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ABSTRACT

The presence of stars on retrograde orbits in disc galaxies is usually attributed to accretion events, both via direct accretion, and
through the heating of the disc stars. Recent studies have shown that retrograde orbits can also be produced via scattering by
dense clumps, which are often present in the early stages of a galaxy’s evolution. However, so far it has been unclear whether
other internally driven mechanisms, such as bars, are also capable of driving retrograde motion. Therefore, in this paper, we
investigate the efficiencies with which bars and clumps produce retrograde orbits in disc galaxies. We do this by comparing the
retrograde fractions and the spatial distributions of the retrograde populations in four N-body+smooth particle hydrodynamics
(SPH) simulations of isolated disc galaxies spanning a range of evolutionary behaviours. We find that both bars and clumps are
capable of generating significant retrograde populations of order ~10 per cent of all stars. We also find that while clump-driven
retrograde stars may be found at large galactocentric radii, bar-driven retrograde stars remain in the vicinity of the bar, even if
the bar dissolves. Consequently, we find that retrograde stars in the Solar neighbourhood in the clumpy models are exclusively
clump-driven, but this is a trace population, constituting 0.01-0.04 per cent of the total stellar population in this region. Finally,
we find that neither bars (including dissolving ones) nor clumps in the models are able to produce rotationally supported

counterrotating discs.

Key words: galaxies: bar—galaxies: disc — galaxies: evolution — galaxies: kinematics and dynamics.

1 INTRODUCTION

According to the prevailing lambda cold dark matter (ACDM) model,
the early evolutionary history of disc galaxies was dominated by
hierarchical merging and accretion of material (White & Frenk 1991).
However, the subsequent decrease in the frequency of major mergers
with time meant that secular, internally driven, processes were able
to drive most of the later evolution.

Bars are one of the main drivers of secular evolution in disc
galaxies (Athanassoula 2013), and previous studies have shown that
they can significantly impact their host galaxy through a number
of mechanisms (see reviews by Kormendy & Kennicutt 2004;
Kormendy 2013). For example, it is well established that bars
facilitate the exchange of angular momentum, both throughout the
disc, and between different stellar components (Hohl 1978; Sellwood
1980). Angular momentum exchange with the dark matter halo via
dynamical friction has also been shown to cause bars to slow down
and grow radially (Weinberg 1985; Hernquist & Weinberg 1992;
Debattista & Sellwood 2000; Valenzuela & Klypin 2003; Martinez-
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Valpuesta, Shlosman & Heller 2006; Chiba, Friske & Schonrich
2021). In addition, while bars are generally vertically thin upon
forming, they often drive a thickening of the inner disc which
leads to the eventual formation of a boxy/peanut bulge (Combes
& Sanders 1981; Combes et al. 1990; Raha et al. 1991; Merritt
& Sellwood 1994; Debattista et al. 2004; Martinez-Valpuesta et al.
2006). Bars are also found to trigger gas inflows which can lead
to the formation of nuclear discs and resonant rings (e.g. Combes
& Gerin 1985; Buta & Combes 1996; Sakamoto et al. 1999; Sheth
et al. 2005; Cole et al. 2014). It is also possible for these gas inflows
to fuel an active galactic nucleus, although at present there is no
consensus on the efficacy of this process (see Combes 2003, Ho
2008, and references therein). The potential weakening and eventual
destruction of bars has also been linked to the build-up of mass in the
central regions (Hasan & Norman 1990; Pfenniger & Norman 1990;
Friedli & Benz 1993) or to the transfer of angular momentum from
the infalling gas to the bar (Bournaud, Combes & Semelin 2005),
although high-resolution simulations have also found the opposite
result (Shen & Sellwood 2004; Athanassoula, Dehnen & Lambert
2005; Debattista et al. 2006). In addition, bars are also capable of
influencing the overall structure of the disc, for instance through the
creation of a break in the radial density profile, which transforms a
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single-component disc into one with a double exponential radial
density profile (Hohl 1971; Debattista et al. 2006; Minchev et al.
2012; Herpich et al. 2017). There have also been efforts to link
the bar with the presence of counterrotating stellar components.
Evans & Collett (1994) found that stellar counterrotation may be
induced by a dissolving bar, whereas Wozniak & Pfenniger (1997)
interpreted the ‘wave pattern’ found in the velocity curves of some
barred SO galaxies, within the region of the bar (Bettoni 1989; Bettoni
& Galletta 1997; Zeilinger et al. 2001), and in simulations (Pfenniger
1984; Sparke & Sellwood 1987), to be the result of stars trapped on x4
(quasi-circular retrograde) orbits by a bar. Given that bars have such
a wide range of consequences for disc galaxies, we are motivated
to investigate the degree to which they are capable of producing
retrograde disc stars, and the implications this might have for disc
galaxies such as the Milky Way (MW).

