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ABSTRACT

Aims. The most metal-poor tail of the Milky Way ([Fe/H] < —2.5) contains a population of stars on very prograde planar orbits, whose
origins and evolution remain puzzling. One possible scenario is that they are shepherded by the bar from the inner Galaxy, where many
of the old and low-metallicity stars in the Galaxy are located.

Methods. To investigate this scenario, we used test-particle simulations with an axisymmetric background potential plus a central bar
model. The test particles were generated by an extended distribution function (EDF) model based on the observational constraints of
bulge stars.

Results. According to the simulation results, a bar with a constant pattern speed is not efficient in terms of helping bring stars from the
bulge to the solar vicinity. In contrast, when the model includes a decelerating bar, some bulge stars can gain rotation and move outwards
as they are trapped in the bar’s resonance regions. The resulting distribution of shepherded stars heavily depends on the present-day
azimuthal angle between the bar and the Sun. The majority of the low-metallicity bulge stars driven outwards are distributed in the first
and fourth quadrants of the Galaxy with respect to the Sun and about 10% of them are within 6 kpc from us.

Conclusions. Our experiments indicate that the decelerating bar perturbation can be a contributing mechanism that may partially
explain the presence of the most metal-poor stars with prograde planar orbits in the Solar neighbourhood, but it is unlikely to be the

only one.
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1. Introduction

In the standard picture of galaxy formation, the innermost part
of the Galaxy forms is likely to form first in the same phase as
the assembly of the inner halo where most of the oldest and most
metal-poor stars ([Fe/H] < —2.5) in the Galaxy are located (see
e.g. Starkenburg et al. 2017; El-Badry et al. 2018). The Galactic
old a-rich thick disc (with [Fe/H] > —2.5) starts to form after
the old bulge was built, and the thin disc is formed later, with
predominately much younger and more metal-rich stars (see e.g.
Bovy & Rix et al. 2012; Brook et al. 2012; Bland-Hawthorn &
Gerhard 2016; Gallart et al. 2019; Xiang & Rix 2022).

Based on the broad-brush picture described above, we would
expect the very low-metallicity stars ([Fe/H] < —2.5) in the solar
neighborhood to likely be debris from the very early assembly
phase of our Galaxy. Observations show that there are more
stars in the very low-metallicity regime that have prograde
orbits compared to those with retrograde orbits. Moreover, there
is a population of prograde planar stars with strong rotation
(azimuthal action, J; > 1000 km s~! kpc, which represents the
angular momentum) and low-grade vertical motion (vertical
action, J, < 400 km 57! kpc, which quantifies oscillations
away from the Galactic plane), similar to the disc stars (Ses-
tito et al. 2020; Di Matteo et al. 2020; Carollo et al. 2023;
Fernandez-Alvar et al. 2024). There are several possibilities

* Corresponding authors; chengdong.li@astro.unistra. fr,
zhen.yuan@astro.unistra. fr

of their origins under the debate (see, e.g. Sestito et al. 2020,
2021; Yuan et al. 2024). One possible scenario is that they can
be transported by the bar from the inner Galaxy, as suggested
by Dillamore et al. (2023), using a halo-like population under
a short bar perturbation. Also, galactic bars are common in disc
galaxies. The dynamical interplays between bar, disk, stellar,
and dark matter halo are essential in galaxy evolution, but our
understanding of these processes is far from complete (see, e.g.
Sellwood & Wilkinson 1993; Sellwood 2014). In this work, we
explore this possibility by tracing a peanut-shape bulge-like
population generated in the framework of an extended distribu-
tion functions (EDFs) model under the perturbation of a long
bar with different settings of pattern speeds. In order to make a
comparison, we also carry out a simulation based on the pseudo-
stars generated via a double power-law spheroidal distribution
function (DF) model.

Schonrich & Binney (2009) modelled the Galaxy as a series
of annuli with a chemical evolution process within which stars
form from gas that they simultaneously enrich. Based on this
work, Sharma et al. (2021) used the continuous disc model with-
out distinct thin or thick disc to model the chemical evolution
of the disc in the Galaxy. Similarly, Chen et al. (2023) used
the galactic chemical evolution model with latest nucleosynthe-
sis yields to model the chemical evolution with radial mixing
in the Galactic disc. Both these works adopted a Schwarzschild
DF f(Eg, Jy, E;) for the equilibrium model. Sanders & Binney
(2015) updated the DFs with actions J as arguments, and
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introduced the concept of EDF for the Galactic disc compo-
nents, namely, a density of stars in the five-dimensional space
spanned by the actions J together with chemical abundances
¢ = ([Fe/H], [Mg/Fe]). The EDF F(c,J) is thus a function of J
and chemistry ¢. This EDF modelling method has also shown its
ability in exploring the features of the stellar halo (Das & Binney
2016; Das et al. 2016).

The present work aims to investigate whether the bar can play
a role in shaping the spatial distribution of the most metal-poor
stars across the radial direction in the Galaxy. A test-particle
simulation approach, with a background axisymmetric poten-
tial plus a bar perturbation, has been adopted to explore the
capability of the bar in transporting the stellar population with
[Fe/H] < —2.5 across the disc. The paper is organized as follows.
The EDF model for generating initial pseudo-stars and compiling
the total potential of the Galaxy is introduced in Section 2. The
two kinds of bar models adopted in the test-particle simulation
are presented in Section 2.4. The simulation results are shown in
Section 3. In order to interpret the simulation results, observa-
tional data from Gaia Radial Velocity Sample (RVS; Katz et al.
2023) with the Pristine DR1 (Martin et al. 2023) are selected
and the comparison with simulations are shown in Section 3.2.
Finally, Section 4 summarises the paper and indicates directions
for future work.

2. Modelling the extended distribution functions
and simulation scheme

The origin and evolution of the most metal-poor stars population
with prograde planar orbits is still a matter of debate. One of the
possible scenarios is that these stars were born the inner Galaxy
and brought outwards by the bar. To investigate this scenario,
we carried out test-particle simulations with an axisymmetric
background potential plus a central bar model. We introduce the
model used to generate pseudo-stars and the potential of the bar
below.

