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A B S T R A C T 

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. Ho we ver, 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. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: haloes – galaxies: kinematics and dynamics – galaxies: struc- 
ture. 
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 I N T RO D U C T I O N  

ast observational studies revealed that disc galaxies often exhibit
n m = 1 distortion or lopsidedness in the outskirts of the disc.
opsidedness is common in the spatial distribution of the neutral
ydrogen (H I ) which extends further out than the stellar disc (e.g.
ee Baldwin, Lynden-Bell & Sancisi 1980 ; Richter & Sancisi 1994 ;
aynes et al. 1998 ; Matthe ws, v an Driel & Gallagher 1998 ; Angiras

t al. 2006 ; van Eymeren et al. 2011b ) as well as in the spatial
istribution of stars (e.g. see Block et al. 1994 ; Rix & Zaritsky 1995 ;
ournaud et al. 2005 ; Reichard et al. 2008 ; Zaritsky et al. 2013 ).
revious work by Kalberla & Dedes ( 2008 ) showed the presence of
 lopsidedness in the H I distribution of the Milky Way whereas a
ecent work by Romero-G ́omez et al. ( 2019 ) suggested a lopsided
warped) stellar disc for the Milky Way. Simultaneous occurrence of
n m = 1 lopsided distortion and the m = 2 bar and spiral arms are
lso common (e.g. see Rix & Zaritsky 1995 ; Bournaud et al. 2005 ;
aritsky et al. 2013 ). The magnitude of the m = 1 lopsidedness

s shown to correlate with the strength of the spiral arms, but is not
orrelated with the occurrence of the bar (e.g. see Zaritsky et al. 2013 ,
ut also see Bournaud et al. 2005 ). Signature of lopsidedness has been
 E-mail: ghosh@mpia.de (SG); kanak@iucaa.in (KS) 

g  

l  

n  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi

2

eported in the H I velocity fields of galaxies as well (e.g. Swaters
t al. 1999 ; Schoenmakers, Franx & de Zeeuw 1997 ; van Eymeren
t al. 2011a ). A lopsided pattern in the density distribution can give
ise to a kinematic lopsided feature (e.g. Jog 1997 , 2002 ). Indeed,
uch a co-existence of morphological and kinematic lopsidedness
as been shown observationally in a sample of galaxies from the
HISP (Westerbork H I Surv e y of Spiral and Irregular Galaxies)

urv e y (see van Eymeren et al. 2011a , b ). 
A variety of physical mechanisms has been identified which can

xcite an m = 1 lopsided pattern in a disc galaxy. For example, the disc
esponse to halo lopsidedness arising due to tidal interactions (Jog
997 ) or merging of a satellite galaxy (Zaritsky & Rix 1997 ) or a tidal
ncounter (Bournaud et al. 2005 ; Mapelli, Moore & Bland-Hawthorn
008 ), and asymmetric gas accretion (Bournaud et al. 2005 ) can lead
o an excitation of an m = 1 lopsidedness. For a detailed exposition
f this field, see the re vie w in Jog & Combes ( 2009 ). Also, an off-
et disc in a spherical dark matter (hereafter DM) halo can excite a
opsidedness feature (Noordermeer, Sparke & Levine 2001 ; Prasad &
og 2017 ). A recent study by Saha & Jog ( 2014 ) showed that a leading
 = 1 lopsidedness can take part in the outward angular momentum

ransport, thus facilitating the inflow of gas from the outer regions of
alaxy. Ho we ver, little is kno wn about the pattern speed of the m = 1
opsidedness. Observationally, the pattern speed of lopsidedness has
ot been measured till date. Earlier theoretical works (e.g. see Rix &
© 2022 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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aritsky 1995 ; Jog 1997 ) have assumed a null pattern speed, for
implicity. Further theoretical explorations revealed that the slowly 
arying global m = 1 modes can survive for longer times in the near-
eplerian central regions of M 31 (Tremaine 2001 ) as well as in the
ure exponential discs in spiral galaxies (Saha, Combes & Jog 2007 ).
revious works by Junqueira & Combes ( 1996 ), Bacon et al. ( 2001 )
lso measured the pattern speed of an m = 1 lopsidedness in the
entral regions ( ∼ few tens of pc) of M 31-like galaxy models using
umerical simulations. Measuring the pattern speed of the lopsided 
symmetry is extremely crucial as it can potentially shed light about 
he dynamical role of the lopsidedness in the secular evolution and the 
ngular momentum transport. Furthermore, it can provide important 
lues about the generating mechanisms of the lopsidedness (e.g. see 
iscussion in Jog 2011 ). 
Also, a few studies of mass modelling from the rotation curve 

ave furnished evidences/indications that there could be an off-set 
ranging between ∼ 1 − 2 . 5 kpc ) between the baryonic disc and
he DM halo, for example, in NGC 5055 (Battaglia et al. 2006 ),
n one galaxy residing in the galaxy cluster Abell 3827 (Massey
t al. 2015 ), and also in M 99 (Chemin et al. 2016 ). Furthermore,
 theoretical study by Kuhlen et al. ( 2013 ) reported an off-set of
00 −400 pc between the density peaks of the baryonic disc and
he DM halo in a Milky Way-like galaxy from the high-resolution 
osmological hydrodynamics ERIS . This off-set is seen to be long- 
i ved. An of f-centred nucleus can result in an unsettled central region
e.g. Miller & Smith 1992 ). Indeed, such a sloshing pattern in the
entral regions has been reported in a sample of remnants of advanced 
ergers of galaxies (Jog & Maybhate 2006 ). In the past, several

heoretical efforts focused on studying the disc-DM halo response to 
n interaction with a passing-by satellite or a unbound encounter, by 
eans of linear perturbation theory or by numerical simulations. It 
as shown that such interactions lead to the excitation of coherent 
odes in the DM halo distribution. It can also lead to the production

f strong disturbances in the baryonic disc, leading to excitation 
f a vertical m = 1 warp mode and the lopsidedness (e. g., see
einberg 1989 , 1994 , 1998 ; Vesperini & Weinberg 2000 ; Choi 2007 ;
 ́omez et al. 2016 ; Laporte et al. 2018 ). Furthermore, Gao & White

 2006 ) studied the off-set in the dark matter halo distribution from
 high-resolution cosmological simulation, and showed that only 
7 per cent of the Milky Way-like dark matter haloes display an

ff-set of more than 20 per cent between their halo density centre
nd the barycentre. 

On the other hand, minor merger of galaxies is common in 
he hierarchical formation scenario of galaxies (Frenk et al. 1988 ; 
arlberg & Couchman 1989 ; Lacey & Cole 1993 ; Jogee et al.
009 ; Kaviraj et al. 2009 ; Fakhouri & Ma 2008 ). This mechanism
as a number of dynamical impacts on the kinematics as well as
n the secular evolution of galaxies, such as disc heating and the
ertical thickening of discs (Quinn, Hernquist & Fullagar 1993 ; 
alker, Mihos & Hernquist 1996 ; Velazquez & White 1999 ; Font

t al. 2001 ; Kazantzidis et al. 2008 ; Qu et al. 2011a ), slowing
own the stellar discs of the post-merger remnants (Qu et al. 2010 ,
011b ), enhancing star formation (e.g. see Kaviraj 2014 ), transferring 
ngular momentum to the dark matter halo via action of stellar bars
Debattista et al. 2006 ; Sell w ood & Debattista 2006 ), and weak ening
f the stellar bars in the post-merger remnants (Ghosh et al. 2021 ).
urthermore, a recent numerical study by Pardy et al. ( 2016 ) has
hown that a dw arf-dw arf merger can produce an off-set bar and a
ighly asymmetric stellar disc that survives for ∼ 2 Gyr . This serves
s a plausible explanation for the off-set bar (Kruk et al. 2017 ) found
n many Magellanic-type galaxies. While a minor merger can excite 
opsidedness in disc galaxies (e.g. Bournaud et al. 2005 ; Mapelli et al.
008 ), the exact role of different orbital parameters, Hubble type of
he companion, remain unexplored in the context of excitation of an
 = 1 lopsidedness during a minor merger event. 
In this paper, we systematically investigate the generation of an 
 = 1 lopsidedness in the density and the velocity fields of the host
alaxy in a minor merger scenario while v arying dif ferent orbital
arameters, nature of the host galaxies. Also, we study in details
hether a minor merger of galaxies can produce an off-set between

he baryonic and the DM halo density distribution. For this, we make
se of the publicly available GalMer library (Chilingarian et al. 2010 )
hich offers the study of the physical effects of minor merger of
alaxies, encompassing a wide range of cosmologically moti v ated 
nitial conditions. Thus, this database is appropriate for fulfilling the 
oal of this paper. 
The rest of the paper is organized as follows. Section 2 provides

 brief description of the GalMer database and the minor merger
odels used here. Section 3 provides the details of the disc-DM

alo off-set configuration arising in minor merger models. Section 4 
uantifies the m = 1 lopsided distortions present in the stellar disc
f the host galaxy whereas Section 5 provides the pattern speed
easurement and the location of resonance points associated with 

he m = 1 lopsidedness. Section 6 presents the details of the kinematic
opsidedness in the minor merger models. Section 7 compares the 
roperties of the m = 1 lopsidedness, as presented here, with the past
iterature. Sections 8 and 9 contain discussion and the main findings
f this work, respectively. 

