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ABSTRACT

Previous studies of the chemo-kinematic properties of stars in the Galactic bulge have revealed a puzzling trend. Along the bulge minor
axis, and close to the Galactic plane, metal-rich stars display a higher line-of-sight velocity dispersion compared to metal-poor stars,
while at higher latitudes metal-rich stars have lower velocity dispersions than metal-poor stars, similar to what is found in the Galactic
disc. In this work, we re-examine this issue, by studying the dependence of line-of-sight velocity dispersions on metallicity and latitude
in APOGEE Data Release 17, confirming the results of previous works. We then analyse an N-body simulation of a Milky Way-like
galaxy, also taking into account observational biases introduced by the APOGEE selection function. We show that the inversion in
the line-of-sight velocity dispersion-latitude relation observed in the Galactic bulge — where the velocity dispersion of metal-rich stars
becomes greater than that of metal-poor stars as latitude decreases — can be reproduced by our model. We show that this inversion is
a natural consequence of a scenario in which the bulge is a boxy or peanut-shaped structure, whose metal-rich and metal-poor stars
mainly originate from the thin and thick disc of the Milky Way, respectively. Due to their cold kinematics, metal-rich, thin disc stars
are efficiently trapped in the boxy, peanut-shaped bulge, and at low latitudes show a strong barred morphology, which — given the bar
orientation with respect to the Sun-Galactic centre direction — results in high velocity dispersions that are larger than those attained by
the metal-poor populations. Extremely metal-rich stars in the Galactic bulge, which have received renewed attention in the literature,
do follow the same trends as those of the metal-rich populations. The line-of-sight velocity-latitude relation observed in the Galactic
bulge for metal-poor and metal-rich stars are thus both an effect of the intrinsic nature of the Galactic bulge (i.e. mostly secular) and

of the angle at which we observe it from the Sun.

Key words. Galaxy: bulge — Galaxy: center — Galaxy: disk — Galaxy: evolution — Galaxy: kinematics and dynamics —

Galaxy: structure

1. Introduction

The Milky Way harbours a boxy, peanut-shaped (hereafter b/p)
bulge that has a stellar mass of about 2 x 10'°M, (Wegg &
Gerhard 2013). The X-shape signature of the peanut morphol-
ogy of the bulge can be seen, among other means, through the
distribution of red giant stars (e.g. Ness et al. 2012; Li & Shen
2012; McWilliam & Zoccali 2010; Nataf et al. 2010; Ness &
Lang 2016), whereby the two lobes that constitute the backbone
of the peanut shape appear separated by about 1 kpc from the
Galactic centre (GC). As several numerical works have shown,
a massive classical component — a bulge that has a spheroidal
structure — can be ruled out beyond a 10% contribution (Shen
et al. 2010; Kunder et al. 2012; Di Matteo et al. 2014, 2015;
Di Matteo 2016; Gémez et al. 2018) and the bulge is, for the
most part, made of the same stellar populations found in the
Galactic (thin and thick) disc, transformed to a b/p morphology
via vertical resonance trapping at the bar and buckling insta-
bilities (see the seminal works of Combes et al. 1990; Raha
et al. 1991). Essentially all numerical works developed in the

* Corresponding author; tristan.boin@obspm. fr

last decade (Shen et al. 2010; Bekki & Tsujimoto 2011; Ness
et al. 2012; Ness et al. 2014; Debattista et al. 2017; Athanassoula
et al. 2017; Fragkoudi et al. 2017b, 2018, 2020), when compared
with data coming from large spectroscopic surveys as ARGOS
(Freeman et al. 2013), BRAVA (Howard et al. 2008), GIBS
(Zoccali et al. 2014), and APOGEE (Majewski et al. 2017), and
with high-resolution spectroscopic observations (Bensby et al.
2010, 2011, 2013, 2014, 2017, 2020, 2021; Nandakumar et al.
2024), agree on these conclusions. These observations have
indeed provided morphological, kinematic, and chemical abun-
dance relations of bulge stars that constitute stringent constraints
with which to compare formation and evolutionary scenarios.
Among these constraints, it has been shown that line-of-sight
velocity dispersions (hereafter o, ) for populations of stars of
different metallicities reveal a surprising trend: along the minor
axis and close to the Galactic plane (at latitudes |b| < 5°), the
most metal-rich population displays a higher o, than the most
metal-poor population (Babusiaux et al. 2014; Zoccali et al. 2017,
Babusiaux 2016). This is quite counter-intuitive because, in the
Galactic disc, metal-poor stars, which are usually old (Fuhrmann
1998; Haywood et al. 2013; Bensby et al. 2014), had time to
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evolve and likely be impacted by several dynamical mechanisms
(e.g. interactions with giant molecular clouds in the disc, pas-
sages and accretions of satellite galaxies), and hence tend to
have a higher velocity dispersion than metal-rich stars, which
are usually younger. They can also have been formed kinemat-
ically hotter than stars born today. The observed inversion in
trends between metal-rich and metal-poor stars observed in these
central regions of our Galaxy at latitudes of |b| < 5° seems
to contradict this general trend. This is even more surprising
given that at higher latitudes (|5| > 5°) the trends are those also
observed in the disc; that is, the metal-poor populations have the
hottest (line-of-sight) kinematics (see, e.g., Ness et al. 2013b).
This raises the question of the possibility of explaining the afore-
mentioned trends in a scenario in which most of the bulge mass
is made of disc material, reshaped by the b/p instability. If not,
this would suggest a more complex nature of the Galactic bulge
than that offered by numerical and theoretical models so far.

