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ABSTRACT

Understanding radial migration is a crucial point for building relevant chemical and dynamical evolution models of the Milky Way
disk. In this paper we analyze a high-resolution N-body simulation of a Milky Way-type galaxy to study the role that the slowing
down of a stellar bar has in generating migration from the inner to the outer disk. Stellar particles are trapped by the main reso-
nances (corotation and outer Lindblad resonance, OLR) which then propagate outward across the disk due to the bar slowing down.
Once the bar strength reaches its maximum amplitude, some of the stars delivered to the outer disk escape the resonances and some
of them settle on nearly circular orbits. The number of escaped stars gradually increases, also due to the decrease in the bar strength
when the boxy/peanut bulge forms. We show that this mechanism is not limited to stars on nearly circular orbits; stars initially on
more eccentric orbits can also be transferred outward (out to the OLR location) and can end up on nearly circular orbits. Therefore, the
propagation of the bar resonances outward can induce the circularization of the orbits of some of the migrating stars. The mechanism
investigated in this paper can explain the presence of metal-rich stars at the solar vicinity and more generally in the outer Galactic
disk. Our dynamical model predicts that up to 3% of stars between corotation and the OLR can be formed in the innermost region
of the Milky Way. The epoch of the Milky Way bar formation can be potentially constrained by analyzing the age distribution of the

most metal-rich stars at the solar vicinity.

Key words. Galaxy: evolution — Galaxy: kinematics and dynamics — Galaxy: structure

1. Introduction

It is widely accepted that stars, once formed, do not necessar-
ily stay at their initial birth radius and can migrate across disks
(Goldreich & Lynden-Bell 1965; Lynden-Bell & Kalnajs 1972),
a phenomenon usually referred to as radial migration. In recent
decades, this phenomenon has had much attention in theo-
retical and numerical studies of galaxy dynamics. Sellwood
& Binney (2002) proposed that the fast appearance and dis-
solution of spiral arms is an efficient mechanism for radial
migration that was later confirmed in some N-body models of
transient spiral arms dynamics (see, e.g., RoSkar et al. 2008,
2012; Loebman et al. 2016). The importance of evolving spiral
arm modes is reported by Minchev & Quillen (2006), Minchev
etal. (2011), Fujii et al. (2011), Solway et al. (2012), Grand et al.
(2014), and Daniel & Wyse (2015). The resonance overlap of
spiral arms and bar has also been proposed as an efficient driver
of radial migration (see Minchev & Famaey 2010; Daniel et al.
2019). Gravitational interactions with satellite galaxies can also
cause a substantial radial migration, or stellar diffusion, espe-
cially in the outer disk (Quillen et al. 2009).

Another efficient source of radial motion of gas and stars is
the galactic bar (Brunetti et al. 2011; Kubryk et al. 2013; Di
Matteo et al. 2013; Wozniak 2020). Di Matteo et al. (2013),
for example, suggested that migration initiated by the bar can
cause significant azimuthal abundance variations across the disk.

Observations suggest that the effect of the stellar bar is important
for generating mixing processes in disk galaxies (Gadotti & dos
Anjos 2001; Sanchez-Blazquez et al. 2011; Seidel et al. 2016).
Since bars are the distinctive feature of the majority of local disk
galaxies (e.g., Eskridge et al. 2000; Knapen et al. 2000; Barazza
et al. 2008; Masters et al. 2011) including the Milky Way (Okuda
et al. 1977; Maihara et al. 1978; Weiland et al. 1994; Dwek et al.
1995; Binney et al. 1997; Babusiaux & Gilmore 2005; Lépez-
Corredoira et al. 2005; Rattenbury et al. 2007; Cao et al. 2013)
and are also found at higher redshifts (e.g., Abraham et al. 1996;
Jogee et al. 2004; Simmons et al. 2014), quantifying their impact
on galaxy disks is fundamental for understanding radial migra-
tion, in particular in our own Galaxy.