 M I N O R  M E R G E R  M O D E L S  – G ALMER  

ATA BA SE  

he publicly available GalMer 1 library offers a suite of N -
ody + smooth particle hydrodynamics (SPH) simulations of galaxy 
ergers that can be used to probe the details of galaxy formation

hrough hierarchical merger process. It offers three different galaxy 
nteraction/merger scenarios with varying mass ratio – the 1:1 mass 
atio mergers (giant-giant major merger), 1:2 mass ratio mergers 
giant-intermediate merger), and 1:10 mass ratio mergers (giant- 
warf minor merger). An individual galaxy model is comprised of a
on-rotating spherical dark matter halo, a stellar and a gaseous disc
optional), and a central non-rotating bulge (optional). The bulge (if 
resent) and the dark matter halo are modelled using a Plummer
phere (Plummer 1911 ) and the baryonic discs (stellar, gaseous) are
epresented by the Miyamoto-Nagai density profiles (Miyamoto & 

agai 1975 ). The mass of the stellar disc varies from gS0, gSa-type
9.2 × 10 10 M �) to late-type gSd models (5.8 × 10 10 M �). Similarly,
he bulge mass also decreases from gS0, gSa-type (2.3 × 10 10 M �) to
ate-type gSd models (0, no bulge). For details of the other structural
arameters, the reader is referred to Chilingarian et al. ( 2010 , see
able. 1 there). The total number of particles ( N tot ) varies from a
iant-dwarf interaction ( N tot = 480 000) to a giant–giant interaction
 N tot = 120 000). Similarly, the number of particles assigned to
ach of the sub-components (e.g. disc, bulge, DM halo) varies with
he Hubble type of the galaxy. For example, the number of stellar
articles ( N star ) varies from 3.2 × 10 5 for the gS0-type to 1.6 × 10 5 

or the gSb-type model, with 20 per cent of N star are assigned to
odel the bulge and the rest 80 per cent of the particles are assigned

o model the stellar disc in each case. The number of particles used
o model the DM halo ( N DM 

) is 1.6 × 10 5 , and is kept fixed for all
ubble types of host galaxies (for details see Table 6 in Chilingarian
MNRAS 511, 5878–5896 (2022) 
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t al. 2010 ). For a 1:10 mass ratio merger (giant-dwarf minor merger),
 dwarf galaxy is a re-scaled version of a giant host galaxy (of same
ubble type). The only difference for the satellite is the total mass,

nd the number of particles used, which are ten times lower than
hose of the giant galaxy, and the size of the satellite becomes 

√ 

10
imes smaller than the host giant galaxy. To illustrate further, for a
iant S0-type (gS0) galaxy, N star = 3.2 × 10 5 and N DM 

= 1.6 × 10 5 

hereas for a dwarf S0-type (dS0) galaxy, N star = 3.2 × 10 4 and
 DM 

= 1.6 × 10 4 (for details see Table 6 in Chilingarian et al.
010 ). 
Following Mihos & Hernquist ( 1994 ), a ‘hybrid particle’ scheme

s implemented to represent the gas particles in these simulations.
n this prescription, they are characterized by two masses, namely,
he gravitational mass ( M i ) which is kept fixed during the entire
imulation run, and the gas mass ( M i , gas ), changing with time,
enoting the gas content of the particles (for details see Di Matteo
t al. 2007 ; Chilingarian et al. 2010 ). Gravitational forces are al w ays
alculated using the gravitational mass, M i , while the hydrody-
amical quantities make use of the time-varying gas mass, M i , gas .
he gas fraction in a galaxy model increases monotonically from

he early Sa-type galaxies (10 per cent of the stellar mass) to the
ate Sd-type galaxy (30 per cent of the stellar mass). A suitable
mpirical relation is adopted in the simulations to follow the star
ormation process which reproduces the observed Kennicutt-Schmidt
aw for the interacting galaxies. The simulation models also include
ecipes for the gas phase metallicity evolution as well the supernova
eedback. 

The simulations are run using a TreeSPH code by Semelin &
ombes ( 2002 ). For calculating the gravitational force, a hierarchical

ree method (Barnes & Hut 1986 ) with a tolerance parameter θ =
.7 is employed which includes terms up to the quadrupole order
n the multipole expansion. The gas evolution is achieved by means
f smoothed particle hydrodynamics (e.g. Lucy 1977 ). A Plummer
otential is used to soften gravitational forces. The adopted softening
ength ( ε) varies with different merger scenarios, with ε = 200 pc
or the giant-intermediate and giant-dwarf merger models and ε =
80 pc for the giant-giant merger models. The equations of motion
re integrated using a leapfrog algorithm with a fixed time step of
 t = 5 × 10 5 yr (Di Matteo et al. 2007 ). The galaxy models are first

volved 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
odels with varying morphology for the host galaxy (see Table 1 ).

n GalMer simulations, the orientation of an individual galaxy in the
rbital plane is described completely by the spherical coordinates,
 1 , i 2 , � 1 , and � 2 (for details, see fig. 3 of Chilingarian et al. 2010 ).
o we ver, the GalMer library provides only one orbital configuration

or the giant–dwarf interaction, characterized by i 1 = 33 ◦ and
 2 = 130 ◦ (Chilingarian et al. 2010 ). We point out that this choice
f inclination angle is in compliance with the expectation for a
andom distribution of inclinations between orbital planes and halo
pins. Furthermore, using a high-resolution cosmological simulation,
hochfar & Burkert ( 2006 ) showed that the distribution of the angle
etween the orbital plane of the satellite and the spin plane of the halo
ollows a sinus function; thus, justifying our choice of 33 ◦ inclination
for further details, see Chilingarian et al. 2010 ). 

F or consistenc y, an y 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
orphology types. [ORBIT ID] denotes the orbit number as assigned

n the GalMer library, and [ORBITAL SPIN] denotes the orbital spin
ector (‘dir’ for direct and ‘ret’ for retrograde orbits). The number
NRAS 511, 5878–5896 (2022) 
33’ refers to i 1 = 33 ◦ which is constant for all minor mergers
onsidered here. The same sense of nomenclature is used throughout
he paper, unless stated otherwise. 

We define the epoch of merger, T mer , when the distance between
he centre of mass of two galaxies becomes close to zero. Table. 1
ontains the epoch of merger, T mer , for all minor merger models used
or this work. Also, the epochs of the first and the second pericenter
assages ( T 1 , peri , T 2 , peri ) for these models are mentioned in Table 1 . 

 DI SC-DM  H A L O  OFF-SET  IN  M I N O R  

E R G E R S  

irst, we investigate whether a minor merger scenario can create a
isc-DM halo off-set configuration in the models considered here. To
chieve that, we first choose a minor merger model gSadE001dir33
rom the GalMer library. Fig. 1 shows the corresponding face-on
ensity distribution of the stellar particles from the host and the
atellite galaxies (gSa + dE0) at different epochs, before and after
ericenter passages. In this model, a giant Sa-type (gSa) galaxy
xperiences an interaction with a dwarf elliptical (dE0) galaxy. The
atellite loses a part of its orbital angular momentum after each
ericenter passage due to the dynamical friction and the tidal torque,
hereby falling deep in the gravitational potential of the host galaxy
nd ultimately merges with it. After each pericenter passage of the
atellite, the host galaxy displays a prominent distortion/asymmetry
n the stellar density distribution (e.g. see t = 0 . 75 Gyr in the top
anel of Fig. 1 ). 

Next, we compute the density centres of the stellar disc and the DM
alo of the host galaxy, and see whether they are concentric during
nd after the merger. We mention that, during the interaction, the
ost as well as the satellite galaxy form a tail-like feature due to the
ravitational pull e x erted on them. Therefore, the mass-weighted
entre (centre-of-mass) could be misleading to locate the actual
entre of the mass distribution. Consequently, one has to compute
he density-weighted centres of the underlying mass distribution
for detailed discussion, see Casertano & Hut 1985 ). Following
asertano & Hut ( 1985 ), the density-weighted centre of a certain
alactic component (here disc, and DM halo) is calculated using 

 d,j = 

∑ 

i x i ρ
( i) 
j ∑ 

i ρ
( i) 
j 

, (1) 

here x i is the three-dimensional position vector for the i th particle,
nd ρ( i) 

j is the density estimator of order j around the i th particle, and
s e v aluated as 

j = 

j − 1 

V ( r j ) 
m. (2) 

ere, m is the mass of the particle (equal for all particles of a certain
alactic component), r j is the distance of the j th particle from the
article around which local density is being estimated. Here, we
hoose j = 6, as prescribed by Casertano & Hut ( 1985 ). Fig. 1 also
hows the density-weighted centres of the stellar disc and the dark
atter halo (indicated by + and ×, respectively) of the host galaxy

t different times. Interestingly, the density-weighted centres of the
tellar disc and the DM halo are seen to be separated by a finite
mount after each pericenter passage of the satellite galaxy; thereby
ndicating the presence of an off-set between the stellar disc and the
M halo in the host galaxy. Ho we ver, by the end of the simulation

un ( t = 3 . 8 Gyr ), these two centres are seen to coincide again. 
To investigate further, we calculate the density weighted centres

f stellar disc and the DM halo of the host galaxy as a function
f time, for different minor merger models with varying orbital
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Table 1. Key parameters for the selected minor merger models from GalMer library. 