In the present work, we address this problem by analysing
APOGEE Data Release 17 (DR17) observations (Abdurro’uf
et al. 2022) to quantify the o, -latitude relation along the
Galactic bulge minor axis, for stars of different metallicities.
We then compare the retrieved relation to the predictions of
an N-body simulation of a Milky Way-type galaxy, in which
the b/p bulge forms out of (thin and thick) disc stars, to test
whether such a scenario is able to reproduce the observed trends.
As we shall show, such a scenario can satisfactorily explain
this apparent paradox. Indeed, because of their cold kinemat-
ics, metal-rich, thin disc stars are efficiently trapped in the b/p
bulge (as shown by a number of works, see for example, Di
Matteo 2016; Fragkoudi et al. 2017a; Athanassoula et al. 2017;
Debattista et al. 2017; Ghosh et al. 2024) and, at low latitudes,
show a strong barred morphology, which — given the bar ori-
entation with respect to the Sun-GC direction — results in high
line-of-sight velocity dispersions, larger than those attained by
the metal-poor populations.

The paper is organised as follows. In Sect. 2, we describe
the APOGEE DR17 data and the selection applied to construct
the bulge sample used for the following analysis, as well as the
N-body simulation and the mock catalogue built from it. In
Sect. 3, we present the main results of this work; namely, we
confirm the existence of an inversion in the o, -latitude rela-
tion along the bulge minor axis, where metal-rich stars show a
steeper gradient than metal-poor stars. This inversion is repro-
duced well by our N-body model and can be explained in terms
of a differential response of metal-rich and metal-poor stars to
the bar-b/p instability caused by a pre-existing difference in the
kinematics of these populations. We show that this inversion
strongly depends on the bar viewing angle. Finally, in Sect. 4
we summarise our results.

2. Observational data and model
2.1. Selecting bulge stars in the APOGEE catalogue

We have used stars from the APOGEE DRI17 catalogue'
(Abdurro’uf et al. 2022), which provides spectroscopic quanti-
ties, such as line-of-sight velocities and chemical abundances for
647025 stars. This catalogue is complemented by the astroNN
value-added catalogue (Leung & Bovy 2019), which provides
distances estimated using a deep-learning approach. From this
dataset, we built a bulge sample by filtering stars based on their

I https://www.sdss4.org/drl7/irspec

A13, page 2 of 11

absolute value of the X-co-ordinate? to the GC (|X| < 1.5 kpc),
relative heliocentric distance error AD/D < 0.2, signal-to-noise
ratio (>50), and effective temperature, 3500 K< T.g < 5000 K.
Finally, we cross-matched this catalogue with the APOGEE
Value Added Catalogue of Galactic globular cluster stars
(Schiavon et al. 2024), removing stars that have a high proba-
bility® of being globular cluster members, as we are interested
in the analysis of field stars only. From our initial catalogue of
14 632 bulge stars (defined as stars within |£] < 20°, |b| < 20°
and IX| < 1.5 kpc), our final sample contains 5630 bulge stars.

The resulting coverage of our selected sample is shown in
Fig. 1 (middle panels), and the star counts in each field in Fig. B.1
(right panels). We note that, while some fields have low counts
or no stars at all, we have a denser sequence along the Galac-
tic bulge minor axis and close to the Galactic plane at positives
latitudes.

2.2. The N-body model

Data from the APOGEE catalogue were compared to a dis-
sipationless N-body simulation of a Milky Way-type galaxy,
originally introduced in Fragkoudi et al. (2017b), and further
used in Fragkoudi et al. (2018, 2019); Khoperskov et al. (2019)*.
This simulation satisfies a number of properties of the Galaxy,
such as longitudinal and latitudinal metallicity gradients in the
bulge, as well as metallicity distributions and their variations
across the bulge extent. While we refer to Fragkoudi et al. (2018)
for a comprehensive description, we recall here its main char-
acteristics. The modelled galaxy is made of four components;
namely, a thin, an intermediate, and a thick stellar disc, whose
stellar densities follow Miyamoto-Nagai profiles (Miyamoto &
Nagai 1975) characterised by different masses, scale lengths, and
heights, reported in Table 1, as well as a dark matter halo, rep-
resented by a Plummer sphere (Plummer 1911), whose mass and
characteristic radius are also reported in Table 1. The thin, inter-
mediate, and thick discs were modelled with 5, 3, and 2 million
particles, respectively, and the dark matter halo is represented by
5 million particles (see Table 1).

The initial positions and velocities were set by employing the
iterative method described in Rodionov et al. (2009), by build-
ing an equilibrium phase model such that the resulting density
distribution matches the constraints given by the density profiles
we imposed on each component. The simulation was run using a
parallel MPI Tree-code (Khoperskov et al. 2014), with the grav-
itational forces being computed with a tolerance parameter of
0 = 0.7 and an € = 50 pc softening was used. The equations of
motion were integrated with a timestep, A = 0.2 Myr.

The thin disc is associated with a metal-rich ([Fe/H] > 0) and
kinematically cold initial population of stars (referred to as DI
in the original paper), the intermediate disc is associated with
an intermediate metallicity (—0.5 < [Fe/H] < 0) and intermediate
initial velocity dispersion population (D2), and the thick disc is
associated with a metal-poor ([Fe/H] < —0.5) and kinematically
hot initial population (D3), and thus mimics the main proper-
ties of the Galactic disc (see Haywood et al. 2013). In particular,

2 1In this work, we adopt a galactocentric reference frame, in which the
Sun is along the X axis, and disc stars rotate in a clockwise direction.

3 To this aim, we use the membership probability of Vasiliev &
Baumgardt (2021) which is also reported in the Schiavon et al. (2024)
catalogue and remove all stars which have a probability higher or equal
to 0.9 to be members of one of the Galactic globular clusters.