Dense, star-forming clumps in a young disc can also produce
retrograde stars (e.g. Amarante et al. 2020b). High-redshift (z >
1) galaxies often display a light distribution dominated by gas-rich,
star-forming clumps, giving them an irregular, clumpy appearance.
This contrasts with the smoother light distribution usually observed
in massive disc galaxies in the local Universe. Clumps were first
observed in high-redshift galaxies by Cowie, Hu & Songaila (1995)
and van den Bergh et al. (1996). The clumpy nature of early galaxies
was confirmed by more recent observations, owing primarily to
instruments capable of deep, high-resolution observations, such as
Wide Field Camera 3 (WFC3) and the Near Infrared Camera and
Multi-Object Spectrometer (NICMOS) on board the Hubble Space
Telescope, which probe the rest-frame UV and near-infrared regions
at z > 1 (e.g. Ravindranath et al. 2006; Elmegreen et al. 2007;
Elmegreen 2009; Overzier et al. 2010; Swinbank et al. 2010; Forster
Schreiber et al. 2011; Genzel et al. 2011; Guo et al. 2012). Their
formation is likely due to gravitational instabilities in the proto-disc,
a scenario which is supported by numerical studies (Noguchi 1999;
Ceverino, Dekel & Bournaud 2010). Guo et al. (2015) investigated
the clump demographics of 3239 galaxies at redshift 0.5 < z <
3.5 in the CANDELS/GOODS-S and UDS fields and found that
~55 per cent of intermediate-to-high-mass galaxies in their sample
contain clumps. However, this fraction decreases at lower redshifts
to ~15 per cent at z = 0.5. On the other hand, ~60 per cent of
lower mass galaxies have clumps, with this fraction remaining
roughly constant with redshift. The sizes and masses of clumps
are still somewhat uncertain, with ~1 kpc resolution observations
yielding clump masses up to 10°° Mg (Forster Schreiber et al.
2011; Soto et al. 2017). However, higher resolution studies have
demonstrated that the derived masses and linear sizes of clumps are
highly dependent on the resolution and sensitivity of observations,
and are often systematically overestimated, with masses likely being
closer to ~107-108 M, and linear sizes between 100 and 500 pc
(Dessauges-Zavadsky et al. 2017; Cava et al. 2018).

Significant work has also gone into understanding the impact that
clumps have on the overall evolution of disc galaxies. For example,
some studies find that if individual clumps are not disrupted by
star formation and live long enough, they sink into the centre of
the galaxy, forming a bulge component (Elmegreen et al. 2007;
Dekel, Sari & Ceverino 2009). More recently, clumps have also
been proposed to be the driving mechanism behind the origin of
the geometric and chemical thick discs (Bournaud, Elmegreen &
Martig 2009; Clarke et al. 2019; Beraldo e Silva et al. 2020b). In
addition, using an isolated N-body+SPH model similar to the MW,
Amarante et al. (2020b) demonstrated that low angular momentum
(vy < 100kms™!) stars, including retrograde ones, are present in
the Solar neighbourhood due to clump scattering in the first Gyrs
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Table 1. The naming convention used reflects the absence/presence of
clumps and bars. Whether or not the bar is long lived or decays is also
reflected in the name.

Simulation name Details

Ml_cb Clumps and bar
M2_c_nb Clumps and no bar
M3_nc_b No clumps and bar

M4 _nc_bd No clumps and decaying bar

of evolution, rather than exclusively because of the action of merger
events, such as the Gaia-Enceladus-Sausage (Belokurov et al. 2018;
Helmi et al. 2018), as previously suggested. The effect which clumps
have on the evolution of galaxies such as the MW is not settled, but
it remains possible that they may have played a significant role.
Therefore, we also explore the role clumps play in driving retrograde
motion in MW-like disc galaxies.

In this paper, we make a distinction between retrograde and
counterrotating motion: while both retrograde and counterrotating
stellar populations have the common characteristic of orbiting the
host galaxy in an opposite sense to the main stellar disc, we emphasize
that the retrograde populations we will explore do not take the
form of a rapid counterrotating disc such as those observed in NGC
7217 (Merrifield & Kuijken 1994) and NGC 4550 (Rix et al. 1992;
Rubin, Graham & Kenney 1992). Counterrotating discs occur when
a substantial population of stars orbit the galaxy with a total angular
momentum vector pointed in the opposite direction to that of the
main stellar disc, and close to the circular velocity of the system.
Counterrotation is generally thought to be linked with the accretion
of counterrotating gas which subsequently forms stars (e.g. Katkov,
Sil’chenko & Afanasiev 2013; Pizzella et al. 2018). Given the right
conditions, a counterrotating disc may also be produced by mergers
(e.g. Puerari & Pfenniger 2001). On the other hand, the retrograde
populations we study in this paper do not rotate as rapidly, and indeed
may or may not manifest as a disc, but may be more spheroidally
distributed. Merger events have also been shown to heat orbits in a
pre-existing disc and produce retrograde populations (e.g. Toth &
Ostriker 1992; Velazquez & White 1999; Kazantzidis et al. 2009;
Moetazedian & Just 2016; Belokurov et al. 2020; Grand et al. 2020).
However, the possibility of internal mechanisms such as the bar or
stellar clumps being responsible for driving retrograde motion has
not yet been fully explored.

This paper is organized as follows. Section 2 presents the simu-
lations used in our analysis. In Section 3, we compare the models
and show the properties of the retrograde populations in them. In
Section 4, we discuss the implications of our results for the MW,
and for disc galaxies in general. Section 5 presents a summary of our
conclusions.

2 THE SIMULATIONS

We consider four N-body+smooth particle hydrodynamics (SPH)
simulations (see Table 1), spanning a range of evolutionary be-
haviours which provide us with a mixture of physical mechanisms
to study. The initial conditions of all the models embed a gas corona
in pressure equilibrium within a co-spatial Navarro-Frenk—White
(NFW) (Navarro, Frenk & White 1997) dark matter halo which
constitutes 90 per cent of the mass. All stars form from the gas, with
none present in the initial conditions. The first two simulations are
M1 _c_b and M2_c_nb. Both of these models formed clumps (hence
the ‘c’ in the name), albeit with very different properties. Model
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M1 _c_b formed a large-scale bar (hence the ‘b’ in the name), whereas
M2 _c_nb did not (‘nb’). These two models have been presented in
Ghosh, Debattista & Khachaturyants (2020) and Beraldo e Silva
et al. (2020a), respectively. Additional properties of these models
can be found in those papers. Both models start with identical initial
conditions but they are evolved with different subgrid physics. The
initial conditions are a higher mass resolution version of the model
described in Roskar et al. (2008).