Pure N-body models and collisionless simulations estab-
lish that dynamical instabilities and secular changes are
accompanied by an increase in the bar size (Friedli & Benz
1993; Debattista & Sellwood 2000; Athanassoula 2003, 2014,
Villa-Vargas et al. 2010). Typically in numerical simulations,
bars initially grow very rapidly and after possibly passing through
a phase of vertical buckling instability, they evolve slowly in
a quasi-steady regime (e.g., Martinez-Valpuesta et al. 2006).
Bar secular evolution is usually accompanied by an exchange
of angular momentum between the different components of a
galaxy (dark halo, bulge, disk). As a consequence, the bar pattern
speed tends to decreases with time. For instance, in isolated
galaxies the slowing down of the bar is induced by continuous
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angular momentum transfer from the disk to the surrounding dark
matter halo (Athanassoula 2003; Valenzuela & Klypin 2003)
and by dynamical friction (Sellwood 1980, 2006; Debattista
& Sellwood 2000; Sellwood & Debattista 2006). In all cases,
the slowing down of the bar inevitably moves the main bar
resonances (e.g., inner Lindblad resonance, corotation, and outer
Lindblad resonance) toward the outer disk with time (Halle et al.
2018), and makes the bar longer.

Among all the stars, those that are affected the most by an
asymmetric stellar pattern are found at corotation (CR), that is
those that co-rotate with the pattern. A steady non-axisymmetric
pattern does not result in angular momentum exchange at the
CR because stars are trapped on horseshoe orbits (Sellwood &
Binney 2002; Ceverino & Klypin 2007). If the pattern is tran-
sient or changes significantly with time, stars can traverse from
one side of the CR to another. Hence, for radial migration it is
essential that resonances change their location in the disk over
time (Ceverino & Klypin 2007; Halle et al. 2015, 2018). These
last two papers show that crucially, when the bar is the domi-
nating asymmetry, stars initially within the OLR cannot migrate
beyond this resonance.

In this work we report on the results of a numerical study
that shows how stars can migrate from the inner to the outer disk
of a barred galaxy by following the main bar resonances. Build-
ing on a foundation by Halle et al. (2015, 2018), in particular we
discuss stars that, trapped at the resonances of a slowing-down
stellar bar and hence transported to the outer disk, are found to
move on nearly circular orbits once strong migration is over. As
detailed in the next sections, the mechanism we discuss in this
paper is able to explain the presence of high-metallicity stars
(i.e., [Fe/H] > 0.2—-0.3 dex) that are found at the solar vicinity
on very low eccentric orbits. These stars have abundances that
are characteristic of the inner disk (i.e., R < 6 kpc, see Hayden
et al. 2015; Haywood et al. 2019), but cold kinematics and their
presence at the solar radius cannot be explained only by blur-
ring (radial excursion due to epicyclic motions). We suggest that
the presence of these high-[Fe/H] stars at the solar vicinity can
be explained in a scenario where the Milky Way experienced
the most intense epoch of radial migration at the time of the bar
formation. The subsequent decrease in the bar strength, possibly
associated with the formation of the boxy/peanut bulge, deter-
mined a decrease in the strength of the migration process. The
structure of the paper is as follows: in Sect. 2 we present the
observational motivation for our work based on the analysis of
the Gaia-APOGEE sample; in Sect. 3 a description of the initial
conditions and numerical method adopted for the simulation are
given; in Sect. 4 the results including stellar orbits and frequen-
cies analysis presenting the effect of radial migration of the inner
disk stars; in Sect. 5 the discussion and main conclusions of this
work are presented.

2. Observational motivation: high-[Fe/H] stars in the
solar vicinity

The presence of old high-metallicity stars ([Fe/H] > 0.2—0.3 dex)
in the solar vicinity has been investigated for nearly half a cen-
tury (see Grenon 1972). Grenon (1972) was one of the first to
suggest that these stars probably come from the inner Galaxy.
With the chemical cartography provided by recent spectroscopic
surveys (APOGEE, LAMOST), it has become clear that this
metal-rich population is dominant not only in the very inner disk
of the Milky Way but also up to a radius of about R ~ 6kpc,
peaking at a metallicity of between 0.2 and 0.3 dex (Hayden
et al. 2015; Haywood et al. 2019). At the solar vicinity, these
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stars represent only small percentage of the local stellar den-
sity, but because these objects have metallicities that exceed
those of local star-forming regions, mechanisms that can explain
how they reached the solar orbit and beyond have been inves-
tigated (see Sellwood & Binney 2002; Minchev & Famaey
2010; Minchev et al. 2011). Blurring (i.e., the increase in the
radial oscillation of stars through the increase in their kinemat-
ical orbital energy) may explain the presence of some of these
objects, but others are on circular orbits with guiding radii of
R =~ 8kpc or larger, and blurring cannot be invoked in these
cases (Kordopatis et al. 2015; Hayden et al. 2018). Hence, there
ought to be a dynamical process that can explain how these
objects migrate beyond the inner disk regions.