4 In this latter work, a higher resolution than that of the ‘standard’
simulation has been employed.
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Fig. 1. Density maps of the N-body simulation stars (left column), APOGEE stars (middle column), and our mock catalogue stars (right column).
Top panel: face-on maps (X-Y-plane), with [X| < 1.5kpc distance bounds and +20° longitude bounds in white, as well as a green line to guide the
eye, indicating the angle of the Galactic bar and the Sun at X = —8.12 kpc,Y = 0 kpc (white star symbol). Bottom panels: corresponding maps in
the Galactic (£,b) plane. The colours indicate relative densities for each of the three catalogues separately.

Table 1. Initial parameters for each of the components of the N-body simulation used in this work.

Component M (M) r (kpc) A, (kpc) np ([Fe/H]) (dex)  orpe/m (dex)
Thin Disc (D1) 4.21 x 10'0 4.8 0.15 5000000 0.25 0.15
Intermediate Disc (D2) 2.57 x 10'0 2 0.3 3000000 -0.26 0.2
Thick Disc (D3) 1.86 x 1010 2 0.6 2 000000 -0.62 0.26
Dark matter halo (r < 100 kpc) 1.61 x 10'! 10 - 5000000 - -

Notes. From left to right: total mass, characteristic radius (scale length for the disc components and Plummer radius for the dark matter halo),
scale height, number of particles, mean metallicity of the MDF, and dispersion of the MDF. The model is similar to the M1 model of Fragkoudi

et al. (2017b), with metallicity values taken from Fragkoudi et al. (2018).

the scale heights and scale lengths of these three discs are com-
patible with the findings by Bovy et al. (2012), even if here we
discretise, with three components only, a disc where populations
of different metallicities have a more continuous distribution.
Disc particles were assigned a metallicity by drawing randomly
from a normal distribution, where each disc has a constant (i.e.
without any radial or vertical metallicity gradient within each
component) mean metallicity and dispersion (see Table 1).

The simulation was evolved for 7 Gyr, well after the bar (t
= 0.5 Gyr) and b/p bulge (t = 5 Gyr) formed, and in this work
we have analysed one of its last snapshots, at t = 7 Gyr. In order
to make a proper comparison with the observational data, we
re-scaled the positions of this final snapshot by a factor of 0.5,
so that the semi-major axis of the simulated bar has a length of
5 kpc, which is compatible with observations (Wegg et al. 2015).
We consequently also re-scaled the masses, and time, to preserve
the virial equilibrium of the system. To build the Galactic frame

as well as to compute line-of-sight velocities, the Sun was placed
along the X axis, at a distance of 8.12 kpc from the centre of the
simulated galaxy, and at an angle of 27° with respect to the bar,
so as to match the position of the Sun relative to the centre of
the Milky Way (Babusiaux & Gilmore 2005; Wegg & Gerhard
2013; Wegg et al. 2015; Chatzopoulos et al. 2015; Reid et al.
2014; Cao et al. 2013; Rattenbury et al. 2007; Stanek et al. 1997,
Lopez-Corredoira et al. 2005). The density maps of the analysed
snapshot are reported in Fig. 1 (left panels), where projections
both on the galaxy plane and in galactic co-ordinates are shown.

Finally, similarly to Fragkoudi et al. (2018), to make a robust
comparison of the model to the observational data, we take
into account the APOGEE selection function by imposing the
APOGEE (heliocentric) distance distribution function (DDF),
along different lines of sight, on the model. The details of the
procedure adopted to reproduce the DDF for each line of sight
are described in Appendix B, and the resulting mock catalogue,
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Fig. 2. Line-of-sight velocity dispersion, o, , profiles. Left panel: our quality APOGEE sample (error bar curves) and our mock catalogue (shaded
areas of height +0). The profiles are plotted for stars with I£l< 2° and IXI < 1.5kpc. Right panel: profiles of our quality APOGEE sample (error bar
with circle symbol) and of our mock catalogue (shaded areas of height +07), compared to results from Babusiaux et al. (2014) and Babusiaux et al.
(2010) (squares), Ness et al. (2013b) (pentagons), Rojas-Arriagada et al. (2014) (triangles), Uttenthaler et al. (2012) (diamonds), and Zoccali et al.

(2017) (stars).

where the simulation has been convolved with the APOGEE
DDF, is shown in Fig. 1, for the projection on the Galactic
plane (X-Y) and in (£ — b) co-ordinates (top and bottom panels,
respectively).

3. Results

3.1. Comparing APOGEE DR17 and literature data with the
N-body model

In Fig. 2 (left panel), the velocity dispersion profiles of metal-
rich ([Fe/H] > 0), metal-intermediate (—0.5 < [Fe/H] < 0), and
metal-poor ([Fe/H] < —0.5) populations along the bulge minor
axis are shown, for the N-body model and the APOGEE data. In
both cases, we have selected only stars with longitudes of I£l <
2° and with a galactocentric co-ordinate, IX| < 1.5 kpc. To con-
struct the velocity dispersion profiles from the simulation, we
have applied the APOGEE DDF to the model, as was mentioned
in the previous section, and as is described more in detail in
Appendix B. As for the APOGEE data, we selected bulge stars
using the criteria described in Sect. 2.1. Both in the observa-
tional and simulated data, we used a wide latitude binning to
mitigate low star counts by grouping neighbouring fields (where
we used the following latitude ranges for the bins : ([0°,2°],
[2°,4°], [4°,7°], [7°,9°], [9°,13°], [13°,17°], and [17°,19°]), and
uncertainties in the velocity dispersion profiles were computed
via a bootstrapping method.

