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A B S T R A C T 

Thin galactic discs and nuclear stellar discs (NSDs) are fragile structures that can be easily disturbed by merger events. By 

studying the age of the stellar populations in present-day discs, we can learn about the assembly history of galaxies and place 
constraints on their past merger ev ents. F ollowing on the steps of our initial work, we explore the fragility of such disc structures 
in intermediate-mass-ratio dry encounters using the previously constructed N -body model of the Fornax galaxy NGC 1381 

(FCC 170), which hosts both a thin galactic disc and an NSD. We dismiss major and minor encounters, as the former were 
pre viously sho wn to easily destroy thin-disc structures, whereas the latter take several Hubble times to complete in the specific 
case of FCC 170. The kinematics and structure of the thin galactic disc are dramatically altered by the mergers, whereas the 
NSD shows a remarkable resilience, exhibiting only a smooth increase of its size when compared to the model evolved in 

isolation. Our results suggest that thin galactic discs are better tracers for intermediate-mass-ratio mergers, while NSDs may be 
more useful for major encounters. Based on our simulations and previous analysis of the stellar populations, we concluded that 
FCC 170 has not e xperienced an y intermediate-mass-ratio dry encounters for at least ∼10 Gyr, as indicated by the age of its 
thin-disc stellar populations. 

Key words: methods: numerical – galaxies: elliptical and lenticular, cD – galaxies: interactions – galaxies: kinematics and 

dynamics – galaxies: structure. 
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 I N T RO D U C T I O N  

he most widely accepted cosmological paradigm is the � -cold dark 
atter (CDM) model, wherein galaxies form in a bottom-up fashion 

White & Rees 1978 ) following the hierarchical growth of the dark
atter structure in which they are embedded. In this way smaller 

alaxies would form first and later grow into larger systems thanks 
o interactions and merging events, with galaxy mergers also shifting 
alaxies from disc to spheroidal morphologies (including bulges in 
isc galaxies; Toomre 1977 ). Galaxy evolution is therefore dictated 
y the rate at which galaxies can form stars and merge together,
ith the latter process being generally more frequent in group and 
eld environments. Here, low relative velocities between galaxies 
a v our encounters, as opposed to dense cluster environments, where 
alaxies evolve mainly through a combination of gravitational and 
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ydrodynamic processes such as tidal interactions and ram-pressure 
tripping (Moore et al. 1996 ; Angulo et al. 2009 ; Yun et al. 2019 ;
oshi et al. 2020 ; Gal ́an-de Anta et al. 2022 ). 

While some galaxies may be observed interacting with other 
alaxies, or exhibiting imprints of past merger events (e.g. tidal 
eatures or shells; Malin & Carter 1980 , 1983 ; Schweizer & Seitzer
992 ; Schweizer 1996 ), other galaxies do not present any clue of past
ncounters. Ho we ver, observ ational signatures of mergers can dim in
ime, making necessary in-depth studies of the stellar populations to 
nveil the assembly history of galaxies (Davison et al. 2021 ; Mazzilli
iraulo et al. 2021 ). 
Darg et al. ( 2010 ) attempted to trace the rate of past merger

v ents by inv estigating the properties of close galactic pairs and
nteracting galaxies. These kinds of studies draw on the depth 
nd area co v ered by recent imaging surv e ys, finding that merging
 as-rich spiral g alaxies present intense star formation activity and
erging gas-poor ellipticals do not increase their star formation 

ctivity. Eliche-Moral et al. ( 2018 ), on the other hand, studied the
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eft-o v er remnant morphologies of major mergers in simulations,
nding that S0 galaxies could be the relic of a past major merger.
he lack of constraints on the assembly history of galaxies leaves
nchecked some of the predictions of the hierarchical paradigm.
 or e xample, the formation of the most massiv e galaxies is not
ompletely understood. Following the � -CDM model, these types
f objects should have assembled more recently than observed (De
ucia et al. 2006 ; Khochfar & Burkert 2006 ). 
From a theoretical standpoint, past minor mergers with mass ratios