3. Model

We explore a purely collisionless N-body simulation of a disk
galaxy with a total stellar mass and a rotation curve compatible
with those of the Milky Way (see Fig. 1). In this work we employ
a multicomponent model for a galaxy consisting of three co-
spatial disk populations: cold, warm, and hot disks represented
by 5 x 10°, 3 x 10°, and 2 x 10° particles respectively. Initially
stellar particles redistributed following a Miyamoto—Nagai den-
sity profile (Miyamoto & Nagai 1975) that has a characteristic
scale length of 4.8, 2, and 2kpc; vertical thicknesses of 0.15,
0.3, and 0.6 kpc; and masses of 4.21, 2.57, and 1.86 x 10'° My,
respectively. The kinematically warm and hot disk components
have a mass comparable to that of the cold thin disk, in agree-
ment with the finding that the chemically defined thick disk of
the Galaxy is massive, as shown by Snaith et al. (2014) where
the Milky Way thick disk represents about a half of the disk mass
within 10 kpc of the galactic center. Our simulation also includes
a live dark matter halo (5 x 10° particles) whose density distri-
bution follows a Plummer sphere (Plummer 1911), with a total
mass of 3.81 x 10" M and a radius of 21kpc. The choice of
parameters leads to a galaxy mass model with a circular veloc-
ity of ~220kms~! and Toomre stability parameter Ot ~ 1.5 at
8 kpc. The initial setup was generated using the iterative method
by Rodionov et al. (2009).

This model has been already successfully used to reproduce
the morphology of the metal-rich and metal-poor stellar popula-
tions in the Milky Way bulge, as well as the bulge mean metallic-
ity and [a/Fe] maps obtained from the APOGEE data (Fragkoudi
et al. 2017, 2018). It has also been employed to study and inter-
pret the complex phase-space structures recently discovered in
the Milky Way (Khoperskov et al. 2019; Fragkoudi et al. 2019).

In this simulation, the bar starts to form in the first Gyr
of evolution, and by =1 Gyr, it reaches its maximum strength.
Its strength remains nearly constant for about 4 Gyr (from 1
to 5Gyr, see Fig. 1, top right panel). At ¢+ = 5Gyr, the bar
strength starts to decline because of the vertical buckling of
the bar and the subsequent formation of a boxy/peanut bulge,
as has been reported in a number N-body simulations (Combes
& Sanders 1981; Combes et al. 1990; Martinez-Valpuesta et al.
2006; Athanassoula 2008; Di Matteo et al. 2019; Parul et al.
2020; Ciambur et al. 2020). As a result of the bar slowdown (see
Debattista & Sellwood 2000; Athanassoula 2003), its length
increases and thereby its resonances migrate outward (see, e.g.,
Halle et al. 2018). The temporal evolution of the bar strength
(Ay), of its pattern speed, and of the location of bar resonances
is shown in Fig. 1. In this figure, the location of the resonances
is calculated by making a Fourier analysis of the face-on stel-
lar density maps at different times, and therefore the location of
the bar resonances in Fig. 1 must be seen as a mean location
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Fig. 1. Evolution of the main parameters in N-body simulation showing the secular evolution of the bar. Rotation curve and main frequencies
adopted in the Milky Way-type galaxy model (fop left). The bar in the simulation established at about ~1 Gyr, and due to angular momentum
exchange with the dark matter halo later slows down (botfom left), becoming rounder which reflects in the decrease of the bar strength (A,, fop
right). Since the bar rotates more slowly the mean location of corotation and the OLR move outward with time (bottom right).

because the whole resonance region can be very wide in radius,
as shown when an analysis of individual orbits of stars is per-
formed (Ceverino & Klypin 2007; Halle et al. 2018; Khoperskov
et al. 2020).