The Galaxy model used in this work includes two parts, an
axisymmetric background and a central bar. The scheme of the
test-particle approach generates the pseudo-stars based on the
axisymmetric DFs, then integrates the pseudo-stars’ orbits in a
potential system that includes the bar. It should be noticed that no
selection function (SF) was adopted in our analysis, since the SF
of the spectroscopic data used in this work is too complicated to
model as they come from various observations. Nonetheless, our
goal in this paper is to find a possible origin for these thin disc-
like stars in the solar vicinity, instead of quantitatively fitting our
models to the observations.

2.1. The axisymmetric model of the Galaxy

In equilibrium, the DF can be taken as a function of the three
action variables (J, J;, J4), which are isolating integrals of the
motion (Binney & Tremaine 2008), where J, quantifies the
amplitude of radial excursions. Following the modelling work
in Binney & Vasiliev (2023), an equilibrium Galaxy model can
be defined by a superposition of similar DFs, including the dark
halo, the stellar halo, the disc-like bulge, and four disc com-
ponents, namely: a young disc, a middle-aged disc, and an old
thin disc plus a high-a disc. The gravitational potential that
these DFs jointly generate can then be found iteratively by the
method introduced by Binney (2014) using the AGAMA pack-
age (Vasiliev 2019). The DF of each Galactic component is a
specified function f(J) of the action integrals. In this model,
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the disc components have exponential DFs, which is physically
reasonable throughout the action space, as compared to quasi-
isothermal DFs. A double power law DF was used to model
the stellar and dark halo. We do not have have access to much
observational data via the centre of the Galaxy and, obviously,
the central part of the Galaxy is non-axisymmetric. As a con-
sequence (and to cover a range of possibilities), we used two
different kinds of bulge models in our work: a truncated expo-
nential DF (introduced in Section 2.2.1) and a double power law
DF ( introduced in Section 2.2.2). The total gravitational poten-
tial of the Galaxy is then derived from the DFs. The details of
the descriptions of this Milky Way axisymmetric model can be
found in Binney & Vasiliev (2023, 2024). The circular velocity
generated from this axisymmetric potential is shown in the first
panel of Figure 1. The black dots denote the circular velocity
measurements from Classical Cepheids inside 10 kpc from the
Galactic centre (Ablimit et al. 2020). Following our proposal in
Li & Binney (2022b), a taper-exponential model is adopted for
the young thin disc. The taper term in the model is a result of the
sharp decline of the surface density of the gas inside the giant
molecular ring, where the young disc stars have recently formed.
Based on such a model, the disc components have a maximum
circular velocity at 6-8 kpc away from the centre (as shown in
the upper panel of Figure 1).

The EDF model in this work is based on the method intro-
duced in Binney & Vasiliev (2024), in which the EDF F(c,J)
has J and chemistry ¢ = ([Fe/H], [Mg/Fe]) as its arguments.
Because of the product rule, the EDF F(c,J) is found by mul-
tiplying the DF f(J) by the probability density P(c|J). This is
the probability that a star with actions J has the chemistry ¢, i.e.
F(e,J) = f(J)P(c|J). The detailed EDF bulge model will then
be introduced in Sections 2.2 and 2.3.

2.2. DF of the bulge
2.2.1. Truncated exponential DF

Unlike the spheroidal bulge DF model used in Li & Binney
(2022b) and Binney & Vasiliev (2023), this work follows
Binney & Vasiliev (2024), which uses a truncated exponential
DF model for the bulge as:

JQ) = foUp) [r(Tr, Jp) [z, Ig) fexe(Jg).- ey

In this model, the function f,. controls the velocity dispersions
ok and o4 near the Galactic plane. The function f; controls both
the thickness of the disc and the velocity dispersion o,. The
factor fs; generates a roughly exponentially declining surface
density X(R) ~ exp(—R/Ry). The factor f. truncates the disc at
some outer radius. The detailed description of this model can be
found in Binney & Vasiliev (2024).

There are two reasons for converting the bulge to a disc-
like component. One is that the observational data (Abdurro’uf
et al. 2022) show that the bulge is almost entirely confined to
Jy > 0 (Binney & Vasiliev 2024), which can naturally be rep-
resented by a disc-like model with prograde orbits. Secondly,
a weak net rotation has been detected from RR Lyrae samples
within ~3 kpc from the Galactic centre (Wegg et al. 2019;
Li & Binney 2022a) and the metal-poor bulge sample from
PIGS (Arentsen et al. 2020) which is probably the sign of a
boxy/peanut bulge in the inner disc (see also Shen et al. 2010).
Meanwhile, the dark matter halo can also show a net rotation
due to the dynamical friction with the bar (Chiba & Schonrich
2022). In the design of our experiment, we chose a disc-like
bulge model that can produce a net rotation in the inner part
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Fig. 1. Circular velocity within 10 kpc from the Galactic centre (upper
panel), where the yellow curve represents the sum from the bulge and
halo. The red curve denotes all four disc components. The black dots
are from Ablimit et al. (2020) with the measurement from classical
Cepheids. The velocity dispersion and surface density of the bulge are
shown in the middle panel. The radial velocity dispersion o drops
much rapidly relative to the vertical velocity dispersion o,. The bot-
tom panel shows the spatial distribution of the pseudo-stars in the (R,
7) space for the bulge sample. The bulge is truncated within 6 kpc from
the centre and has a peanut-like shape instead of a sphere.

of the Galaxy to approximately simulate the boxy/peanut bulge,
which a spheroidal DF model cannot represent. We modelled the
bulge as a truncated exponential with large velocity dispersions
and small radial extensions.

The velocity dispersion and surface density of the bulge
according to the parameters listed in Table 1 is shown in the
middle panel of Figure 1. The bottom panel shows the spatial
distribution of the bulge in the (R, z) space, which is truncated
at 6 kpc from the centre and has a peanut-like shape instead of a
sphere.