f at least 1:10 (i.e. the ratio of the total mass of the secondary galaxy
o that of the primary one is at least 0.1) are thought to have occurred
n most galaxies (Ostriker & Tremaine 1975 ; Khochfar & Burkert
006 ; Maller et al. 2006 ; Fakhouri & Ma 2008 ; Stewart et al. 2008 ;
oole et al. 2017 ; Sotillo-Ramos et al. 2022 ). A large fraction of the
urrent galaxy population is expected to have experienced at least
ne past major encounter of mass ratio ∼1:3 in the last ∼2–3 Gyr
Bell et al. 2006 ; Lin et al. 2008 ; Lotz et al. 2008 ; Tonnesen & Cen
012 ), as also confirmed by observations (Lin et al. 2004 ; Barton
t al. 2007 ; Woods & Geller 2007 ; Yadav & Chen 2018 ; Shah
t al. 2022 ). When looking at higher redshifts, violent interactions
ften affect both the morphology and kinematics of disc galaxies
Hammer et al. 2005 ; Flores et al. 2006 ; Puech et al. 2008 ). Hence,
he fragility of large-scale discs against mergers might be used as
 tracer of past merger events (Barnes & Hernquist 1992 ; Hammer
t al. 2009 ; Deeley et al. 2017 ). Ho we ver, it was shown that discs
ight also survive mergers of different mass ratios (from 1:3 to
 1:10; Abadi et al. 2003 ; Hopkins et al. 2009 ; Purcell, Kazantzidis &
ullock 2009 ; Capelo et al. 2015 ), and merger remnants of wet major
ergers could even re-form a galactic disc (Athanassoula et al. 2016 ;
apelo & Dotti 2017 ; Sparre & Springel 2017 ; Peschken, Łokas &
thanassoula 2020 ). Toomre & Toomre ( 1972 ) laid the first stone by
ointing out that mergers can significantly perturb the morphology
f discs, even turning them into elliptical galaxies. In fact, the current
bserved properties of low- and intermediate-mass ellipticals may be
he result of past major mergers between spiral galaxies (Hernquist &
uinn 1988 ; Mihos & Hernquist 1994 ; Barnes & Hernquist 1996 ; Di
atteo, Springel & Hernquist 2005 ; Springel, Di Matteo & Hernquist

005 ; Naab, Jesseit & Burkert 2006 ). 
In many elliptical galaxies, kpc-scale embedded discs can be easily

ound, forming a common family of structures in all S0 galaxies
Kormendy 1985 ; Bender, Burstein & Faber 1992 ; Ferrarese et al.
006 ; Emsellem et al. 2007 ). Most galaxies also may present disc-
ike substructures such as nuclear stellar discs (NSDs), first found in
ubble Space Telescope images (van den Bosch et al. 1994 ; Jaffe

t al. 1994 ). These NSDs reside in the nuclear regions of up to
0 per cent of many kinds of galaxies (Ledo et al. 2010 ) and consist
f razor-thin discs of a few hundred parsecs across (Pizzella et al.
002 ). The properties of the stellar populations of NSDs were derived
or a few galaxies (Corsini et al. 2016 ; Sarzi et al. 2016 ), with the
tudies of Ledo et al. ( 2010 ) and Sarzi, Ledo & Dotti ( 2015 ) using, for
he first time, NSDs as tracers of the assembly history of galaxies.
hey performed a simple set of N -body mergers consisting of an
SD, a stellar halo, and a central black hole (BH) in interaction
ith a secondary BH. Sarzi et al. ( 2015 ) explored a wide range of
ergers, with mass ratios 1:10, 1:5, and 1:1, all in circular orbits and
ith dif ferent inclinations, sho wing that NSDs may survive some 1:5

ncounters and are entirely destroyed in 1:1 mergers. 
Sarzi et al. ( 2015 ) demonstrated that NSDs may serve as tracers

f the most recent merger event, albeit under idealized conditions.
n this context, our work aims to investigate the robustness of
oth kpc-scale thin discs and NSDs against intermediate-mass-ratio
ergers, building on our previous research (Gal ́an-de Anta et al.
NRAS 523, 3939–3948 (2023) 
023 ; hereafter Paper I ). Using FCC 170 as our primary galaxy and
ubjecting it to bombardment, we employ a tailored N -body model
o assess the resilience of its discs to mergers. Taking into account
he findings of Pinna et al. ( 2019 ), who indicate that both the thin
isc and NSD of FCC 170 are ∼10 Gyr old, we deduce that the age
f these stellar components provides a proxy for the look-back time
f the last merger event, if the thin discs in our model turn out to be
ragile against previous intermediate-mass-ratio encounters. 