Comparing the velocity dispersion profiles along the bulge
minor axis of metal-rich, metal-intermediate, and metal-poor
stars obtained by analysing the APOGEE bulge sample (solid
lines in Fig. 2, left panel), it is evident that for |b] > 5° the trend
with metallicity is such that the lower the metallicity, the higher
the velocity dispersion, as is expected if stars in these metal-
licity ranges arise from populations whose kinematics becomes
hotter with decreasing metallicity (and as is shown by the pro-
files at t = 0 Gyr in Appendix A, where the discs are still in
their initial conditions and no bar or bulge has formed). At
[b] < 5° the trend is reversed, and the metal-poor populations
become the kinematically coolest. The N-body simulation shows

A13, page 4 of 11

the same trend: while at high absolute latitudes (|b| > 5°) the
metal-rich stars are, among the three populations analysed, those
characterised by the lowest line-of-sight velocity dispersions, as
|b| diminishes, they become the hottest population, by reaching
Tios ~ 160 km s™! close to the Galactic mid-plane.

In Fig. 2 (right panel), we compare the dispersion pro-
files resulting from the APOGEE bulge sample, and from our
mock catalogue, with the velocity dispersion profiles along the
bulge minor axis obtained by previous works. In this figure,
stellar particles of the N-body simulation have been divided
into two groups only, metal-rich ([Fe/H] > 0) and metal-poor
([Fe/H] < —0.5), and are compared with data from the literature,
where often bulge stars are grouped into two components only
(but see Ness et al. 2013b, for a finer subdivision of the metal-
licity range). Literature data points have been extracted from
Babusiaux (2016) (and are originally from Babusiaux et al. 2010;
Babusiaux et al. 2014; Ness et al. 2013b; Rojas-Arriagada et al.
2014; Uttenthaler et al. 2012), to which we added data from
Zoccali et al. 2017.

In general, we see that the results obtained by analysing the
APOGEE data are, within the uncertainties, in agreement with
previous works: close to the Galaxy midplane, metal-rich bulge
stars have a higher line-of-sight velocity dispersion than metal-
poor stars, and a clear inversion to this trend is seen for |b| > 5°.
As a result of this inversion, the slope of the o, — |b| relation
for metal-rich stars is steeper than that of the metal-poor stars:
for |b| < 7.5°, where most of the observational data are found,
the two slopes are, respectively, —15.99 + 1.39 km s~' deg™! and
—-8.07+2.27 km s~! deg™!. In the same latitude range, the slopes
found in the simulations are similar, with —10.62 + 0.15 km s~/
deg™! for metal-rich stars and —7.33 + 0.05 km s~ deg™! for
metal-poor stars. We mention that, in calculating these slopes,
we have given a similar weight to all observational data points,
despite the fact that they do not all use the same definition
for metal-rich and metal-poor stars (while the compilation of
Babusiaux (2016) adopts a separation at 0 < [Fe/H] < 0.5 and
at —1 < [Fe/H] < 0.5, respectively, Zoccali et al. (2017) adopts
a slightly different definition for metal-rich stars ([Fe/H] >
0.1 in their work) and a broader interval for metal-poor stars
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Fig. 3. o, line-of-sight velocity dispersion profiles of our quality
APOGEE sample (error bar curves) and of our mock catalogue (shaded
areas of height +0). The profiles are plotted for stars with IXI < 1.5 kpc
and I€l< 2°, for metal-rich stars ([Fe/H] > 0), and two metal-rich pop-
ulations defined as very metal-rich (0 < [Fe/H] < 0.3) and extremely
metal-rich ([Fe/H] > 0.3).

([Fe/H] < —0.1)%). Despite the differences in the definitions of
the two groups, as well as the use of different distance estimates
for stars in the analysed samples, the different trends in the kine-
matics of the two groups are visible. Indeed, the fact that they
are present irrespective of the details of the analysis (i.e. metal-
licity range, distance estimates, amplitude of the longitude and
latitude intervals) strengthens the robustness of these findings.
Finally, it is worth citing in this context some new results
about the presence of extremely metal-rich stars in the Galactic
bulge, whose existence has been known for some time (see, for
example, Fulbright et al. 2006; Johnson et al. 2007; Zoccali et al.
2008). Rix et al. (2024) recently suggested that this population
forms a dynamically hot system, a ‘knot’, in the inner 1.5 kpc of
our Galaxy (see also Horta et al. 2024). While we defer a specific
study of these stars to future works, it is nevertheless interesting,
in the context of the present paper, to investigate the o,s-1bl
relation that they trace, because the latter helps to constrain their
nature. To this aim, in Fig. 3, we have split the APOGEE metal-
rich bulge population into two groups, made, respectively, of
277 stars with 0 < [Fe/H] < 0.3 (hereafter called very metal-
rich (VMR) stars), and of 272 stars with 0.3 < [Fe/H] (hereafter
called extremely metal-rich (EMR) stars). The figure shows that
these groups share the same o ,5-1bl relation, which points to the
fact that: 1) at low latitudes, EMR stars are as dynamically hot
(in line-of-sight projection) as VMR stars, and as the metal-rich
population as a whole; 2) similarly to VMR stars, the EMR pop-
ulation shows a steep oy,s-1bl gradient, with o,s= 55 km s~! at
[b] ~ 10 °, and rising up to o, = 170 km s7lat || < 2 °. These
findings suggest that, in terms of line-of-sight kinematics, EMR
stars are not exceptional, but share the same kinematic behaviour
as the bulk of the metal-rich population (0 < [Fe/H] < 0.3). We
note that the choice of separating VMR and EMR at a 0.3 dex
metallicity was done to maximise the number of EMR stars,
which rapidly decreases with increasing metallicity, and thus our

5 Note also that in Zoccali et al. (2017), uncertainties in the calculated
velocity dispersions are not reported, hence the lack of error bars in the
associated points in Fig. 2 (right panel).

choice of definition of VMR and EMR stars does not exactly
match the one made in Rix et al. (2024).