4. Results

In this section, we analyze the evolution of our N-body model,
and, in particular, the change in orbital parameters of stars due to
the bar slowdown. In particular, we focus on the analysis on the
orbital evolution of stars placed, before the formation of the bar,
in the inner parts of the disk, which — as we recall in Sect. 2 —
should constitute the original birthplace of the high-metallicity
stars currently found at the solar vicinity and beyond.

4.1. Migration in the barred galaxy: global picture

Figure 2 shows the relation between the initial guiding radii,
R:g"‘, of stars in the simulated disk, and their final guiding radii,

Rg“d. As in Halle et al. (2015), guiding radii (Ry) are estimated
as the mean value between minima and maxima of the oscilla-
tory evolution of the radius R (i.e., of the in-plane distance from
the galactic center) for all individual particles. We note that in
our simulations the separation between two output snapshots is
10 Myr, which guarantees a temporal resolution high enough to
apply the method of the guiding radii calculations, described in
detail in Halle et al. (2015). The initial guiding radii are esti-
mated by averaging R, over the first 250 Myr of the disk evo-

lution (when the disk is still axisymmetric and the bar is not
formed yet); the final guiding radii are estimated by averaging R,
over the last 1 Gyr of the simulation, that is in the time interval
6 <t <7 Gyr. Because a change in guiding radius corresponds to
a change in angular momentum, the relation between these two
estimates can be used to quantify radial migration (churning).
Figure 2 clearly demonstrates that stars in the inner galaxy
can migrate in both inward (i.e., Rg"d—R‘g"‘ < 0) and outward (i.e.,

RZ““‘—Rini > 0). At the epoch of the bar formation (¢ < 1 Gyr),
and during the early phase of strong bar activity (1 < ¢ < 2 Gyr),
stars in the disk experience a significant spatial redistribution,
with a probability of migration maximum at the bar corotation
resonance which is demonstrated in our N-body model and in
agreement with some previous studies (Minchev et al. 2011; Di
Matteo et al. 2013). In particular, in Fig. 2, the Rjg“i—R‘m“l plane
shows a significant horizontal overdensity at R, = 4ipc, just
inside the locus of the bar corotation at the end of the simula-
tion. The most intense outward migration is experienced by stars
whose initial guiding radius is at Ry" ~ 2kpc, which coincides
with the location of the bar corotation at early times (see below).
These stars can migrate as much as about 5 kpc, reaching a final
guiding radius R ~ 7 kpc.

Figure 2 also shows that the distribution in the Ry'—R™
plane is truncated at ~7.4kpc (see inset), which corresponds
to the mean location of the OLR at the end of the simulation.
In greater detail, the absence of stars with Rg“ < 4kpc and

R;“d > 8 kpc reflects the fact that stars whose guiding radii are, at
early times, inside the bar OLR (initially located at R, ~ 4 kpc,

Al44, page 3 of 9


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201937188&pdf_id=1

A&A 638, A144 (2020)

15

[kpc]

Rend
g
i
S)

Final guiding radius,
w

guiding radius, R;ni

Initial [kpc]

Fig. 2. Relation between the initial value (ng“i, the mean value at
T < 250 Myr) and the final value (R;“d, mean value at 6 < 7' < 7 Gyr) of
guiding radius for thin-disk stars. The color-coding indicates the frac-
tion of stars in log-scale. Horizontal overdensity feature at Rg’d ~ 4kpc
is associated with the corotation radius of the bar at the end of the simu-
lation. Horizontal dashed lines show the mean location of the OLR and
CR resonances of the bar (from top to bottom, respectively) averaged
over the last Gyr of evolution. The red box contains stars that migrate
mostly from the inner region (Rjg"i < 3kpc), while the green and blue
boxes correspond to the selection weighted toward larger final guiding
radii. The inset shows the distribution of guiding radii of all the stars in
the red, green, and blue boxes at the end of simulation (R;"d). The sta-
tistical properties (mass, distribution of orbital parameters) of the inner
disk migrators are dependent on the exact selection of a red region in
the diagram.

