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ABSTRACT

An m = 1 lopsided asymmetry is common in disc galaxies. Here, we investigate the excitation of an m = 1 lopsidedness in host
galaxies during minor mergers while choosing a set of 1:10 merger models (with varying orbital configurations, morphology of
the host galaxy) from the GalMer galaxy merger library. We show that a minor merger triggers a prominent m = 1 lopsidedness
in stars of the host galaxy. The strength of the m = 1 lopsidedness undergoes a transient amplification phase after each pericenter
passage of the satellite, in concordance with past findings of exciting an m = 1 lopsidedness by tidal encounters. However, once
the merger happens, and the post-merger remnant readjusts itself, the lopsidedness disappears in short time-scale (~ 500 — 850
Myr). Furthermore, a delayed merger can drive a prolonged (~2 Gyr) lopsidedness in the host galaxy. We demonstrate that
the m = 1 lopsidedness rotates with a well-defined pattern speed which is much slower than the m = 2 bar pattern speed, and
is retrograde with respect to the bar. This gives rise to a dynamical scenario where the Inner Lindblad resonance of the m = 1
lopsidedness falls in between the corotation and the Outer Lindblad resonance of the m = 2 bar mode. A kinematic lopsidedness
also arises in the host galaxy; the resulting temporal variation closely follows that of the density lopsidedness. The minor merger
also triggers a transient off-centred stellar disc-dark matter halo configuration due to the tidal encounter with the satellite.
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1 INTRODUCTION

Past observational studies revealed that disc galaxies often exhibit
an m = 1 distortion or lopsidedness in the outskirts of the disc.
Lopsidedness is common in the spatial distribution of the neutral
hydrogen (H 1) which extends further out than the stellar disc (e.g.
see Baldwin, Lynden-Bell & Sancisi 1980; Richter & Sancisi 1994;
Haynes et al. 1998; Matthews, van Driel & Gallagher 1998; Angiras
et al. 2006; van Eymeren et al. 2011b) as well as in the spatial
distribution of stars (e.g. see Block et al. 1994; Rix & Zaritsky 1995;
Bournaud et al. 2005; Reichard et al. 2008; Zaritsky et al. 2013).
Previous work by Kalberla & Dedes (2008) showed the presence of
a lopsidedness in the H 1 distribution of the Milky Way whereas a
recent work by Romero-Gémez et al. (2019) suggested a lopsided
(warped) stellar disc for the Milky Way. Simultaneous occurrence of
an m = 1 lopsided distortion and the m = 2 bar and spiral arms are
also common (e.g. see Rix & Zaritsky 1995; Bournaud et al. 2005;
Zaritsky et al. 2013). The magnitude of the m = 1 lopsidedness
is shown to correlate with the strength of the spiral arms, but is not
correlated with the occurrence of the bar (e.g. see Zaritsky etal. 2013,
but also see Bournaud et al. 2005). Signature of lopsidedness has been
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reported in the H I velocity fields of galaxies as well (e.g. Swaters
et al. 1999; Schoenmakers, Franx & de Zeeuw 1997; van Eymeren
et al. 2011a). A lopsided pattern in the density distribution can give
rise to a kinematic lopsided feature (e.g. Jog 1997, 2002). Indeed,
such a co-existence of morphological and kinematic lopsidedness
has been shown observationally in a sample of galaxies from the
WHISP (Westerbork H 1 Survey of Spiral and Irregular Galaxies)
survey (see van Eymeren et al. 2011a,b).

A variety of physical mechanisms has been identified which can
excite anm = 1 lopsided pattern in a disc galaxy. For example, the disc
response to halo lopsidedness arising due to tidal interactions (Jog
1997) or merging of a satellite galaxy (Zaritsky & Rix 1997) or a tidal
encounter (Bournaud et al. 2005; Mapelli, Moore & Bland-Hawthorn
2008), and asymmetric gas accretion (Bournaud et al. 2005) can lead
to an excitation of an m = 1 lopsidedness. For a detailed exposition
of this field, see the review in Jog & Combes (2009). Also, an off-
set disc in a spherical dark matter (hereafter DM) halo can excite a
lopsidedness feature (Noordermeer, Sparke & Levine 2001; Prasad &
Jog2017). A recent study by Saha & Jog (2014) showed that a leading
m = 1 lopsidedness can take part in the outward angular momentum
transport, thus facilitating the inflow of gas from the outer regions of
galaxy. However, little is known about the pattern speed of the m = 1
lopsidedness. Observationally, the pattern speed of lopsidedness has
not been measured till date. Earlier theoretical works (e.g. see Rix &
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Zaritsky 1995; Jog 1997) have assumed a null pattern speed, for
simplicity. Further theoretical explorations revealed that the slowly
varying global m = 1 modes can survive for longer times in the near-
Keplerian central regions of M 31 (Tremaine 2001) as well as in the
pure exponential discs in spiral galaxies (Saha, Combes & Jog 2007).
Previous works by Junqueira & Combes (1996), Bacon et al. (2001)
also measured the pattern speed of an m = 1 lopsidedness in the
central regions (~ few tens of pc) of M 31-like galaxy models using
numerical simulations. Measuring the pattern speed of the lopsided
asymmetry is extremely crucial as it can potentially shed light about
the dynamical role of the lopsidedness in the secular evolution and the
angular momentum transport. Furthermore, it can provide important
clues about the generating mechanisms of the lopsidedness (e.g. see
discussion in Jog 2011).

Also, a few studies of mass modelling from the rotation curve
have furnished evidences/indications that there could be an oft-set
(ranging between ~ 1 — 2.5 kpc) between the baryonic disc and
the DM halo, for example, in NGC 5055 (Battaglia et al. 2006),
in one galaxy residing in the galaxy cluster Abell 3827 (Massey
et al. 2015), and also in M 99 (Chemin et al. 2016). Furthermore,
a theoretical study by Kuhlen et al. (2013) reported an off-set of
300—400 pc between the density peaks of the baryonic disc and
the DM halo in a Milky Way-like galaxy from the high-resolution
cosmological hydrodynamics ERIS. This off-set is seen to be long-
lived. An off-centred nucleus can result in an unsettled central region
(e.g. Miller & Smith 1992). Indeed, such a sloshing pattern in the
central regions has been reported in a sample of remnants of advanced
mergers of galaxies (Jog & Maybhate 2006). In the past, several
theoretical efforts focused on studying the disc-DM halo response to
an interaction with a passing-by satellite or a unbound encounter, by
means of linear perturbation theory or by numerical simulations. It
was shown that such interactions lead to the excitation of coherent
modes in the DM halo distribution. It can also lead to the production
of strong disturbances in the baryonic disc, leading to excitation
of a vertical m = 1 warp mode and the lopsidedness (e. g., see
Weinberg 1989, 1994, 1998; Vesperini & Weinberg 2000; Choi 2007;
Goémez et al. 2016; Laporte et al. 2018). Furthermore, Gao & White
(2006) studied the off-set in the dark matter halo distribution from
a high-resolution cosmological simulation, and showed that only
~7 percent of the Milky Way-like dark matter haloes display an
off-set of more than 20 per cent between their halo density centre
and the barycentre.

On the other hand, minor merger of galaxies is common in
the hierarchical formation scenario of galaxies (Frenk et al. 1988;
Carlberg & Couchman 1989; Lacey & Cole 1993; Jogee et al.
2009; Kaviraj et al. 2009; Fakhouri & Ma 2008). This mechanism
has a number of dynamical impacts on the kinematics as well as
on the secular evolution of galaxies, such as disc heating and the
vertical thickening of discs (Quinn, Hernquist & Fullagar 1993;
Walker, Mihos & Hernquist 1996; Velazquez & White 1999; Font
et al. 2001; Kazantzidis et al. 2008; Qu et al. 2011a), slowing
down the stellar discs of the post-merger remnants (Qu et al. 2010,
2011b), enhancing star formation (e.g. see Kaviraj 2014), transferring
angular momentum to the dark matter halo via action of stellar bars
(Debattista et al. 2006; Sellwood & Debattista 2006), and weakening
of the stellar bars in the post-merger remnants (Ghosh et al. 2021).
Furthermore, a recent numerical study by Pardy et al. (2016) has
shown that a dwarf-dwarf merger can produce an off-set bar and a
highly asymmetric stellar disc that survives for ~ 2 Gyr. This serves
as a plausible explanation for the off-set bar (Kruk et al. 2017) found
in many Magellanic-type galaxies. While a minor merger can excite
lopsidedness in disc galaxies (e.g. Bournaud et al. 2005; Mapelli et al.
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2008), the exact role of different orbital parameters, Hubble type of
the companion, remain unexplored in the context of excitation of an
m = 1 lopsidedness during a minor merger event.

In this paper, we systematically investigate the generation of an
m = 1 lopsidedness in the density and the velocity fields of the host
galaxy in a minor merger scenario while varying different orbital
parameters, nature of the host galaxies. Also, we study in details
whether a minor merger of galaxies can produce an off-set between
the baryonic and the DM halo density distribution. For this, we make
use of the publicly available GalMer library (Chilingarian et al. 2010)
which offers the study of the physical effects of minor merger of
galaxies, encompassing a wide range of cosmologically motivated
initial conditions. Thus, this database is appropriate for fulfilling the
goal of this paper.

The rest of the paper is organized as follows. Section 2 provides
a brief description of the GalMer database and the minor merger
models used here. Section 3 provides the details of the disc-DM
halo off-set configuration arising in minor merger models. Section 4
quantifies the m = 1 lopsided distortions present in the stellar disc
of the host galaxy whereas Section 5 provides the pattern speed
measurement and the location of resonance points associated with
the m = 1 lopsidedness. Section 6 presents the details of the kinematic
lopsidedness in the minor merger models. Section 7 compares the
properties of the m = 1 lopsidedness, as presented here, with the past
literature. Sections 8 and 9 contain discussion and the main findings
of this work, respectively.