The other two models both form bars; since they start from
the same initial conditions, their evolution is very similar at first,
until they diverge at later times because they implement different
subgrid chemohydrodynamics evolutionary models. In the first one,
M3_nc_b, the bar is long-lived (‘b’) while in M4_nc_bd the bar
that forms subsequently decays (‘bd’). Neither of these two models
forms clumps (‘nc’). Model M3_nc_b has been presented numerous
times in previous papers; it is the star-forming model described
most extensively in Cole et al. (2014) and Debattista et al. (2017).
Model M4 _nc_bd was described in Portaluri et al. (2017). The main
difference is that in M4_nc_bd, thermal energy and metals can diffuse
between gas particles, whereas this is prevented in model M3_nc_b.
The evolution of the two models is initially quite similar, but their
subsequent stochastic evolution sees them diverge when the gas
inflow in M4 _nc_bd overwhelms the bar, leading to its destruction.
By the end of the simulations, a bar of radius ~3 kpc is present in
M3 _nc_b, while no bar is present in M4_nc_bd. We refer readers to
Debattista et al. (2017) and Portaluri et al. (2017) for details of these
two simulations.

2.1 Simulation details for M1_c_b and M2_c_nb

The initial conditions of these two models are identical. Their dark
matter halo has a virial radius 99 >~ 200kpc and a virial mass
Moy = 102 M. The gas corona follows the same radial profile but
constitutes only 10 per cent of the mass. No other baryons (and there-
fore no stars) are present at = 0. Gas particles are given a tangential
velocity with cylindrical rotation such that the spin parameter A =
0.065. Here, the spin parameter is defined as . = J|E|'/2/(GM3/?),
where J and E are the total angular momentum and the energy of
the gas particles, and G is the gravitational constant (e.g. Peebles
1969). The gas corona and the dark matter halo are comprised of
5 x 10° particles each, with softening parameters of € = 50 pc (gas)
and € = 100 pc (dark matter). Star particles forming from the cooling
gas also have a softening parameter of € = 50 pc.

The two models are evolved using these initial conditions for
10 Gyr with GASOLINE (Wadsley, Stadel & Quinn 2004; Wadsley,
Keller & Quinn 2017) using different subgrid models for the physics
of gas cooling, star formation, and supernova feedback. Both M1_c_b
and M2_c_nb undergo an episode of clump formation early in their
evolution. In the case of M2_c_nb, the inclusion of metal-line cooling
of Shen, Wadsley & Stinson (2010) allows the gas to cool more
efficiently, which, together with the lower feedback, results in a
more vigorous clumpy episode than in model M1_c_b. As gas cools,
it settles into a disc and once the gas density exceeds 0.1 cm™ star
formation commences from gas particles with temperature below
15 000 K which are part of a converging flow. In both models, star for-
mation efficiency is set to 5 per cent. We use the blast wave supernova
feedback recipe of Stinson et al. (2006). Supernova feedback couples
40 per cent of the 103! erg per supernova to the interstellar medium
as thermal energy in M1_c_b, and only 10 per cent in M2_c_nb. Gas
mixing uses turbulent diffusion as described by Shen, Wadsley &
Stinson (2010). We use a base time-step of Ar = 5 Myr with time-
steps refined such that 6t = Ar/2" < n./€/a,, where we set the
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refinement parameter n = 0.175. We set the opening angle of the
tree-code gravity calculation to 6 = 0.7. Gas particle time-steps
also satisfy the condition 6tsas = Neourand/[(1 + )¢ + Blimax],
where 1courane = 0.4, h is the SPH smoothing length set over the
nearest 32 particles, « and g are the linear and quadratic viscosity
coefficients, and ftmyy 1s described in Wadsley et al. (2004). Note that
model M2_c_nb is comparable to a higher mass resolution version
of the clump forming simulation described in Clarke et al. (2019),
Beraldo e Silva et al. (2020b), and Amarante et al. (2020b). The
set-up and simulation details of model M3_nc_b and M4 _nc_bd are
described at length in Cole et al. (2014), Debattista et al. (2017),
and Portaluri et al. (2017); therefore, we do not repeat those
details here.

A visual comparison of all four models can be made in Fig. 1,
which shows synthetic RGB images of the stellar disc produced using
PYNBODY (Pontzen et al. 2013) for each model at different points in
time. In the first row, which represents the face-on stellar disc of each
model after 1 Gyr, the clumpy nature of M1_c_b and M2_c_nb can
be seen clearly, as opposed to M3 _nc_b and M4 _nc_bd, which do not
undergo a clumpy episode. Models M1_c_b, M3 _nc_b, and M4 _nc_bd
all undergo bar formation, but only M1_c_b and M3_nc_b manage to
keep their bars. While M3 _nc_b never undergoes bar destruction,
model M4 _nc_bd (right column) starts to undergo bar dissolution at
~4 Gyr. Indeed, while a remnant of the bar is still present at 5 Gyr
(third row), this is all but gone by the end of the simulation at 10 Gyr
(fifth row). The even-numbered rows in Fig. 1 show the evolution
of the simulations represented in the side-on view. The clumps can
be seen occupying the mid-plane in models M1_c_b and M2_c_nb at
1 Gyr. Finally, these two have a thicker disc compared to M3 _nc_b and
M4 _nc_bd throughout their evolution due to the scattering generated
by the clumps.

Ideally, we would also compare results from the models against
a control model which does not have either a bar or clumps to
estimate the contribution of retrograde motion due to numerical
heating. However, to some extent all simulations form at least very
weak bars. Despite this, as will be shown in Sections 3.2 and 3.3, our
results indicate that, in the absence of bars and clumps, the fraction of
retrograde stars remains constant. Additionally, we find no evidence
that retrograde motion is driven by radial heating due to spirals in the
models. We conclude that the retrograde fraction driven by numerical
noise must be relatively small.