see Fig. 3) cannot propagate their guiding radii outside the bar
OLR at any following time; in other words, the bar OLR acts as
a natural barrier keeping stars that are initially inside it, always
inside it (see also Halle et al. 2015). In this respect, it should
not be surprising to find a tiny fraction of stars beyond 7.4 kpc
because the bar OLR (and the corotation) region can be broad
in galactocentric radii, and our estimates (e.g., in Fig. 1) provide
only its mean location, averaged over the last Gyr of evolution.

4.2. Finding the inner disk migrators

In this work our aim is to test the possibility that high-metallicity
stars currently found at the solar vicinity were formed in the
inner disk, and migrated outward following the resonances of
a slowing-down bar. Thus, as a first step we need to select a
region of the simulated disk to compare with observations. This
is not trivial since the exact location of the Sun with respect to
the Milky Way bar resonances is still under debate: a number
of works have suggested that the solar radius is just beyond the
bar OLR (Dehnen 2000; Minchev et al. 2007, 2010; Olling &
Dehnen 2003; Fragkoudi et al. 2019), while some others claim
that the bar OLR is outside the solar radius, and that as a conse-
quence the Sun should lie between the bar CR and OLR (Wegg
& Gerhard 2013; Portail et al. 2017; Sanders et al. 2019; Clarke
et al. 2019; Khoperskov et al. 2020).
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Fig. 3. Superposition of orbits (galactocentric distance R as a function
of time) of stars that migrate from the inner region (R™ < 3kpc) and
have a low orbital eccentricity (¢ < 0.15) at t = 7 Gyr. The number of
stars in a given time-radius bin is indicated by color (see scale at top).
The intensity of migration is strongly connected to the slowdown of the
bar and to the following propagation of its resonances outward. Most of
the migrating stars are locked between two resonances: CR (solid line)
and OLR (dashed line).

In our analysis we can thus operate a very broad selection
by analyzing all stars whose guiding radii, at the end of the sim-
ulation, are located between the final CR and inside the final
OLR, but which have, at the beginning of the simulation, guid-
ing radii confined in the innermost disk (see red box in Fig. 2).
Among these stars, in particular we aim to identify and study
those that, at the end of the simulation, can be found on quasi-
circular orbits. Observations indeed show that some of the metal-
rich stars found at the solar vicinity have very low eccentricities,
even though they are too metal rich to have formed at the solar
radius (see Sect. 2). If we are able to show that stars trapped at
the resonances (and in particular at the OLR) of a slowing-down
bar can have orbital properties consistent with those of metal-
rich stars in the observations, this will imply that the mechanism
under study in this paper is able to explain the existence of these
stars at the solar vicinity.

It should be noted that the choice of the exact values of Rz“d

and R'tb,ni relative to the bar resonance locations that we adopt
in this paper is somewhat arbitrary, and any comparison with
observations should take into account this aspect carefully. To
demonstrate this, we first consider three disk regions containing
migrated stars: the red box (R¢" > 4), green box (RS > 5), and
blue box (Rznd > 6) (see Fig. 2).

In order to study the orbital structure of these migrators,
we use the eccentricity parameter based on the calculation of
the pericenter (Rni,) and apocenter (Ryax) for individual star
particles:

2
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are calculated by using apocenters and pericenters of stellar orbits over
the last 1 Gyr of the simulation.

where Ry, and Ry,.x are respectively the pericenter and apoc-
enter of its orbit, which are calculated as the minimum and
maximum values of the galactocentric radius (R) during a cer-
tain time interval. In Fig. 4 we present the eccentricity distribu-
tion for migrating stars that are located between the corotation
and the OLR for different choices of the minimum value of the
final guiding radius. The mean eccentricity of migrating stars
decreases as we restrict our analysis to regions far away from
the corotation, and reaches about 0.2 for stars with final guid-
ing radii between 6 and 8.5 kpc. This occurs because when the
chosen region is farther from corotation, it contains fewer stars
trapped at corotation on highly elongated orbits. There is thus a
dependence of the results presented in the following on the exact
choice of the region under analysis. To describe the wider pos-
sible range of stellar parameters, we focus our analysis on the
greater guiding radii range (red box).