2.2.2. Double power law DF

To make our comparison, we carried out another simulation with
a spheroidal DF for the bulge to test the ability of a decelerating
bar to bring outwards the low metallicity stars. The perturbation
and orbital integration schemes are the same with the trun-
cated DF model. A double-power law model introduced in Li
& Binney (2022a) is used to generate the pseudo-stars with the
parameters shown in Table 2. In this case, the bulge stars do
not have chemical information as those boxy/peanut bulge stars
generated from the EDF model mentioned above.

The double-power law distribution function for the bulge is:

_ M (A + [Jo/hy ) DN
QnrJo)® (1 + [Jo/gs 1Pl ’

where M is the normalization parameter relative to the mass of
the bulge; @ and S represent the inner and outer slopes in the
phase space; and y determines the steepness of the transition
between the two parts. We ketp y = 1 for the purposes of this
work. Then, J.,, is the cut-off action which makes the value of
the DF drop at large radii and ¢ is the steepness for that drop in
order to keep the total mass always finite in the model. Finally,
h(J) and g(J) are defined as:

f @)

hJ) =@ —hy—h)J. + 0.7(h, J, + hy |J¢|)’

3)
9d) = 3 =95 =9 Iy + 0.7(g. -+ g5 [T,

where A4 and h; determine the velocity anisotropy at small radii
and g4 and g, determine the velocity anisotropy at large radii.

2.3. Chemical model of the bulge

The probability that a star with actions J has the chemistry ¢ can
be expressed as

V3K 1
P(cl]) = % exp(i(c —ep K- (e—cp)), 4)

where K is the 2 X 2 covariance Matrix, and ¢y depends linearly
onJ as:

Cy = ¢ + C(J—JQ) (5)

Here, ¢y contains two specific initial values for [Fe/H] and
[Mg/Fe], and C is a 2 X 3 matrix which connects the action J and
chemistry c. This probability can be approximated by a Gaussian
distribution in ¢ with mean and dispersion depending on J for
both [Fe/H] and [Mg/Fe], according to the model from Binney
& Vasiliev (2024).

Figure 2 shows the chemodynamical structure of the bulge
by showing the relation between [Fe/H] and the three actions.
The three panels are colour-coded in number density for Jg, J;,
and J, respectively. The bulge itself is modelled by a relatively
young metal-rich component and most of our focus is on its old
and very metal-poor parts in the simulations. The distribution
extends to a lower metallicity, demonstrating that the dominant
dependence of chemistry on action is aligned with J,, where we
have smaller values of J, for metal-rich stars and larger J, for
metal-poor stars.

The parameters of the bulge EDF used in this work are listed
in Table 3. The parameters in this chemical model are fitted by
the observation of current bulge stars (Binney & Vasiliev 2024),
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Table 1. Parameters used for the DF model of the bulge.

M J¢0 Jr() JZO Jext

Dext Pr Pz JVO JdO

1.27 1275 1222 3421 400

200 0.82 -0.13 150 20

Notes. The units of mass and actions are 10'© M, and kms™' kpc respectively. The values listed for DF model are mainly taken from the best fit

values in Binney & Vasiliev (2024) but with some differences.

Table 2. The parameters used for the spheroidal DF model of the bulge.

M a

B Jeu

Jo

hq) h 9o 9z

1.5 08 1.8 280 6

1 1 1 1 2

Notes. The units of mass and actions are 103 M, and kms™' kpc, respectively; @ and 8 represent the inner and outer slopes in the double power
law model; J., denotes the outer cut of the bulge and ¢ defines the sharpness of the downturn; J is the break action; and /4, and &, determine the
velocity anisotropy at smaller radii, while g, and g, determine the velocity anisotropy in the larger radii. It should be noticed that the values listed

in this table is not a numerically fitted value for the Galaxy.

with some minor modifications in this work. We made two mod-
ifications in the parameters. First, the value of Jex is lowered
compared to the best fit value in Binney & Vasiliev (2024) to
represent a smaller bulge 5 Gyr ago at the early epoch of the bar
formation. Second, the matrix C is adjusted to show a stellar pop-
ulation deficient in metallicity 5 Gyr ago relative to current bulge
population. We cannot represent the true chemical composition
of the bulge 5 Gyr ago, especially for [Mg/Fe] because the cur-
rent data is not enough to constrain models in the VMP region.
However, since we are only interested in finding a possible origin
of the metal-poor, thin-disc like stars, instead of tracing the a-
element enhancement history in the central part of the Galaxy, it
is reasonable to use these parameters for sampling the metallicity
distribution of the bulge stars 5 Gyr ago.

2.4. Bar models used in this work

We used two bar models in our simulations to investigate which
is a better scenario for the Galaxy taking into account the obser-
vational constraints. First, a steadily rotating bar, with a given
pattern speed €, was modelled, following Chiba & Schonrich
(2022) as:

Oy (r,0,$,1) = Dp.(r) sin® 6 cos m(¢ — 1), (6)

where (r, 8, ¢) are the spherical coordinates. We only include the
quadrupole term, m = 2, in this work.
The radial dependence of the bar potential @y (r) is

Avg( r )2( b+1 )5
2 r'CR b+r/rCR ’

where A quantifies the strength of the bar and v, is the value of
circular velocity in the solar vicinity, namely, v. = 235km s7L
The parameter b describes the ratio between the bar scale length
and the value of the co-rotation radius rcg. The parameters used
in this work are given by Chiba & Schonrich (2022), with A =
0.02and b = 0.28.

The pattern speed of the bar is @, = —35kms ' kpc™!
(Binney 2020; Chiba & Schonrich 2021). In the right-handed
coordinate system used in this work, the pattern speed of the
bar is negative and the bar rotates clockwise as the disc does. All
parameters are summarized in Table 4.

Dp(r) = —

)
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Fig. 2. The chemical model of the bulge used in this work showing the
relation between [Fe/H] and actions. The three panels are colour-coded
in number density for Jg, J;, and J,; respectively. As we only focus on the
metal-poor tail of the bulge, the x — axis is truncated at [Fe/H] = -2.5
in this plot.
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Table 3. Parameters of the chemical models of the bulge.