2 MINOR MERGER MODELS - GALMER
DATABASE

The publicly available GalMer ' library offers a suite of N-
body + smooth particle hydrodynamics (SPH) simulations of galaxy
mergers that can be used to probe the details of galaxy formation
through hierarchical merger process. It offers three different galaxy
interaction/merger scenarios with varying mass ratio — the 1:1 mass
ratio mergers (giant-giant major merger), 1:2 mass ratio mergers
(giant-intermediate merger), and 1:10 mass ratio mergers (giant-
dwarf minor merger). An individual galaxy model is comprised of a
non-rotating spherical dark matter halo, a stellar and a gaseous disc
(optional), and a central non-rotating bulge (optional). The bulge (if
present) and the dark matter halo are modelled using a Plummer
sphere (Plummer 1911) and the baryonic discs (stellar, gaseous) are
represented by the Miyamoto-Nagai density profiles (Miyamoto &
Nagai 1975). The mass of the stellar disc varies from gS0, gSa-type
(9.2 x 10" M) to late-type gSd models (5.8 x 10'© My,). Similarly,
the bulge mass also decreases from gS0, gSa-type (2.3 x 10! Mg) to
late-type gSd models (0, no bulge). For details of the other structural
parameters, the reader is referred to Chilingarian et al. (2010, see
Table. 1 there). The total number of particles (N,,) varies from a
giant-dwarf interaction (V,,, = 480 000) to a giant—giant interaction
(Nw: = 120 000). Similarly, the number of particles assigned to
each of the sub-components (e.g. disc, bulge, DM halo) varies with
the Hubble type of the galaxy. For example, the number of stellar
particles (Ny,) varies from 3.2 x 103 for the gSO-type to 1.6 x 10°
for the gSb-type model, with 20 percent of Ny, are assigned to
model the bulge and the rest 80 per cent of the particles are assigned
to model the stellar disc in each case. The number of particles used
to model the DM halo (Npy) is 1.6 x 10°, and is kept fixed for all
Hubble types of host galaxies (for details see Table 6 in Chilingarian

lavailable on http://galmer.obspm.fr
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etal.2010). For a 1:10 mass ratio merger (giant-dwarf minor merger),
a dwarf galaxy is a re-scaled version of a giant host galaxy (of same
Hubble type). The only difference for the satellite is the total mass,
and the number of particles used, which are ten times lower than
those of the giant galaxy, and the size of the satellite becomes /10
times smaller than the host giant galaxy. To illustrate further, for a
giant SO-type (gS0) galaxy, Nyg = 3.2 x 10 and Npy = 1.6 x 10°
whereas for a dwarf SO-type (dSO) galaxy, Ngar = 3.2 X 10* and
Npm = 1.6 x 10* (for details see Table 6 in Chilingarian et al.
2010).

Following Mihos & Hernquist (1994), a ‘hybrid particle’ scheme
is implemented to represent the gas particles in these simulations.
In this prescription, they are characterized by two masses, namely,
the gravitational mass (M;) which is kept fixed during the entire
simulation run, and the gas mass (M;g,), changing with time,
denoting the gas content of the particles (for details see Di Matteo
et al. 2007; Chilingarian et al. 2010). Gravitational forces are always
calculated using the gravitational mass, M;, while the hydrody-
namical quantities make use of the time-varying gas mass, M; g,;.
The gas fraction in a galaxy model increases monotonically from
the early Sa-type galaxies (10 percent of the stellar mass) to the
late Sd-type galaxy (30 percent of the stellar mass). A suitable
empirical relation is adopted in the simulations to follow the star
formation process which reproduces the observed Kennicutt-Schmidt
law for the interacting galaxies. The simulation models also include
recipes for the gas phase metallicity evolution as well the supernova
feedback.

The simulations are run using a TreeSPH code by Semelin &
Combes (2002). For calculating the gravitational force, a hierarchical
tree method (Barnes & Hut 1986) with a tolerance parameter 6 =
0.7 is employed which includes terms up to the quadrupole order
in the multipole expansion. The gas evolution is achieved by means
of smoothed particle hydrodynamics (e.g. Lucy 1977). A Plummer
potential is used to soften gravitational forces. The adopted softening
length (€) varies with different merger scenarios, with € = 200 pc
for the giant-intermediate and giant-dwarf merger models and € =
280 pc for the giant-giant merger models. The equations of motion
are integrated using a leapfrog algorithm with a fixed time step of
At =35 x 10° yr (Di Matteo et al. 2007). The galaxy models are first
evolved in isolation for 1 Gyr before the start of merger simulation
(Chilingarian et al. 2010).

For this work, we consider a set of giant-dwarf minor merger
models with varying morphology for the host galaxy (see Table 1).
In GalMer simulations, the orientation of an individual galaxy in the
orbital plane is described completely by the spherical coordinates,
i1, I, @, and @, (for details, see fig. 3 of Chilingarian et al. 2010).
However, the GalMer library provides only one orbital configuration
for the giant—dwarf interaction, characterized by i; = 33° and
i, = 130° (Chilingarian et al. 2010). We point out that this choice
of inclination angle is in compliance with the expectation for a
random distribution of inclinations between orbital planes and halo
spins. Furthermore, using a high-resolution cosmological simulation,
Khochfar & Burkert (2006) showed that the distribution of the angle
between the orbital plane of the satellite and the spin plane of the halo
follows a sinus function; thus, justifying our choice of 33° inclination
(for further details, see Chilingarian et al. 2010).

For consistency, any merger model is referred as a unique string
‘[HOST GALAXY][SATELLITE GALAXY ][ORBIT ID][ORBITAL SPIN]33’.
[HOST GALAXY] and [SATELLITE GALAXY] denote the corresponding
morphology types. [ORBIT ID] denotes the orbit number as assigned
in the GalMer library, and [ORBITAL SPIN] denotes the orbital spin
vector (‘dir’ for direct and ‘ret’ for retrograde orbits). The number
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33" refers to i; = 33° which is constant for all minor mergers
considered here. The same sense of nomenclature is used throughout
the paper, unless stated otherwise.

We define the epoch of merger, Ty, When the distance between
the centre of mass of two galaxies becomes close to zero. Table. 1
contains the epoch of merger, Ty, for all minor merger models used
for this work. Also, the epochs of the first and the second pericenter
passages (T peri> I2,peri) for these models are mentioned in Table 1.

3 DISC-DM HALO OFF-SET IN MINOR
MERGERS

First, we investigate whether a minor merger scenario can create a
disc-DM halo off-set configuration in the models considered here. To
achieve that, we first choose a minor merger model gSadE001dir33
from the GalMer library. Fig. 1 shows the corresponding face-on
density distribution of the stellar particles from the host and the
satellite galaxies (gSa + dEO) at different epochs, before and after
pericenter passages. In this model, a giant Sa-type (gSa) galaxy
experiences an interaction with a dwarf elliptical (dEO) galaxy. The
satellite loses a part of its orbital angular momentum after each
pericenter passage due to the dynamical friction and the tidal torque,
thereby falling deep in the gravitational potential of the host galaxy
and ultimately merges with it. After each pericenter passage of the
satellite, the host galaxy displays a prominent distortion/asymmetry
in the stellar density distribution (e.g. see ¢+ = 0.75 Gyr in the top
panel of Fig. 1).

Next, we compute the density centres of the stellar disc and the DM
halo of the host galaxy, and see whether they are concentric during
and after the merger. We mention that, during the interaction, the
host as well as the satellite galaxy form a tail-like feature due to the
gravitational pull exerted on them. Therefore, the mass-weighted
centre (centre-of-mass) could be misleading to locate the actual
centre of the mass distribution. Consequently, one has to compute
the density-weighted centres of the underlying mass distribution
(for detailed discussion, see Casertano & Hut 1985). Following
Casertano & Hut (1985), the density-weighted centre of a certain
galactic component (here disc, and DM halo) is calculated using
2o Xi Pﬁ')
~ 0 M

> Pj

where X; is the three-dimensional position vector for the ith particle,
(@)

Xq,j =

and p; " is the density estimator of order j around the ith particle, and
is evaluated as
j—1
pj = m. 2)
V@)

Here, m is the mass of the particle (equal for all particles of a certain
galactic component), 7; is the distance of the jth particle from the
particle around which local density is being estimated. Here, we
choose j = 6, as prescribed by Casertano & Hut (1985). Fig. 1 also
shows the density-weighted centres of the stellar disc and the dark
matter halo (indicated by + and x, respectively) of the host galaxy
at different times. Interestingly, the density-weighted centres of the
stellar disc and the DM halo are seen to be separated by a finite
amount after each pericenter passage of the satellite galaxy; thereby
indicating the presence of an off-set between the stellar disc and the
DM halo in the host galaxy. However, by the end of the simulation
run (¢ = 3.8 Gyr), these two centres are seen to coincide again.