In Section 2 , we describe how to build the two galaxies used in the
erger simulations and provide the details on how to set up the initial

onditions of the merger and how to run the simulations. In Section 3 ,
e study the survi v ability of both the kpc-scale thin disc and NSD

gainst the mergers. Last, in Section 4 we give our conclusions. 

 SETTING  U P  A N D  RU N N I N G  N - B O DY  

I MULATI ONS  

.1 Initial conditions of isolated galaxies 

e use the AGAMA stellar-dynamical toolbox (Vasiliev 2019 ) to
reate equilibrium models of both the merging galaxies. In Paper I , we
escribed in detail the approach for constructing a dynamical model
or FCC 170 that matches the observational constraints. In brief, the
alaxy is composed of several components described by distribution
unctions (DFs) in action space. For any choice of DF parameters,
 self-consistent equilibrium model is constructed iteratively by
rst assuming a gravitational potential, then computing the density
enerated by the DF of each component in this potential, updating
he total potential from the Poisson’s equation, and repeating the
rocedure a few times until convergence. The observable properties
f the model (projected density and kinematic maps described by
auss–Hermite moments) are then compared with the observations,

nd the parameters of the DFs are varied until a good match is
chieved (after many thousand model e v aluations). Finally, we create
n N -body realization of the best-fitting model and verify that it
emains in an equilibrium state for many gigayears, apart from
 gradual increase of thickness of the NSD caused by numerical
elaxation. We added this model as the primary galaxy. 

For the secondary galaxy, we use a simpler approach without
 xtensiv e parameter search. Namely, we assume that it is a spherical
ystem composed of three components: a central supermassive BH
SMBH), a stellar bulge, and a DM halo. The ratio of SMBH, stellar,
nd total masses of the secondary galaxy to the primary one is
aken to be 1:4, corresponding to the boundary between major and

inor mergers (e.g. Capelo et al. 2015 ; see also Mayer 2013 for a
iscussion). We assume that the DM halo follows an exponentially
runcated Navarro–Frenk–White (Navarro, Frenk & White 1996 )
rofile, 

= ρ0 
a 

r 

1 

(1 + r/a) 2 
exp 

[ 

−
(

r 

R cutoff 

)2 
] 

, (1) 

where a is the scale radius, R cutoff is the cutoff radius, and ρa is
he normalization of the density profile (the total mass is computed
y numerical integration). The stellar component follows the de
aucouleurs ( 1948 ) profile. We assigned the 3D half-mass radius

or Lagrangian radius at 50 per cent of the mass) of the stellar
rofile from the scaling relation for spheroidal galaxies (Shen et al.
003 ), taking into account that the ef fecti ve radius of the galaxy
s about ∼30 per cent smaller than the 3D half-mass radius for
 spheroid that follows the de V aucouleursde V aucouleurs profile.
he values of stellar mass and half-mass radius for the secondary



The fragility of thin discs in galaxies – II 3941 

Table 1. Properties of the merging galaxies. 

Galaxy M total R cutoff M BH M � R 50 

(10 11 M �) (kpc) (10 6 M �) (10 9 M �) (kpc) 

Primary 24.8 243.0 31.1 27.2 1.68 
Secondary 6.2 135.8 7.8 6.8 1.25 

Notes. Col. (1) galaxy name. Col. (2) total mass. Col. (3) cutoff radius of the 
DM halo. Col. (4) mass of the central SMBH. Col. (5) total stellar mass. Col. 
(6) half-mass radius of the stellar component. 
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Table 2. Main parameters of the mergers. 

Galaxy merger R initial (kpc) r 
(first) 
peri (kpc) i (deg) 

Co-co 378.8 36.5 0 
45-tilted 37.1 45 
Polar 36.5 90 
135-tilted 36.8 135 
Co-ret 37.0 180 

Notes. Col. (1) galaxy merger name. Col. (2) initial separation between the 
galaxies. Col. (3) first pericentric passage. Col. (4) inclination angle of the 
orbit. 
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see Table 1 ) are consistent with the findings for elliptical galaxies
eported by Robertson et al. ( 2006 ) and also with the fundamental
caling relations found for local galaxies and stellar bulges as studied 
n Hon, Graham & Sahu ( 2023 ). 