0 Xo Yo (o oy

Ciy

Ci, Cri, Gy, Coy  Coy,

-6 0409 0.0598 0.383 0.0879

-1.64

-17.8 -0.0464 201 6.39 0.0204

Notes. The units of 6 are degrees while xo, yo, 0y, 0, are given in dex. The values quoted for the gradient matrices C are in dex per Mpc km s
The values listed for chemical models are mainly taken from the best fit values in Binney & Vasiliev (2024) but with some differences.

Table 4. Parameters used for the bar with steady rotation.

Bar Q A Ve b rcR  $p
-35 0.02 235 028 6.7 168°

Values

Notes. Q isin kms™ kpc'], and v, in kms™!. reg is in kpc. ¢y denotes
the initial phase angles of the bar.

Then, we also adopted a decelerating bar model similar to
that used in Li et al. (2023), which is based on the model
by Portail et al. (2017) using a made-to-measure method and
updated parameters from Sormani et al. (2022). The difference
with that work is that we impose the decelerating bar to end
at a phase angle ¢ = 28° relative to the Sun, which is able to
simulate the current morphology of the Galaxy (Wegg et al.
2015). In this work, the pattern speed of the bar drops from
Q, = —84kms 'kpc™! initially to Q, = —30kms~'kpc™' at
the present time.

In this work, the pattern speed of the bar drops from Q;, =
—84kms ™! kpc™! initially to Q, = —30kms™! kpc™! over 4 Gyr.
Figure 3 shows the pattern speed as a function of time (solid
black) along with its derivative (blue), namely, the slowing
rate. The bar was introduced at T = 1Gyr and we increased
the slowing rate linearly in time until 7 = 3Gyr, where we
reduced the slowing down mechanism, such that Qp is null at
T = 5Gyr. The resulting pattern speed varies smoothly from
Q, = —84kms ™' kpc™!, with the largest variation occurring at
T = 3Gyr. For comparison we also plot in dashed black the
slowing bar model of Chiba et al. (2021) which is constrained
by the Gaia data. Although our model has a larger maximum
slowing rate, the two models are reasonably well matched. In
Appendix A, we report the value of the dimensionless ’speed
parameter’ of our slowing bar model (Tremaine & Weinberg
1984; Chiba 2023). This parameter is lower than one, confirming
that our slowing bar model evolves in the realistic ‘slow’ regime,
where a substantial amount of stars are expected to be trapped in
the main bar resonances.

In addition, the mass and radial profile of the bar are evolv-
ing continuously during the simulation, reaching up to 2.5 and
1.5 times of the initial conditions, respectively, to roughly simu-
late the growth of the bar. We note that this change in amplitude
of the potential will affect the width of trapped phase-space
regions, but that the variation in angular momentum for each
individual star (dominated by churning at corotation) is regu-
lated by the variation of the pattern speed. This is because stars
need to be carried around by a changing corotation to change sig-
nificantly their guiding radii (without settling on more eccentric
orbits).

It should also be noted that throughout this work, we
neglect the self-gravity of the disc, which is the main caveat
of test-particles simulations. Following Weinberg (1989), it
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Fig. 3. Pattern speed as a function of time is shown in solid black line.
The blue curve shows the derivative of the pattern speed. For compar-
ison, the model from Chiba et al. (2021) is shown as a black dashed
curve.

is known that the resonant structure can be strengthened via
self-gravitating processes (see also the discussions in Dootson
& Magorrian 2022; Chiba 2023). This means that self-gravity
will play a role in reshaping the diffusion of the disc, but this is
beyond the scope of the present work, which is aimed at offering
a preliminary qualitative analysis, rather than a quantitative one.

The orbital integration routine of AGAMA was adopted to com-
pute the trajectories of all the mock stars for 5 Gyr in total and the
trajectories were stored every 0.05 Gyr. In the first 1 Gyr, no bar
was included and pseudo-stars only evolved in the axisymmetric
background potential. The bar was added to the total potential
at T = 1.0Gyr, with an initial radial profile and pattern speed of
Qp, = —84km s kpcfl. Then, the bar started to decelerate and
grow in mass and radial direction, reaching a pattern speed of
Q, = —30kms™ kpc™! at the end of the simulation.

In Figure 4, we show the face-on contour maps of (vg) and
Av, for all the test particles at T = 3.0Gyr and T = 5.0Gyr
for the steadily rotating and decelerating bar, respectively. The
value of Av, is the difference between (v,) for z > 0 and for z < 0.
The upper panels correspond to the (vg) and Av, distributions for
the constant pattern speed bar model at T = 3.0 Gyr (left) and
T = 5.0Gyr (right). The (vg) plots clearly shows the signal of a
quadruple feature in the centre of the Galaxy, whose strength dif-
fers very little between two snapshots. This is a consequence of
the pseudo-stars reaching a near-equilibrium in the bar’s rotat-
ing frame. On the other hand, the distribution of Av, does not
show any signal of a quadruple feature even in the very centre of
the Galaxy. This is due to the weak bar we choose in this model,
which is not strong enough to disturb the orbits with high inclina-
tion with respect to the plane. Since the initial model of the bulge
is disc-like with large velocity dispersions, the orbits with high
inclination should make up a large fraction of the population of
pseudo-stars.
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Fig. 4. Contours of (vg) and A,, for constant bar and decelerating bar
respectively at T = 3.0Gyr and T = 5.0 Gyr. The upper panel shows
the contour maps for constant bar model, which is Gaussian smoothed
with a filter width of 4 Apix, with Apix = 0.25 x 0.25 (kpc x kpc). The
lower panel shows the same contour map for decelerating bar model,
but is Gaussian smoothed with a filter width of 8 Apix. The difference
of choice in the filter width is due to the different spatial distribution of
the test particles in the two simulations. The (vg) values are several times
larger than that of the constant pattern speed bar model, which suggests
that the decelerating bar can generate very strong quadruple features for
all the pseudo stars including those with high orbital inclinations.