To investigate further, we calculate the density weighted centres
of stellar disc and the DM halo of the host galaxy as a function
of time, for different minor merger models with varying orbital
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Model® rini @ ving @ Li® Eini © Spin® Pericenter”  Ti peri ® T peri @ Timerger 1” Tena 1V
(kpe)  (x107kms™!) (x10*kms~'kpe) (x 10* km? s72) Dist. (kpc)  (Gyr) (Gyr) (Gyr)  (Gyr)
gSadE001dir33 100 1.48 29.66 0. Up 8. 0.5 L1 1.55 3.8
gSadE001ret33 100 1.48 29.66 0. Down 8. 0.5 13 1.95 3.8
gSadE002dir33 100 1.52 29.69 0.05 Up 8. 045 1.2 155 3.
gSadE002ret33 100 1.52 29.69 0.05 Down 8. 045 14 2. 3.
gSadE003dir33 100 1.55 29.72 0.1 Up 8. 045 1.25 1.95 3.
gSadE003ret33 100 1.55 29.72 0.1 Down 8. 045 L5 225 3.
2SadE004dir33 100 1.48 36.33 0. Up 8. 0.5 1.2 1.7 3.
gSadE004ret33 100 1.48 36.33 0. Down 8. 0.5 175 2.85 3.
2SadE005dir33 100 1.52 36.38 0.05 Up 16. 0.5 1.35 1.85 3.
gSadE005ret33 100 1.52 36.38 0.05 Down 16. 0.5 1.85 27 3.
2SadE006dir33 100 1.55 36.43 0.1 Up 16. 045 1.45 2. 3.
gSadE006ret33 100 1.55 36.43 0.1 Down 16. 045 1.95 2.85 3.
gS0dE001dir33 100 1.48 29.66 0. Up 8. 0.5 1.2 1.55 3.8
gSO0dE001ret33 100 1.48 29.66 0. Down 8. 055 17 22 3.8
gSbdE001dir33 100 1.48 29.66 0. Up 8. 0.5 1.05 1.35 3
gSbdE001ret33 100 1.48 29.66 0. Down 8. 0.5 1.35 1.85 3

Note. (1) GalMer minor merger model; (2) initial separation between two galaxies; (3) absolute value of initial relative velocity; (4) Lini = [Tini X Vinil; (5)

Eini = 2 1m

— G(my + m2)/rini, with m; = 2.3 x 10! Mg, and mp = 2.3 x 1010 Mpo; (6) orbital spin; (7) pericenter distance; (8) epoch of first pericenter

passage; (9) epoch of second pericenter passage; (10) epoch of merger; (11) total simulation run time. Columns (2)-(7) are taken from Chilingarian et al.

(2010).
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Figure 1. Face-on stellar density distribution of host plus satellite (gSa + dEO) system, shown for the model gSadE001dir33 at different epochs before and after
pericenter passages of the satellite galaxy. Black lines denote the contours of constant surface density. The symbols ‘+’ (in cyan) and ‘x’ (in yellow) denote the

density-weighted centres for the stellar disc and the DM halo distributions of the host galaxy, respectively. Here, Rg = 3 kpc.
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configuration, orbital energy (for details, see in Section 2). Here,
we use the barycentre of the host plus satellite galaxy system as
the centre of reference. Fig. 2 shows the corresponding temporal
evolution of the separation between the centres of the stellar disc

and the DM halo of the host galaxy in different merger models. The
separation/off-set (Arcp (7)) at time ¢ is calculated as

Arcn(t) = \/Axdy(0) + Aydy(0) + Azdy (o), 3)

where, Axem(?) = x4(1) — Xam (1), Ayem(t) = ya(t) — Yam (D), Azcm(?) =
za(D) — zam(0). Here (x4(0), ya(1), z4(0) and (Xagn(0), Yam(®), Zam(1))
denote the density-weighted centres of the stellar disc and the DM
halo of the host galaxy at time ¢, respectively. 2 Fig. 2 clearly
demonstrates the presence of an off-set between the stellar disc and
the DM halo of the host galaxy, after each time the host galaxy expe-
riences a pericenter passage of the satellite galaxy. This off-set can
be ~400—600 pc (2—3 times the softening length of the simulation),
and is most prominent immediately after the pericenter passage. If
there is sufficient time to adjust between two successive pericenter
passages, the off-set decreases and goes below the softening length
(and hence is not reliable). Once the satellite mergers, and the post-
merger remnant gets some time (~250—400 Myr) to readjust itself,
this off-set disappears. In other words, the off-set between stellar
disc and the DM halo in these minor merger models is a transient
phenomenon.

Next, we compare how the generation of an off-set between the
stellar disc and the DM halo of the host galaxy varies in models
with different orbital configurations. We find that, each pericenter
passage of the satellite triggers an off-set between stellar disc and
the dark matter halo of the host galaxy in a generic fashion in
these merger models. However, the actual value of such an off-set
depends (weakly) on the distance of closest approach. For example,
the model gSadE006dir33 has a pericenter distance of 16 kpc as
opposed to the model gSadE001dir33 which has a pericenter distance
of 8 kpc (for details, see Table 1). The lower values of the off-set
seen in the model gSadE006dir33 as compared to that of model
¢SadE001dir33 suggests a dependence on the distance of closest
approach. Furthermore, the merger of the satellite with the host
galaxy happens at a very late epoch for the model gSadE0O6ret33,
thus it mimics a fly-by encounter scenario. Although the actual value
of the oft-set between the stellar disc and the DM halo in this model
is smaller, the off-set persists till the very end of the simulation run
due to the continued pericenter passages of the satellite galaxy.

Lastly, we probe the temporal evolution of the disc-DM halo off-
set in the in-plane (x—y plane) and in the vertical direction (x —
z plane) for different minor merger models. We found that the in-
plane separation/oft-set varies in the range ~300—500 pc (see Fig. 3).
However, the separation in the direction perpendicular to the disc
mid-plane is less than the softening length (200 pc) of the simulation,
hence they are not shown here. This trend remains true for all minor
merger models considered here.

In appendix A, we show the temporal evolution of the disc-DM
halo separation for the isolated gSa galaxy model (hereafter isogSa).
The galaxy model, when evolved in isolation, does not produce
an off-set between the centres of the disc and the DM halo. This
accentuates the fact that a pericenter passage of a satellite galaxy

2 After the merger happens, the stellar and the DM halo particles from the
satellite get redistributed in the host galaxy. We check that, after the merger,
the values of Arcy(t) when calculated using particles from both the host and
the satellite remains same as the Arcy(f) values calculated by taking only the
particles from the host galaxy.
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can drive a transient off-centred disc-DM halo configuration for a
wide variety of orbital configurations considered here. A similar
scenario of generating a transient off-set between disc and DM halo
via dwarf-dwarf merger has been shown in Pardy et al. (2016).

For the sake of completeness, we also examine whether a similar
off-set is generated between the stellar disc and the bulge of the host
galaxy. This is also shown in Fig. 2. As seen clearly, the disc and
the bulge of the host galaxy always remain concentric, and this holds
true for different orbital configurations considered here.

4 QUANTIFYING LOPSIDED ASYMMETRY IN
THE DENSITY DISTRIBUTION

Fig. 1 already indicated the existence of an m = 1 asymme-
try/distortion in the stellar density distribution of the host galaxy.
This m = 1 distortion is most prominent after each pericenter passage
of the satellite. In this section, we study in detail the generation of
the m = 1 distortion in the stellar density distribution, identify the
nature of the m = 1 distortion as lopsidedness, and characterize its
strength, and longevity.

Fig. 4 (top panels) shows the face-on density distribution of
the host galaxy’s disc particles for the minor merger model
¢SadE001dir33, at different time-steps after the first pericenter
passage of the satellite galaxy. The existence of an m = 1 asymmetry
is clearly seen in the density maps. To quantify further, we calculate
the radial variation of the m = 1 Fourier harmonics of the stellar
disc’s density distribution of the host galaxy at different times. This
is shown in Fig. 5 (top right-hand panel).

4.1 Characterizing the m = I lopsided distortion in stars

Here, we characterize the properties of an m = 1 lopsidedness in
the density distribution of the disc’s stars of the host galaxy. This
characterization is based on the amplitude (A;/Ay) and the phase
angle (¢;) obtained from the Fourier decomposition of the stellar
density distribution. First we note that, a tail-like feature is produced
due to the tidal pull during and (shortly) after a pericenter passage
(e.g. see in the top panels of Fig 4). This tidal tail, in turn, yields
a large non-zero value of the m = 1 Fourier coefficient in the
outer radial extent (R > 7Ry). Hence, this radial extent should be
avoided while characterizing the m = 1 lopsidedness in the density
distribution.

Next, we find that in our chosen model gSadE001dir33, a one-
arm spiral forms after the first pericenter passage of the satellite
(e.g. see at t = 0.7 — 0.75 Gyr in Fig 4). The same one-arm spiral
reappears after the second pericenter passage of the satellite as
well. Eventually it fades away after ~ 200 Myr. We check that the
presence of such a one-arm spiral produces a hump-like feature in
the radial profile of the m = 1 Fourier coefficient (see the example
shown in the left-hand panels of Fig. 5). The extent of this one-
arm spiral varies from ~2 to 4Ry in the model gSadEOOldir33.3
Further, Fig. 5 (middle panel) revealed that, within the radial extent
4—7 Rd, the Fourier coefficient of the m = 1 Fourier harmonics
(A1/Ap) increases with radius; thereby indicating the presence of an
outer m = 1 disc lopsidedness in the model gSadE001dir33. The
corresponding radial variation of the phase angle (¢,), calculated at
t = 0.65 Gyr, is also shown in Fig. 5 (see middle panel). We notice
that the phase-angle (¢;) values for the one-arm spiral dominated
region and the outer m = 1 disc lopsidedness are very different, thus

3 Although, sometimes it can extend beyond the radial extent mentioned here.
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Figure 2. Disc-halo off-set in minor mergers: separation between the disc-bulge (black dashed line) and the disc-DM halo (blue dashed line) centres of the
host galaxy, as a function of time are shown for different minor merger models. The barycentre of the host plus satellite galaxy system is used as the centre of
reference. The vertical arrows (in magenta) denote the epochs of pericenter passages of the satellite galaxy. The horizontal dash line (in maroon) denotes the
softening length (¢ = 200 pc) adopted for the minor merger simulations. Here, Rq = 3 kpc.
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orbital parameters. The barycentre of the host plus satellite galaxy system is used as the centre of reference. The colour bar denotes the epochs of the minor
merger models.

indicating presence of two lopsided patterns with different phase

angles.