After fixing the structural properties of all galaxy components, 
e determine the DFs of the stellar bulge and DM halo from the
ddington inversion formula, and use it to assign particle velocities. 
 or consistenc y with what done in P aper I , we choose the individual
ass of the stellar and DM particles of the secondary galaxy to be the

ame as that of the particles of the primary one, i.e. m � = 7.32 × 10 3 

 � and m DM 

= 2.48 × 10 5 M �. Hence, the number of particles
n the primary galaxy is four times that of the secondary one. The
wo central SMBHs in our simulations have masses larger than ten 
imes the mass of any individual DM particle. This guarantees that 
oth BHs sink into the centre of the merger remnant by the end of
he simulation and are not e xcessiv ely perturbed by DM particles
Capelo et al. 2015 ). The main values of masses and radii of both the
rimary FCC 170 N -body model and the secondary spheroid model 
re tabulated in Table 1 . 

.2 Orbit configuration 

e are interested in reproducing the initial conditions of a merger 
onsistent with the current � -CDM cosmological context. Benson 
 2005 ) found that the most common type of orbit in cosmological
imulations is the parabolic orbit (with eccentricity e = 1 and binding
nergy E = 0), whereas Khochfar & Burkert ( 2006 ) found that about
5 per cent of parabolic encounters have a first pericentric distance 
arger than 10 per cent of the virial radius 1 of the primary galaxy. 

The pericentre of a particular orbit is defined by its eccentricity, 
rbital angular momentum of the primary–secondary system, and 
irial masses of both the primary and secondary galaxy. The initial 
eparation between the two galaxies is set to d = R cutoff,1 + R cutoff,2 ,
ith R cutoff,1 and R cutoff,2 the cutoff radii 2 of the DM haloes of the
rimary and secondary galaxy , respectively . By defining the initial 
eparation larger than the sum of the cutoff radii of the DM haloes,
e minimize any tidal effect that could alter the initial morphology 
f both galaxies during the early stages of the merger. By adjusting
he initial orbital angular momentum (i.e. the initial velocities of 
he galaxies), we can pre-select the first pericentre distance to be 
bout 10–20 per cent of the cutoff radius of the primary. We also
aried the initial inclination angle i of the primary with respect to
he secondary in order to design different bombardments, ranging 
rom the co-rotating co-planar encounter to the counter-rotating 
o-planar encounter. We thus set up five encounters with initial 
nclinations i = 0 ◦, 45 ◦, 90 ◦, 135 ◦, and 180 ◦, with i = 0 ◦ being
 The virial radius is usually defined as the radius at which the matter density 
including both baryonic and DM) is 200 times the critical density of the 
niverse. 
 The cutoff radius adopts a similar value to the virial radius of the galaxy. 

s
d
r  

f
t  

e

he co-rotating co-planar encounter and i = 180 ◦ being the counter-
otating co-planar encounter. The name of each merger regarding its 
nclination angle is tabulated in Table 2 , along with the main orbital
arameters. 

.3 Details of the runs 

o evolve our N -body mergers, we use the code GIZMO (Hopkins
015 ), as explained in section 4.1 of Paper I . The softening lengths
re equal to those utilized in Paper I , i.e. ε DM 

= 50 pc, ε bulge =
 thin-disc = ε thick-disc = 10 pc, ε NSD = 5 pc, and ε SMBH = 1 pc, and were
hosen to properly resolve the vertical structure of each component 
n our FCC 170 N -body model. It took about 200 h of wall-clock
ime to reach a total integration time of 10 Gyr on 480 processor
ores spread between 15 nodes. Same as with the N -body FCC 170
odel in isolation, we produce up to 200 snapshots for each merger,

qually spaced in time by 50 Myr. The total number of particles for
ach merger is N = 1.71 × 10 7 , with N � = 4.64 × 10 6 the number of
tellar particles. Prior to the set up of the mergers initial conditions,
e initially evolve the secondary galaxy in isolation, proving that 

t is in equilibrium during the run, with negligible changes in the
agrangian radii through 10 Gyr. 
In Fig. 1 , we show the evolution of the thin disc of the primary

uring the co-planar co-rotating merger at different stages: the initial 
onditions, first, second, and third pericentric passages, and remnant 
hase at 10 Gyr. We focus on the primary thin disc to show the
idal disruption of the disc throughout the merger. We also show the
volution of the NSD particles in Fig. 2 . 