The lower panels of Figure 4 show the distributions of (vg)
and Av, for the decelerating bar model at T = 3.0Gyr and
T = 5.0Gyr, respectively. The pattern speed of the bar starts
approximately with Qp = —57kms ' kpc™!' at T = 3.0 Gyr and
keeps decreasing to Qp = —30kms 'kpc™' at T = 5.0Gyr.
The quadruple feature at T = 3.0 Gyr is very prominent in both
(vg) and Auv, plots. The (vg) values are several times larger than
those of the constant pattern speed bar model, which suggests
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Fig. 5. m = 2 Fourier terms as a function of distance at z = 0 for both the
constant rotating bar and the slowing down bar models. For the slowing
down bar, the mass of the bar increases with a factor of 2.5 during the
evolution of the bar while the mass of the bar keeps stable for the con-
stant rotating bar.

that our decelerating bar model can generate very strong quadru-
ple features for all the pseudo-stars, including those with high
orbital inclinations. The strong quadruple feature does not result
from the deceleration but results from the forces generated by
the bar, which are quite different among the two bar models. The
m = 2 Fourier terms are shown in Figure 5 for both the con-
stant rotating bar and the slowing down bar. The potential of the
m = 2 terms for both models have similar outputs but are
only about 2% of the background axisymmetric potential of the
Galaxy. We also notice clear quadruple features at T = 5.0 Gyr
in (vg) and Av, between R ~ Skpc to R ~ 10kpc that are
related to the co-rotation resonance of the bar. This shows that
the strong bar plays an important role in bringing the bulge stars
to a disc region with resonance trapped orbits. Meanwhile, the
small quadruple features inside R ~ 4 kpc may relate to the inner
Lindblad resonance. The two families of orbits have a distinct
separation between each other.

The evolution of the pseudo-stars under the influence of this
decelerating bar is very clear in Figure 4. While at T = 3.0 Gyr,
only one quadrupole feature is seen throughout the x — y plane,
at T = 5.0Gyr, a clear separation is seen between the inner and
outer quadruple features, which shows the evolution process of
the quadrupole structures for the pseudo-stars by the slowing
down mechanism of the bar’s pattern speed. With the contin-
uous decelerating of the bar’s pattern speed, the shape of the
quadrupole structures continues to change without reaching a
steady state in this simulation.

3. Simulation results and comparisons with
observations

3.1. Model predictions

In this section, we try to interpret the simulation’s results for the
boxy/peanut bulge model. Since we are interested in the origin
and evolution of the low-metallicity stars in solar neighbour-
hood, we chose to focus on the test particles with [Fe/H] < -2.5
from the simulations. The left panel in Figure 6 shows the initial
condition of the low-metallicity particles selected according to
the criteria introduced in Section 1 with —4 < [Fe/H] < -2.5.
Their density distributions at T = 0 Gyr are shown in the top
row. As the number on the top left indicates, the fraction of
the low-metallicity particles relative to the whole sample is
~1.2%. In the central row, the mean value of azimuthal action,
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Fig. 6. Very-low-metallicity stars ([Fe/H] < —2.5) for the boxy/peanut bulge model in the constant rotating bar at T = 3Gyr and T = 5Gyr
in the middle and right panels, respectively. The central row is colour-coded by J,. The bottom row shows the low-metallicity particles with
J. < 100kms™" kpc. The orange dot in the right panel marks the position of the Sun, while the two dashed curves denote the distances at 4 and
6 kpc from the Sun. The thick line denotes the direction of major axis of the bar at T = 5 Gyr. Within this constant bar model, no test particles can

exceed a value of 1000 kms™" kpc for the value of Jy.

(Jg), is shown for each pixel instead of the stellar density. No
pseudo-star displays an initial azimuthal action, J,, larger than
1000 kms™" kpc, which is reasonable since the pseudo stars are
sampled by a truncated DF model. The bottom row shows the
low-metallicity particles with J. < 100 kms™" kpc, which corre-
sponds to a very thin-disc like behaviour. Only very few stars
belong to this population, since we choose a large value for J
in the bulge model.

The central column of Figure 6 shows the distribution of
the low-metallicity particles at T = 3 Gyr for the constant bar
model. Compared to the density distribution at T = 0 Gyr, the
shape of the density contour becomes slightly elliptical in the
central region, which is the consequence of the perturbation by
the constant rotating bar. However, there is no obvious radial
excursion of their orbits compared to their initial conditions. This
feature is verified in the central row via colour-coded by (J4) and
shows that there are no particles that possess a J, value larger
than 1000km s™! kpc. The major difference between T = 3 Gyr
and the initial condition lies in the bottom row. The number of
stars with J, < 100 km s™! kpc increases from 393 to 12559. The
right-most column shows their distribution at T = 5 Gyr, which
resembles the result at T = 3 Gyr, only with a twist on the ori-
entation of the bar’s major axis. The orange dot in this column

marks the position of the Sun and the two dashed curves denote
the 4 and 6 kpc circles away from the Sun. The central black
line indicates the direction of the bar’s major axis, ¢ = 28° with
respect to the Sun. We notice that the number of low-metallicity
particles with J, < 100kms~! kpc increases by a very small
amount from T = 3 Gyr to T = 5 Gyr, which is explained by the
pseudo-stars in this simulation reaching near-equilibrium in the
bar’s rotating frame in less than 2 Gyr after the bar’s onset.