4.3. Temporal evolution and orbits of the inner disk migrators

In Fig. 5 we present the distribution of eccentricities for all the
particles located in the selected region of the Rg“—Rg“d plane

(that is Rigni < 3kpc, and 4 < R;“d < 9kpc; see red box in
Fig. 2). In the early phases of the galaxy evolution, during the
epoch of the bar formation and the short phase of strong bar
activity (f < 2 Gyr), the orbits of the selected stars are char-
acterized by large radial excursions (eccentricities (¢) ~ 0.8)
because of the rapid change in their guiding radii from small
values of Ry, at the beginning, to larger R, at later times. During
the epoch of the steady bar evolution, characterized by a nearly
constant bar strength (1 < ¢ < 5Gyr), the distribution of eccen-
tricities slowly shifts to lower mean values. It is interesting to
note that already during the steady epoch of the bar evolution,
and later on after its vertical buckling (¢ > 5 Gyr), the number of
stars on quasi-circular orbits gradually increases. The presence
of low-eccentricity stars at the solar radius is not obvious a pri-
ori because stars in the inner galaxy tend to have higher velocity
dispersions and, once moved outward to regions with lower disk
gravity, they should keep showing very large radial (and vertical)
excursions with relatively high orbital eccentricities (see, e.g.,
Minchev et al. 2014, 2015).
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Fig. 5. Distribution of orbital eccentricities (see Eq. (1)) of migrating
stars selected in the red box in Fig. 2. The eccentricities are calculated
by using apocenters and pericenters of stellar orbits measured in differ-
ent 1 Gyr time intervals, as mentioned in each frame. The mean value
of eccentricity tends to decrease in time, and low-eccentricity stars start
to appear after 3 Gyr.
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in Gyr; the dashed circles from inner to outer show a position of the OLR at 0.5, 2, and 7 Gyr. The color bar shows the time for orbits of stars and

for the OLR in units of Gyr. Each frame box size is 16 kpc x 16 kpc.

The temporal evolution of the number of migrated stellar par-
ticles on low eccentricities or circular orbits (e < 0.1; 0.15; 0.2)
is shown in Fig. 6. These low-eccentricity migrators are redis-
tributed over a large portion of the simulated disk (wide range
of guiding radii). Although the observed gradual decrease in the
orbital eccentricity can be caused by an increase in the guid-
ing centers of the orbits (see Eq. (1)), next we illustrate that
the bar-induced outward migration leads to truly nearly circu-
lar orbits with small radial motions. In particular, the orbits of
some of these migrators, randomly selected among those with
final eccentricity € < 0.15, are presented in Fig. 7. These orbits
are color-coded by time from blue (at the beginning of simula-
tion, ¢ = 0) to brown (at the end of the simulation, t = 7 Gyr).
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This figure clearly shows the orbit circularization of the orbits of
some of the migrators: initially elongated in the inner disk, and
increasingly circular as they move outward.

During the long secular evolution phase (2 < ¢ < 5Gyr)
most of the low-& migrating star particles redistribute midway
between the bar CR and OLR. More detailed changes in the
radial distribution of the stars can be found in Fig. 3, where we
present the distribution of guiding radii as a function of time for
stellar particles that have a low eccentricity (¢ < 0.15) at the
end of the simulation. We note that the migration is stronger at
the epoch of bar growth and it is less significant at later times.
Therefore, inner disk stars can be deposited (churned) to large
guiding radii due to the gain in angular momentum at the epoch