Since the secondary galaxy is gradually disrupted by the tidal 
orces due to the primary, it pro v es useful to estimate its mass
volution as a function of time. To obtain the bound mass of
he secondary galaxy in a given snapshot, we first compute the
ravitational potential created by all its particles and then add the
inetic energy of their motion with respect to the galaxy centre,
o obtain the total energy E of each particle of the secondary galaxy
still ignoring the effect of the primary). We then remo v e the particles
ith E > 0 and recompute the gravitational potential, repeating this
rocedure several times until the list of bound particles stabilizes. At
arly times, this list includes almost all the particles of the secondary
alaxy. But already after the first pericentric passage, the bound mass
onsiderably drops and eventually decreasing essentially to zero well 
efore the beginning of the ‘remnant phase’, which we define to start
hen the SMBH separation drops below 100 pc. In other words, the
MBH of the secondary galaxy becomes stripped of its surrounding 
tars and, as a consequence, the efficiency of dynamical friction 
ramatically decreases: the separation between the two SMBHs 
emains at a level of a few kiloparsec for several gigayears, before
urther dropping to essentially the softening length (a few parsec) 
owards the end of the last (‘remnant’) phase, occurring, for all
ncounters, before 10 Gyr. 
MNRAS 523, 3939–3948 (2023) 
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M

Figure 1. Edge-on view (top panels) and face-on view (bottom panels) of the surface mass density of the thin-disc particles of the primary galaxy for the 1:4 
co-planar co-rotating encounter, at different stages. The remnant phase represents the resulting thin disc after the two central SMBHs sink. Each panel is centred 
on the primary central SMBH. 

Figure 2. Same as Fig. 1 , but for the NSD particles of the primary galaxy. 
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In Fig. 3 , the top panel shows the time evolution of the separation
etween the central SMBHs of the primary and secondary galaxy for
ach merger of our suite. The bottom panel shows the total mass-loss
uring the merger. We have not included the mass of the central
MBH of the secondary galaxy in the mass-loss calculation. The
rst pericentric distances are also tabulated in Table 2 and are all
0.15 R cutoff,1 . We find that most of the mass-loss occurs before the

emnant phase, with barely no bound mass at the secondary galaxy
uring the remnant phase. This suggests that the core of the secondary
alaxy gets ‘naked’ before the remnant phase, with just the central
econdary SMBH reaching the central region of the galaxy remnant,
t scales of the NSD. 

Additionally, we have also run a set of two mergers for a minor
ncounter (of mass ratio 1:10) in a co-planar co-rotating orbit and
 co-planar counter-rotating orbit (not listed in Tables 2 and 1 nor
hown in Fig. 3 ). For this set-up, we infer that dry minor mergers
ith our FCC 170 N -body model do merge in a time-scale that is

arger than the current age of the Universe, since dynamical friction
s not efficient enough. Consequently, as the secondary galaxy does
ot reach the centre of the primary galaxy in a reasonable time, these
ergers were not utilized as possible tracers of the assembly history

n this work. Sarzi et al. ( 2015 ) found that NSDs can withstand any
inor merger regardless of the inclination of the orbit, with small

o no effects on the final shape of the NSD. In addition, Sarzi et al.
 2015 ) showed that NSDs would not survive major (1:1) mergers,
hich would no doubt also significantly affect the main stellar disc.
herefore, we focus on exploring the effect e x erted by intermediate-
ass-ratio mergers on the thin kpc-scale disc and NSD, as it has not

een studied in detail yet. 
In the next section, we analyse the results for each merger and we

heck how the encounter affects the thinness and rotation of both the
NRAS 523, 3939–3948 (2023) 
hin kpc-scale disc and NSD. We also compare the results with those
f our FCC 170 N -body model evolved in isolation in the same time
ange. 