In the model of a decelerating bar, the left column of
Figure 7 shows the distribution of the low-metallicity particles
at T = 3 Gyr. Unlike the elliptical shape observed in the cen-
tral region for a constant bar (Fig. 6), we observe the horseshoe
orbits under a decelerating bar. This indicates that some orbits
are elongated and brought outwards from the central region. To
prove this, we plot in the central row the distribution of the low-
metallicity particles with Jy > 1000 km s™' kpc. Only a small
portion of them (less than 1%) do actually show a disc-like
behaviour even with Galacto-centric radius R > 10 kpc. The
bottom row shows the particles with J; > 1000 km s~ kpc and
J. < 100 km s™! kpc, which corresponds to thin disc like proper-
ties. Contrary to the constant rotating bar, the decelerating bar is
still in evolution at T = 3 Gyr. The low-metallicity particles show
a quite different story at T = 5 Gyr and have two clear distinct
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Fig. 7. Very-low-metallicity stars (same as Fig. 6) for the boxy/peanut
bulge model under the decelerating bar at T = 3Gyr and T = 5Gyr,
respectively. In the central row, we plot the distribution for the low-
metallicity particles with J, > 1000 km s~ kpc. The bottom row shows
the particles with J, > 1000kms™' kpc & J, < 100kms™" kpc. The
orange dot in the right panel marks the position of the Sun and the
two dashed curves denote the distances at 4 and 6 kpc from the Sun.
The pseudo-stars in the central region of the Galaxy evolve sharply
within the simulation time. Some of these stars are driven outwards
by the decelerating bar with the co-rotation trapping. It is clear that
at T = 5Gyr, about 6000 pseudo-stars show a feature of rotation-
dominated orbits with very low metallicities.

regions in their distribution in x — y plane (right column). The
pseudo-stars in the central region are still confined within the
bulge, but with an elongated shape. On the other hand, two arc-
shaped regions lying above and below the major axis of the bar
show the pseudo-stars trapped by the co-rotation resonance of
the bar. The central panel shows that 42% of the low-metallicity
stars have J, > 1000kms™' kpc at T = 5Gyr, which is more
than 60 times the fraction at T = 3 Gyr. 5% of the total num-
ber of the low-metallicity stars now have thin disc properties:
Jy > 1000 km s~ kpc,J. < 100kms™" kpc. They are well con-
fined by the co-rotation resonance of the bar. The two dashed
circles mark the radius of 4 kpc and 6 kpc away from the Sun,
which are the maximum radii at which most of the observed
stars with [Fe/H] below —2.5 are located. Comparing with the
simulations, the fractions of the low-metallicity particles with
disc-like behaviour located within these two circles are fairly low
(shown in the right bottom panel). These proportions amount to
about ~4% and ~10%, respectively, relative to the total number
N = 6381 in this panel.

The decelerating bar has the ability to trap the most metal-
poor bulge in the co-rotation resonance region, move them
outwards, and endow them with a strong rotation, as shown in
Figure 7. However, even in this idealized scenario, only a small
fraction of the low-metallicity stars from the bulge are currently
located in the solar vicinity at T = 5 Gyr. Most of the stars are
trapped at the co-rotation resonance regions above and below the
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Fig. 8. Frequency of Q + /2 derived from the background potential as a
function of planar radius. The solid cyan line denotes to the bar’s pattern
speed used in the constant rotating bar model. The co-rotation radius is
defined as the planar radius at the intersection between the frequency
curve and the pattern speed curve. The dashed blue lines mark the initial
and final pattern speed in the decelerating bar model, which shows the
change of co-rotation radius during 6 Gyrs. The stars trapped by the bar
thus migrate outwards with time until the pattern speed reaches a stable
value and the co-rotation radius stops increasing.

bar’s major axis in the (x, y) plane, which depends on the relative
positions between the Sun and the bar. In the simulations, we set
the evolution time to be relatively long, because the decelerating
bar needs more time to evolve. Thus, some of the features can
only be seen several Gyr after the bar onset. In our experiment,
the pattern speed of the bar dropped to a value that is slightly
smaller than the current estimated value in our Galaxy (Monari
et al. 2019; Binney 2020; Chiba & Schonrich 2021; Clarke &
Gerhard 2022; Leung et al. 2023; Lucey et al. 2023; Gaia Collab-
oration 2023a) at T = 5 Gyr. Consequently, the corotation radius
stops increasing and the migration of the perturbed stars ceases,
we thus set T = 5 Gyr as the end of the simulation.

To figure out the possible mechanism of the decelerating
bar in shaping the bulge distribution seen in Figure 7, we look
into the resonance frequency as a function of planar radius in
Figure 8. The solid cyan line corresponds to the bar’s pattern
speed used in the constant rotating bar model. The two dashed
blue lines mark the initial and final pattern speed in the decelerat-
ing bar model. The black solid curve is the azimuthal frequency,
Q, based on the axisymmetric potential used in this work. Thus,
the intersections between the bar’s pattern speeds and Q denote
the location of co-rotation resonance. The intersections of the
Q + k/2 and the bar’s pattern speeds denote the OLR (Outer
Lindblad resonance) shown as the dashed curve. The similar
intersection of Q — «x/2 denotes the ILR (Inner Lindblad reso-
nance) as the dashed-dotted curve. The co-rotation radius of the
constant rotating bar is at R = 7 kpc, which is further outside
than the sampled particles. The only possible influence of a res-
onance on the pseudo-stars is the ILR. Since the pattern speed
does not change in this constant pattern speed model, the reso-
nance trapped radius also stays stable throughout the simulation,
which makes stars confined within the initial truncated radius (as
shown in the upper panel of Figure 6). The case for the deceler-
ating bar is far more interesting. With a larger initial value of
the pattern speed, the co-rotation radius for this model is less
than 3 kpc from the centre, well within the sampled pseudo-
stars’ spatial region. The direct consequence is that a fraction
of pseudo-stars are trapped by the co-rotation resonance since
the start of the simulation. As the bar’s pattern speed decreases,
the co-rotation radius increases to R = 8 kpc and the number of
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pseudo-stars that are trapped with the co-rotation resonance also
increases. Those trapped stars are then brought outwards with
the moving of the bar’s co-rotation trapped region.

