candidate,
orbiting a 6 M⊙ star, at a large distance of 500 au.
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