 SURV IVABILITY  O F  THI N  DI SCS  AG AINS T  

E R G E R S  

.1 Changes in galaxy thickness 

o quantify the morphological changes experienced by the galaxy
emnant’s thin disc and NSD after the merger, we first align the
esulting discs with the galactic plane independently, using the tensor
f inertia of the stellar particles within R 90 , the Lagrangian radius
nclosing 90 per cent of the total mass of the galaxy/component,
xcluding the particles in the outskirts of each disc component.
his method was also used by Joshi et al. ( 2020 ) and Pulsoni et al.
 2020 ), and more recently by Gal ́an-de Anta et al. ( 2022 ). We rotate
ach galaxy remnant’s thin-disc component (thin disc and NSD)
ndependently so that the z-axis represents the projected minor axis
nd the x - and y -axis are the major axes. Once each component
s conveniently aligned with the galactic plane, we quantify the
hickness of both the thin disc and the NSD using the mass tensor
efined as in Genel et al. ( 2015 ) 

 i = 

(∑ 

n m n x 
2 
n,i 

)1 / 2 (∑ 

n m n 

)1 / 2 , (2) 

with the sums performed o v er all particles inside R 90 , x n , i , and m n 

eing the coordinates and mass of each particle, respectively, and i ∈
 x , y , z). From equation ( 2 ), we can infer the thickness of the thin disc
nd the NSD, given by the axis ratio M z / 

√ 

M x M y , with M i the i th
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Figure 3. Top panel: evolution of the SMBHs separation for all our mergers. 
Bottom panel: total mass-loss during the mergers. The mass of the secondary 
SMBH is not included in the calculation of the mass loss. The beginning of 
the remnant phase is defined as the first time when the SMBH separation is 
below 100 pc. This varies amongst mergers: for example, the remnant phase 
occurs sooner for the co-co merger than for the polar merger. 
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Figure 4. Thickness inside R 90 for the thin-disc particles (red triangles) and 
NSD particles (black squares) for our mergers in co-planar co-rotating merger, 
45 tilted merger, polar merger, 135 tilted merger, co-planar counter-rotating 
merger, and for the model in isolation. The thickness for each component has 
been calculated at 10 Gyr. 
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iagonal component of the mass tensor. The thickness accounts for 
ow flat or ‘discy’ a system is: the smaller the thickness, the flatter
he system is. Consequently, we can use the thickness parameter to 
ccount for how much the flatness of the thin disc and NSD got
odified by the mergers. 
In Fig. 4 , we show the thickness of the remnant for each merger,

long with those of the model in isolation (all at 10 Gyr), thin-
isc particles (red triangles) and NSD particles (black squares). The 
hickness is calculated inside R 90 . We observe a considerable increase 
f the thickness of the thin disc, with respect to the isolated model for
he co–co and co–ret mergers (by 31 and 35 per cent, respectively)
nd a dramatic thickening of the thin disc for the 45-tilted (by
0 per cent), polar (by 82 per cent), and 135-tilted (by 82 per cent)
ergers. These numbers suggest that if a past intermediate-mass- 

atio merger occurred in this galaxy, it should be imprinted on both
he photometry and kinematics of the galaxy. We explore this scenario 
n detail in Sections 3.2 and 3.3 . 

The NSD experiences a slight increase of the thickness for four
ut of five mergers (the polar merger being the exception), with 
o significant differences amongst them, albeit the co-co, 135-tilted, 
nd co-ret mergers are slightly more disturbing. For the polar merger, 
he NSD experiences a small contraction in the semiminor axis too, 
ecreasing its thickness (by ∼8 per cent) but slightly increasing its
ize along the semimajor axis. Most of the particles of the secondary
et unbound during the collision, heating the kpc-scale components 
thin disc, thick disc, and bulge) and making the primary galaxy 
o expand. Hence, the secondary galaxy sinks towards the centre 
f FCC 170 as a ‘naked’ core with most of its mass in its central
MBH. As the mass of the secondary BH is about 100 times smaller

han that of the NSD, the central disc barely notices the presence of
he secondary SMBH, just contributing to a modest expansion (or 
attening, in the case of the polar merger) of the NSD but being
nable to destroy it. 
Additionally, for every merger we find that the thin disc and NSD

xperience a modest misalignment (overall for the tilted mergers) 
hen the two galaxies approach and o v erall at distances less than
 10 kpc at times between ∼4 and 6 Gyr. This misalignment gets

ompensated at late stages by the thin disc torque, aligning the NSD.