The discussions on dynamical resonances of the bar in this
section are mainly focused on the co-rotation resonance. How-
ever, the co-rotation is not the only way that can transfer angular
momentum to stars, which can be verified by the data in the lower
panel of Figure 7. Here, we can see that some pseudo-stars are
fully outside the co-rotation resonance zone of the bar. Another
work with similar purposes has been carried out by Saha et al.
(2012) via N-body simulations, studying the angular momentum
transfer from the bar to an initially isotropic non-rotating small
classical bulge, bringing stars as far away as the Solar neighbour-
hood. These authors also concluded that the angular momentum
transfer takes place through the resonances of the bar, but mainly
through the ILR. The difference between the two works is that
the co-rotation resonance of the bar in Saha et al. (2012) is out-
side the radius that confine most bulge particles; thus, only the
ILR plays an important role in transferring the angular momen-
tum to the particles. On the contrary, in our work, the initial
co-rotation resonance of the bar is inside the bulge region, lead-
ing to more co-rotation resonance trapping of the particles. In our
work, the ILR actually also transfers angular momentum to the
particles, but with very small contributions. More detailed work
should be carried out in the future to study the ability of various
bar resonances to transfer angular momentum to the stars in a
model akin to the one presented here.

3.2. Data and comparisons

To compare with the model prediction, we build our sample by
cross-matching the Gaia DR3 Radial Velocity Sample (RVS;
Katz et al. 2023) with the photometric metallicity catalogues
based on the narrow-band CaHK magnitudes from the Pristine
survey (Martin et al. 2023). There are two catalogues used in this
work: 1) the Pristine-Gaia synthetic catalogue, which uses the
CaHK magnitude built from Gaia BP/RP spectro-photometry
(Gaia Collaboration et al. 2023b) and 2) the Pristine DR1 based
on the real CaHK measurements taken by the Canada-France-
Hawaii Telescope, which has a smaller number of stars, but a
higher signal-to-noise ratio (S/N) compared to the first cata-
logue. By combining these two samples, we were able to include
as many low-metallicity RVS stars as possible and take the
metallicity values with smaller uncertainties when stars were
duplicated.

We first select a low-metallicity sample from the giant
solutions from Pristine DR1: FeH_Pristine > —4.0 and
FeH_Pristine < -2.5 and mcfrac_Pristine > 0.8 and
FeH_Pristine_84th — FeH_Pristine_16th < 0.6. We note
that the metallicity column from the Pristine-Gaia synthetic
catalogue is FeH_CaHKsyn. To obtain a confident sample of low-
metallicity stars, here we use a relatively strict cut in photometric
uncertainties (6[Fe/H]phoe < 0.3) and apply the following quality
cuts according to the recommended practice from Martin et al.
(2023):

— E(B-V) < 0.3, relatively strict cut to remove stars with heavy
extinctions.

— Pvar < 0.3, relatively strict cut to remove potentially vari-
able stars.

— RUWE < 1.4 from the Gaia quality cuts.

— C* < 3X o¢-, relatively loose cut to remove stars deviate
more than 30 from the corrected flux excess (Riello et al.

2021).
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Fig. 9. Final J,-J; distribution for both the simulation result with
a decelerating bar (with a boxy/peanut bulge) and the observational
data, shown in the upper panel. The contours show the distribution for
very metal-poor pseudo-stars, with a clear bi-modal distribution. The
pseudo-stars with J, > 1000 denote the population that is driven out-
wards by the decelerating bar. The black box represents the selection
criteria and the blue stars represent the same stars as those plotted in
Figure 10. The simulation result coincides with the observations well.
In order to make a comparison with another bulge model, the result from
another experiment with a spheroidal bulge is shown in the lower panel.
The bi-modality distribution is still clear in this second experiment.

We then filtered out the sample using parallax_over_error
> 5 and manually selected stars around the giant branch
from the colour absolute magnitude diagram. This procedure
discards the dwarf stars that get into the sample from the
previous selection criteria, which suffer from more severe
contamination from the metal-rich population. The final sam-
ple has 3259 stars that have uncertainty in distance less
than 20%.

A comparison between the observation and simulation in the
(J4, J) space is shown in Figure 9. The colour-coded contours
show the very low-metallicity stars in the simulation with J,4
and J, values at T = 5Gyr in the decelerating bar model. The
density increases by a factor of 2 between adjacent contours.
We see a clear bimodal distribution, where half of the parti-
cles keep low J, corresponding to those that remain close to
the Galactic center (see first row of Fig. 7); whereas the other
half are peaked between J, = 1000 ~ 2000km s™! kpc and are
located in the arches further from the center shown in Fig. 7.
The final low-metallicity RVS sample is plotted as light purple
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Fig. 10. Space distribution of all the observational data used in this
work. The red dot shows all the low-metallicity stars based on CaHK
magnitudes and the blue dot shows the stars with rotation-dominated
orbits 1000 < J,; < 2500 kms™ kpe & J, < 400 kms™* kpc. The two cir-
cles are the same with those given in the right-most panel of Figure 7.

dots, and the stars in the selection box from Sestito et al. (2020)
are highlighted as blue dots. It is clear that the selected rotation-
dominated stars overlap with the population with strong rotation
from the model. To test the ability of a decelerating bar to bring
outwards the low metallicity stars, we adopted another model
(introduced in Section 2.2.2), where those stars are originally
distributed in a spheroid. The results from a spheroidal bulge
also have a clear bi-modalitiy distribution and a second peak
that overlaps with the observed stars in the selection box (see
the lower panel of Figure 9). We note that the final J, distribution
from the spheroidal bulge model is more scattered than that from
the peanut-shape bulge. These results show that the decelerating
bar has the ability to bring the most metal-poor stars outwards to
thin disc-like orbits, regardless of the model used to generate the
mock catalogue. It should be noticed that the spheroidal bulge
stars do not have chemical information, thus, we give a plot of
all the pseudo-stars in the lower panel of Figure 9.

In Figure 10, we plot the spatial distribution of the
final sample shown as light purple dots, including 317 stars
(blue dots) selected with 1000 < J; < 2500 km sTkpc& J, <

400kms™! kpc (Sestito et al. 2020). As discussed in Sect. 3.1,
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the majority of the stars moving outwards are distributed in the
fourth quadrant of the Galaxy and are outside of the solar cir-
cles; whereas the observed stars are mostly within. Moreover,
the observed stars selected in this work are confined away from
the Galactic centre due to the heavy extinction region near the
Galactic plane, shown in the (x,z) space in the bottom panel.
In summary, the spatial distributions between the model and
the observations have fairly small overlaps in space. It is dif-
ficult to explain the key origins of these stars observed in the
Solar neighbourhood solely via the mechanism of a decelerating
bar.