Model (1) r ini 
(2) v ini 

(3) L ini 
(4) E ini 

(5) Spin (6) Pericenter (7) T 1 , peri 
(8) T 2 , peri 

(9) T merger 
(10) T end 

(11) 

(kpc) ( ×10 2 km s −1 ) ( ×10 2 km s −1 kpc ) ( × 10 4 km 

2 s −2 ) Dist. (kpc) (Gyr) (Gyr) (Gyr) (Gyr) 

gSadE001dir33 100 1.48 29.66 0. Up 8. 0.5 1.1 1.55 3.8 
gSadE001ret33 100 1.48 29.66 0. Down 8. 0.5 1.3 1.95 3.8 
gSadE002dir33 100 1.52 29.69 0.05 Up 8. 0.45 1.2 1.55 3. 
gSadE002ret33 100 1.52 29.69 0.05 Down 8. 0.45 1.4 2. 3. 
gSadE003dir33 100 1.55 29.72 0.1 Up 8. 0.45 1.25 1.95 3. 
gSadE003ret33 100 1.55 29.72 0.1 Down 8. 0.45 1.5 2.25 3. 
gSadE004dir33 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 1.75 2.85 3. 
gSadE005dir33 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 2.7 3. 
gSadE006dir33 100 1.55 36.43 0.1 Up 16. 0.45 1.45 2. 3. 
gSadE006ret33 100 1.55 36.43 0.1 Down 16. 0.45 1.95 2.85 3. 
gS0dE001dir33 100 1.48 29.66 0. Up 8. 0.5 1.2 1.55 3.8 
gS0dE001ret33 100 1.48 29.66 0. Down 8. 0.55 1.7 2.2 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 relativ e v elocity; (4) L ini = | r ini × v ini | ; (5) 
E ini = 

1 
2 v 

2 
ini − G ( m 1 + m 2 ) /r ini , with m 1 = 2.3 × 10 11 M �, and m 2 = 2.3 × 10 10 M �; (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 ). 

Figure 1. Face-on stellar density distribution of host plus satellite (gSa + dE0) 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 ‘ ×’ (in yellow) denote the 
density-weighted centres for the stellar disc and the DM halo distributions of the host galaxy, respectively. Here, R d = 3 kpc . 
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onfiguration, orbital energy (for details, see in Section 2 ). Here,
e use the barycentre of the host plus satellite galaxy system as

he centre of reference. Fig. 2 shows the corresponding temporal
volution of the separation between the centres of the stellar disc
nd the DM halo of the host galaxy in different merger models. The
eparation/off-set ( � r CM 

( t )) at time t is calculated as 

r CM 

( t) = 

√ 

�x 2 CM 

( t) + �y 2 CM 

( t) + �z 2 CM 

( t) , (3) 

here, � x CM 

( t ) = x d ( t ) − x dm ( t ), � y CM 

( t ) = y d ( t ) − y dm ( t ), �z CM 

( t ) =
 d ( t ) − z dm ( t ). Here ( x d ( t ), y d ( t ), z d ( t )) and ( x dm ( t ), y dm ( t ), z dm ( t ))
enote the density-weighted centres of the stellar disc and the DM
alo of the host galaxy at time t , respectively. 2 Fig. 2 clearly
emonstrates the presence of an off-set between the stellar disc and
he DM halo of the host galaxy, after each time the host galaxy expe-
iences a pericenter passage of the satellite galaxy. This off-set can
e ∼400 −600 pc (2 −3 times the softening length of the simulation),
nd is most prominent immediately after the pericenter passage. If
here is sufficient time to adjust between two successive pericenter
assages, the off-set decreases and goes below the softening length
and hence is not reliable). Once the satellite mergers, and the post-
erger remnant gets some time ( ∼250 −400 Myr) to readjust itself,

his off-set disappears. In other words, the off-set between stellar
isc and the DM halo in these minor merger models is a transient
henomenon. 
Next, we compare how the generation of an off-set between the

tellar disc and the DM halo of the host galaxy varies in models
ith different orbital configurations. We find that, each pericenter
assage of the satellite triggers an off-set between stellar disc and
he dark matter halo of the host galaxy in a generic fashion in
hese merger models. Ho we ver, the actual v alue of such an of f-set
epends (weakly) on the distance of closest approach. For example,
he model gSadE006dir33 has a pericenter distance of 16 kpc as
pposed to the model gSadE001dir33 which has a pericenter distance
f 8 kpc (for details, see Table 1 ). The lo wer v alues of the off-set
een in the model gSadE006dir33 as compared to that of model
SadE001dir33 suggests a dependence on the distance of closest
pproach. Furthermore, the merger of the satellite with the host
alaxy happens at a very late epoch for the model gSadE006ret33,
hus it mimics a fly-by encounter scenario. Although the actual value
f the off-set between the stellar disc and the DM halo in this model
s smaller, the off-set persists till the very end of the simulation run
ue to the continued pericenter passages of the satellite galaxy. 
Lastly, we probe the temporal evolution of the disc-DM halo off-

et in the in-plane ( x −y plane) and in the vertical direction ( x −
 plane) for different minor merger models. We found that the in-
lane separation/of f-set v aries in the range ∼300 −500 pc (see Fig. 3 ).
o we ver, the separation in the direction perpendicular to the disc
id-plane is less than the softening length (200 pc) of the simulation,

ence they are not shown here. This trend remains true for all minor
erger models considered here. 
In appendix A , we show the temporal evolution of the disc-DM

alo separation for the isolated gSa galaxy model (hereafter isogSa).
he galaxy model, when evolved in isolation, does not produce
n off-set between the centres of the disc and the DM halo. This
ccentuates the fact that a pericenter passage of a satellite galaxy
NRAS 511, 5878–5896 (2022) 

 After the merger happens, the stellar and the DM halo particles from the 
atellite get redistributed in the host galaxy. We check that, after the merger, 
he values of � r CM 

( t ) when calculated using particles from both the host and 
he satellite remains same as the � r CM 

( t ) values calculated by taking only the 
articles from the host galaxy. 

c  

t  

t  

r  
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ay 2022
an drive a transient off-centred disc-DM halo configuration for a
ide variety of orbital configurations considered here. A similar

cenario of generating a transient off-set between disc and DM halo
ia dw arf-dw arf merger has been shown in Pardy et al. ( 2016 ). 
For the sake of completeness, we also examine whether a similar

ff-set is generated between the stellar disc and the bulge of the host
alaxy. This is also shown in Fig. 2 . As seen clearly, the disc and
he bulge of the host galaxy al w ays remain concentric, and this holds
rue for different orbital configurations considered here. 

 QUANTI FYI NG  LOPSIDED  ASYMMETRY  IN  

H E  DENSITY  DI STRI BU TI ON  

ig. 1 already indicated the existence of an m = 1 asymme-
ry/distortion in the stellar density distribution of the host galaxy.
his m = 1 distortion is most prominent after each pericenter passage
f the satellite. In this section, we study in detail the generation of
he m = 1 distortion in the stellar density distribution, identify the
ature of the m = 1 distortion as lopsidedness, and characterize its
trength, and longevity. 

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

.1 Characterizing the m = 1 lopsided distortion in stars 

ere, we characterize the properties of an m = 1 lopsidedness in
he density distribution of the disc’s stars of the host galaxy. This
haracterization is based on the amplitude ( A 1 / A 0 ) and the phase
ngle ( φ1 ) obtained from the Fourier decomposition of the stellar
ensity distribution. First we note that, a tail-like feature is produced
ue 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
 large non-zero value of the m = 1 Fourier coefficient in the
uter radial extent ( R > 7 R d ). Hence, this radial extent should be
 v oided while characterizing the m = 1 lopsidedness in the density
istribution. 
Next, we find that in our chosen model gSadE001dir33, a one-

rm 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
eappears after the second pericenter passage of the satellite as
ell. Eventually it f ades aw ay after ∼ 200 Myr . We check that the
resence of such a one-arm spiral produces a hump-like feature in
he radial profile of the m = 1 Fourier coefficient (see the example
hown in the left-hand panels of Fig. 5 ). The extent of this one-
rm spiral varies from ∼2 to 4 R d in the model gSadE001dir33. 3 

urther, Fig. 5 (middle panel) revealed that, within the radial extent
 −7 R d, the Fourier coefficient of the m = 1 Fourier harmonics
 A 1 / A 0 ) increases with radius; thereby indicating the presence of an
uter m = 1 disc lopsidedness in the model gSadE001dir33. The
orresponding radial variation of the phase angle ( φ1 ), calculated at
 = 0 . 65 Gyr , is also shown in Fig. 5 (see middle panel). We notice
hat the phase-angle ( φ1 ) values for the one-arm spiral dominated
egion and the outer m = 1 disc lopsidedness are very different, thus
 Although, sometimes it can e xtend be yond 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 ( ε = 200 pc) adopted for the minor merger simulations. Here, R d = 3 kpc . 

Figure 3. Separation between the disc and DM halo centres of the host galaxy in the ( x − y )-plane are shown for different minor merger models with varying 
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. 
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ndicating presence of two lopsided patterns with different phase 
ngles. 

The radial variation of the phase-angle associated to an m = 1
opsidedness is important for characterizing its nature and deter- 
ining its physical origin (for details see Jog & Combes 2009 ).
e calculated the mean and the corresponding standard deviation 

SD hereafter) of the phase angle ( φ1 ), at t = 0 . 65 Gyr , for these
wo abo v e-mentioned re gions. We find that, in the region hosting a
rominent one-arm spiral ( ∼2 − 4 R d ), the mean value of φ1 is ∼72 ◦
ith an associated SD of ∼9 ◦. On the other hand, in the region of
uter m = 1 disc lopsidedness, the mean value of φ1 is ∼−29 ◦ with
n associated SD of ∼6.8 ◦. We further note that in a self-gravitating
isc, the survi v al of an m = 1 lopsidedness depends strongly on
he differential precession 	 − κ (for details see, e.g. Saha et al. 
007 ; Jog & Combes 2009 ) which is, in general, non-zero for a
elf-gravitating disc (unlike a Keplerian disc where 	 = κ). Here, 

and κ are the circular and the epicyclic frequencies, respectively. 
aldwin 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. 
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n m = 1 lopsidedness as τ lop = 2 π / � ( κ − 	). We checked that,
or the one-arm spiral region, κ − 	 ∼ 18 km s −1 kpc −1 , which in
urn, gives τ lop ∼ 350 Myr, so the pattern would wind up rather
uickly. On the other hand, for the region displaying outer m = 1
isc lopsidedness, the κ − 	 value is close to zero, thereby producing
NRAS 511, 5878–5896 (2022) 
 large τ lop . In other words, the outer m = 1 disc lopsidedness will
ot wind up so quickly when compared to the one-arm spiral. So,
rom this point on, we will only focus on the properties, temporal
ariation and the pattern rotation of the outer m = 1 disc lopsidedness
 ∼4 −7 R ). 

