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Abstract

Bars are strong drivers of secular evolution in disk galaxies. Bars themselves can evolve

secularly through angular momentum transport, producing different boxy/peanut and X-

shaped bulges. Our Milky Way is an example of a barred galaxy with a boxy bulge. We

present a self-consistent N-body simulation of a barred galaxy which matches remarkably

well the structure of the inner Milky Way deduced from star counts. In particular, features

taken as signatures of a second “long bar” can be explained by the interaction between

the bar and the spiral arms of the galaxy. Furthermore the structural change in the bulge

inside l = 4◦ measured recently from VVV data can be explained by the high-density near-

axisymmetric part of the inner boxy bulge. We also compare this model with kinematic

data from recent spectroscopic surveys and estimate the pattern speed of the bar of the

Milky Way.

1 Introduction

For many years the Milky Way has been considered a barred galaxy [14]. But barred galaxies
do not come of just one type, and different properties of the bar affect the dynamics in a
great variety of ways: spiral arms location, resonances, gas inflow, and many more ways. In
the last two decades the bar length, orientation angle and pattern speed have been highly
debated.

The Milky Way (MW) is considered to have a boxy bulge, also sometimes called the
triaxial bulge, as clearly revealed by infrared observations from the COBE/Diffuse Infrared
Background Experiment [44]. The boxy bulges are associated to bars through buckling in-
stability and secular evolution [12, 11, 33], and observationally studied by [29] and [7]. The
boxy bulge in the MW has been identified and studied with star counts [41, 40, 42, 24] giving
constraints on the triaxiality of the bulge. Also the study of the asymmetries in the COBE
data [16, 5] led to the first dynamical models of the MW.
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In the last decade new star counts and infrared data have confirmed the existence of
an extra component at higher longitudes of l ∼ 28◦ [21, 4, 9, 25, 8] indicating a longer and
flatter structure. This long and flat structure has been lately interpreted as the flatter parts
of an evolved bar after the buckling instability, unifying the boxy bulge bar and the long and
flat structure with a quantitative study by [27] and also qualitatively described in [2, 38].

The formation and evolution of the MW has been revisited lately when new simulations
have been compared with kinematical data. [39] compared a self consistent model with rigid
halo with the BRAVA kinematical data where no more than 8% of bulge mass was needed
to fit the data. Also very recently, [30] presented metallicity observational data where they
interpreted their results without the need of a classical bulge. These results could imply
that the MW is in contradiction with the actual cosmological standard scenario where most
galaxies would necessarily have a classical bulge. Therefore the MW evolution could be one
of the biggest challenges within the actual understanding of evolution of galaxies.

In the last decade, to understand the MW structure and its possible formation a new
approach has been attempted by means of dynamical models [6, 35]. In these two works,
the bar has been considered as one short boxy bulge, ignoring the long and flat part. In the
former they match quite well the proper motions in the Baade’s window. The predictions of
proper motions in the latter were in rough agreement with the observed data by [43], and
they also appeared to be more anisotropic.

In this work we will describe how a secularly evolving bar can reproduce the star count
data for different regions of the bar and the kinematical observational data.

2 A MW like N-Body model

The simulation we used in [27] is similar to that published in [26] and was not run to match
the MW structure. The code used was FTM 4.4 (updated version) from [22]. The total
number of particles is 1 × 106, distributed initially in an exponential disk with Q = 1.5,
embedded in a live dark matter halo. After ∼ 1.5 Gyr the bar becomes very strong and
buckles, thereby weakening. Later the bar resumes its evolution and grows again, resulting
in a prominent boxy bulge and bar structure.

Fig. 1 shows the simulated galaxy at time ∼ 1.9 Gyr, after the boxy bulge has formed
and the bar has regrown. The face-on density distribution for this snapshot is shown in
Figure 1 (upper panel), oriented at an angle α = 25◦ with respect to the line from the
Galactic centre to the observer. The boxy bulge is apparent in Fig. 1 (lower panel). The
Sun was placed at 8 kpc. The model was scaled so that the end of the planar bar appears
just inside longitude l = 30◦ as seen from the observer. The bar length is ∼ 4.5 kpc, and the
maximum ellipticity is 0.46.