.2 Ellipticity and stellar kinematics of thin discs 

or each galaxy merger, we also calculate the changes in ellipticity
nd stellar kinematics of the FCC 170 N -body model at 10 Gyr to
urther compare how much the rotation has diminished and how 

uch the shape has been modified, in particular for both the thin
isc and NSD. After aligning the galaxy remnant with the galactic
lane through the inertia tensor (Joshi et al. 2020 ; Pulsoni et al.
020 ; Gal ́an-de Anta et al. 2022 ), we further design a 2D grid of the
rojected edge-on galactic thin-disc and NSD remnants by binning 
he thin disc and NSD inside a 20 × 20 kpc box and 2 × 2 kpc
ox, respectively. We choose bin sizes of 200 and 20 pc for the thin
isc and NSD, respectively. We then design an adaptive-bandwidth 
istogram using a kernel density estimate from K nearest neighbours 
sing K = 100 in each mock image to reco v er the velocity dispersion
f the thin disc and NSD of our galaxy remnants even at pixels with
ew points. Once we have the 2D mock images of both the thin disc
nd NSD remnants, we compute the ellipticity at different radii using
quation ( 1 ) from Emsellem et al. ( 2007 ) 

 = 1 −
√ 

〈 z 2 〉 
〈 x 2 〉 , (3) 

where 〈 z 2 〉 is the quadratic mass-weighted coordinate along the
emiminor axis, defined as 〈 z 2 〉 = 

∑ 

n m n z 
2 
n / 

∑ 

n m n sum o v er n 
ins, and 〈 x 2 〉 the quadratic mass-weighted coordinate along the
emimajor axis. For an infinitely flat disc and a perfect sphere, it is ε 

1 and ε = 0, respectively. 
MNRAS 523, 3939–3948 (2023) 
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M

Figure 5. Top panels: 2D mock images of the mean velocity and velocity dispersion for the thin disc (left-hand panels) and NSD (right-hand panels), both 
in edge-on view, for the remnant phase (at 10 Gyr) of the co-co merger. Bottom panels: mean velocity over velocity dispersion along the equatorial plane and 
ellipticity for the thin disc and NSD of the merger remnant (blue solid lines) and FCC 170 N -body model in isolation at 10 Gyr (black dotted–dashed lines). 

Figure 6. Same as Fig. 5 , but for the 45-tilted merger. 
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The top panels of Figs 5–9 show the mean velocity v 0 and velocity
ispersion σ for the thin-disc particles (two top-left panels) and NSD
articles (two top-right panels) of the merger remnant for the co-co,
5-tilted, polar, 135-tilted, and co-ret merger, respectively. In the
ottom panels, we show the profiles of | v/ σ | and ellipticity along the
ajor axis with blue solid lines. We also show the values of | v/ σ |

nd ellipticity for the FCC 170 N -body model in isolation at the same
ime with black dotted–dashed lines. 

The shape of the thin disc gets significantly distorted by the 45-
ilted, polar, and 135-tilted encounters, diminishing its ellipticity
NRAS 523, 3939–3948 (2023) 
turning into a thicker disc) on a plateau at radii larger than ∼3 kpc
ith respect to the model in isolation at 10 Gyr. The relative decre-
ents in ellipticity at the plateau with respect to the model in isolation

s 55, 59, and 43 per cent, for the 45-tilted, polar, and 135-tilted
erger, respectively. On the other hand, the co-co and co-ret mergers

ecrease the ellipticity of the thin disc by about 7 per cent. Regarding
he NSD, the changes in ellipticity are quite similar for the co-co and
o-ret mergers, with the ellipticities decreasing by 12 and 8 per cent,
espectiv ely. F or the 45-tilted, polar, and 135-tilted mergers, the
llipticity diminished by 9, 1, and 15 per cent, respectively. 
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Figure 7. Same as Fig. 5 , but for the polar merger. 

Figure 8. Same as Fig. 5 , but for the 135-tilted merger. 
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Regarding the kinematics, each merger substantially decreases 
he rotation of the thin disc with the tilted and polar mergers
eing the most ef fecti v e. F or the 45-tilted, polar, and 135-tilted
ncounters, while the disc gets twisted and becomes thicker, its 
otation significantly decreases with respect to the model in isolation, 
 v erall at radii greater than ∼3 kpc, where the structure of the thin
isc gets thicker. Regarding the kinematics of the NSD, the mergers 
hat affect the rotation the least are the co-co and polar mergers, with
 modest decrease of the NSD rotation. The co-ret, 45-tilted, and 
35-tilted mergers affect the most the NSD rotation. 
As the secondary SMBH reaches the centre of FCC 170 as a

naked’ SMBH, with a mass that is negligible compared to that of
he NSD, the mergers do not destroy the NSD, albeit they decrease
ts rotation while slightly decreasing its ellipticity. These findings are 
ifferent from those found by Sarzi et al. ( 2015 ). In their case, for a
:5 merger at different orbit inclinations, only for the co-planar co-
otating orbit the NSD got totally destroyed. On the contrary, in our
ase, regardless of the orbit, the NSD only experiences an expansion
ithout being entirely destroyed. In their experiments, ho we ver, the
ass of the secondary SMBH was comparable to that of the NSD,
hereas in our case the mass of the secondary SMBH is significantly