art/stac461_f4.eps
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Figure 5. Left-hand panels show an example of coexisting one-arm spiral and an outer m = 1 disc lopsidedness from the radial profiles of A 1 / A 0 and the 
corresponding phase-angle ( φ1 ). Similarly, the determination of bar extent from the amplitude and the phase-angle of the m = 2 Fourier mode is also shown. 
The cyan, magenta, and the maroon circles denote the radial extents of 1.5 R d , 4 R d , and 7 R d , respecti vely. Right-hand panels sho w the radial profiles of A 1 / A 0 , 
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. 
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As mentioned before, the outer m = 1 lopsided distortion exists
redominantly within ∼4 −7 R d 

4 at different times in the model 
SadE001dir33. Also, for the outer m = 1 disc lopsidedness, the 
orresponding strength of the m = 1 lopsidedness increases with 
adius (as denoted by the increasingly higher values of A 1 / A 0 with
adius, see e.g. in Fig. 5 ). This trend is in agreement with the
bservational studies of the m = 1 lopsidedness in galaxies (e.g. see
ix & Zaritsky 1995 ; Rudnick & Rix 1998 ; Conselice, Bershady &

angren 2000 ; Angiras et al. 2006 ; Reichard et al. 2008 ; van Eymeren
t al. 2011a ; Zaritsky et al. 2013 ). We also checked that, after the
erger of the satellite, the stellar particles from the satellite do not

ontribute appreciably to a coherent m = 1 lopsidedness in the density 
istribution; hence, they are discarded in the subsequent analyses. 

.2 Temporal variation of the m = 1 lopsided distortion 

ext, we study the temporal evolution of the m = 1 lopsidedness
n the stellar density distribution of the host galaxy for the minor
erger models considered here. For the model gSadE001dir33, 

nitially ( t = 0) there was no discernible lopsidedness in the outer
art as inferred from the A 1 / A 0 value close to zero in the outer disc
egions (see top right-hand panel of Fig. 5 ). A prominent coherent
opsidedness appears only after the first pericenter passage of the 
atellite; the average A 1 / A 0 value reaches close to 0.4; followed by
 decrease in the A 1 / A 0 value as the satellite mo v es farther away
fter the pericenter passage. The strong lopsidedness reappears after 
 It should be noted that the choice of 4 − 7 R d to quantify the strength of the 
 = 1 lopsidedness is not generic, the extent of the m = 1 lopsidedness varies 

rom galaxy to galaxy, and depends on the properties of a galaxy. 

5

c
o

he second pericenter passage of the satellite galaxy, marked by 
n increase in the average A 1 / A 0 value in the outer disc region
 ∼4.5 − 6 R d ). Ho we ver, after the satellite merges with the host
alaxy, the lopsidedness gets weakened subsequently in the post- 
erger remnant. By the end of the simulation run, at t = 3 . 8 Gyr ,

he A 1 / A 0 value becomes less than 0.1 in the outer parts ( ∼4 − 7 R d ) of
he stellar disc (see top right-hand panel of Fig. 5 ), thereby denoting
he absence of a strong, coherent lopsidedness. 

In order to make a systematic study on the temporal evolution
f the m = 1 lopsidedness for all models, next we study how the
 alues of A 1 / A 0 v ary with time. To do that, for a certain model and at
ime t , we first compute the median value of A 1 / A 0 , within the radial
xtent 4 −7 R d where the lopsidedness is prominent, and then study
he resulting temporal variation. Fig. 6 shows the corresponding 
emporal variation of the A 1 / A 0 values for six merger models with
ifferent orbital configurations (direct and retrograde) 5 As seen 
learly from Fig. 6 , the broad trend of the temporal variation of the
 = 1 lopsided distortion, for all five minor merger models shown
ere (except gSadE006ret33), is similar to what is shown for the
odel gSadE001dir33. 
The question remains what happens to the sustainability of the 
 = 1 lopsided feature when the merger happens at a very late

poch and the host galaxy experiences continued pericenter passage 
f the satellite? To investigate that, we select the minor merger model
SadE006ret33 where the merger happens at a later epoch (see Ta-
le. 1 ). Fig. 4 (bottom panels) shows the face-on density distribution
MNRAS 511, 5878–5896 (2022) 

 We have computed the temporal evolutions for all minor merger models 
onsidered here. For the clarity of the representation, we are showing for 
nly six models here. 

22
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Figure 6. Evolution of the median value of the m = 1 Fourier coefficient 
A 1 / A 0 , calculated within the radial extent of 4 −7 R d , 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 〈 A 1 /A 0 〉 = 

0 . 1, and is used as a demarcation for the onset of the m = 1 lopsidedness 
(Jog & Combes 2009 ). 
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Figure 7. Maximum values of the m = 1 Fourier coefficient ( A 1 / A 0 ) and 
the separation between the centres of stellar disc and the DM halo ( � r CM 

) 
are shown for different minor mergers (of gSa-dE0 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, 
R d = 3 kpc . 
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f the host galaxy’s disc particles for the model gSadE006ret33, at
ifferent time-steps after the first pericenter passage of the satellite
alaxy. Also, the corresponding radial variations of the m = 1 Fourier
armonics of the density distribution are shown in Fig. 5 (bottom
ight-hand panel). Fig 6 (bottom panel) demonstrates that as the
ost galaxy experiences continued pericenter passages, the lopsided
attern also persists till the end of the simulation run ( t = 3 Gyr );
he average values of A 1 / A 0 in the outer disc region ( ∼4 − 7 R d )
re non-zero, and are higher than values calculated at t = 0. This
emonstrates that, although the m = 1 lopsided distortion excited
y a single pericenter passage does not last long, the continued
ericenter passages can maintain the net lopsided feature in the host
alaxy for a longer time-scale. 

In appendix A , we show that when the host galaxy model is evolved
n isolation, no prominent m = 1 lopsided distortion gets excited.
he average values of A 1 / A 0 throughout the entire disc region remain
elow 0.1, indicating the absence of a strong m = 1 lopsidedness
n the stellar density distribution of the host galaxy. This reinforces
he fact that minor merger event is liable to trigger the lopsided
isturbance in the host galaxy. 
Also, we notice a correlation in the formation epoch of a stellar

isc-DM halo off-set and the excitation of the lopsided pattern in
he host galaxy (compare bottom panels of Figs 1 and 4 ). Here,
e compare the maximum values of the m = 1 Fourier coefficient

nd separation between the centres of stellar disc and the DM halo
 � r CM 

) for different minor merger models with direct and retrograde
onfigurations. We checked that for the minor merger models in
he direct orbital configuration, the maxima for both the � r CM 

and
he < A 1 / A 0 > occur after the first pericenter passage. Similarly,
or models in the retrograde orbital configuration, the maxima for
oth the � r CM 

and the < A 1 / A 0 > occur after the second pericenter
assage. We then compare these maximum values, computed at the
NRAS 511, 5878–5896 (2022) 
bo v e-mentioned epochs, for the models considered here. This is
hown in Fig. 7 . As seen clearly, for both orbital spin configurations,
hese two maximum v alues follo w a (nearly) linear relation. This is
ot surprising since both physical phenomena are driven by the tidal
orces e x erted on the host galaxy by the satellite during the pericenter
assages. 

 PATTERN  SPEED  MEASUREMENT  A N D  

ESONA NCES  

 visual inspection of Fig. 4 already provided the indication that the
 = 1 lopsided pattern rotates in the disc, in a similar fashion the
 = 2 bar mode rotates. Here, we measure simultaneously the pattern

peeds of the m = 1 lopsided distortion as well as the central m =
 bar mode in the model gSadE001dir33. For that, we choose two
ime-intervals of ∼ 0 . 3 Gyr , after the first and the second pericenter
assages of the satellite when both the m = 1 lopsided distortion
nd the m = 2 bar mode co-exist. This simultaneous measurements
ill ease the determination of the direction of the pattern speed of

he m = 1 lopsidedness with respect to the m = 2 bar pattern speed.
he bar pattern speed ( 	bar ) is measured by fitting a straight line to

he temporal variation of the phase-angle ( φ2 ) of the m = 2 Fourier
ode. This assumes that the bar rotates rigidly with a single pattern

peed in that time interval. The resulting measurements of the m =
 bar pattern speeds ( 	bar ) are shown in Fig. 8 (bottom panels). The
attern speed of the m = 1 lopsided distortion ( 	lop ) is measured
y fitting a straight line to the time variation of the orientation of
he density isophotal contours. This is shown in Fig. 8 (top panels).

e note that, when the m = 1 lopsided distortion rotates with a
ell-defined, single pattern speed (similar to an m = 2 bar mode),

t is possible to measure the pattern speed of the m = 1 lopsided
istortion by fitting a straight line to the temporal variation of the
hase-angle ( φ1 ) of the m = 1 lopsidedness. Ho we ver, we sho w that

art/stac461_f6.eps
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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 
( φ1 ). Measured pattern speed values are indicated in each sub-panel. 
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hese two measurements of the pattern speed of the lopsidedness 
atch pretty well within their error limits (see top right-hand panel 

f Fig. 8 ). 
The simultaneous measurements of the bar and the lopsided pattern 

peeds reveal two important aspects. First, the bar rotates faster than 
he m = 1 lopsided distortion. For example, around t = 1 . 4 Gyr ,
he bar pattern speed ( 	bar ) is 29 . 3 ± 0 . 4 km s −1 kpc −1 whereas
round the same epoch, the m = 1 lopsided distortion rotates with
 pattern speed ( 	lop ) of −5 . 2 ± 0 . 5 km s −1 kpc −1 . This trend also
olds for the chosen time-interval after the first pericenter passage of
he satellite (compare left-hand panels of Fig. 8 ). Secondly, the m =
 lopsided distortion is in retrograde motion with respect to the bar
otation as well as the underlying disc rotation. 