4. Conclusion

In this paper, we carried out test-particle simulations aimed at
elucidating the possible origin of the low-metallicity stars with
the thin disc-like behaviour that was recently observed (Sestito
et al. 2020; Yuan et al. 2024).

We adopted two different bar models for the simulations.
Under the constant pattern speed bar model, the pseudo-stars
were nearly able to retain their initial conditions within the cen-
tral regions in the Galaxy and have no migration outwards across
the disc as time evolves. In addition, the number of stars with
J. < 100kms™'kpc increases by a very small amount, from
T = 3Gyr to T = 5Gyr, which means that the constant bar
reaches a near-equilibrium state earlier than T = 2 Gyr after the
bar appears. The scenario of the decelerating bar model is very
different. According to the simulation results, the decelerating
bar shows the ability to bring the bulge stars outwards by trap-
ping them in the resonance regions. The co-rotation resonance
radius of the decelerating bar model is less than 3 kpc from the
centre initially, which allows for a fraction of pseudo-stars to be
trapped by the bar from the start of the emergence of the bar
in the simulation. With the decrease in the bar’s pattern speed
and the increase of the co-rotation radius, the number of pseudo-
stars that are trapped at the co-rotation resonance increases and
these stars also migrate outwards as time evolves. We note that
the decelerating bar needs more time to evolve, and the number
of stars driven outwards only increases drastically several Gyr
after the bar is created. It is possible that the other resonances
of the bar also have the ability to transfer angular momentum to
stars, such as the ILR (see Saha et al. (2012) for example). More
detailed works should be carried in the future to verify the capa-
bility of transferring angular momentum to the stars by various
resonances of the bar.

We then compared our simulation predictions with the Gaia
DR3 RVS sample, with its metallicities based on CaHK mag-
nitudes. The results show that the decelerating bar is capable of
moving stars from the inner Galaxy outwards on very prograde
planar orbits. However, based on the relative positions between
the bar and the Sun, only a small fraction of these low-metallicity
pseudo bulge stars move to the Solar vicinity: about 10% of the
stars with disc behaviours are located within 6 kpc from us, and
only about 4% within 4 kpc. This possibly indicates that the
decelerating bar is unlikely to be the only mechanism for the stars
of interests in the Solar neighbourhood, consistent with our prior
results, published in Yuan et al. (2024). Most of the migrated
stars in our simulation are located in the direction towards the
Galactic center where high-quality measurements of photomet-
ric metallicities are lacking due to heavy extinction. We note that
we here have focussed on the mystery of planar low-metallicity
stars, but the effect of the decelerating bar can similarly (or even
more strongly) impact metal-rich stars.
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The exact percentages mentioned above can of course depend
on the precise way in which the pattern speed of the bar has
decelerated. Moreover, our model does not take into account
the possibility that short-lived recurring spiral arms with dif-
ferent pattern speeds could have their resonances overlapping
with the bar’s resonances at different radii (Sellwood & Binney
2002; Minchev & Famaey 2010) and hence enhance the migra-
tion of the old stars. Observationally, it had already been noted
(e.g. Minchev et al. 2014; Lagarde et al. 2021) in past studies
that the oldest stars of the high-a metal-poor, thick disk tend to
have planar orbits with low vertical velocity dispersions com-
pared to slightly younger ones, which had been attributed to a
similar migration mechanism.

Moreover, there are a few caveats with the present model.
The boxy/peanut bulge can itself be a manifestation resulting
from bar instability, meaning that its present-day structure is not
necessarily representative of its past one in a growing bar model,
which is why it is reassuring that similar results were obtained
for a different DF. In addition, the slowing bar model adopted
in this paper has not been adjusted to fit the data. The maxi-
mum slowing rate is slightly larger than the recent measurement
(Chiba et al. 2021) and the final pattern speed of our bar model is
smaller than current observational values. These settings enable
stars to move over a very large radius range from the very inner
Galaxy to our vicinity, which is probably not very realistic. Fur-
thermore, recent studies indicate that the presence of gas may
significantly slow down or even stop the slowdown of galactic
bars (Beane et al. 2023). To further verify the predictions from
our simulations, the upcoming WEAVE survey (Jin et al. 2023)
and the forthcoming 4MOST survey (de Jong et al. 2019) will
fill the data in the sparse region towards the Galactic centre. In
the long term, the studies of stars in these obscured regions will
be greatly benefit from a near-infrared (NIR) astrometric survey
such as GaiaNIR (Hobbs et al. 2016).
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Fig. A.1. Speed parameter of our slowing bar model for the corotation
resonance. The black, blue, and red curves denote the computation for
(J,, J.) = (0,0), (50, 0), (50, 50)km s 'kpc, respectively.

Appendix A: Speed parameter

The response of stars to a slowing bar depends crucially on the
bar’s slowing rate (Tremaine & Weinberg 1984; Chiba et al.
2021). From a dynamical viewpoint, whether the bar is slow-
ing down ’slowly’ or ‘rapidly’ is classified by the dimensionless
speed parameter s (Tremaine & Weinberg 1984), which is the
ratio of the characteristic libration period to the time the reso-
nance takes to move by its width (Chiba 2023). When 0 < s < 1,
the bar’s resonance moves slowly such that a finite volume of
phase space surrounding the resonance is trapped (the slow
regime). Beyond s = 1, the evolution is too fast for any star to
remain trapped in resonance (the fast regime).

Figure A.l shows the speed parameter of our slow-
ing bar model for the corotation resonance. We calculated
s for three different radial and vertical actions (J,,J;) =
(0,0),(50,0), (50,50)km s_lkpc, which are integral of motions at
the corotation resonance (the fast actions). For all three actions,
the speed parameter is below unity, indicating that our slowing
bar model resonantly traps and drags a sizeable amount of stars at
corotation. The speed parameter initially rises and later decays,
following the variation in the bar’s slowing rate Qp(t) (cf. Fig. 3).

The bump at T = 3Gyr is inherited from the behaviour of €.
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