3 RESULTS

We now compare the models and investigate the properties of the
retrograde populations in them. In Section 3.1, we quantify the evo-
lution of clumpiness and bar strength in the models. In Section 3.2,
we investigate to what extent both perturbations produce retrograde
orbits. In Section 3.3, we investigate the spatial extent to which
bars and clumps drive retrograde motion. Finally, in Section 3.4, we
analyse the age distributions and some of the orbital characteristics
of the retrograde stars.

3.1 The clumpiness and bar strength of the models

In order to assess the relative efficiencies of bars and clumps at
producing retrograde stars, we first need to quantify the strengths of
both perturbations. Models M1_c_b and M2_c_nb undergo an early
episode of clump formation. To measure the strength and duration of
the clumpy episodes, we start by constructing 2D-histograms of the
density of the models at each time-step. Each histogram measures
N, x N, =400 x 400 bins, corresponding to a region 20 x 20 kpc
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M3_nc_b

M4 nc_bd

Figure 1. Synthetic RGB images produced with PYNBODY of the stellar discs of the models. We show the models both face-on and side-on at 1 Gyr (top two
rows), then at 5 Gyr (next two rows), and at 10 Gyr (bottom two rows). These images highlight the different evolutionary paths the models take. The clumpy
nature of M1_c_b and M2_c_nb early in their evolution may also be contrasted with M3_nc_b and M4 _nc_bd, which do not go through a clumpy episode.

in size, and represents the mass distribution of the models seen face-
on. We identify the clumps as overdensities in the mass distribution
by employing the FIND_PEAKS function in the PHOTUTILS Python
package (Bradley et al. 2020). This detects any local maxima in the
mass distribution which are above a (manually set) density threshold,
givenby £ =M + (1500), where M and o are the median and standard
deviation of the mass distribution. Having located the peaks, on the
face-on view of the models we construct a circle of radius 150 pc
around each clump to isolate the stars constituting it. While the
clumps in the models vary in size, we found that a radius of 150 pcis
sufficient to capture the mass contained within them. Moreover, this

yielded an average clump mass of ~10% M, for both of the clumpy
models, which is in agreement with high-resolution observations
(e.g. Cava et al. 2018). The threshold was optimized to ensure that
clump detection minimized contamination from other sources, such
as spiral arms. We then determine the total stellar mass contained in
all the clumps, and normalize it by the total stellar mass of the model
during each time-step; this gives us the clump mass fraction, X ciumps.
as a function of time. While this method of detecting clumps also
picked up the central mass concentrations (bulges) in the models,
these were not included in the calculations of the clumpy mass
fraction.

MNRAS 503, 1418-1430 (2021)
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—— Mlch
——- M2cnb
......... M3.ne b
_____ M4 nc_bd

Clumpy Models

Time [Gyr]

Figure 2. Evolution of perturbations in the models. Top: the clumpy mass
fraction ) clumps. While M1_c_b and M2 _c_nb both undergo a clumpy episode
early in their evolution, M2_c_nb has stronger clumping which lasts until
about 4.5 Gyr. On the other hand, the clumpy episode in M1_c_b is over
by 2.5 Gyr. Models M3_nc_b and M4_nc_bd do not suffer any significant
clumping. Middle: evolution of the bar strength, given by the m = 2 Fourier
moment, for the clumpy models. While bar formation in M1_c_b starts at
~4 Gyr and results in a long-lived bar, model M2_c_nb does not develop a
large-scale bar. The non-zero value for Ay, for this model results from the
clumps, which show up as m = 2 perturbations. Bottom: evolution of the bar
strength for the non-clumpy models, M3_nc_b and M4_nc_bd. Both models
undergo early bar formation, which peaks at ~4 Gyr. However, while the bar
in M3_nc_b is long-lived, the bar in M4_nc_bd starts to decay after reaching
its peak amplitude, dissolving entirely by the end of simulation.

The top panel of Fig. 2 shows the evolution of X ¢jumps for the four
models. Models M1_c_b and M2_c_nb both undergo an early clumpy
episode. These clumps can also be seen in the top row of Fig. 1.
Overall, model M2_c_nb is more clumpy than model M1_c_b, and the
clumpy episode lasts longer, until 4.5 Gyr (compare with Clarke et al.
2019), after which no further clumps form. Model M1_c_b suffers a
milder episode of clump formation, which is over by 2.5 Gyr. Models
M3_nc_b and M4_nc_bd show no significant clumping throughout
their evolution. The non-zero value for y cjump for these models in the
first 2 Gyr can be attributed largely to spiral contamination, which
could not be completely avoided in these models.

The bar strength is measured in the usual way as the amplitude
of the global m = 2 Fourier moment, Ag,;, of the face-on mass
distribution (e.g. Sellwood & Athanassoula 1986; Debattista et al.
2006). The middle and bottom panels of Fig. 2 show the evolution
of Ag,. Bar formation in M1_c_b (middle panel, solid blue line)
starts at ~4 Gyr and results in a long-lived bar (see left column of
Fig. 1). Model M2_c_nb (middle panel, dashed red line), on the other
hand, does not form a large-scale bar throughout its evolution, as
can be seen in Fig. 1. The non-zero value for Ag,, for this model is
a result of its clumpy nature in the first few Gyr. Indeed, this signal
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may be attributed to clumps which happen to be on opposite sides
of the disc being picked up as m = 2 perturbations, resulting in a
fake signal. In addition, the bar amplitude for M2_c_nb also drops
as soon as the clumpy episode in M2_c_nb ends at 4.5 Gyr. Spiral
arms are also present in models M1_c_b and M2_c_nb (see Fig. 1),
which interfere with the Ag,, signal, generating the fluctuations in
the data.