The radial variation of the phase-angle associated to an m = 1
lopsidedness is important for characterizing its nature and deter-
mining its physical origin (for details see Jog & Combes 2009).
We calculated the mean and the corresponding standard deviation
(SD hereafter) of the phase angle (¢,), at t = 0.65 Gyr, for these
two above-mentioned regions. We find that, in the region hosting a
prominent one-arm spiral (~2 — 4Ry), the mean value of ¢ is ~72°

with an associated SD of ~9°. On the other hand, in the region of

outer m = 1 disc lopsidedness, the mean value of ¢; is ~—29° with

an associated SD of ~6.8°. We further note that in a self-gravitating
disc, the survival of an m = 1 lopsidedness depends strongly on
the differential precession 2 — « (for details see, e.g. Saha et al.
2007; Jog & Combes 2009) which is, in general, non-zero for a
self-gravitating disc (unlike a Keplerian disc where 2 = «). Here,
2 and « are the circular and the epicyclic frequencies, respectively.
Baldwin et al. (1980) estimated the time-scale of winding up for

MNRAS 511, 5878-5896 (2022)
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Figure 4. Face-on density distribution of the host galaxy’s disc particles are shown for models gSadE001dir33 (top panels) and gSadE006ret33 (bottom
panels), during one full rotation of the bar after the first pericenter passage happens. The position angles of the bar and the m = 1 lopsidedness are denoted
by arrows (of different colours, as shown at the top of each panel). Time between each snapshot is 50 Myr. Solid lines denote the contours of constant surface

density.

an m = 1 lopsidedness as Ti,, = 27/A(k — €2). We checked that,
for the one-arm spiral region, k — Q ~ 18 kms~! kpc™!, which in
turn, gives Tigp ~ 350 Myr, so the pattern would wind up rather
quickly. On the other hand, for the region displaying outer m = 1
disc lopsidedness, the k — 2 value is close to zero, thereby producing

MNRAS 511, 5878-5896 (2022)

a large 7y,p. In other words, the outer m = 1 disc lopsidedness will
not wind up so quickly when compared to the one-arm spiral. So,
from this point on, we will only focus on the properties, temporal
variation and the pattern rotation of the outer m = 1 disc lopsidedness
(~4—TRy).

220z KBy 20 uo Jasn nunjebuag ‘@ousiog Jo aynysu| uelpu| ‘Aieiqi [euowsip BB Ay AQ 1990€S59/8/8S/1/ L | S/a10ne/Selul/Wo dnooiwspeoe//:sdiy Woll papeojumoq


art/stac461_f4.eps

Lopsidedness in minor mergers ~ 5885

0556 10 35 3038

0.6u-w-wwwuuuu:vu-un-u-wu:,u L P #

i R [} ; 04*_ t [Gyr] ///,, d/,__

: ° 1 i ;o

i ° Pl oo L ¢’/ %

wo | o <03 ez )
d’ooo ooi ° ii\‘_‘ [
a:)m:m:m?;om‘.um:mlu'wo'zf
ooooo o: E [
) . ] L
‘:? lopsidedness | 3 0.1-
One-arm i [

spiral i°oo°°°o ?f yr__

- Bar i 11 “20.0 1.0 2.0 3.0 38 1
04 R, A TS T TR I [ A7
T F ! 0.4 ¢ [Gyr] A
B ° R/R, it
“0.2{ Pooo /R [

L 00 ] . [

_q;eg\>|<\>—|4}au»ngluuuuwuoui gsadE001d1r33 3003;

3 75 o t =0.65 Gyr <02l
35 > o o [
§—100> 0° L
° o 1k

125 e ] ° [ ]

17772 4 6 7 ]

R/Rq 46

R/Ry
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calculated at different times, for two minor merger models gSadE001dir33 (top right-hand panel) and gSadE006ret33 (bottom right-hand panel). The colour bar

denotes the epochs of the minor merger models.

As mentioned before, the outer m = 1 lopsided distortion exists
predominantly within ~4—7Ry * at different times in the model
¢SadE001dir33. Also, for the outer m = 1 disc lopsidedness, the
corresponding strength of the m = 1 lopsidedness increases with
radius (as denoted by the increasingly higher values of A;/A, with
radius, see e.g. in Fig. 5). This trend is in agreement with the
observational studies of the m = 1 lopsidedness in galaxies (e.g. see
Rix & Zaritsky 1995; Rudnick & Rix 1998; Conselice, Bershady &
Jangren 2000; Angiras et al. 2006; Reichard et al. 2008; van Eymeren
et al. 2011a; Zaritsky et al. 2013). We also checked that, after the
merger of the satellite, the stellar particles from the satellite do not
contribute appreciably to a coherent m = 1 lopsidedness in the density
distribution; hence, they are discarded in the subsequent analyses.

4.2 Temporal variation of the m = I lopsided distortion

Next, we study the temporal evolution of the m = 1 lopsidedness
in the stellar density distribution of the host galaxy for the minor
merger models considered here. For the model gSadE001dir33,
initially (r = 0) there was no discernible lopsidedness in the outer
part as inferred from the A,/A value close to zero in the outer disc
regions (see top right-hand panel of Fig. 5). A prominent coherent
lopsidedness appears only after the first pericenter passage of the
satellite; the average A/A, value reaches close to 0.4; followed by
a decrease in the A|/Ay value as the satellite moves farther away
after the pericenter passage. The strong lopsidedness reappears after

“Tt should be noted that the choice of 4 — 7Ry to quantify the strength of the
m = 1 lopsidedness is not generic, the extent of the m = 1 lopsidedness varies
from galaxy to galaxy, and depends on the properties of a galaxy.

the second pericenter passage of the satellite galaxy, marked by
an increase in the average A;/Ao value in the outer disc region
(~4.5 — 6Ry). However, after the satellite merges with the host
galaxy, the lopsidedness gets weakened subsequently in the post-
merger remnant. By the end of the simulation run, at r = 3.8 Gyr,
the A/A( value becomes less than 0.1 in the outer parts (~4 — 7R) of
the stellar disc (see top right-hand panel of Fig. 5), thereby denoting
the absence of a strong, coherent lopsidedness.

In order to make a systematic study on the temporal evolution
of the m = 1 lopsidedness for all models, next we study how the
values of A|/A vary with time. To do that, for a certain model and at
time 7, we first compute the median value of A;/Ag, within the radial
extent 4—7Ry where the lopsidedness is prominent, and then study
the resulting temporal variation. Fig. 6 shows the corresponding
temporal variation of the A;/Ay values for six merger models with
different orbital configurations (direct and retrograde) ° As seen
clearly from Fig. 6, the broad trend of the temporal variation of the
m = 1 lopsided distortion, for all five minor merger models shown
here (except gSadEQO6ret33), is similar to what is shown for the
model gSadE001dir33.

The question remains what happens to the sustainability of the
m = 1 lopsided feature when the merger happens at a very late
epoch and the host galaxy experiences continued pericenter passage
of the satellite? To investigate that, we select the minor merger model
gSadEQ06ret33 where the merger happens at a later epoch (see Ta-
ble. 1). Fig. 4 (bottom panels) shows the face-on density distribution

SWe have computed the temporal evolutions for all minor merger models
considered here. For the clarity of the representation, we are showing for
only six models here.
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Figure 6. Evolution of the median value of the m = 1 Fourier coefficient
A1/Ap, calculated within the radial extent of 4—7R, is shown as a function of
time for several minor merger models with direct (top panel) and retrograde
(bottom panel) configurations. The black horizontal line denotes (A1/Ag) =
0.1, and is used as a demarcation for the onset of the m = 1 lopsidedness
(Jog & Combes 2009).

of the host galaxy’s disc particles for the model gSadEOO6ret33, at
different time-steps after the first pericenter passage of the satellite
galaxy. Also, the corresponding radial variations of the m = 1 Fourier
harmonics of the density distribution are shown in Fig. 5 (bottom
right-hand panel). Fig 6 (bottom panel) demonstrates that as the
host galaxy experiences continued pericenter passages, the lopsided
pattern also persists till the end of the simulation run (¢ = 3 Gyr);
the average values of A/Ap in the outer disc region (~4 — 7Ry)
are non-zero, and are higher than values calculated at t = 0. This
demonstrates that, although the m = 1 lopsided distortion excited
by a single pericenter passage does not last long, the continued
pericenter passages can maintain the net lopsided feature in the host
galaxy for a longer time-scale.

Inappendix A, we show that when the host galaxy model is evolved
in isolation, no prominent m = 1 lopsided distortion gets excited.
The average values of A|/A( throughout the entire disc region remain
below 0.1, indicating the absence of a strong m = 1 lopsidedness
in the stellar density distribution of the host galaxy. This reinforces
the fact that minor merger event is liable to trigger the lopsided
disturbance in the host galaxy.

Also, we notice a correlation in the formation epoch of a stellar
disc-DM halo oftf-set and the excitation of the lopsided pattern in
the host galaxy (compare bottom panels of Figs 1 and 4). Here,
we compare the maximum values of the m = 1 Fourier coefficient
and separation between the centres of stellar disc and the DM halo
(Arcwm) for different minor merger models with direct and retrograde
configurations. We checked that for the minor merger models in
the direct orbital configuration, the maxima for both the Arcy and
the <A;/Ay) > occur after the first pericenter passage. Similarly,
for models in the retrograde orbital configuration, the maxima for
both the Arcy and the <A,/Ap > occur after the second pericenter
passage. We then compare these maximum values, computed at the

MNRAS 511, 5878-5896 (2022)
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Figure 7. Maximum values of the m = 1 Fourier coefficient (A;/Ag) and
the separation between the centres of stellar disc and the DM halo (Arcwm)
are shown for different minor mergers (of gSa-dEO type) with direct (red
circles) and retrograde (blue squares) configurations. Dashed lines denote
the corresponding best-fit straight lines to the points. For a direct orbital
configuration, the values are calculated just after the first pericenter passage
while for a retrograde orbital configuration, the values are calculated just
after the second pericenter passage (for details, see text). The increasing size
of the points denote higher orbit numbers, for details see Section 2. Here,
R4 = 3 kpc.

above-mentioned epochs, for the models considered here. This is
shown in Fig. 7. As seen clearly, for both orbital spin configurations,
these two maximum values follow a (nearly) linear relation. This is
not surprising since both physical phenomena are driven by the tidal
forces exerted on the host galaxy by the satellite during the pericenter
passages.