Lastly, we investigate whether the direction of the orbital spin 
ector plays any role in deciding the sense of the rotation of the m =
 lopsidedness with respect to the m = 2 bar mode. To achieve that,
e choose the model gSadE006ret33. In Fig. 4 (bottom panels), the 
ensity distributions of the stellar particles after the first pericenter 
lready indicated a pattern rotation of the m = 1 lopsided pattern,
imilar to what is seen in the model gSadE001dir33. Using the same
ethodology, as mentioned abo v e, we simultaneously measure the 

attern speeds of the m = 2 bar mode and the m = 1 lopsided
attern after the first pericenter passage of the satellite. This is
hown in Fig. 9 . For the retrograde orbital configuration also, the
opsided pattern rotates much slower ( 	lop = −3 . 5 ± 0 . 2 km s −1 
pc −1 at t ∼ 0 . 75 Gyr ) than the bar ( 	bar = 22 . 2 ± 0 . 5 km s −1 kpc −1 

t t ∼ 0 . 75 Gyr ), and the sense of rotation is in retrograde with
espect to the bar. The physical implications of the retrograde pattern
peed (with respect to the bar) of the lopsidedness in our minor
erger models is discussed below. 
F ollowing Binne y & Tremaine ( 2008 ), the dispersion relation for

 tightly wound m = 1 pattern in a disc can be written as 

 ω − 	) 2 = κ2 ( R) − 2 πG� 0 ( R) | k| + σ 2 k 2 , (4) 

here � 0 is the surface density of the disc, 	 and κ are the angular
nd radial epicyclic frequencies; σ refers to the velocity dispersion 
nd k is the wavenumber. In the absence of self-gravity, the rele v ant
ree precession frequency corresponding to the m = 1 mode in a cold
isc is ω = 	 − κ at given radius R . Since in a realistic galaxy model
ith stellar disc and dark matter halo, κ > 	, and hence ω = 	 −
< 0 at all radii (see Saha & Jog 2014 , for various mass models).
s shown in Fig. 10 , the values of 	 − κ remain less than 0, for

lmost all radii considered here, at t = 0 . 8 Gyr . At this point, we
aution the reader that, the m = 1 lopsidedness is shown to have
oughly constant phase angle o v er a range of radii, and hence, the
pplication of the WKB or the tight-winding approximation is not 
igorously v alid. Ho we ver, e ven when | kR | ∼ 1 or 0.5, the WKB or
he tight-winding approximation provides a valuable insight on the 
ature of the perturbation, especially to predict a rough guideline for
he e xpected frequenc y of the perturbation (for details, see Binney &
MNRAS 511, 5878–5896 (2022) 
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M

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 gSadE006ret33. Measured 
pattern speed values are indicated in each sub-panel. 

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 gSadE001dir33. The magenta dashed 
horizontal line denotes the pattern speed ( 	bar ) of the bar while the cyan 
dashed horizontal line denotes the pattern speed ( 	lop ) of the m = 1 
lopsidedness. 

T  

h  

m  

C  

1  

a  

s  

m  

c  

m  

a  

p  

g  

m
κ  

I  

o  

p  

i  

z
 

e  

s  

p  

a  

g  

t  

o  

l  

m  

l  

s  

h  

g  

i  

m  

m  

t  

t  

m  

a  

o  

s  

d  

B  

i  

i  

(  

1  

i

6
L

P  

t  

t  

a  

A  

a  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/4/5878/6530661 by J.R
.D

. Tata M
em

orial Library, Indian Institute of Science, Bengaluru user on 07 M
ay 2022
NRAS 511, 5878–5896 (2022) 
remaine 2008 ). In the same spirit, we applied WKB approximation
ere to get a broad understanding for the frequencies of different
odes. It is worth mentioning that in previous studies, Junqueira &
ombes ( 1996 ), Bacon et al. ( 2001 ) have shown excitation of an m =
 lopsidedness in the central region of galaxies e.g. M 31 nucleus
nd the corresponding pattern speeds are positive, generally high,
ince dynamical time is also shorter inside. These central m = 1
odes mimic well the pressure mode ( p -mode) as described in the

ontext of near-Keplerian disc by Tremaine ( 2001 ). However, the
 = 1 lopsidedness that we measure in our current simulation set-up

re dominated by self-gravity (more like the g -modes) and hence the
attern speed is expected to be following the 	 − κ curve in the
alaxy model chosen. In the outer part ( ∼4 − 7 R d ) of our galaxy
odels where we measure lopsidedness, the absolute value of 	 −
is smaller and we also obtain comparatively smaller pattern speed.

nterestingly, in the case of a pure exponential stellar disk, the value
f 	 − κ ∼ 0 beyond about 5 R d and it switches sign from ne gativ e to
ositive at 4.6 R d (Saha & Jog 2014 ). In pure disk only simulations,
t was shown that the outer lopsidedness had pattern speed close to
ero as well (Saha et al. 2007 ). 

In our current measurements (see Fig. 8 ), we show that lopsid-
dness in the outer parts of our galaxy model has ne gativ e pattern
peed, with 	lop = −5 . 4 km s −1 kpc −1 after the second pericenter
assage in model gSadE001dir33. The pattern speed is ne gativ e
fter the first pericenter passage as well. For the retrograde model
SadE006ret33 (Fig. 9 ), we measure 	lop = −3 . 5 km s −1 kpc −1 after
he first pericenter passage. Since the pattern speed is ne gativ e,
ur galaxy models do not have a corotation resonance for the
opsidedness but only the inner Lindblad resonance (ILR). For the
odel gSadE001dir33, 	lop = −5 . 3 km s −1 kpc −1 , the ILR for the

opsidedness is pushed to 4.3 R d , towards the outer region of the
tellar disc (see Fig. 10 ). In the same galaxy model, the central bar
as a positive pattern speed and the corotation for the bar in model
SadE001dir33 is well inside the disc, at 3.5 R d . It is tantalizing to
nfer that the central bar and the outer lopsidedness in our galaxy

odels are two dynamical patterns having different originating
echanisms. After all, the lopsidedness has been generated during

he minor merger process while the central bar was present from
he start of the minor merger simulation. Ho we ver, the ILR of the
 = 1 lopsidedness ( ∼4.3 R d ) falls in between the CR ( ∼4.2 R d )

nd the OLR ( ∼5.2 R d ) of the m = 2 bar, i.e. in the outer part
f the stellar disc these resonance points almost o v erlap. P ast
tudies have addressed the important role of resonance o v erlap
ue to bar-spiral or spiral-spiral scenarios (e.g. see Sell w ood &
inney 2002 ; Minchev & Famaey 2010 ; Minchev et al. 2011 )

n the context of radial migration and disc dynamics. It will be
nsightful to investigate the stellar and gas kinematics at these
nearly o v erlapping) resonance locations associated with the m =
 lopsidedness and the m = 2 bar, provided the m = 1 lopsidedness
s long lived. 

 E X C I TAT I O N  O F  K I N E M AT I C  

OPSIDEDNESS  

ast studies, both theoretically (e.g. see Jog 1997 , 2002 ) and from
he observations (e.g. see van Eymeren et al. 2011a , b ), have shown
hat an m = 1 lopsided distortion in the density distribution is
ssociated with a large-scale asymmetry in the velocity field as well.
n off-set between the rotation curves, calculated for the receding

nd approaching sides separately for a galaxy, is considered as the
ignature of a kinematic lopsidedness. In the light of these past
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ndings, we now investigate the details of the kinematic lopsidedness 
n our selected models of minor merger. 

To achieve that, we first choose the model gSadE001dir33. After 
he first pericenter passage of the satellite galaxy, this model displays
 prominent large-scale m = 1 lopsided distortion in the density 
istribution of the stellar disc in the host galaxy (see previous 
ections). Using the intrinsic position-velocity information of the 
isc particles of the host galaxy, we first compute the distribution
f the azimuthal velocity ( v φ) in the x − y plane. One such velocity
istribution, calculated at t = 0 . 85 Gyr , is shown in Fig. 11 (see top
eft-hand panel). A prominent, global distortion/asymmetry of the 
elocity distribution in the x − y plane, is seen to be present. To
laborate, if one extracts an one-dimensional velocity profile from 

his two-dimensional map, along the direction shown by an arrowed 
traight line (in black) in Fig. 11 , the resulting one-dimensional 
elocity profile would show an asymmetry between positive and 
e gativ e parts of x values. This asymmetry is the signature of
n m = 1 kinematic lopsidedness. Also, we find a one-to-one 
orrespondence between the epochs of prominent lopsidedness in 
he stellar density and the kinematics. This is not surprising since the
inematic lopsidedness can be thought as the representation of the 
 = 1 density perturbation, but seen in velocity space. We further

ompute the distribution of the azimuthal velocity ( v φ) in the x −
 plane at a later stage (say t = 3 Gyr ), when the satellite galaxy
as merged with the host galaxy, and the post-merger remnant gets 
ime to readjust itself. This is also shown in Fig. 11 (top right-hand
anel). As seen clearly, the strong kinematic asymmetry that was 
resent earlier at t = 0 . 85 Gyr , is now disappeared, indicating that
he prominent m = 1 kinematic lopsidedness no longer persists. 

e check that the other minor merger models considered here, also 
how a similar trend of the temporal evolution of the kinematic 
opsidedness in the host galaxy. For the sake of brevity, they are not
hown here. 