In models M3_nc_b and M4 _nc_bd (bottom panel of Fig. 2), bar
formation starts at ~2 Gyr, and reaches peak strength at ~4 Gyr. Up
until this point in time, the evolution of the bar in both models is very
similar. However, the bar in model M3_nc_b is long-lived, whereas
the bar in M4 _nc_bd slowly starts to weaken at ~4 Gyr, eventually
dissolving entirely.

3.2 Bars and clumps as drivers of retrograde motion

In this subsection, we show that bars and stellar clumps play a role
in driving retrograde motion of disc stars in the models. Fig. 3 shows
the time evolution of the total mass fraction of retrograde stars,
Jret = Mye(1)/ M, (10 Gyr) in the models, where M, () is the total
mass of retrograde stars at time 7, and M, (10 Gyr) is the total stellar
mass at the end of the model’s evolution (10 Gyr), respectively. While
the red lines track f., for the entire models, the blue lines represent
the retrograde mass fraction inside a cylindrical galactocentric radius
of Skpc, and are normalized by the total stellar mass in this region.
The solid and dashed grey lines reflect the clumpy mass fraction and
the bar amplitude, respectively.

Model M2 _c_nb (top right panel in Fig. 3), which forms clumps
but no large-scale bar, has a population of retrograde stars which
increases continuously up until 4.5 Gyr (red line), when it reaches
a plateau. This coincides with the point at which the last clumps in
this model dissolve. When considering the entire model (red line),
model M2 _c_nb reaches fi; =~ 0.06 by the end of the clumpy epoch
(4.5 Gyr). Retrograde stars at 4.5 Gyr represent 10 per cent of the
total stellar mass at that time. After the clumpy epoch, fi remains
roughly constant up until 8 Gyr. This indicates that, in the absence
of both clumps and a bar, additional retrograde stars are not being
produced in any significant amount via other forms of scattering,
whether physical or numerical. The slight increase in the retrograde
fraction after 8 Gyr can be attributed to the formation of a small,
1 kpc-scale, bar during this time, which can be seen in Fig. 1 (second
column). Clumps also drive retrograde motion in M1_c_b (top left
panel in Fig. 3). Due to its weaker clump formation episode (grey
line), it only reaches fq =~ 0.03 during its initial clumpy stage,
which ends at roughly 2.5 Gyr. Retrograde stars at 2.5 Gyr represent
6 per cent of the total stellar mass at that time. However, once the
bar starts to form at around 4 Gyr, f roughly doubles during a short
time interval (~2 Gyr) before reaching a peak, and increases slowly
thereafter.

Models M3 _nc_b and M4 _nc_bd (bottom row), which do not suffer
any significant clumping but form bars early in their evolution, both
develop a large retrograde population, with both models reaching
free = 0.14 by 10Gyr. In model M3_nc_b (bottom left panel), fe
increases continuously as the bar grows until roughly 7 Gyr, when
the growth of f; slows down, corresponding to the weakening of the
bar at this time (see dashed grey line). In model M4_nc_bd (bottom
right panel), fi; increases steadily as the bar grows until roughly
3 Gyr. However, as the bar dissolves (see dashed grey line) we see
that while retrograde stars are still being produced, this happens at a
continuously declining rate.

The solid blue lines, which reflect f, inside R = Skpc, are
normalized by the total stellar mass inside this region. In general,
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Figure 3. The time evolution of the retrograde mass fraction, fret = Mei()/ M. (10 Gyr), in the four models, where M, (¢) and M, (10 Gyr) are the total mass
of retrograde stars at time ¢ and the total stellar mass at the end of the models, respectively. The red lines show fie for all stars, while the blue lines reflect fre(
inside 5 kpc, with M, (10 Gyr) being the total stellar mass also inside this region. The solid and dashed grey lines reflect the clumpy mass fraction and the bar
amplitude, respectively. In both cases the scales for the grey lines are presented on the left hand axis.

we find that f. is higher inside R = Skpc, indicating that these
retrograde populations are centrally concentrated.

Fig. 4 shows the distribution of V,, versus cylindrical galactocentric
radius, R, for all stars in the models at three different times. Both
of the clumpy models, M1_c_b and M2_c_nb, have peaks at V
~ 0, even during the earliest time at 1 Gyr (first row). This is
due to the clumps having already scattered stars by this time.
Additionally, while the Vg ~ 0 peak in model M1_c_b seems to
be distinct from the main stellar population, especially at later
times, this is not the case in model M2_c_nb, which shows a more
continuous transition. This is likely due to the stronger clumpy
episode in M2_c_nb, which has driven larger amounts of scattering,
and as a result produces a continuous distribution. The vertical
overdensities in models M1_c_b and M2_c_nb at 1 Gyr are due to
the presence of the clumps. On the other hand, the non-clumpy
models M3_nc_b and M4 _nc_bd are not peaked at V,;, ~ 0, with
the retrograde populations being continuous with the main stellar
population.

We conclude that both bars and clumps can produce a retrograde
population of order 10 per cent (wWhen considering the whole galaxy).
This is a fairly significant population. We find that bars are slightly
more efficient at producing retrograde stars, but the difference is not
very large.

3.3 The spatial distribution of retrograde stars

Having established that both clumps and bars drive stars to retrograde
motion, we shift our attention to the spatial distribution of these
retrograde stars. Fig. 5 shows the radial density profiles, (2,), for
the models at different times. The left-hand column represents the
density profiles for all stars in the models, while the middle column
shows the radial profiles of just the retrograde stars. The left-hand
column shows the usual inside-out formation of discs (e.g. Chiappini,
Matteucci & Romano 2001; Mufioz-Mateos et al. 2007; Bovy et al.
2012; Frankel et al. 2019), with the density profile extending to
increasingly large radii with the passage of time. This is in part due
to the increasingly large gas disc, but is also the result of angular
momentum exchange, which leads to the migration of stars to ever
larger radii (e.g. Roskar et al. 2008; Sharma, Hayden & Bland-
Hawthorn 2020).