5 PATTERN SPEED MEASUREMENT AND
RESONANCES

A visual inspection of Fig. 4 already provided the indication that the
m = 1 lopsided pattern rotates in the disc, in a similar fashion the
m = 2 bar mode rotates. Here, we measure simultaneously the pattern
speeds of the m = 1 lopsided distortion as well as the central m =
2 bar mode in the model gSadE001dir33. For that, we choose two
time-intervals of ~ 0.3 Gyr, after the first and the second pericenter
passages of the satellite when both the m = 1 lopsided distortion
and the m = 2 bar mode co-exist. This simultaneous measurements
will ease the determination of the direction of the pattern speed of
the m = 1 lopsidedness with respect to the m = 2 bar pattern speed.
The bar pattern speed (S2p,) is measured by fitting a straight line to
the temporal variation of the phase-angle (¢,) of the m = 2 Fourier
mode. This assumes that the bar rotates rigidly with a single pattern
speed in that time interval. The resulting measurements of the m =
2 bar pattern speeds (2p,) are shown in Fig. 8 (bottom panels). The
pattern speed of the m = 1 lopsided distortion (£2),p) is measured
by fitting a straight line to the time variation of the orientation of
the density isophotal contours. This is shown in Fig. 8 (top panels).
We note that, when the m = 1 lopsided distortion rotates with a
well-defined, single pattern speed (similar to an m = 2 bar mode),
it is possible to measure the pattern speed of the m = 1 lopsided
distortion by fitting a straight line to the temporal variation of the
phase-angle (¢;) of the m = 1 lopsidedness. However, we show that
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Figure 8. Pattern speed measurement of the m = 1 lopsided distortion (top panels) and the m = 2 bar mode (bottom panels) are shown at two epochs after the
first and second pericenter passages for the model gSadE001dir33. Black dashed lines denote the best-fit straight line to the temporal variation of the phase-angle
(for the bar) as well as the temporal variation of the orientation of the density isophotal contours (for the lopsidedness). Red points and the red dashed line in the
top right-hand panel denote the measurement of the pattern speed of the m = 1 lopsidedness via fitting a straight line to the temporal variation of the phase-angle

(¢1). Measured pattern speed values are indicated in each sub-panel.

these two measurements of the pattern speed of the lopsidedness
match pretty well within their error limits (see top right-hand panel
of Fig. 8).

The simultaneous measurements of the bar and the lopsided pattern
speeds reveal two important aspects. First, the bar rotates faster than
the m = 1 lopsided distortion. For example, around ¢ = 1.4 Gyr,
the bar pattern speed (Qpy) is 29.3 0.4 kms~' kpc~' whereas
around the same epoch, the m = 1 lopsided distortion rotates with
a pattern speed (2jp) of —=5.2 +0.5 km s~! kpc~!. This trend also
holds for the chosen time-interval after the first pericenter passage of
the satellite (compare left-hand panels of Fig. 8). Secondly, the m =
1 lopsided distortion is in retrograde motion with respect to the bar
rotation as well as the underlying disc rotation.

Lastly, we investigate whether the direction of the orbital spin
vector plays any role in deciding the sense of the rotation of the m =
1 lopsidedness with respect to the m = 2 bar mode. To achieve that,
we choose the model gSadE006ret33. In Fig. 4 (bottom panels), the
density distributions of the stellar particles after the first pericenter
already indicated a pattern rotation of the m = 1 lopsided pattern,
similar to what is seen in the model gSadE0O1dir33. Using the same
methodology, as mentioned above, we simultaneously measure the
pattern speeds of the m = 2 bar mode and the m = 1 lopsided
pattern after the first pericenter passage of the satellite. This is
shown in Fig. 9. For the retrograde orbital configuration also, the
lopsided pattern rotates much slower (€2, = —3.540.2km s~!

kpc~!att ~ 0.75 Gyr) than the bar (Qp,, = 22.2 £ 0.5 kms~! kpc™!
at t ~ 0.75 Gyr), and the sense of rotation is in retrograde with
respect to the bar. The physical implications of the retrograde pattern
speed (with respect to the bar) of the lopsidedness in our minor
merger models is discussed below.

Following Binney & Tremaine (2008), the dispersion relation for
a tightly wound m = 1 pattern in a disc can be written as

(0 —)? =k*(R) — 21 GZo(R)|k| + o°k>, )

where X is the surface density of the disc, €2 and « are the angular
and radial epicyclic frequencies; o refers to the velocity dispersion
and k is the wavenumber. In the absence of self-gravity, the relevant
free precession frequency corresponding to the m = 1 mode in a cold
disc is w = 2 — « at given radius R. Since in a realistic galaxy model
with stellar disc and dark matter halo, ¥ > 2, and hence w = Q —
k < 0 at all radii (see Saha & Jog 2014, for various mass models).
As shown in Fig. 10, the values of 2 — « remain less than 0, for
almost all radii considered here, at t = 0.8 Gyr. At this point, we
caution the reader that, the m = 1 lopsidedness is shown to have
roughly constant phase angle over a range of radii, and hence, the
application of the WKB or the tight-winding approximation is not
rigorously valid. However, even when |kR| ~ 1 or 0.5, the WKB or
the tight-winding approximation provides a valuable insight on the
nature of the perturbation, especially to predict a rough guideline for
the expected frequency of the perturbation (for details, see Binney &
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Figure 9. Pattern speed measurement of the m = 1 lopsided distortion (top
panel) and the m = 2 bar mode (bottom panel) are shown after the first
pericenter passage of the satellite for the model gSadEOO6ret33. Measured
pattern speed values are indicated in each sub-panel.
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Figure 10. The circular and the epicyclic frequencies, together with the
locations of the resonant points of the m = 2 bar and m = 1 lopsideness are
shown at t = 0.8 Gyr for the model gSadEOO1dir33. The magenta dashed
horizontal line denotes the pattern speed (2p,) of the bar while the cyan
dashed horizontal line denotes the pattern speed (S2op) of the m = 1
lopsidedness.
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Tremaine 2008). In the same spirit, we applied WKB approximation
here to get a broad understanding for the frequencies of different
modes. It is worth mentioning that in previous studies, Junqueira &
Combes (1996), Bacon et al. (2001) have shown excitation of an m =
1 lopsidedness in the central region of galaxies e.g. M 31 nucleus
and the corresponding pattern speeds are positive, generally high,
since dynamical time is also shorter inside. These central m = 1
modes mimic well the pressure mode (p-mode) as described in the
context of near-Keplerian disc by Tremaine (2001). However, the
m = 1 lopsidedness that we measure in our current simulation set-up
are dominated by self-gravity (more like the g-modes) and hence the
pattern speed is expected to be following the &2 — « curve in the
galaxy model chosen. In the outer part (~4 — 7R;) of our galaxy
models where we measure lopsidedness, the absolute value of 2 —
k is smaller and we also obtain comparatively smaller pattern speed.
Interestingly, in the case of a pure exponential stellar disk, the value
of 2 — k ~ 0 beyond about SR, and it switches sign from negative to
positive at 4.6R,; (Saha & Jog 2014). In pure disk only simulations,
it was shown that the outer lopsidedness had pattern speed close to
zero as well (Saha et al. 2007).

In our current measurements (see Fig. 8), we show that lopsid-
edness in the outer parts of our galaxy model has negative pattern
speed, with Qi = —5.4kms™! kpc™' after the second pericenter
passage in model gSadE001dir33. The pattern speed is negative
after the first pericenter passage as well. For the retrograde model
gSadE006ret33 (Fig. 9), we measure Qo = —3.5 kms™" kpe™! after
the first pericenter passage. Since the pattern speed is negative,
our galaxy models do not have a corotation resonance for the
lopsidedness but only the inner Lindblad resonance (ILR). For the
model gSadE001dir33, Qj,, = —5.3kms™! kpc~!, the ILR for the
lopsidedness is pushed to 4.3R,, towards the outer region of the
stellar disc (see Fig. 10). In the same galaxy model, the central bar
has a positive pattern speed and the corotation for the bar in model
¢SadE001dir33 is well inside the disc, at 3.5Ry. It is tantalizing to
infer that the central bar and the outer lopsidedness in our galaxy
models are two dynamical patterns having different originating
mechanisms. After all, the lopsidedness has been generated during
the minor merger process while the central bar was present from
the start of the minor merger simulation. However, the ILR of the
m = 1 lopsidedness (~4.3Ry) falls in between the CR (~4.2R)
and the OLR (~5.2Ry) of the m = 2 bar, i.e. in the outer part
of the stellar disc these resonance points almost overlap. Past
studies have addressed the important role of resonance overlap
due to bar-spiral or spiral-spiral scenarios (e.g. see Sellwood &
Binney 2002; Minchev & Famaey 2010; Minchev et al. 2011)
in the context of radial migration and disc dynamics. It will be
insightful to investigate the stellar and gas kinematics at these
(nearly overlapping) resonance locations associated with the m =
1 lopsidedness and the m = 2 bar, provided the m = 1 lopsidedness
is long lived.

6 EXCITATION OF KINEMATIC
LOPSIDEDNESS

Past studies, both theoretically (e.g. see Jog 1997, 2002) and from
the observations (e.g. see van Eymeren et al. 2011a,b), have shown
that an m = 1 lopsided distortion in the density distribution is
associated with a large-scale asymmetry in the velocity field as well.
An off-set between the rotation curves, calculated for the receding
and approaching sides separately for a galaxy, is considered as the
signature of a kinematic lopsidedness. In the light of these past
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findings, we now investigate the details of the kinematic lopsidedness
in our selected models of minor merger.