3.2. Understanding the inversion in the line-of-sight velocity
dispersions at low latitudes

The comparison of observational data with the N-body simula-
tion presented in the previous section shows that even a model in
which bulge populations with [Fe/H] > —1 originate exclusively
from disc stars is able to reproduce the observations, and in par-
ticular the apparent ‘dual’ nature of the metal-rich population,
which is kinematically hot at low latitudes and kinematically
cold at higher latitudes. As a further step, we need to understand
why, in the model, bulge metal-rich stars — originally belonging
to the kinematically coldest disc (i.e. D) — end up showing the
largest line-of-sight velocity dispersions at low latitudes.

To this aim, in Fig. 4 we show the maps of the velocity dis-
persion of metal-rich, metal-intermediate, and metal-poor stellar
particles of the N-body model, projected on the galaxy midplane,
for two different values of the dispersion measured, respectively,
along the in-plane bulge major (o,,, left panels) and in-plane
minor (o, right panels) axis. In this figure, we have chosen a
galactocentric reference frame in which the X}, axis is parallel to
the bar major axis, and the Y}, axis is perpendicular to it, with
both axes lying on the galaxy midplane. Different rows in Fig. 4
show different slices in height from the midplane for stars in
the three metallicity intervals at, respectively, |Z| < 0.25 kpc (Ibl
< ~1.8° at the GC), 0.25 kpc< |Z] < 0.5 kpc (~1.8°< Ibl < ~3.6°
at the GC), and 0.5 kpc< |Z| < 1 kpe (~3.6°< Ibl < ~7.1° at the
GC). Density contours are also reported in all the plots to link
kinematic properties to morphological features. Similar maps,
but in the (¢, b) plane and for a Sun-Galactic Bar angle of 27°,
are shown in Appendix D.

As for the morphological properties, from this figure we can
see that:

— The b/p structure is visible at larger heights above the plane
(0.5 < |Z] < 1 kpc) as a double-lobe feature, or split, in the
density contours. At these heights above the plane, this fea-
ture is stronger for the metal-rich population and weaker
for the metal-intermediate one, and absent for the metal-
poor one. The b/p structure disappears at smaller |ZI. These
trends are all qualitatively similar to those found in other N-
body simulations (among others, see Fragkoudi et al. 2017a,
2018), as well as in observational data, where the presence
of the b/p structure is traced, for instance, by the split in the
distribution of red clump stars (see, e.g. Ness et al. 2013a,b).

— Apart from the double-lobe feature in some of the isodensity
contours, most of them appear nearly elliptical, the elliptic-
ity being higher for the metal-rich population than for the
metal-poor one (see Appendix C for more details on this
point). This difference in ellipticity of the isodensity con-
tours reflects a difference in the strength of the bar, as traced
by metal-rich, metal-intermediate, and metal-poor popula-
tions, in agreement with a number of previous studies (see
Babusiaux et al. 2010; Fragkoudi et al. 2017a; Debattista
et al. 2017; Bekki & Tsujimoto 2011; Athanassoula 2003;
Combes et al. 1990).

As for the kinematic properties, we can see that:

— The structure and amplitude of the maps of the velocity
dispersion along the bar major axis (co,,,) vary both as a
function of metallicity and height above the plane.

— Close to the galaxy midplane (|Z] < 0.25 kpc), metal-rich
stars show velocity dispersions with a butterfly-like pattern,
characterised by high values (greater than 140 km s~!) over
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Fig. 4. Maps of the velocity dispersion maps for the bar-oriented o, (left panel) and o, (right panel) components. Each population (metal-rich,
metal-intermediate, and metal-poor) correspond to a column in each panel, and different height cuts are represented on each row (0 kpc < IZI <
0.25 kpc, 0.25 kpc < IZI < 0.5 kpc, and 0.5 kpc < |IZI < 1 kpc). The axes are bar-oriented, isodensity contours are shown as coloured lines, and a

1.5 kpc region around the GC is shown as a dotted black circle.

most of the inner 1.5 kpc region of the simulated galaxy. At

|Z] < 0.25 kpc, the intermediate population shows the lowest

values of o, , while the metal-poor population has o, val-
ues similar to that of the metal-rich one, but extended over

a more limited region than the metal-rich particles (compare

the spatial extension of the red-brown region in the left and

right columns of Fig. 4, left panels).

— At higher distances from the galactic plane, in the innermost
few hundred parsecs from the galaxy centre, the metal-rich
population sustains a higher o, than the metal-intermediate
and metal-poor populations whose central velocity disper-
sion decreases with |ZI. However, except for this innermost
region, one sees that, overall, the o, values are larger for the
metal-intermediate and metal-poor stars than for the metal-
rich ones (while the former have o, of about 100 km s~
inside most of the region delimited by R = 1.5 kpc, the o,
of the metal-rich population rapidly decreases to values as
low as ~80 km s~! in the same spatial region).

— The velocity dispersions perpendicular to the bar major axis
(oyy,. see Fig. 4, right panels) show a different behaviour,
with the metal-rich population always being colder than the
metal-intermediate and metal-poor ones, at low vertical dis-
tances as well as at large vertical distances to the galaxy
midplane.