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201937188&pdf_id=7

0.08

0.07

0.06

S. Khoperskov et al.: Migration of inner disk stars with the bar resonances

OLR

1-2 Gyr

ILR

2-3 Gyr

3-4 Gyr

0.05F

0.04

0.03F

Fraction of stars

0.02f

0.01f

0.09F

0.08f

0.07F

0.06F

0.05F

0.04F

0.03F

Fraction of stars

0.02F

0.01f

)/ K (Q-¢

Fig. 8. Frequency ratio of orbits of migrated stars with € < 0.5 at 7 Gyr shown by the colored lines for different periods. For the same time intervals
the frequency ratios for 200 000 randomly selected particles in the whole disk are shown by the black lines. Both distributions were normalized
to the total number of stars in each sample separately. The vertical dashed lines indicate three main resonances of the bar: the ILR, the CR, and
the OLR (from left to right). Diminishing of the bar strength over time is depicted in the decrease in a number of stars associated with its main
resonances. Migrated low-¢ stars almost escaped the resonances at the end of the simulation.

of formation of the bar. In this respect, the population of very
metal-rich stars found at the solar vicinity can represent the fos-
sil signature of the bar-induced migration occurred at the epoch
of its formation.

4.4. Origin of low-eccentricity migrators in the bar slowdown
model

To further probe that the stellar particles which at the end of the
simulation are on quasi-circular orbits, and which were initially
in the inner disk, have migrated because they are trapped at res-
onances, we carry out a spectral analysis of the orbits (see also
Binney & Spergel 1982; Ceverino & Klypin 2007; Halle et al.
2018) in order to obtain the azimuthal and radial orbital frequen-
cies, Q and «, for these stars. To further probe the stellar particles
(which were initially in the inner disk and at the end of the simu-
lation were on quasi-circular orbits) that have migrated because
they are trapped at resonances, we carried out a spectral analy-
sis of the orbits (see also Binney & Spergel 1982; Ceverino &
Klypin 2007; Halle et al. 2018) in order to obtain the azimuthal
and radial orbital frequencies, €2 and «, for these stars.

Figure 8 shows the distributions of the ratio (Q — Qy)/x,
where Qy, is the bar pattern speed measured by averaging its
value over time intervals of 1 Gyr amplitude. For each time
interval, as shown in the figure, we compare the distribution
of stars migrated from the inner region (RY" < 3) on circular
orbits (& < 0.5, colored lines) at the end of the simulation with
the distribution of 200000 randomly selected stellar particles,
from the disk (black lines). The most prominent peaks corre-

spond to the main resonances of the bar ((Q2—€y)/« = 0 at coro-
tation and (Q — Qp)/k = +0.5 at the inner and outer Lindblad
resonance, respectively).

At the epoch of bar formation and during the short phase
of the bar strengthening (¢ < 2 Gyr), low-eccentricity particles
(particles that have low eccentricity at the end of simulation)
from the inner disk show the same relation to the resonances
as the rest of the disk. At ¢ > 2 Gyr these particles tend to be
trapped at the bar OLR and corotation, while the disk on average
does not change its resonant structure drastically. Once the bar
strength diminishes (z > 5 Gyr), the migrated stars tend to escape
the main bar resonances and occupy the region between coro-
tation and the OLR. In particular, OLR-stellar particles escape
entirely from the resonance at 4—5 Gyr, while those at corotation
also leave the resonance, but on a longer timescale. This process
demonstrates how migrators from the inner disk that end up on
circular orbits populate the region between the corotation and the
OLR (see Fig. 3).

Throughout this work, we restrict our analysis to migration
from the innermost disk because we aim to explore the origin
of high-metallicity stars in the solar radius. These stars are the
most extreme migrators since they can be moved up to ~6—7 kpc
away from their birthplaces (see Fig. 7). Meanwhile, a significant
fraction of stars formed within the OLR can also experience a
moderate migration (a few kpc) due to the bar slowdown mech-
anism. In Table 1, we summarize the main characteristics of
migrated inner disk stellar populations to be compared to those
observed in the Milky Way. We find that due to the bar slow-
down mechanism about 1.4—-3.3% of the thin disk mass between
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Table 1. Summary of the number of particles, masses, and fraction of
the inner disk migrators (R;,"i < 3kpe) in particular disk region (R;”CI
range) as indicated in Fig. 2: red (4 < R < 8kpc), green (5 < R™ <
8 kpc), and blue (6 < R < 8 kpc) boxes.