To achieve that, we first choose the model gSadE001dir33. After
the first pericenter passage of the satellite galaxy, this model displays
a prominent large-scale m = 1 lopsided distortion in the density
distribution of the stellar disc in the host galaxy (see previous
sections). Using the intrinsic position-velocity information of the
disc particles of the host galaxy, we first compute the distribution
of the azimuthal velocity (vg4) in the x — y plane. One such velocity
distribution, calculated at + = 0.85 Gyr, is shown in Fig. 11 (see top
left-hand panel). A prominent, global distortion/asymmetry of the
velocity distribution in the x — y plane, is seen to be present. To
elaborate, if one extracts an one-dimensional velocity profile from
this two-dimensional map, along the direction shown by an arrowed
straight line (in black) in Fig. 11, the resulting one-dimensional
velocity profile would show an asymmetry between positive and
negative parts of x values. This asymmetry is the signature of
an m = 1 kinematic lopsidedness. Also, we find a one-to-one
correspondence between the epochs of prominent lopsidedness in
the stellar density and the kinematics. This is not surprising since the
kinematic lopsidedness can be thought as the representation of the
m = 1 density perturbation, but seen in velocity space. We further
compute the distribution of the azimuthal velocity (vg) in the x —
y plane at a later stage (say r = 3 Gyr), when the satellite galaxy
has merged with the host galaxy, and the post-merger remnant gets
time to readjust itself. This is also shown in Fig. 11 (top right-hand
panel). As seen clearly, the strong kinematic asymmetry that was
present earlier at t = 0.85 Gyr, is now disappeared, indicating that
the prominent m = 1 kinematic lopsidedness no longer persists.
We check that the other minor merger models considered here, also
show a similar trend of the temporal evolution of the kinematic
lopsidedness in the host galaxy. For the sake of brevity, they are not
shown here.

Next, we investigate a similar large-scale kinematic asymmetry in
the gas velocity field of the minor merger models considered here.
First, we construct the gas velocity fields, in edge-on configuration,
for the model gSadE001dir33. Two such gas velocity distributions,
calculated at + = 0.9 Gyr and at the end of the simulation run
(t = 3.8 Gyr) are shown in Fig. 12 (top panels). Next, we calculate
the gas velocity distributions separately for both sides of the host
galaxy. The resulting distributions, at = 0.9 Gyrand att = 3.8 Gyr
are shown in Fig. 12 (bottom panels). Att = 0.9 Gyr, the gas velocity
distribution shows a high degree of asymmetry when both sides of the
host galaxy are considered separately; thereby indicating a presence
of kinematic lopsidedness in the gas velocity field as well. This
is because, in our models, the stars and the gas are gravitationally
coupled. So, the interstellar gas will also respond in a similar ways as
the stars do, to the underlying lopsided potential. We found that this
kinematic asymmetry becomes larger after each pericenter passage
of the galaxy, similar to what is seen for the stellar velocity fields.
However, at the end of the simulation run (¢ = 3.8 Gyr), the gas
velocity distributions in both sides of the host galaxy becomes
close to a symmetric distribution. This indicates the absence of a
strong kinematic lopsidedness in the gas velocity field, similar to the
behaviour at late times for stars (see Fig. 11).

Lastly, we probe the persistence of the kinematic lopsidedness
in the model gSadEOO6ret33 where the merger happens at a very
late epoch. Following the same methodology, we first construct
the distributions of the azimuthal velocity (vy4) in the x — y plane
at t = 0.85 Gyr and ¢t = 3 Gyr. These are shown in Fig. 11 (see
bottom panels). A prominent large-scale asymmetry in the velocity
distributions exists at r = 0.85 Gyr, similar to other minor merger
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models considered here; thereby denoting the presence of a strong
m = 1 kinematic lopsidedness. The main difference here is that,
the kinematic lopsidedness persists till the end of the simulation
run (¢ = 3 Gyr). We point out that, although an m = 1 kinematic
lopsidedness, excited by a pericenter passage of the satellite galaxy,
is short-lived, the repeated pericenter passages in case of the
model gSadE006ret33 would drive repeated short-lived kinematic
lopsidedness phenomenon.

7 COMPARISON WITH PREVIOUS WORKS

Here, we briefly compare the properties of the m = 1 lopsidedness
(e.g. strength, extent) in the stellar density distribution of the host
galaxy in our chosen minor merger models, with the past literature
of excitation of lopsidedness via minor mergers or tidal encounters
(e.g. Zaritsky & Rix 1997; Bournaud et al. 2005; Mapelli et al. 2008).
We also compare the strength of the m = 1 lopsided distortion in our
models with that from the observed galaxies with lopsidedness, as
revealed from the past observational studies.

In Zaritsky & Rix (1997), the measured average value of the
m = 1 lopsidedness (<A /Ay >) is ~0.2 at R > 1.5Ry, where the
cause of the lopsidedness was conjectured to be tidal interactions. In
Mapelli et al. (2008), the average values of the m = 1 lopsidedness
(<A/Ag >) is ~0.1 at R ~ 2.5R4 when the lopsidedness in the
stars is excited via fly-by encounter. Similarly, a model presented in
Bournaud et al. (2005, see Fig. 12 there), showed <A/Ag > ~0.2
at the initial phase of evolution where the lopsidedness is induced
by galaxy interaction and merger. In comparison, the minor merger
models considered here, show a stronger m = 1 lopsidedness (<A /Ag
> ~0.4 for some models) in the outer disc region (~4—7Ry) of the
stellar density distribution. In other words, the galaxy interactions
involved in these merger models, can generate strong outer disc
lopsidedness. However, while comparing these values, it should be
borne in mind that the averaging process for measuring <A/Ay >
is carried out over different radial extents for these simulated galaxy
models.

The location of the occurrence of the prominent m = 1 lop-
sidedness also merits some discussion. Past observational studies
measured the m = 1 lopsided distortion up to 3.5 Ry where Ry is the
disc scale-length (e.g. see Rix & Zaritsky 1995; Bournaud et al. 2005;
Zaritsky et al. 2013) as the near-IR measurements were not available
at larger radii due to signal-to-noise constraint. However, the usage
of H1as atracer allowed one to detect the m = 1 distortion further out
in a galaxy. The resulting amplitude of lopsidedness increases with
radius up to the optical radius (~4—5R;) and then saturates at larger
radii, as measured for the WHISP sample data (e.g. see van Eymeren
etal. 2011b). While the radial increment of the amplitude of the m =
1 lopsided distortion is seen in our chosen minor merger models, the
m = 1 lopsided distortion appears predominantly in 4—7Ry for our
models.

Lastly, we compare the strength of the m = 1 lopsided distortion in
our models with that from the observed galaxies with lopsidedness.
We note that several models, e.g. gSadE001dir33, also host a central
stellar bar which gets amplified during a pericenter passage of the
satellite and subsequently gets weakened in the post-merger remnant
(for details, see Ghosh et al. 2021). We note that both the bar and
the lopsided pattern co-exist after the first pericenter passage of the
satellite galaxy. Then, we measure the average values of m = 2
Fourier coefficient, <A,/Ap >, and the average values of the m =
1 Fourier coefficient <A /A, >, after the first pericenter passage of
the satellite for several minor merger models considered here. The
average value of m = 2 Fourier coefficient is measured in the central
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Figure 11. Top panels : distribution of the azimuthal velocity (vg) in the x — y plane, calculated at two different epochs for the model gSadE001dir33. Bottom
panels show the corresponding distribution of the azimuthal velocity (vg) in the x — y plane, calculated at two different epochs for the model gSadE0O6ret33.
The black arrow-line (when present) indicates the direction along which kinematic lopsidedness is prominent. The magenta arrow-line (when present) indicates

the corresponding direction of the m = 1 density lopsidedness.

region encompassing the bar (~0.5—2 R,) whereas the average value
of the m = 1 Fourier coefficient <A;/Ay > is measured in the outer
region encompassing the lopsided pattern (~4 — 7 Ry4). This is shown
in Fig. 13. Next, to compare with observation, we make use of the
measurements of the average values of the m = 1 and the m = 2
Fourier coefficients from Zaritsky et al. (2013) which provides these
measurements for 163 galaxies selected from the S*G sample (Sheth
et al. 2010). Now, Zaritsky et al. (2013) provides the average values
of the m = 1 Fourier coefficient <A;/Ay >, measured in two radial
extents — <A; > ;, measured in the inner region (1.5—2.5R,), and
<A, > ,, measured in the outer region (2.5—3.5R). The same is true
for the m = 2 mode as well (for details see description in Zaritsky
et al. 2013). Therefore, for a uniform comparison with the minor
merger models considered here, we have taken the values of <A,
>, and <A, > ;. Furthermore, we select only those galaxies which
host a bar. This is shown in Fig. 13. We note that, although there is
a considerable spread in the <A, > , and the <A, > ; values for the
S*G sample, the measured <A,/Ay > and <A,/A( > values from our
minor merger models tend to lie close to the central clustering of the
Zaritsky et al. (2013) sample.
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8 DISCUSSION

Here, we discuss a few points regarding this work.