Ne xt, we inv estigate a similar large-scale kinematic asymmetry in 
he gas velocity field of the minor merger models considered here. 
irst, we construct the gas velocity fields, in edge-on configuration, 
or the model gSadE001dir33. Two such gas velocity distributions, 
alculated at t = 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
he gas velocity distributions separately for both sides of the host
alaxy. The resulting distributions, at t = 0 . 9 Gyr and at t = 3 . 8 Gyr
re shown in Fig. 12 (bottom panels). At t = 0 . 9 Gyr , the gas velocity
istribution shows a high degree of asymmetry when both sides of the
ost galaxy are considered separately; thereby indicating a presence 
f kinematic lopsidedness in the gas velocity field as well. This
s because, in our models, the stars and the gas are gravitationally
oupled. So, the interstellar gas will also respond in a similar ways as
he stars do, to the underlying lopsided potential. We found that this
inematic asymmetry becomes larger after each pericenter passage 
f the galaxy, similar to what is seen for the stellar velocity fields.
o we ver, at the end of the simulation run ( t = 3 . 8 Gyr ), the gas
elocity distributions in both sides of the host galaxy becomes 
lose to a symmetric distribution. This indicates the absence of a 
trong kinematic lopsidedness in the gas velocity field, similar to the 
ehaviour at late times for stars (see Fig. 11 ). 
Lastly, we probe the persistence of the kinematic lopsidedness 

n the model gSadE006ret33 where the merger happens at a very 
ate epoch. Following the same methodology, we first construct 
he distributions of the azimuthal velocity ( v φ) in the x − y plane
t t = 0 . 85 Gyr and t = 3 Gyr . These are shown in Fig. 11 (see
ottom panels). A prominent large-scale asymmetry in the velocity 
istributions exists at t = 0 . 85 Gyr , similar to other minor merger
odels considered here; thereby denoting the presence of a strong 
 = 1 kinematic lopsidedness. The main difference here is that,

he kinematic lopsidedness persists till the end of the simulation 
un ( t = 3 Gyr ). We point out that, although an m = 1 kinematic
opsidedness, excited by a pericenter passage of the satellite galaxy, 
s short-lived, the repeated pericenter passages in case of the 
odel gSadE006ret33 would drive repeated short-lived kinematic 

opsidedness phenomenon. 

 C O M PA R I S O N  WI TH  P R E V I O U S  WO R K S  

ere, we briefly compare the properties of the m = 1 lopsidedness
e.g. strength, extent) in the stellar density distribution of the host
alaxy in our chosen minor merger models, with the past literature
f excitation of lopsidedness via minor mergers or tidal encounters 
e.g. Zaritsky & Rix 1997 ; Bournaud et al. 2005 ; Mapelli et al. 2008 ).

e also compare the strength of the m = 1 lopsided distortion in our
odels with that from the observed galaxies with lopsidedness, as 

evealed from the past observational studies. 
In Zaritsky & Rix ( 1997 ), the measured average value of the
 = 1 lopsidedness ( < A 1 / A 0 > ) is ∼0.2 at R > 1.5 R d , where the

ause of the lopsidedness was conjectured to be tidal interactions. In
apelli et al. ( 2008 ), the average values of the m = 1 lopsidedness

 < A 1 / A 0 > ) is ∼0.1 at R ∼ 2.5 R d when the lopsidedness in the
tars is excited via fly-by encounter. Similarly, a model presented in
ournaud et al. ( 2005 , see Fig. 12 there), showed < A 1 / A 0 > ∼0.2
t the initial phase of evolution where the lopsidedness is induced
y galaxy interaction and merger. In comparison, the minor merger 
odels considered here, show a stronger m = 1 lopsidedness ( < A 1 / A 0 

 ∼0.4 for some models) in the outer disc region ( ∼4 −7 R d ) of the
tellar density distribution. In other words, the galaxy interactions 
nvolved in these merger models, can generate strong outer disc 
opsidedness. Ho we ver, while comparing these values, it should be
orne in mind that the averaging process for measuring < A 1 / A 0 >

s carried out o v er different radial extents for these simulated galaxy
odels. 
The location of the occurrence of the prominent m = 1 lop-

idedness also merits some discussion. Past observational studies 
easured the m = 1 lopsided distortion up to 3.5 R d where R d is the

isc scale-length (e.g. see Rix & Zaritsky 1995 ; Bournaud et al. 2005 ;
aritsky et al. 2013 ) as the near-IR measurements were not available
t larger radii due to signal-to-noise constraint. Ho we ver, the usage
f H I as a tracer allowed one to detect the m = 1 distortion further out
n a galaxy. The resulting amplitude of lopsidedness increases with 
adius up to the optical radius ( ∼4 −5 R d ) and then saturates at larger
adii, as measured for the WHISP sample data (e.g. see van Eymeren
t al. 2011b ). While the radial increment of the amplitude of the m =
 lopsided distortion is seen in our chosen minor merger models, the
 = 1 lopsided distortion appears predominantly in 4 −7 R d for our
odels. 
Lastly, we compare the strength of the m = 1 lopsided distortion in

ur models with that from the observed galaxies with lopsidedness. 
e note that several models, e.g. gSadE001dir33, also host a central

tellar bar which gets amplified during a pericenter passage of the
atellite and subsequently gets weakened in the post-merger remnant 
for details, see Ghosh et al. 2021 ). We note that both the bar and
he lopsided pattern co-exist after the first pericenter passage of the
atellite galaxy. Then, we measure the average values of m = 2
ourier coefficient, < A 2 / A 0 > , and the average values of the m =
 Fourier coefficient < A 1 / A 0 > , after the first pericenter passage of
he satellite for several minor merger models considered here. The 
verage value of m = 2 Fourier coefficient is measured in the central
MNRAS 511, 5878–5896 (2022) 
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Figure 11. Top panels : distribution of the azimuthal velocity ( v φ ) in the x − y plane, calculated at two different epochs for the model gSadE001dir33. Bottom 

panels show the corresponding distribution of the azimuthal velocity ( v φ ) in the x − y plane, calculated at two different epochs for the model gSadE006ret33. 
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. 
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egion encompassing the bar ( ∼0.5 −2 R d ) whereas the average value
f the m = 1 Fourier coefficient < A 1 / A 0 > is measured in the outer
egion encompassing the lopsided pattern ( ∼4 − 7 R d ). This is shown
n Fig. 13 . Next, to compare with observation, we make use of the
easurements of the average values of the m = 1 and the m = 2
ourier coefficients from Zaritsky et al. ( 2013 ) which provides these
easurements for 163 galaxies selected from the S 

4 G sample (Sheth
t al. 2010 ). Now, Zaritsky et al. ( 2013 ) provides the average values
f the m = 1 Fourier coefficient < A 1 / A 0 > , measured in two radial
xtents – < A 1 > i , measured in the inner region (1.5 −2.5 R d ), and
 A 1 > o , measured in the outer region (2.5 −3.5 R d ). The same is true

or the m = 2 mode as well (for details see description in Zaritsky
t al. 2013 ). Therefore, for a uniform comparison with the minor
erger models considered here, we have taken the values of < A 1 

 o and < A 2 > i . Furthermore, we select only those galaxies which
ost a bar. This is shown in Fig. 13 . We note that, although there is
 considerable spread in the < A 1 > o and the < A 2 > i values for the
 

4 G sample, the measured < A 2 / A 0 > and < A 1 / A 0 > values from our
inor merger models tend to lie close to the central clustering of the
aritsky et al. ( 2013 ) sample. 
NRAS 511, 5878–5896 (2022) 
 DI SCUSSI ON  

ere, we discuss a few points regarding this work. 

(i) We show that a minor merger event can trigger a strong,
oherent m = 1 lopsided pattern in both the density and the velocity
istributions of the host galaxy. Thus, minor merger is a plausible
v enue to e xcite lopsidedness in the stellar component of the host
alaxies that reside in dense environments (e.g. in groups and in
lusters), and in concordance with the finding of previous works (e.g.
ournaud et al. 2005 ; Mapelli et al. 2008 ). Indeed, galaxies residing

n groups and clusters, are observationally known to display strong
opsidedness distortion (e.g, see Haynes, Giovanelli & Kent 2007 ).

e show that both direct and retrograde orbital configurations can
enerate strong, coherent m = 1 lopsidedness in the host galaxies, as
pposed to earlier findings that only retrograde orbital configurations
re more fa v ourable to generate lopsided asymmetry (Bournaud
t al. 2005 ). Ho we ver, the longe vity of the m = 1 lopsided pattern
ndeed depend on the orbital configuration. In our chosen models,
or a retrograde orbit, the time of interaction is larger than for a

art/stac461_f11.eps
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Figure 12. Top panels show the gas velocity fields in the edge-on config- 
urations, calculated at two different epochs for the model gSadE001dir33. 
Bottom panel shows the corresponding distribution of the velocity, calculated 
separately for the both sides. At t = 0 . 9 Gyr , the gas velocity distributions 
on the either sides are indeed asymmetric. 

Figure 13. Distribution of average values of m = 1 and m = 2 Fourier 
coefficients, < A 1 / A 0 > and < A 2 / A 0 > , both calculated after the first pericenter 
passage, are shown for several gSa-dE0 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 4 G catalogue. Here, only galaxies with a bar are selected, for details see 
text. 
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irect orbit with same orbital energy (see Table 1 ). For example,
he lopsidedness is shown to persist for ∼ 2 . 3 Gyr in the model
SadE006ret33 where the merger happens at a very late epoch. This
mplies that galaxies experiencing continuous fly-by encounters will 
how sustained, coherent strong m = 1 lopsidedness which can be
etected in observations. Thus, a minor merger has a significant 
ffect in stirring up the internal dynamics of the host galaxy before
he merger is complete. The occurrence of minor merger events are

ore probable in the early Universe; therefore the secular evolution 
riven by an m = 1 lopsided distortion is likely to have a strong
nfluence on the early evolution of galaxies. 