From these findings, we can understand that the asymme-
try in the mass distribution of the inner disc regions (bar and
b/p bulge) is also accompanied, in these same regions, by an
asymmetry in the kinematics of the stars. The velocity dispersion
generally has a higher intensity along the major axis of the bar
than along the direction perpendicular to it (i.e. implying veloc-
ity dispersion maps that are also asymmetrical). Its intensity also
varies with the metallicity of the stellar population, and this trend
is a natural consequence of a bar formed from a disc in which a
pre-existing relation between the metallicity of the stars and their
velocity dispersion, similar to that observed in the Galactic disc
(e.g. Bovy et al. 2012; Haywood et al. 2013), was in place. In
this case, as has been discussed in previous works, kinematically
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colder and thinner stellar discs produce stronger bars with greater
ellipticity than kinematically hotter and thicker discs (Bekki &
Tsujimoto 2011; Fragkoudi et al. 2017a; Athanassoula et al. 2017,
Debattista et al. 2017; Ghosh et al. 2023).

The results presented in Fig. 4 have a natural consequence:
the line-of-sight velocity dispersion of stars in a bar-b/p structure
changes with the viewing angle. To further address this point, in
Fig. 5 we show the o, , —|b| relation for metal-rich ([Fe/H] > 0),
metal-intermediate (—0.5 < [Fe/H] < 0), and metal-poor ([Fe/H]
< —0.5) particles, in the cases of a simulated bar observed end-
on (i.e. the line-of-sight being parallel to the bar major axis and
the bar viewing angle being equal to 0°), side-on (i.e. the line-
of-sight being perpendicular to the bar major axis and the bar
viewing angle being equal to 90°) and at intermediate angles
of 45° and 70°. The variation of o, with latitude significantly
changes in the four cases, as is anticipated from Fig. 4. If the
bar is viewed side-on, the resulting line-of-sight velocity dis-
persion has a monotonic trend with metallicity, at all |b|, with
the bulge metal-rich population having lower values o, than
the bulge metal-poor population, at all latitudes. If the orienta-
tion of the bar angle is intermediate (45°), an inversion in the
oy, values for metal-rich and metal-poor components starts to
appear at [b| ~ 5°. When the bar is viewed end-on, the o, of the
metal-rich population at |b| ~ 2—5° is definitely higher than that
of more metal-poor stars. Interestingly, at |b| < 2°, a drop in the
line-of-sight velocity dispersion of metal-rich stars is predicted
by our N-body model. The origin of this feature needs further
investigation, which requires higher-resolution simulations than
the one presented in this paper. We note that in Fig. 5 we used all
particles of the N-body simulation without any sampling or con-
volution with DDF, since in this figure we are not comparing the
model with any observational data. Profiles made with continu-
ously increasing bar—observer (i.e. Sun) position angles between
0 and 90° show a continuous trend of metal-rich stars becom-
ing hotter close to the plane (with the specific configuration of
an observer placed at an angle of ~27° relative to the Galactic
bar being represented in Fig. 2). This certainly does not suggest
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that the kinematics of the populations inherently change with
the position of the observer, but rather that the velocity disper-
sions we are referring to are measured through the line-of-sight
component.

We interpret this dependence of the dispersion inversion on
the Sun-Galactic bar orientation as follows: at low angles, the
line-of-sight velocities in the innermost regions of the bulge are
mainly dominated by the vy, component of velocities, the com-
ponent along the major axis of the bar. As the dispersion maps in
Fig. 4 show, the metal-rich population displays a wider region of
high o, dispersion than the metal-poor population. Hence, at
low Sun-Galactic bar angles, we expect the line-of-sight velocity
dispersion profiles to reflect the difference in o, dispersions. At
angles closer to 90°, however, the line-of-sight velocity is mainly
dominated by the vy, component (perpendicular to the bar major
axis), for which the dispersion maps show higher dispersion for
metal-poor stars than for metal-rich ones. Thus, the right panel of
Fig. 5 shows no or a very weak dispersion inversion between the
metal-rich and metal-intermediate stars. This can also be seen
in the dispersion maps of Fig. 4, for the o, component. Indeed,
we observe, at low |Z| (top panels), that the metal-rich and metal-
intermediate populations display similar patterns of dispersion
in their central regions. At higher latitudes (|b| > 5°), we find
that the trends do not depend on the Sun-bar angle anymore but
rather display the expected result of the metal-poor population
being kinematically hotter than the metal-rich one. In fact, dis-
persion maps at higher Z-slices show that the dispersion patterns
seen in Fig. 4 near the Galactic plane are not present at high
altitudes, highlighting the fact that the dispersion inversion is
a near-Galactic plane effect of the kinematics of each compo-
nents. Paradoxically, it is the fact that the metal-rich population is
kinematically colder than the metal-poor population that causes
it to be more efficiently trapped in Galactic plane-bound and
eccentric orbits, and thus leads to a higher line-of-sight velocity
dispersion being generated at low latitudes.

3.3. Limitations of the N-body model and possible effects on
the o ,5-[b| relation

The N-body model with which observational data are compared
lacks at least two ingredients that may have an impact on the
O 10s-Ibl relation.

1. A gaseous disc, and associated star formation. In our N-body
model, the whole thin disc is present since the beginning of
the simulation, and thus does not form stars over time. As
a consequence, metal-rich, thin disc stars all have the same
velocity dispersion, before the bar and b/p bulge form. The

presence of ongoing star formation and the birth of young
stellar populations over time should have the consequence of
reducing the velocity dispersion of the disc, possibly coun-
teracting its kinematic heating over time. In the comparison
shown in Fig. 2 (left and right panels), metal-rich particles
in the N-body simulation tend to have a slightly higher o,
than in the APOGEE data, at |b| > 5°. We shall investigate in
future works whether the reason of this difference — which
is within 1-2 o from the data — may be due to a lack of
continuous star formation in the model.