In the face-on view can be clearly seen the curved, leading ends of the stellar bar. Over
time, the model shows oscillations from leading through straight to trailing ends and back.
Similar morphology can be seen in other barred simulations in the literature (e.g. model m08
[17]; model B2.25 [36]) and also in some galaxies such as NGC 3124 and NGC 3450. The
oscillations between trailing and leading ends of the bar could be related to the oscillations
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Figure 1: Upper panel: Face-on view of the simulation at time T ∼ 1.9 Gyr. The bar rotates
clockwise. The model has been scaled to the MW and is oriented such that the long axis
of the bulge is seen at an angle α = 25◦ by the observer at (0,-8 kpc). A second line at
43◦ as inferred for the long-bar in the MW is also shown. Lower panel: edge-on view of the
same snapshot, as viewed from the Sun. The boxy structure is noticeable. Higher densities
correspond to brighter colours (as in [27])

seen in the bar growth in N-body simulations (e.g. [15]) and may be due to non-linear coupling
modes between the bar and spiral arms [37]. The leading ends of the bar are important for
modelling the long bar observations.

3 The long bar-boxy bulge. Quantitative analysis.

In [27], we applied a similar technique as that used by observers to analyse the boxy bulge
[42, 3] and the long bar in the MW [4, 9, 8, 10]. This technique consists in identifying the
maxima of the magnitude distribution of red clump stars along various line-of-sight (l and b
correspond to longitude and latitude, respectively). Given the distribution of model particles
with distance modulus (see Fig. 2; left panel) we fitted a Gaussian to the first peak. For
comparison and clarification we show four histograms. Near the ends of the bar (see Fig. 2;
left panel, plot a), we can identify in the histogram three main peaks, one corresponding to
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Figure 2: Left panel: Plots showing the distribution of particles with distance modulus in
four fields as seen by an observer at the Sun’s position 8 kpc from the centre (from [27]). Plots
a), c) show distributions in/near the Galactic plane in cones centred on the given longitude
and latitude. Plots b), d) show histograms for cones through the boxy bulge. Right panel:
Maxima of particle distributions versus distance modulus, for all fields in the disk plane (black
crosses) and in the boxy bulge (4◦ ≤ |b| ≤ 8◦, red crosses). The circled crosses correspond to
the histograms shown on the left panel. The thick solid line shows the true orientation of the
model, α = 25◦. The thin line follows α′ = 43◦. In order to increase the signal the simulation
has been symmetrized vertically.

the flat end of the bar, one to the spiral arm on the back and one corresponding to the end
of the disk. The second histogram shows the distribution of stars when looking at a field
well above the plane, but in the region of the thick structure (the boxy-bulge). The third
histogram shows a field at the same longitude as the previous one but when looking through
the plane. The fourth histogram shows a field close to the centre of the model. The maxima
of the histograms together with those for other fields are projected on the MW plane in Fig. 2
(right panel). We can see how there are two sets of points, those in the plane following the
line of ∼ 43◦ and the other group, following the line at ∼ 25◦.

The maxima of the line-of-sight distance distributions in the Galactic plane occur at
distances somewhat further than the maxima of the line-of-sight density distributions, due to
the volume effect in the star counts. This effect is stronger in the galactic plane (Fig. 2; right
panel). Assuming a plausible orientation (α = 25◦), this explains part of the observational
signature which was previously used to infer the existence of a second long bar. If in addition
we choose a model snapshot where the bar has leading ends, as seen in Fig. 1, most of the
long bar signature in the star count data can be reproduced. While not made specially to
fit to the MW, this model thus illustrates that the traditional Galactic bar (the boxy bulge)
and the more recently inferred long bar can plausibly be explained by a single boxy bulge/bar
structure (more details in [27]).
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Figure 3: Left panel :Maxima of observed and model magnitude distributions for red clump
(RC) giant stars in bulge fields as a function of longitude. Top: Simulated RC maxima for
strips with latitudes [b = 1± 0.5◦] and [0± 0.5◦] (black dots), compared with data from the
VVV survey at b = ±1◦ ([19], open squares). Bottom: RC maxima in strips with different
latitudes. The change of slope around |l| = 4◦ seen at low latitudes is absent at b = 5◦.
The horizontal line illustrates the assumed distance to the GC. Right panel : Face-on surface
density of the particles with |z| < 300 pc, with overplotted maxima of the line-of-sight
density distributions (open circles) and maxima of the simulated line-of-sight RC magnitude
distributions (full circles) for particles in the latitude range |b| ≤ 2◦.(From [18])