The middle column of Fig. 5 shows the differences amongst
the four models in the distribution and evolution of the retrograde
stars. First, in all cases, the radial density profile of retrograde stars
shows only marginal evolution as time progresses when compared
to the rest of the stellar populations. At R 2 5kpc, the density of
retrograde stars at 2 Gyr (green line) is higher than at all other times;
this reflects on an ongoing spray of stars that has not yet settled into
a stationary distribution.

MNRAS 503, 1418-1430 (2021)
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Figure 4. Density distributions in the Vj versus cylindrical galactocentric radius, R, plane, of stars in the models at three different times. The retrograde
population in the clumpy model M1_c_b (first column) shows itself as a distinct peak centred around Vi ~ 0 and is present even at 1 Gyr due to clumps already
having scattered stars by this time. This is also the case in model M2_c_nb, which has stronger clumps. However, the peak centred at Vi 2 0 is continuous with
the main stellar population. The vertical overdensities in M1_c_b and M2_c_nb at 1 Gyr are due to the presence of clumps at that time. The non-clumpy models,
M3_nc_b and M4 _nc_bd, lack a peak at Vi & 0, with the retrograde populations being present only in the central regions.

The radial extent of retrograde stars is very different between
clumpy and non-clumpy models. This can be seen in the right column
of Fig. 5, where we show the mass fraction of retrograde stars, fi,
in each radial bin, at 10 Gyr for each model. In models M3_nc_b
and M4_nc_bd, neither of which formed clumps, the retrograde
population remains confined within the immediate vicinity of the
bar. We also find that bar-driven retrograde stars remain in the region
of the bar even after the bar dissolves. On the other hand, the profiles
for models M1_c_b and M2_c_nb are more radially extended. The
retrograde population is most radially extended in model M2_c_nb,
which had the most vigorous clump-formation episode. However,
even the weaker clumpy episode of M1 _c_b still produces an extended
profile, showing that even mild clump formation can cause retrograde
stars to be scattered to large radii.

This contrast in the radial extent of bar-driven and clump-driven
retrograde stars can also be seen in Fig. 6, where we plot the density
distribution of these stars in the (x, z) Cartesian plane, for different
bins of angular momentum, L,. We see again that the retrograde
stars in the clumpy models (first two columns in Fig. 6) reach larger
galactocentric radii than those in the non-clumpy models (second
two columns), for all bins of L, (i.e. in all rows). Clump-driven
retrograde stars also reach larger heights above the mid-plane, as
scattering by clumps converts in-plane motions to vertical ones.
In addition, in the bin with the most negative angular momentum
(bottom row), the retrograde stars form a relatively flattened distri-
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bution, becoming more spherical as L, increases (middle and top
Tows).

The lack of retrograde stars in the outer regions (R > 5 kpc) of the
non-clumpy models rules out the possibility for retrograde motion
being driven by radial heating due to spirals. If this were the case,
then we would observe a population of retrograde stars in the outer
discs of these models where the spirals are present. However, we find
no evidence for this.

We conclude that while bars and clumps both drive retrograde
motion in disc stars, bars are not efficient at producing retrograde
stars at large radii. This tendency for bar-driven retrograde stars
to remain in the vicinity of the bar might possibly be due to the
presence of the bar resonances. Indeed, stars whose orbits are in
the vicinity of the resonances of a growing bar perturbation may
be captured into librating orbits (e.g. Kalnajs 1973; Tremaine &
Weinberg 1984; Collett, Dutta & Evans 1997). Consequently, the bar-
driven retrograde stars will be unable to escape the bar. On the other
hand, while a large proportion of the clump-driven retrograde stars
also remains in the inner regions of the simulated galaxies, scattering
by the clumps is more likely to drive these stars to larger radii.

3.4 Ages and orbits of retrograde populations

Fig. 7 shows the distribution of stellar ages versus the circularity
parameter (at 10 Gyr), defined as A, = L,/L.(E), where L.(E) is
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Figure 5. Left: the evolution of the radial density profiles for all stars in each model. Middle: the evolution of the radial density profiles for retrograde stars
only. Right: the profile of the mass fraction of retrograde stars, frer, at 10 Gyr for each model, which reflects the radial distribution of retrograde stars at the end
of each model’s evolution. The full profiles show substantial radial growth with time, while the profiles for the retrograde stars exhibit only minimal outward
growth. The radial extent of the retrograde stars is strongly dependent on whether clumps were present in the early epochs or not. Even a mild episode of clump
formation is sufficient to extend the retrograde stars to larger radii, whereas the retrograde stars driven by the bar tend to remain within the vicinity of the bar.

the angular momentum of a particle with binding energy E to be
on a circular orbit (Abadi et al. 2003). In computing L.(E), we
assume an axisymmetric disc, and that the orbit lies in the mid-
plane. Therefore, some caution must be exercised in interpreting
the circularity distribution for stars in the region of the bar. The
top row, which presents the distribution for stars in the outer
regions (R > 5kpc), shows that in models M1_c_b and M2_c_nb, the
retrograde stars were all born during the clumpy epoch (indicated by
the horizontal, shaded region). Fig. 5 showed that bars are unable to
drive significant retrograde orbits much beyond their radius. This is
also reflected in the upper panels for models M3_nc_b and M4_nc_bd
(right columns), where virtually no retrograde stars inhabit this outer

region. The bottom row of Fig. 7 shows that retrograde stars in the
inner regions (R < 5Skpc) span a much wider range of ages. This is
expected since a long-lived bar will continuously produce retrograde
orbits throughout its life.