(1) We show that a minor merger event can trigger a strong,
coherent m = 1 lopsided pattern in both the density and the velocity
distributions of the host galaxy. Thus, minor merger is a plausible
avenue to excite lopsidedness in the stellar component of the host
galaxies that reside in dense environments (e.g. in groups and in
clusters), and in concordance with the finding of previous works (e.g.
Bournaud et al. 2005; Mapelli et al. 2008). Indeed, galaxies residing
in groups and clusters, are observationally known to display strong
lopsidedness distortion (e.g, see Haynes, Giovanelli & Kent 2007).
We show that both direct and retrograde orbital configurations can
generate strong, coherent m = 1 lopsidedness in the host galaxies, as
opposed to earlier findings that only retrograde orbital configurations
are more favourable to generate lopsided asymmetry (Bournaud
et al. 2005). However, the longevity of the m = 1 lopsided pattern
indeed depend on the orbital configuration. In our chosen models,
for a retrograde orbit, the time of interaction is larger than for a
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Figure 12. Top panels show the gas velocity fields in the edge-on config-
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Figure 13. Distribution of average values of m = 1 and m = 2 Fourier
coefficients, <A1/Ap > and <A3/A( >, both calculated after the first pericenter
passage, are shown for several gSa-dEO minor merger models with direct
and retrograde orbital configurations. The same are then compared with the
measurements by (Zaritsky et al. 2013) for a sample of galaxies from the
S*G catalogue. Here, only galaxies with a bar are selected, for details see
text.
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direct orbit with same orbital energy (see Table 1). For example,
the lopsidedness is shown to persist for ~ 2.3 Gyr in the model
gSadE006ret33 where the merger happens at a very late epoch. This
implies that galaxies experiencing continuous fly-by encounters will
show sustained, coherent strong m = 1 lopsidedness which can be
detected in observations. Thus, a minor merger has a significant
effect in stirring up the internal dynamics of the host galaxy before
the merger is complete. The occurrence of minor merger events are
more probable in the early Universe; therefore the secular evolution
driven by an m = 1 lopsided distortion is likely to have a strong
influence on the early evolution of galaxies.

(ii) Also, we mention that the satellite merges with the host galaxy,
typically around 2 Gyr after the start of the simulation run. As the
lopsidedness fades away after the merger happens, therefore, our
findings are in apparent tension with the observationally known large
number of observed lopsided galaxies in the local Universe as minor
mergers are common here (e.g. see Frenk et al. 1988; Carlberg &
Couchman 1989; Lacey & Cole 1993; Fakhouri & Ma 2008; Kaviraj
et al. 2009). Furthermore, a galaxy might experience multiple minor
merger events during its entire lifetime (e.g. see Hopkins et al. 2009).
However, we note that in reality, a galaxy can accrete cold gas (e.g.
Birnboim & Dekel 2003; Keres et al. 2005; Dekel & Birnboim
2006; Ocvirk, Pichon & Teyssier 2008) either during the merger-
phase or at a later stage. Such an asymmetric cold gas accretion can
rejuvenate the lopsidedness in the galaxy, as shown in the previous
studies (e.g. Bournaud et al. 2005; Mapelli et al. 2008). Further,
an isolated galaxy can show signs of an earlier minor merger (e.g.
central asymmetric features like an offset disc/bulge, and a tidal
stream) even while the outer galaxy seems to have relaxed, as seen
in NGC 5523 (Fulmer, Gallagher & Kotulla 2017). Thus, while the
minor merger event continues to be one plausible mechanism which
can excite an m = 1 lopsidedness in galaxies, as also shown in this
work, other mechanisms (e.g. asymmetric gas accretion) are also at
play to account for the large abundance of the observed lopsided

galaxies.
(iii) As mentioned in section 2, we have considered merger models
with only one inclination angle, namely, i; = 33° as the GalMer

library provides models with one inclination for the giant-dwarf
minor mergers. We acknowledge that, studying the excitation of
lopsidedness in minor merger models with different inclination
angles would make this work more complete. Intuitively, the response
of the disc would be different for polar (i; = 90°) and co-planar (i; =
0°) orbital configurations, and therefore it will be worth following
up in a future study.

(iv) Also, one might wonder whether the low numerical resolution
of the GalMer minor merger models used here, could potentially limit
the results related to the temporal evolution of the m = 1 lopsidedness
in the host galaxy. During the evolution of disc galaxies, the discrete
particle noise indeed affects the evolution of perturbation in galaxies
once it is generated (e. g., see Vesperini & Weinberg 2000; Choi
2007; Weinberg & Katz 2007; Weinberg et al. 2008). However,
we note that the shot noise due to the finite number of particles
is not a big issue when the host galaxy is experiencing strong tidal
interaction due to a satellite or another perturbing galaxy, as shown
in the seminal work by Toomre & Toomre (1972). During such
interactions, the change in the potential is overwhelming the change
in potential due to the particle noise itself. Furthermore, we checked
the excitation and the temporal evolution of the m = 1 lopsidedness
in a dissipationless minor merger merger model where a total of
~2.75 x 107 particles has been used to model the host galaxy (for
details see Appendix C). We found a similar trend of the evolution of
the m = 1 lopsidedness when compared to previously-used GalMer
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models, namely, a continued pericenter passage excites a strong m =
1 lopsidedness in the stellar disc. After the merger happens, the m =1
lopsidedness gets weakened significantly. In other words, we do not
find any significant difference in the m = 1 lopsidedness amplitude,
maintenance, and the overall temporal evolution as particle number
is greatly increased (for details see Appendix C). However, we
stress that, in this work we mainly focused on the generation of
m = 1 lopsided perturbation caused directly by the host—satellite
interaction. An existing m = 1 lopsided mode could further be
enhanced by a distorted DM halo (e.g. Vesperini & Weinberg 2000;
Weinberg & Katz 2007) where the distorted halo can drive a long-
lasting lopsided feature via resonant interaction. In this scenario,
the particle noise is indeed a crucial factor (Weinberg & Katz
2007) which can affect/alter the subsequent temporal evolution of
the m = 1 lopsidedness. Also, we caution that although the high-
resolution model shows consistent results with the GalMer models
(see Appendix C), this high-resolution model is not based on the
GalMer models used in earlier sections.

(v) We further note that in our models, the DM halo is modelled
by a Plummer sphere, i.e. it has a cored density profile at the centre.
This choice of a ‘cored’ DM halo density profile is broadly consistent
with the observational studies of mass modelling from the observed
rotation curve (e.g. see Athanassoula, Bosma & Papaioannou 1987,
Begeman, Broeils & Sanders 1991; de Blok et al. 2008; de Blok 2010;
Oh et al. 2015). However, we note that past studies of hierarchical
galaxy formation in the Lambda cold dark matter paradigm (ACDM)
predicted a ‘cuspy’ DM density profile at the centre (e.g. see Navarro,
Frenk & White 1996, 1997). For a detailed discussion of the ‘core-
cusp’ problem, the reader is referred to de Blok (2010). It might be
interesting to investigate the excitation and the evolution of an m =
1 lopsided distortion in a cuspy DM halo; however, it is beyond the
scope of the present paper. Furthermore, we note that, stellar and
DM halo masses of the gSa-type host galaxies in our selected minor
merger models, are similar. This could be a strong assumption when
one wants to study the DM-baryonic coupling of the perturbations.
However, we point out that the baryonic fraction in our gSa-type
galaxy models is similar to the baryonic content, within the optical
radius, for the typical high-surface-brightness galaxies (e.g. see de
Blok, McGaugh & Rubin 2001). Furthermore, we mention that for
the GalMer model, the DM halo is truncated, and it is not simulated
up to the Virial radius. This is justified since we begin the GalMer
merger simulations, when the two galaxies are close enough, so that
they have already merged their outer haloes (say 200 kpc sizes), and
are embedded in a common quasi-spherical DM envelope. Thus, this
might not have strong influence on the dynamics of the 10 — kpc
scale merging, and the m = 1 lopsidedness.

(vi) Lastly, we mention that a disc-DM halo off-set configuration
was previously shown to lead to a strong central lopsidedness in the
central few kpc region (e.g, see Prasad & Jog 2017) as the central disc
mass dominates the halo so that the off-set halo acts as a perturbation
on the disc. Although such a disc-DM halo off-set exists (for a short
time-scale) in our minor merger models, we do not find any strong
lopsidedness in the central disc regions of the host galaxy.

9 CONCLUSION

In summary, we investigated the dynamical impact of minor merger
of galaxies (mass ratio 1:10) on the excitation of an m = 1 lopsided
distortion in the stellar density and the velocity fields. We also studied
the generation of a stellar disc-DM halo off-set configuration in the
host galaxy during a minor merger event. We selected a set of minor
merger models, with varying orbital energy, orientation of orbital
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spin vector, morphology of host galaxy from the GalMer library of
galaxy merger simulation. Our main findings are:

(1) A minor merger event can trigger a prominent m = 1 lopsided
distortion in the stellar density distribution of the host galaxy. The
strength of the lopsided distortion undergoes a transient amplification
phase after each pericenter passage of the satellite. However, the
lopsidedness fades away after the merger happens and the post-
merger remnant gets time (~ 500 — 850 Myr) to readjust itself. This
broad trend holds true for a wide range of orbital configurations
considered here. In addition, a delayed minor merger can drive a
prolonged (~ 2 — 2.5 Gyr) lopsidedness due to continued pericenter
passages of the satellite.

(ii) The m = 1 lopsided pattern is shown to rotate in the disc
with a well-defined pattern speed. The pattern speed of the m =
1 lopsidedness is smaller than the pattern speed of the m = 2 bar,
when measured simultaneously at a same epoch. Moreover, the m =
1 lopsided distortion rotates in a retrograde sense with respect to
the m = 2 bar mode. This gives rise to a dynamical scenario of a
bar-lopsidedness resonance overlap.

(iii) The stellar and the gas velocity fields of the host galaxy also
displays a large-scale kinematic lopsidedness after each pericenter
passage of the satellite galaxy. The temporal evolution of the
morphological and the kinematic lopsidedness closely follow each
other.

(iv) An interaction with a satellite galaxy also excites an off-set
between the stellar disc and the DM halo of the host galaxy. The
resulting off-set is 2-3 times of the softening length of the simulation.
This off-set is rather short-lived, and is most prominent after each
pericenter passage of the satellite. This holds true for a wide range
of orbital configurations considered here.
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for the sample of S*G galaxies are publicly available from this URL.
The newly-added high-resolution simulation is taken from the paper
Jean-Baptiste et al. (2017).
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APPENDIX A: EVOLUTION IN ISOLATION

Earlier we showed the generation of an off-set between the stellar
and the DM halo centres and the excitation of a prominent m = 1
lopsided distortion in the density and the velocity fields of the host
galaxy in the minor merger models considered here. However, in
order to demonstrate conclusively that these physical phenomena are
indeed triggered by a minor merger event, one needs to study the
evolution of the host galaxy model in isolation.