4 The inner region of our Galaxy.

The inner region of the MW has been studied by analysing the red clump (RC) star counts.
Nishiyama et al. (2005, [32]) determined the maximum of the RC magnitude distribution
for different pencil beams at various longitudes at b = −1◦. They found a clear change of
slope in the RC longitude profile at l ∼ 5◦, finding a steep slope in the outer bulge and a
flatter slope in the nuclear regions. Recently, Gonzalez et al. (2011, [19]) analysed new RC
star counts from the VVV survey and found excellent agreement with Nishiyama et al. This
flattening has been interpreted as a distinct structure in the inner galactic bulge, and very
often associated to a nuclear/secondary bar in the MW [1]. Taking the model presented in
this work, we compute the smooth histograms of distance modulus for the different beams in
a similar way as in Fig. 2 (left panel). We then take the maximum of each histogram. We use
MK = −1.72 to shift the model distance moduli to the magnitude scale of the data and plot
it against the observed data. As we can see in Fig. 3 the model used in [18] reproduced the
flattening of the longitudinal profile. But the simulated model bulge does not contain such a
structure. The flattening of the profile corresponds to the almost axisymmetric region in the
inner parts of the model (Fig. 3; left panel).
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Recently, the longitudinal profile of our model for b = −3◦ has been compared with
VVV data obtaining a extremely good agreement [20]. When comparing our model with the
OGLE data [31] there is an excellent agreement among their profiles for b = 3◦ and b = 5◦

and those from our model, in particular regarding the slope.

5 Comparison between observational kinematical data and
the proposed model

Up to know we have presented a model for the MW bar and bulge which has been formed
through secular evolution. This type of bar/boxy bulges present in general cylindrical rota-
tion. So our next step is to compare this model with kinematic data from recent spectroscopic
surveys such as BRAVA [23]. We use a modified version of the NMAGIC code [13] to study
the properties of the MW bar. By changing the contribution of the particles in each of the
fields (BRAVA fields) we modify our original model to match the kinematical data. We ex-
plore different parameters to obtain the minimum χ2 obtaining an upper limit for the pattern
speed of ∼ 42 km/sec/kpc and an orientation angle of α = 25◦. See Fig. 4 for a comparison
of one of our best models with BRAVA data [28].

Figure 4: One of our best dynamical models (line) for the galactic bulge-bar of the MW
compared to BRAVA data (points). From left to right: mean velocities (top) and velocity
dispersions (bottom) in fields at latitudes b = −4◦,−6◦,−8◦ with longitude, and along the
minor axis with latitude.

6 Summary

In this work we present a new structure for the inner parts (r ≤ 5 kpc) of the MW. The new
properties of the galactic bar are: the length of the bar of rb = 4.5 kpc, the orientation angle
α = 25◦, and the pattern speed of Ωb ≤ 42. km/sec/kpc. This new bar is formed by bar
instability, buckling instability and secular evolution of a purely exponential disk embedded
in a live dark matter halo.
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We find of extreme importance for the interpretation and better understanding of the
future upcoming galactic surveys (GAIA, ESO-GAIA, HERMES, APOGEE, etc.) to revisit
previous works based on the dynamical effects of the galactic bar. Among the results that
could be affected by these new feature are those highly affected by resonances, such as moving
groups, lv-diagrams, number and position of the spiral arms, rings in the disk and radial
mixing due to resonances.
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