(ii) Also, we mention that the satellite merges with the host galaxy,
ypically around 2 Gyr after the start of the simulation run. As the
opsidedness f ades aw ay after the merger happens, therefore, our
ndings are in apparent tension with the observationally known large 
umber of observed lopsided galaxies in the local Universe as minor
ergers are common here (e.g. see Frenk et al. 1988 ; Carlberg &
ouchman 1989 ; Lacey & Cole 1993 ; Fakhouri & Ma 2008 ; Kaviraj
t al. 2009 ). Furthermore, a galaxy might experience multiple minor
erger events during its entire lifetime (e.g. see Hopkins et al. 2009 ).
o we ver, we note that in reality, a galaxy can accrete cold gas (e.g.
irnboim & Dekel 2003 ; Kere ̌s et al. 2005 ; Dekel & Birnboim
006 ; Ocvirk, Pichon & Teyssier 2008 ) either during the merger-
hase or at a later stage. Such an asymmetric cold gas accretion can
ejuvenate the lopsidedness in the galaxy, as shown in the previous
tudies (e.g. Bournaud et al. 2005 ; Mapelli et al. 2008 ). Further,
n isolated galaxy can show signs of an earlier minor merger (e.g.
entral asymmetric features like an offset disc/bulge, and a tidal 
tream) even while the outer galaxy seems to hav e relax ed, as seen
n NGC 5523 (Fulmer, Gallagher & Kotulla 2017 ). Thus, while the
inor merger event continues to be one plausible mechanism which 

an excite an m = 1 lopsidedness in galaxies, as also shown in this
ork, other mechanisms (e.g. asymmetric gas accretion) are also at 
lay to account for the large abundance of the observed lopsided
alaxies. 

(iii) As mentioned in section 2 , we have considered merger models
ith only one inclination angle, namely, i 1 = 33 ◦ as the GalMer

ibrary provides models with one inclination for the giant-dwarf 
inor mergers. We acknowledge that, studying the excitation of 

opsidedness in minor merger models with different inclination 
ngles w ould mak e this w ork more complete. Intuitively, the response
f the disc would be different for polar ( i 1 = 90 ◦) and co-planar ( i 1 =
 

◦) orbital configurations, and therefore it will be worth following
p in a future study. 
(iv) Also, one might wonder whether the low numerical resolution 

f the GalMer minor merger models used here, could potentially limit 
he results related to the temporal evolution of the m = 1 lopsidedness
n the host galaxy. During the evolution of disc galaxies, the discrete
article noise indeed affects the evolution of perturbation in galaxies 
nce it is generated (e. g., see Vesperini & Weinberg 2000 ; Choi
007 ; Weinberg & Katz 2007 ; Weinberg et al. 2008 ). Ho we ver,
e note that the shot noise due to the finite number of particles

s not a big issue when the host galaxy is experiencing strong tidal
nteraction due to a satellite or another perturbing galaxy, as shown
n the seminal work by Toomre & Toomre ( 1972 ). During such
nteractions, the change in the potential is o v erwhelming the change
n potential due to the particle noise itself. Furthermore, we checked 
he excitation and the temporal evolution of the m = 1 lopsidedness
n a dissipationless minor merger merger model where a total of

2.75 × 10 7 particles has been used to model the host galaxy (for
etails see Appendix C ). We found a similar trend of the evolution of
he m = 1 lopsidedness when compared to previously-used GalMer 
MNRAS 511, 5878–5896 (2022) 
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odels, namely, a continued pericenter passage excites a strong m =
 lopsidedness in the stellar disc. After the merger happens, the m = 1
opsidedness gets weakened significantly. In other words, we do not
nd any significant difference in the m = 1 lopsidedness amplitude,
aintenance, and the o v erall temporal evolution as particle number

s greatly increased (for details see Appendix C ). Ho we ver, we
tress that, in this work we mainly focused on the generation of
 = 1 lopsided perturbation caused directly by the host–satellite

nteraction. An existing m = 1 lopsided mode could further be
nhanced by a distorted DM halo (e.g. Vesperini & Weinberg 2000 ;
einberg & Katz 2007 ) where the distorted halo can drive a long-

asting lopsided feature via resonant interaction. In this scenario,
he particle noise is indeed a crucial factor (Weinberg & Katz
007 ) which can affect/alter the subsequent temporal evolution of
he m = 1 lopsidedness. Also, we caution that although the high-
esolution model shows consistent results with the GalMer models
see Appendix C ), this high-resolution model is not based on the
alMer models used in earlier sections. 
(v) We further note that in our models, the DM halo is modelled

y a Plummer sphere, i.e. it has a cored density profile at the centre.
his choice of a ‘cored’ DM halo density profile is broadly consistent
ith the observational studies of mass modelling from the observed

otation curve (e.g. see Athanassoula, Bosma & Papaioannou 1987 ;
egeman, Broeils & Sanders 1991 ; de Blok et al. 2008 ; de Blok 2010 ;
h et al. 2015 ). Ho we ver, we note that past studies of hierarchical
alaxy formation in the Lambda cold dark matter paradigm ( � CDM)
redicted a ‘cuspy’ DM density profile at the centre (e.g. see Navarro,
renk & White 1996 , 1997 ). For a detailed discussion of the ‘core-
usp’ problem, the reader is referred to de Blok ( 2010 ). It might be
nteresting to investigate the excitation and the evolution of an m =
 lopsided distortion in a cuspy DM halo; ho we v er, it is be yond the
cope of the present paper. Furthermore, we note that, stellar and
M halo masses of the gSa-type host galaxies in our selected minor
erger models, are similar. This could be a strong assumption when

ne wants to study the DM-baryonic coupling of the perturbations.
o we ver, we point out that the baryonic fraction in our gSa-type
alaxy models is similar to the baryonic content, within the optical
adius, for the typical high-surface-brightness galaxies (e.g. see de
lok, McGaugh & Rubin 2001 ). Furthermore, we mention that for

he GalMer model, the DM halo is truncated, and it is not simulated
p to the Virial radius. This is justified since we begin the GalMer
erger simulations, when the two galaxies are close enough, so that

he y hav e already merged their outer haloes (say 200 kpc sizes), and
re embedded in a common quasi-spherical DM envelope. Thus, this
ight not have strong influence on the dynamics of the 10 − kpc

cale merging, and the m = 1 lopsidedness. 
(vi) Lastly, we mention that a disc-DM halo off-set configuration

as previously shown to lead to a strong central lopsidedness in the
entral few kpc region (e.g, see Prasad & Jog 2017 ) as the central disc
ass dominates the halo so that the off-set halo acts as a perturbation

n the disc. Although such a disc-DM halo off-set exists (for a short
ime-scale) in our minor merger models, we do not find any strong
opsidedness in the central disc regions of the host galaxy. 

 C O N C L U S I O N  

n summary, we investigated the dynamical impact of minor merger
f galaxies (mass ratio 1:10) on the excitation of an m = 1 lopsided
istortion in the stellar density and the velocity fields. We also studied
he generation of a stellar disc-DM halo off-set configuration in the
ost galaxy during a minor merger event. We selected a set of minor
erger models, with varying orbital energy, orientation of orbital
NRAS 511, 5878–5896 (2022) 
pin vector, morphology of host galaxy from the GalMer library of
alaxy merger simulation. Our main findings are: 

(i) A minor merger event can trigger a prominent m = 1 lopsided
istortion in the stellar density distribution of the host galaxy. The
trength of the lopsided distortion undergoes a transient amplification
hase after each pericenter passage of the satellite. Ho we ver, the
opsidedness fades away after the merger happens and the post-
erger remnant gets time ( ∼ 500 − 850 Myr ) to readjust itself. This

road trend holds true for a wide range of orbital configurations
onsidered here. In addition, a delayed minor merger can drive a
rolonged ( ∼ 2 − 2 . 5 Gyr ) lopsidedness due to continued pericenter
assages of the satellite. 
(ii) The m = 1 lopsided pattern is shown to rotate in the disc

ith a well-defined pattern speed. The pattern speed of the m =
 lopsidedness is smaller than the pattern speed of the m = 2 bar,
hen measured simultaneously at a same epoch. Moreo v er, the m =
 lopsided distortion rotates in a retrograde sense with respect to
he m = 2 bar mode. This gives rise to a dynamical scenario of a
ar-lopsidedness resonance o v erlap. 
(iii) The stellar and the gas velocity fields of the host galaxy also

isplays a large-scale kinematic lopsidedness after each pericenter
assage of the satellite galaxy. The temporal evolution of the
orphological and the kinematic lopsidedness closely follow each

ther. 
(iv) An interaction with a satellite galaxy also excites an off-set

etween the stellar disc and the DM halo of the host galaxy. The
esulting off-set is 2–3 times of the softening length of the simulation.
his off-set is rather short-lived, and is most prominent after each
ericenter passage of the satellite. This holds true for a wide range
f orbital configurations considered here. 
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PPENDI X  A :  E VO L U T I O N  IN  I SOLATI ON  

arlier we showed the generation of an off-set between the stellar
nd the DM halo centres and the excitation of a prominent m = 1
opsided distortion in the density and the velocity fields of the host
alaxy in the minor merger models considered here. Ho we ver, in
rder to demonstrate conclusively that these physical phenomena are 
ndeed triggered by a minor merger event, one needs to study the
volution 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
volved in isolation for 1 Gyr before the merger simulation sets in
see Section 2 ). Consequently, there is a time delay of 1 Gyr between
he isolated and the minor merger models, i.e. ̃  t − t = 1 Gyr . Fig. A1
top panel) shows the corresponding time evolution of the distance 
etween the density-weighted centres of the disc and the DM halo.
s seen clearly, no such prominent off-set between the stars and the
M halo is created when it is evolved in isolation. The separation
MNRAS 511, 5878–5896 (2022) 
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Figure A1. 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 ( ε = 200 pc). Bottom panel shows the corresponding radial 
profiles of m = 1 Fourier coefficients as a function of time. Here, ˜ t − t = 

1 Gyr , for details see text. 
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etween these two centres always remains below the the softening
ength used in the simulation. 