2. A stellar halo. A number of studies have shown that the
stellar halo of the Milky Way is composite (e.g. Nissen &
Schuster 2010; Haywood et al. 2018; Di Matteo et al. 2019;
Belokurov et al. 2020; Naidu et al. 2020; Horta et al. 2023),
with an accreted and an in situ population, both of which are
kinematically hotter than the Galactic thin and thick discs.
Even if the stellar halo is a tiny fraction of the total stellar
mass budget in the Galaxy, halo stars with [Fe/H]> —1 in the
inner regions of the Milky Way may contribute to increasing
the overall velocity dispersions of the most metal-poor com-
ponents, and thus, in particular, their o,5. The comparison
made in Fig. 2 (left panel) between the APOGEE data and
the N-body simulation shows that the former tend to show a
higher o, than the latter, at all latitudes |b| > 5°. It is, how-
ever, premature to ascribe this difference to the absence of a
halo component in the simulation, which may, in turn, affect
the observational estimates. Indeed, Figure 2 (right panel)
shows that the difference between the N-body model and the
APOGEE data is of the same order as the difference found
between APOGEE data and other observational studies (see,
for example, Ness et al. 2013b; Zoccali et al. 2017).

3. Finally, the reader may have noted that no classical bulge is
included in this simulation. As was recalled in the introduc-
tion, several works have shown that — if present — a classical
bulge should represent a few percent of the stellar mass of the
Milky Way (so, typically, a few 10% M) and no more than
one tenth (so ~5 x 10° M,). Shen & Zheng (2020) discussed
the incompatibility of the presence of a massive classical
bulge in the centre of the Milky Way with the observations of
a distinct nuclear star cluster, which would have been impos-
sible to detect were this classical bulge significantly massive.
Such a classical component, according to the mass-size rela-
tions of spheroids (e.g. see Hon et al. 2023, their Fig. 4),
should have an effective radius of less than 200 pc at most,
which translates into an angular size of 1.4° at the distance
of the GC. So, even if it were present, this classical com-
ponent would have no effect on the inversion observed at
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b ~ 5° in the o ,s-Ibl relation. Its presence may affect the
velocity dispersion of the most metal-poor stars in our anal-
ysis (because of the existence of a mass-metallicity relation
for spheroids, classical bulges of 10% — 10° M, would have a
typical mean metallicity between —1 and —0.5 dex, see Kirby
et al. 2013; Dominguez-Gémez et al. 2023) only in the inner-
most 1-2 degrees of the Galaxy. In this respect, it may be
interesting to investigate to what extent such a small, metal-
poor component can affect the o, at low latitudes, and —
by making use of the comparison with observational data —
finally prove (or disprove) its presence in the inner Milky
Way.

4. Conclusions

In this work, we have made use of APOGEE DR17 data to
derive the line-of-sight velocity dispersion of stars along the
bulge minor axis (i.e. as a function of latitude b) for different
metallicity bins. Our results confirm previous works (Babusiaux
et al. 2014; Babusiaux 2016; Rojas-Arriagada et al. 2014;
Zoccali et al. 2017) about the existence of an inversion in the
amplitude of the line-of-sight velocity dispersion of metal-rich
and metal-poor stars, with the former having a higher dispersion
at |b| < 5° than metal-poor stars. We analysed a previously
developed N-body simulation where the bar-b/p structure forms
out of a disc, where metal-rich stars are distributed in a thin disc,
and metal-poor stars in a thicker disc component. This allowed
us to demonstrate that the trends observed in the observational
data are a natural consequence of the differential mapping of
kinematically cold and hot disc populations into a bar and b/p
bulge. Metal-rich, thin disc stars are trapped efficiently in the bar
instability, which results in high velocity dispersions along the
bar major axis, especially close to the Galaxy midplane. A steep
velocity dispersion gradient (—15.99 + 1.39 km s~! deg™! in the
observational profile, and —10.62 + 0.15 km 7! deg‘l in the
profile from our simulation) is found for this population. Metal-
poor, thick disc stars, in turn, show a hot kinematics trend at all
latitudes, which results in a flatter gradient with latitude b. The
consequence of this different response to the bar and b/p bulge
results in a metal-rich component that appears kinematically
hotter (along the line of sight) than the metal-poor one. Overall,
the line-of-sight velocity dispersion-latitude relations observed
in the Galactic bulge for metal-poor and metal-rich stars are both
an effect of the intrinsic nature of the Galactic bulge (i.e. mostly
secular) and of the angle at which we observe it from the Sun.
In this context, we emphasise that extremely metal-rich stars
(see also Rix et al. 2024), defined in this work as stars with
[Fe/H] > 0.3, show the same line-of-sight velocity dispersion-
latitude relation as that of the metal-rich stars with less extreme
metallicities (i.e. stars with O < [Fe/H] < 0.3). In terms of line-
of-sight kinematics, these stars are thus not exceptional, but
share the same behaviour as the majority of metal-rich stars. This
suggests that, as the bulk of the metal-rich population, extremely
metal-rich stars are also part of the bar. As for the metal-rich
population as a whole, the characteristics of their line-of-sight
velocity dispersion-latitude relation (steep increase in o, with
decreasing latitude, and high values of o, close to the Galactic
midplane) suggest that these stars were born in a dynamically
cold population and were then trapped in the bar instability.
More generally, with this work we confirm that a scenario in
which most of the mass in the Galactic bulge (i.e. at [Fe/H] >
—1) formed out of disc material, where metal-rich and metal-
poor populations coexisted and were characterised by different
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kinematics (the lower the metallicity, the higher the velocity
dispersion) is able to reproduce all the trends observed in the
Galactic bulge, from the split in the red clump distribution and
its dependence on metallicity (Ness et al. 2012; Li & Shen 2012;
Fragkoudi et al. 2017a; Debattista et al. 2017), to the metallicity
distributions and their change with longitude and latitude across
the bulge region (Fragkoudi et al. 2017b, 2018). Together with the
existence of an extended age range for stars in the bulge (Bensby
et al. 2013; Ness et al. 2014; Dékény et al. 2015; Haywood et al.
2016), our results allow for an even more robust anchoring of the
origin of the Galactic bulge to that of the stellar populations in
the inner disc.
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Appendix A: Dispersion profiles for the initial
conditions