Number Mass Fraction

of particles Mg %
Whole disk 10x 10°  8.64 x 10'°
Thin disk 5x10°  4.21x 10
Red box selection 4 < R?‘d <8
All stars 1036112 8.7x10° -
Inner disk migrators 33851 2.85x 108 33
<02 2761 0.28 x 108 0.3
£<0.15 1366 1.4 x 107 0.13
£<0.1 428 4 x 10° 0.04
Green box selection 5 < Rg"d <8
All stars 800473 6.7 x 10° -
Iinner disk migrators 11080 9.3 x 107 1.4
<02 3515 2.9 x 107 0.44
£<0.15 896 7.5 % 10° 0.1
£<0.1 316 2.6 x 100 0.04
Blue box selection 6 < RS < 8
All stars 458420  3.8x10° -
Inner disk migrators 8583 7.2 % 107 1.9
<02 1973 1.7 x 107 0.43
£<0.15 976 8.2 x 10° 0.2
£<0.1 304 2.5 % 100 0.07

the bar corotation and the OLR is represented by stars formed in
the inner galaxy which is in agreement with available estimates
of the fraction of metal-rich stars in the solar vicinity (Hayden
et al. 2018; Haywood et al. 2019). Among these migrators, the
fraction of stars on nearly circular orbits (¢ < 0.2) is between
10% and 30%, depending on the choice of the region (see Table 1
and Fig. 2). This fraction also depends on the time since the
bar formation, and on its strength. As emphasized at the end of
Sect. 4.2, these numbers should be taken with care, since they
depend on the chosen region. For example, if instead of looking
for all migrators with initial guiding radius Ry" inside 3 kpc we
had looked for all migrators with the same final guiding radii as
defined by the red box in Fig. 2 but initial guiding radii smaller
than 4-5 kpc, the fraction of migrators from the inner disk, rel-
ative to the thin disk mass between the bar resonances, would
have been substantially larger.

5. Conclusions

Radial migration was initially proposed as a mechanism able
to displace stars via angular momentum exchange near the
spiral arms corotation resonance (Sellwood & Binney 2002),
displacement which occurs without changing the orbital eccen-
tricity (RoSkar et al. 2008, 2012). Therefore, this particular
mechanism of migration is more effective for stars on nearly cir-
cular orbits.

In this work, by means of dissipationless N-body simulation,
we studied the radial migration induced by the evolution of a
stellar bar. Building on earlier works by Halle et al. (2015, 2018),
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we studied the migration induced by a slowing down bar, on
stars trapped at its main resonances. We showed that this mecha-
nism is able to move stars from eccentric orbits in the inner disk
to nearly circular orbits reaching the outer disk regions. This
mechanism is able to explain the presence of metal-rich stars
([Fe/H] > 0.2—0.3) found at the solar vicinity, in a framework
where these stars migrated from the inner disk at the time of the
formation of the bar, having being trapped at its resonances dur-
ing its growth and slowdown. Because the distribution of stars at
resonances is rather wide (Halle et al. 2018; Khoperskov et al.
2020), we expect that in the Milky Way stars that experienced
radial migration associated with the bar resonances migration
should be found in a wide range of galactocentric radii.

Another possible implication of our results is related to the
possible estimation of the bar formation epoch in the Milky Way.
We demonstrated that the most intense migration appears at the
epoch of the bar formation, which is followed by a rapid decrease
in its pattern speed and migration of the bar resonances. We
note that signatures of the bar deceleration have been poten-
tially found in the Milky Way, by studying local stellar kine-
matics (Chiba et al. 2019), thus making our proposed scenario
particularly suitable for the Milky Way. Therefore, we sug-
gest that the age of the youngest high-metallicity stars ([Fe/H]
>0.2-0.3) on nearly circular orbits in the solar vicinity should
correspond to the age of the Milky Way bar. These stars are
likely to be the latest populations formed in the galactic center
before the bar formation, and together with even older popula-
tions they can efficiently be transferred outward. Later popula-
tions formed in the galactic center will not be churned out by
the bar if it experiences steady evolution, as is expected from
N-body simulations (see Fig. 1 and, e.g., Debattista & Sellwood
2000; Athanassoula 2003; Dubinski et al. 2009).
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