Fig. A1 (bottom panel) also shows the radial profiles of the m =
 Fourier coefficients as a function of time. A smaller value of the
ourier coefficient ( A 1 / A 0 ), when compared with a minor merger
odel, e.g. gSadE001dir33 (compare with Fig. 5 ), demonstrates

he absence of a coherent lopsided pattern in the stellar density
istribution. We mention that for some time-steps, a small fraction of
tellar particles remained scattered in the very outer region ( ≥4.5 R d ),
hus giving a spuriously high value of the m = 1 Fourier coefficient in
hat radial range. Those values should be disregarded as a signature
f coherent m = 1 lopsided distortions. We also checked that unlike
 minor merger model, an evolution in isolation does not excite a
inematic lopsidedness in the stellar velocity field as well, for brevity
e have not shown here. Thus, the generation of an off-centred stellar
isc-DM halo configuration as well as the excitation of a prominent
 = 1 lopsided distortion in both the stellar density and velocity
elds of the host galaxy can indeed be attributed to the dynamical
ffects of a minor merger event. 
NRAS 511, 5878–5896 (2022) 
PPENDI X  B:  C A L C U L AT I O N  O F  I NTRI NS IC  

I R C U L A R  VELOCI TY  

ere, we briefly describe how the circular velocity ( v c ) is calculated
rom the intrinsic particle distribution. First, at an y giv en time-
tep, we calculate the radial profiles azimuthal velocity ( v φ) and
he associated velocity dispersion components along the radial and
he azimuthal directions ( σ R , σφ), respectiv ely. The circular v elocity
 v c ) can be calculated from these quantities while correcting for the
symmetric drift via the equation (Binney & Tremaine 2008 ) 

 

2 
c = v 2 φ + σ 2 

φ − σ 2 
R 

(
1 + 

d ln ρ

d ln R 

+ 

d ln σ 2 
R 

d ln R 

)
. (B1) 

The resulting radial profile of circular velocity ( v c ), along with the
adial profiles of v φ , σ R , and σφ , calculated at t = 0 . 8 Gyr for the
odel gSadE001dir33 are shown in Fig. B1 . 

igure B1. Radial variation of the intrinsic circular velocity, v c (calculated
sing equation (B1)), together with the radial variations of the azimuthal
elocity ( v φ ), the radial and azimuthal velocity dispersion components ( σR ,

φ) are shown at t = 0 . 8 Gyr for the model gSadE001dir33. 

PPENDI X  C :  C O M PA R I S O N  WI TH  A  

I G H - R E S O L U T I O N  M E R G E R  M O D E L  

ere, we present the results related to the excitation of an m = 1
opsidedness and its temporal evolution for a dissipationless minor
erger simulation which uses a higher number of particles as

ompared to the previously used GalMer models. This model is
eferred to as ‘High-Res’ model, and it is taken from Jean-Baptiste
t al. ( 2017 ). For the sake of completeness, below we provide a
rief description about the details of the simulation set-up for this
igh-Res model (see Section C1 ). The corresponding generation

nd the temporal evolution of an m = 1 lopsidedness in presented in
ection C2 . 

1 Simulation set-up: high-res model 

his model is used here to investigate whether the generic trends
bout the excitation and the temporal evolution of an m = 1
opsidedness depend on the particle resolution of a minor merger
odel. 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 ( A 1 / A 0 ) 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 1 / A 0 , calculated within the radial extent of 4 − 6 R d, thin , as a function of time. The black horizontal line denotes A 1 / A 0 = 

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, R d , thin = 4 . 7 kpc . 

d  

E
N
w  

o  

(  

g
o  

T  

d  

4  

D  

t  

r  

s  

m  

w  

 

t  

g
a
o  

t
o  

s
i  

p  

a
J  

a  

a  

h  

T

C
h

F
(
c
fi  

a
a  

p  

s  

b
r  

p  

i  

a  

1

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/4/5878/6530661 by J.R
.D

. Tata M
em

orial Library, Indian Institute of Science, Bengaluru user on 07 M
ay 2022
isc, and a thick disc component which are embedded in a DM halo.
ach of the stellar disc components is modelled with a Miyamoto- 
agai density profile whereas the DM halo density profile is modelled 
ith a Plummer sphere. For details of the scale lengths and heights
f 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
lobular clusters which are treated as point masses. The total number 
f particles ( N tot ) used for modelling the host galaxy is 2.75 × 10 7 .
he number of particles used for the thin disc ( N thin ), the intermediate
isc ( N inter ), and for the thick disc ( N thick ) are 1 × 10 7 , 6 × 10 6 , and
 × 10 6 , respectively whereas the number of particles used for the
M halo ( N DM 

) is 5 × 10 6 . The masses of the thin, intermediate, and
he thick discs are 2.55 × 10 10 M �, 1.55 × 10 10 M �, and 1 × 10 10 M �,
espectively (for details see Table 1 in Jean-Baptiste et al. 2017 ). The
atellite galaxy is the re-scaled version of the host galaxy, with its
ass and total number of particles are one-tenth of the host galaxy
hile 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

he host galaxy, and the z-axis oriented along the spin of the host
alaxy, the orbital plane configuration is completely defined by θorb , 
nd φorb . The angle θorb denotes the angle between the intersection 
f the orbital plane with the x − y -plane and the x -axis whereas
he angle φorb denotes the angle between the intersection of the 
rbital plane with the x − z-plane and the x -axis. Similarly, the
atellite’s orientation is defined by θ sat , and φsat . Initially, the satellite 
s placed at a distance of 100 kpc from the host galaxy, and then
laced in a direct orbit. For the initial velocities, angular momenta,
nd other orbital configuration parameters, the reader is referred to 
ean-Baptiste et al. ( 2017 , see Table 2 there) The epochs of the first
nd the second pericenter passages of the satellite are t = 0 . 5 Gyr ,
nd t = 1 . 55 Gyr , respectively while the satellite merges with the
ost galaxy at t = 2 . 1 Gyr (see Fig. 1 there Jean-Baptiste et al. 2017 ).
he simulation is run for 5 Gyr . 

2 Excitation and temporal evolution of m = 1 lopsidedness: 
igh-res model 

ig. C1 shows the density distribution of the total 
thin + intermediate + thick) disc particles in the face-on 
onfiguration, before and the merger happens. Soon after the 
rst pericenter passage ( T 1 ,peri = 0 . 5 Gyr ), a prominent m = 1
symmetry in the density distribution appears. Similar signature of 
 global m = 1 density asymmetry is also seen after the second
ericenter passage ( T 2 ,peri = 1 . 55 Gyr ). Ho we ver, at the end of the
imulation run ( t = 5 Gyr ), the corresponding density distribution
ecomes more axisymmetric. To quantify that, we calculated the 
adial profiles of the m = 1 Fourier coefficients (using all disc
articles of the host galaxy) at different time-steps. This is shown
s Fig. C1 (see bottom left-hand panel). Initially, the A 1 / A 0 values
re close to 0, thereby denoting the absence of a prominent m =
 lopsidedness in the stellar density distribution. After, the first 
MNRAS 511, 5878–5896 (2022) 
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ericenter passage of the satellite galaxy happens, the radial profiles
f the A 1 / A 0 show higher non-zero value, thereby demonstrating
he presence of a prominent m = 1 lopsidedness. We note that, in
his High-Res model, a one-armed spiral is also triggered (similar
o the GalMer models) in the inner region ( R ≤ 4 R d, thin , where
 d , thin = 4 . 7 kpc ) which in turn, gives rise to a hump-like feature

n the radial profiles of A 1 / A 0 . At the end of the simulation run
 t = 5 Gyr ), the radial profiles of A 1 / A 0 again show a lesser value
 ∼0.1 − 0.15), thereby implying that the m = 1 lopsidedness has
ventually faded away . Lastly , to quantify the temporal evolution of
he m = 1 lopsided distortion, we calculated the median values of
 1 / A 0 in the radial extent 4 ≤ R / R d, thin ≤ 6 as a function of time. This

s shown in Fig. C1 (see bottom right-hand panel). As seen clearly, a
rominent m = 1 lopsidedness appears only after the first pericenter
assage of the satellite, then it decays with time, and reappears
fter the second pericenter passage of the satellite. Ho we ver, after
NRAS 511, 5878–5896 (2022) 
he satellite galaxy merges with the host galaxy, the corresponding
edian value of A 1 / A 0 in the chosen radial extent ( 〈 A 1 /A 0 〉 ) starts

ecreasing significantly. Around t = 3 . 5 Gyr , the corresponding
alue of 〈 A 1 /A 0 〉 starts oscillating around 〈 A 1 /A 0 〉 = 0 . 1, thereby
mplying the m = 1 density lopsidedness has decayed substantially.
t the end of the simulation run ( t = 5 Gyr ), the value of 〈 A 1 /A 0 〉

ies below 0.1, thereby accentuating that the m = 1 density
opsidedness is faded away. Therefore, to summarize, the High-res
odel shows a similar trend in the excitation and the temporal

volution of the m = 1 density lopsidedness when compared with the
re viously-sho wn GalMer model having lower particle resolution. 
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