Fig. 7 also shows that most of the retrograde orbits produced
by clumps in the outer regions have near-zero or low circularities.
This is most apparent in the upper panel for models M1_c_b and
M2_c_nb, where retrograde stars have circularity in the range A, =
—0.5-0. Retrograde stars in the inner regions (bottom row) also span
a wider range of A,, with the most circular orbits (higher negative
A;) being attained by the oldest stars. We further characterize the
motion of the retrograde populations in Fig. 8, where we plot the
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Figure 6. Density distribution plots in (x, z) plane of retrograde stars at 10 Gyr for each of the models. Each row represents the density distribution of retrograde
stars in different angular momentum (L;) bins. The retrograde stars in M1_c_b and M2_c_nb (first two columns) are found at larger radii due to the clump
scattering for all L, ranges, compared to centrally concentrated retrograde population in M3_nc_b and M4 _nc_bd. In addition, it is evident that bars also cause
some vertical heating, causing some of the bar-driven retrograde populations to be nearly spherically distributed.

distribution of retrograde stars in the space of L,/L, versus the
spherical radius rpy, for the models at 10 Gyr. In models M1 _c_b and
M2_c_nb (upper row), the outer regions (ry,, > 5kpc) are clearly
dominated by retrograde stars having low values of L,/Ly, which
indicates that much of the angular momentum of these stars is not
perpendicular to the disc plane. Combined with their low circularity,
it suggests that clump-driven retrograde stars are predominantly on
boxy orbits. On the other hand, orbits span a wider range of L,/Li
in the inner region where the bar dominates. However, we have also
seen in Fig. 6 that bars produce a retrograde population which has a
spheroidal, rather than a discy, distribution.

4 OBSERVATIONAL CONSEQUENCES

‘We now consider the observational implications of our results for the
MW, and for disc galaxies in general.

4.1 Implications for the MW

We have demonstrated that while bar-driven retrograde stars remain
in the vicinity of the bar, clumps are capable of driving retrograde
motion to larger galactocentric radii (Figs 5 and 6). Therefore, we
expect that a population of clump-driven retrograde stars will be
present in the Solar neighbourhood if the MW has experienced a
clumpy episode. On the other hand, we do not expect any bar-
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driven retrograde stars to be present in this region, as these will
be restricted to Galactocentric radii comparable to the MW’s bar. In
the clumpy models we found the retrograde mass fraction, fie, in
the Solar cylinder (defined as 7.5 < Rg/kpc < 8.5 and 0 < |z|/kpc
< 2) to be 0.01 per cent and 0.04 per cent for M1_c_b and M2_c_nb,
respectively. The clump-driven retrograde stars in the models are part
of the Splash-like population studied in Amarante et al. (2020b). They
found the relative fraction of this population, defined as the metal-rich
(— 0.7 < [Fe/H] < —0.2), low angular momentum (vy < 100 km s7h)
stars in an isolated clumpy simulation,' is in good agreement with
the fraction observed in the MW using the same selection criteria
(see their fig. 4, left-hand panel).

We estimate the MW’s Solar neighbourhood retrograde fraction
(those within 1kpc of the Sun) based on the local fraction of
the kinematically defined halo, which is 0.45-0.60 per cent (Kor-
dopatis et al. 2013; Posti et al. 2018; Amarante, Smith & Boeche
2020a). Since this population’s velocity distribution is well fit by
a Gaussian, with mean v, ~ 20kms~! and o, = 85-100kms~!,
roughly 40 per cent of these stars are on retrograde orbits. The
resulting fraction of retrograde stars in the Solar neighbourhood
therefore is ~0.18-0.24 per cent. This fraction has no chemical
selection; for this reason, its higher value compared to the models

! Amarante et al. (2020b) studied a lower mass resolution version of M2_c_nb.
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Figure 7. Distribution of stellar age versus orbital circularity, A, = L,/L.(E), for stars at R > 5kpc (top row) and R < 5 kpc (bottom row) at 10 Gyr. Stars in
the shaded regions in the upper row are born during the clumpy episodes of M1_c_b and M2_c_nb. In the outer region, the only retrograde stars present are those
which were born during the clumpy epoch. Models M3_nc_b and M4_nc_bd have no retrograde stars in this outer region. In the inner regions (bottom row),
retrograde stars span a much wider range of ages. This is due to the heating of stars by the bar throughout its lifetime. In the case of M2_c_nb, the presence of
younger retrograde stars in the inner region is likely due to a small bar which forms at roughly 8 Gyr.

is attributed to the fact that it also includes halo stars accreted by
the MW (e.g. Hawkins et al. 2015; Belokurov et al. 2018; Hayes
et al. 2018; Helmi et al. 2018; Das, Hawkins & Jofré 2020). The
models only have in situ retrograde stars, and their lower fraction
shows that retrograde orbits are not overproduced due to excessive
scattering in the models. Moreover, a considerable number of
retrograde stars associated with the Gaia-Enceladus-Sausage event
(Belokurov et al. 2018; Helmi et al. 2018) lie exactly in the region
associated with the thick disc in the [Mg/Fe]-[Fe/H] plane (see
e.g. Kordopatis et al. 2020, fig. 11). Therefore, determining the
relative fractions of accreted and in situ retrograde stars in the MW
requires detailed chemical analysis which is beyond the scope of
this work.

The inner regions of the MW, which are difficult to study due
to extinction and overcrowding, are currently being explored in
greater detail. Queiroz et al. (2020) used Gaia DR2, along with
chemistry from APOGEE DR16, to explore the bulge/bar region of
the MW. They reported a highly eccentric, retrograde component
within 1kpc of the Galactic Centre. While this inner retrograde
component can indeed be generated by clumps sinking into the
Galactic Centre, the bar, as we have shown, will also play a strong role
in building up this population (see Fig. 3). We further demonstrated
in Section 3.3 that bar-driven retrograde stars remain within the bar
radius, and will therefore be centrally concentrated (bottom two rows
in Figs 5 and 6), and we found in Section 3.2 that bars and clumps
contribute roughly equally to the retrograde fraction in the inner
regions.