In Fig. A.1 we show o, profiles, similarly to Fig. 2, but for the
metal-rich, metal-intermediate and metal-poor stars after setting
the initial conditions of the simulation, that is at time t=0 Gyr.
The profiles were computed using bootstrapping, and the hatched
areas show the uncertainties associated with the stochastic sam-
pling and the propagated uncertainties caused by the procedure
of building a mock catalogue, as described in Appendix B. At
latitudes |b| = 10°, the metal-rich profile displays high uncer-
tainties, on account of the low star count at heights greater than
the scale height of the associated thin disc. The inversion effect
is absent from the initial profiles as the velocity dispersion is
simply inversely correlated with metallicity. The formation of
the b/p bulge generates the dispersion inversion effect seen in
the profiles of Fig. 2, and in the solid lines of Fig. A.1, at low
latitudes. At higher latitudes, the profiles are left unchanged.

200
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175 Metal-intermediate
Metal-poor
150 /7, Initial Metal-rich |
NN\ Initial Metal-intermediate
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2
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025 50 75 100 125
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Fig. A.1. Line-of-sight velocity dispersion, o, , profiles of the three
components in their initial condition (hatched areas and dotted lines)
compared to the final profiles (filled areas and solid lines), with the same
binning and colour coding used in Fig. 2. The profiles are plotted for
stars with I£l< 2° and IXI < 1.5kpc.

Appendix B: Building a mock catalogue

To compare dispersion profiles built with observational data
from APOGEE DR17, we created a mock catalogue from our N-
body simulation, taking into account observation biases. We first
used APOGEE distance uncertainties to scatter the simulation
particles along their respective (£,b) direction in order to input a
‘measure-caused’ scatter in our model. We then computed DDFs
in each (£,b) direction for the APOGEE bulge stars, and sampled
our model particles in such a way that the resulting DDFs repro-
duce the observational DDFs. In practice, building DDFs is not
straightforward as some directions have low star counts; there-
fore, we used distance uncertainties to smooth the DDFs, making
the sampling of our model particles more resilient to low statis-
tics. The star count along each direction is shown in Fig. B.1,
where low statistic fields (star counts < 25) are displayed in red.
Stars with a globular cluster membership probability higher than
90% have been excluded and are plotted as triangle symbols.
While many fields seem to fall in the low-statistics category, we
point out that the star counts sequence along the minor axis near
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Fig. B.1. Star count map of our quality sample of APOGEE stars in
the Galactic (£,b) plane. Low-star count regions where no DDF can be
constructed are painted in red, and globular clusters stars excluded from
our sample are marked with triangle symbols.

{=0° — which is the region of interest for our analysis — is rela-
tively high (especially at positive latitudes), up to b = 17°. As can
be seen from the middle panel of Fig. 1, strong selection biases
produce a sparse cover of the (£,b) plane.

Appendix C: Measuring the eccentricity of the bar
isodensity contours

To quantify the morphological differences between the struc-
tures sustained by different populations of stars, we measured
the bar strength for the metal-rich and metal-poor components.
To this end, we used a standard Fourier coefficient A,, method,
computed as follows:

N
= Z cos(mb;)
i=0

N

by = Z sin(mé;)

i=0

Ap = NJai, + D2,

where the m = 0 mode is simply the number of particles N, and
the m = 2 mode is a measure of the dipolarity of our sample.
With this method, we also have access to the angle of the galac-
tic bar @, as ® = atan(b,/a,)/2. We measure a constant 46 km

~I kpc™! bar pattern speed value in the last 1 Gyr. We com-
puted the Fourier coefficients for rings of increasing radii around
the GC, and we plot the results against each radius in Fig. C.2,
for the metal-poor population in orange and the metal-rich pop-
ulation in purple. We find that the bar strength of metal-rich
stars is consistently stronger than their metal-poor counterpart.
Figure C.1 shows the density maps of the metal-rich and metal-
poor components for the last snapshot of the simulation. We
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observe the same overall difference: the metal-rich population
having a stronger bar signature than the metal-poor population.

Metal-rich Metal-poor

Fig. C.1. Density maps for the metal-rich (left panel) and for the metal-
poor (right panel) population, represented in a bar-aligned reference
frame and normalised by the number of particles in each component
(D1 and D3). Isodensity contours are added as solid lines.

0.30

—— Metal-rich
—— Metal-poor

r (kpc)

Fig. C.2. Bar strength of the metal-rich population (purple curve) and
metal-poor population (orange curve) against mean radius, as measured
by the ratio of the A, /A Fourier coefficients.

Appendix D: Dispersion maps in the (¢, b) plane
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Fig. D.1. (¢,b) maps of the velocity dispersion o, maps for the bar-
oriented o, (first row), o, (second row) and o, (third row) compo-
nents. Each population (metal-rich, metal-intermediate and metal-poor)
corresponds to a column. Isodensity contours are shown as coloured
lines.
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