To address this, we study the model for the host galaxy of gSa-type
(isogSa) in isolation for 4.9 Gyr. We point out that the models are
evolved in isolation for 1 Gyr before the merger simulation sets in
(see Section 2). Consequently, there is a time delay of 1 Gyr between
the isolated and the minor merger models, i.e. 7 — t = 1 Gyr. Fig. Al
(top panel) shows the corresponding time evolution of the distance
between the density-weighted centres of the disc and the DM halo.
As seen clearly, no such prominent off-set between the stars and the
DM halo is created when it is evolved in isolation. The separation
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Figure Al. Evolution in isolation — top panel shows the distances between
the disc-bulge and the disc-DM halo centres, as a function of time for the
isolated isogSa model. The horizontal dash line (in maroon) denotes the
softening length (e = 200 pc). Bottom panel shows the corresponding radial
profiles of m = 1 Fourier coefficients as a function of time. Here, 7 — ¢t =
1 Gyr, for details see text.

between these two centres always remains below the the softening
length used in the simulation.

Fig. Al (bottom panel) also shows the radial profiles of the m =
1 Fourier coefficients as a function of time. A smaller value of the
Fourier coefficient (A{/A), when compared with a minor merger
model, e.g. gSadE001dir33 (compare with Fig. 5), demonstrates
the absence of a coherent lopsided pattern in the stellar density
distribution. We mention that for some time-steps, a small fraction of
stellar particles remained scattered in the very outer region (>4.5Ry),
thus giving a spuriously high value of the m = 1 Fourier coefficient in
that radial range. Those values should be disregarded as a signature
of coherent m = 1 lopsided distortions. We also checked that unlike
a minor merger model, an evolution in isolation does not excite a
kinematic lopsidedness in the stellar velocity field as well, for brevity
we have not shown here. Thus, the generation of an off-centred stellar
disc-DM halo configuration as well as the excitation of a prominent
m = 1 lopsided distortion in both the stellar density and velocity
fields of the host galaxy can indeed be attributed to the dynamical
effects of a minor merger event.
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APPENDIX B: CALCULATION OF INTRINSIC
CIRCULAR VELOCITY

Here, we briefly describe how the circular velocity (v.) is calculated
from the intrinsic particle distribution. First, at any given time-
step, we calculate the radial profiles azimuthal velocity (v,) and
the associated velocity dispersion components along the radial and
the azimuthal directions (o g, 0 4), respectively. The circular velocity
(v.) can be calculated from these quantities while correcting for the
asymmetric drift via the equation (Binney & Tremaine 2008)

dlnp dlncr}%)

(BI)

2 2 2 2
Ve = Uy )~ Ok (1+dlnR dInR

The resulting radial profile of circular velocity (v.), along with the
radial profiles of vy, og, and oy, calculated at t = 0.8 Gyr for the
model gSadE001dir33 are shown in Fig. B1.
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Figure B1. Radial variation of the intrinsic circular velocity, v, (calculated
using equation (B1)), together with the radial variations of the azimuthal
velocity (vg), the radial and azimuthal velocity dispersion components (og,
o) are shown at t = 0.8 Gyr for the model gSadE001dir33.

APPENDIX C: COMPARISON WITH A
HIGH-RESOLUTION MERGER MODEL

Here, we present the results related to the excitation of an m = 1
lopsidedness and its temporal evolution for a dissipationless minor
merger simulation which uses a higher number of particles as
compared to the previously used GalMer models. This model is
referred to as ‘High-Res’ model, and it is taken from Jean-Baptiste
et al. (2017). For the sake of completeness, below we provide a
brief description about the details of the simulation set-up for this
High-Res model (see Section C1). The corresponding generation
and the temporal evolution of an m = 1 lopsidedness in presented in
Section C2.

C1 Simulation set-up: high-res model

This model is used here to investigate whether the generic trends
about the excitation and the temporal evolution of an m = 1
lopsidedness depend on the particle resolution of a minor merger
model. The host galaxy is comprised of a thin disc, an intermediate
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Figure C1. High-res model: top panels show the face-on density maps of the total (thin+intermediate + thick) disc particles of the host galaxy at different
epochs before and after the merger happens. Black solid lines denote the contours of constant density. Bottom left panel shows the radial profiles of the m = 1
Fourier coefficient (A1/Ap) at different time-steps. Simulation run-time is shown in the colour bar. Bottom right-hand panel shows the evolution of the median
value of the m = 1 Fourier coefficient A|/Ay, calculated within the radial extent of 4 — 6Ry, thin, as a function of time. The black horizontal line denotes A1/Ag =
0.1, and is used as a demarcation for the onset of the m = 1 lopsidedness. Magenta vertical arrows denote the epochs of the pericenter passages while black
vertical arrow denotes the epoch of the merger with the satellite galaxy. Here, Rq min = 4.7 kpc.

disc, and a thick disc component which are embedded in a DM halo.
Each of the stellar disc components is modelled with a Miyamoto-
Nagai density profile whereas the DM halo density profile is modelled
with a Plummer sphere. For details of the scale lengths and heights
of these density profiles, the reader is referred to Jean-Baptiste et al.
(2017, see Table 1 there). The host galaxy also contains a number of
globular clusters which are treated as point masses. The total number
of particles (N.) used for modelling the host galaxy is 2.75 x 107.
The number of particles used for the thin disc (N, ), the intermediate
disc (Njper), and for the thick disc (Nyiex) are 1 x 107, 6 x 10°, and
4 x 10, respectively whereas the number of particles used for the
DM halo (Npwm) is 5 x 10°. The masses of the thin, intermediate, and
the thick discs are 2.55 x 10'°M, 1.55 x 10'°M, and 1 x 10'°M,
respectively (for details see Table 1 in Jean-Baptiste et al. 2017). The
satellite galaxy is the re-scaled version of the host galaxy, with its
mass and total number of particles are one-tenth of the host galaxy
while its size is reduced by a factor ~/10 (Jean-Baptiste et al. 2017).

In a reference frame whose x — y plane coincides with that of
the host galaxy, and the z-axis oriented along the spin of the host
galaxy, the orbital plane configuration is completely defined by 6 o,
and ¢ The angle 6, denotes the angle between the intersection
of the orbital plane with the x — y-plane and the x-axis whereas
the angle ¢, denotes the angle between the intersection of the
orbital plane with the x — z-plane and the x-axis. Similarly, the
satellite’s orientation is defined by 6, and ¢, Initially, the satellite
is placed at a distance of 100 kpc from the host galaxy, and then

placed in a direct orbit. For the initial velocities, angular momenta,
and other orbital configuration parameters, the reader is referred to
Jean-Baptiste et al. (2017, see Table 2 there) The epochs of the first
and the second pericenter passages of the satellite are t+ = 0.5 Gyr,
and t = 1.55 Gyr, respectively while the satellite merges with the
host galaxy atr = 2.1 Gyr (see Fig. 1 there Jean-Baptiste et al. 2017).
The simulation is run for 5 Gyr.

C2 Excitation and temporal evolution of m = 1 lopsidedness:
high-res model

Fig. Cl1 shows the density distribution of the total
(thin+intermediate + thick) disc particles in the face-on
configuration, before and the merger happens. Soon after the
first pericenter passage (77, p.i = 0.5 Gyr), a prominent m = 1
asymmetry in the density distribution appears. Similar signature of
a global m = 1 density asymmetry is also seen after the second
pericenter passage (13, .- = 1.55 Gyr). However, at the end of the
simulation run (¢ = 5 Gyr), the corresponding density distribution
becomes more axisymmetric. To quantify that, we calculated the
radial profiles of the m = 1 Fourier coefficients (using all disc
particles of the host galaxy) at different time-steps. This is shown
is Fig. CI (see bottom left-hand panel). Initially, the A,/A, values
are close to 0, thereby denoting the absence of a prominent m =
1 lopsidedness in the stellar density distribution. After, the first
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pericenter passage of the satellite galaxy happens, the radial profiles
of the A;/Ay show higher non-zero value, thereby demonstrating
the presence of a prominent m = 1 lopsidedness. We note that, in
this High-Res model, a one-armed spiral is also triggered (similar
to the GalMer models) in the inner region (R < 4Ry thin, Where
R4 hin = 4.7 kpc) which in turn, gives rise to a hump-like feature
in the radial profiles of A;/Ay. At the end of the simulation run
(t = 5 Gyr), the radial profiles of A;/Ay again show a lesser value
(~0.1 — 0.15), thereby implying that the m = 1 lopsidedness has
eventually faded away. Lastly, to quantify the temporal evolution of
the m = 1 lopsided distortion, we calculated the median values of
A|/A in the radial extent 4 < R/Ry_in < 6 as a function of time. This
is shown in Fig. C1 (see bottom right-hand panel). As seen clearly, a
prominent m = 1 lopsidedness appears only after the first pericenter
passage of the satellite, then it decays with time, and reappears
after the second pericenter passage of the satellite. However, after
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the satellite galaxy merges with the host galaxy, the corresponding
median value of A/A in the chosen radial extent ((A;/Ay)) starts
decreasing significantly. Around r = 3.5 Gyr, the corresponding
value of (A;/Ay) starts oscillating around (A;/A¢) = 0.1, thereby
implying the m = 1 density lopsidedness has decayed substantially.
At the end of the simulation run (¢t = 5 Gyr), the value of (A;/Ay)
lies below 0.1, thereby accentuating that the m = 1 density
lopsidedness is faded away. Therefore, to summarize, the High-res
model shows a similar trend in the excitation and the temporal
evolution of the m = 1 density lopsidedness when compared with the
previously-shown GalMer model having lower particle resolution.
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