4.2 Implications for disc galaxies in general

We found that the retrograde populations generated by the bar and
clumps in the models do not produce the counterrotating discs
observed in disc galaxies such as NGC 4550 (Rix et al. 1992; Rubin
et al. 1992) and NGC 7217 (Merrifield & Kuijken 1994). Indeed,
we have shown in Section 3.4 that the retrograde stars more closely
resemble a heated population in terms of their kinematics, rather
than a rotationally supported disc. This can also be seen in Fig. 6,
which illustrates how both clump and bar-driven retrograde stars are
spheroidally distributed. The kinematically hot orbits combined with
the paucity of retrograde stars in the outer disc region make it unlikely
that such a retrograde population would have been detected in earlier
surveys, which mainly used line-of-sight velocities to disentangle
the counterrotating populations from the main disc. In one such
study, Kuijken, Fisher & Merrifield (1996) observed a sample of 28
SO galaxies, including (at least) eight barred examples. They found
that the galaxies in their sample must have a counterrotation mass
fraction, fi; < 0.05. In addition, they estimated that <10 per cent
of SO galaxies have a significant retrograde population. However,
in their study, only spectra in the flat portion of the rotation curves
of their galaxies were considered, which means that the bulge/bar
region was largely unexplored. Therefore, any retrograde population
generated by the bar would remain undetected. In addition, any
clump-driven retrograde stars in the outer disc would not be detected
either, given how sparse they are in this region (see right column in
Fig. 5). In more recent work, Zhu et al. (2018) constructed orbit-
superposition Schwarzschild models of galaxies observed in the
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Figure 8. Density distribution in the space of L,/Lo versus spherical radius rgpy at 10 Gyr for the models. Stars with L,/Lyo close to unity are on in-plane orbits.
On the other hand, stars with values of L,/L close to zero are on vertically heated orbits. The upper panels for the clumpy models show that the majority of
retrograde stars in the outer regions (and to a lesser extent the inner regions) are on such vertically heated orbits.

CALIFA survey (Sanchez et al. 2012) and classified their orbits
according to the circularity, A,. In general, they found that more
massive galaxies tend to have higher fractions of both hot (|A;] <
0.25) and counterrotating (1, < —0.25) orbits. However, from their
sample, it is unclear whether there is any significant difference in
the orbital configuration of barred and unbarred discs. To that end,
it would be interesting to see if any future observational studies are
able to confirm whether bars do indeed drive retrograde motion in
the inner regions of disc galaxies, as the models predict.

Our findings have important implications with regard to the
origin of stellar counterrotating discs. It is widely accepted that this
phenomenon is produced by externally driven mechanisms such as
the accretion of counterrotating gas which subsequently forms stars
(e.g Coccato et al. 2011, 2013; Johnston et al. 2013; Pizzella et al.
2014, 2018), a scenario which is supported by numerical simulations
(Thakar & Ryden 1996, 1998; Algorry et al. 2014), or possibly from
merger events (Puerari & Pfenniger 2001). However, there have also
been efforts to link the phenomenon of counterrotation with internally
driven mechanisms. For example, the ‘wave patterns’ observed in
the velocity curves of barred SO galaxies (Bettoni 1989; Bettoni &
Galletta 1997; Zeilinger et al. 2001) were interpreted by Wozniak
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& Pfenniger (1997) to be the result of a counterrotating population
induced by the bar, and they further suggested that such a population
might constitute 14-30 per cent of the stellar mass inside the bar’s
co-rotation resonance. Evans & Collett (1994) also showed that it is
possible for bar dissolution to generate a counterrotating population.
In this scenario, stars on box orbits are able to escape the potential
well to go on tube orbits as the potential becomes axisymmetric. In a
non-rotating disc, there are as many stars on co-rotating boxy orbits
as there are counterrotating. Therefore, half of the stars are scattered
into counterrotating tube orbits. We have shown in Section 3.2 that
bars are capable of generating a substantial retrograde population,
in agreement with Wozniak & Pfenniger (1997). However, the bar-
driven retrograde stars we find in the models are not counterrotating,
and are restricted to the region of the bar. Furthermore, we showed
that bar destruction is unable to produce counterrotating discs.

5 SUMMARY

By analysing four N-body+SPH models of isolated disc galaxies, we
investigated the role which stellar clumps and bars play in driving

1202 YoJB L€ UO Jasn aliyseoue] [ejua) Jo Ajsianiun Aq 29%6S19/8L 1L/ /S0S/a10ne/SeIul/Wo dnoolwspeoe//:sd)y Wol) papeojumoq



retrograde motion in disc stars. Our results can be summarized as
follows:

(i) Both clumps and bars can generate quite a significant retrograde
population (of order 10 per cent of the total stellar mass), with bars
being slightly more efficient at producing retrograde stars. We find
no evidence that bar dissolution drives additional retrograde motion
(see Section 3.2).

(ii) Retrograde orbits generated by a bar remain confined to the
inner regions inside the bar radius (even if the bar dissolves). Thus,
any stars on retrograde motion found in the Solar neighbourhood
cannot be attributed to the bar (see Section 3.3).

(iii) Retrograde orbits generated by clumps reach larger Galac-
tocentric radii, and may be found in the Solar neighbourhood (see
Section 3.3).

(iv) The retrograde orbits generated by clumps in the simulations
represent of the stars in the mock Solar neighbourhood. This fraction
is lower than that estimated in the MW (which includes both accreted
and in situ stars), suggesting that the models do not overproduce
0.01-0.04 per cent retrograde stars (see Section 4.1).

(v) Neither bars nor clumps can produce rotationally supported
counterrotating discs. Moreover, we find no evidence that bar
destruction produces counterrotation (see Section 4.2).
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