 ∼100 times) smaller than the mass of the NSD. Taken together with
he outcome of our simulations, this suggests that NSDs in galaxies
ombarded by an intermediate-mass-ratio-merger perturber might be 
MNRAS 523, 3939–3948 (2023) 
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Figure 9. Same as Fig. 5 , but for the co-ret merger. 
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ess resilient if the mass of the secondary SMBH is of the order of
hat of the NSD. 

Regarding numerical heating on the NSD, as also discussed in
aper I , the results show that the changes in the ellipticity of

he NSD are larger when the disc is exposed to a galaxy merger
han in the isolated case, except for the polar merger, in which
he decrement in ellipticity is comparable to that shown for the
solated case. In general, the NSDs of the merger remnants exhibit
 smaller ellipticity than in the isolated scenario, and the polar
emnant shows comparable values, suggesting that the effect of
umerical heating is quantitatively similar to the effects of the merger
emnants. 

Although in our simulations we have not included gas particles, we
an expect that the outcome of a gas-rich merger is likely to include
entral star formation and addition of stellar disc populations (e.g.
badi et al. 2003 ; Hopkins et al. 2009 ; Van Wassenho v e et al. 2014 ;
apelo et al. 2015 ; Capelo & Dotti 2017 ). The precise reconstruction
f the star-formation history of NSDs (e.g. Pinna et al. 2019 ) is a
romising avenue to constrain the occurrence of such last wet merger
vents. 

.3 Kinematics comparison: merger remnants versus the 
solated model 

ast, we check the similarity between the kinematics of the entire
erger remnants and FCC 170 N -body model after 10 Gyr of

volution in isolation. Such a comparison allows to quantify how
uch the merger events we considered would affect the o v erall stellar
orphology and kinematics of an initially unperturbed FCC 170-like

ystem, and to whether or not such differences with respect to the
solated model for would be significant from an observer perspective.

To produce kinematic 2D maps for both the model in isolation and
ach merger remnant, we follow the procedure outlined in section
.2 of Paper I to finally obtain the mean velocity v 0 and velocity
ispersion σ . In Fig. 10 , we show the surface stellar luminosity,
hich, as in Paper I , is reproduced as an integral of the DF over the
NRAS 523, 3939–3948 (2023) 
elocity. We also plot the mean velocity and the velocity dispersion
or the model in isolation and of our merger remnants. Whereas
n the mock images of Figs 5–9 we show just a single component
ndependently (thin disc or NSD), in Fig. 10 we display all the stellar
articles. Fig. 10 shows that, although the surface stellar luminosity
istribution and velocity maps are not dramatically different after an
ntermediate-mass-ratio merger, the stellar velocity dispersion map
s radically different from that of a galaxy with a prominent thin-
isc structure. Such an encounter would indeed lead to shallower
elocity dispersion gradients and larger average values of the velocity
ispersion. In all considered merging scenarios, the tell-tale signature
f a thin disc (i.e. the low-velocity dispersion values near the
quatorial plane outside the bulge-dominated regions) would be
rased. On the other hand, all merger remnants show a central dip in
elocity dispersion (not easily visible in the figures because of the
dge-on projections), thus preserving the kinematic signature of the
SD, in agreement with the analysis made in Section 3.2 . 
If FCC 170 had experienced an intermediate-mass-ratio dry
erger, our results suggest that the kinematic maps of the corre-

ponding galaxy remnants would not match those of our isolated
umerical model for FCC 170, which in turn was shown in Paper I to
e kinematically consistent with the actual MUSE observations for
his galaxy. In turn, since the measurements of Pinna et al. ( 2019 )
ndicate that both the NSD and thin disc of FCC 170 have passively
volving stellar populations that are at least 10 Gyr old, we infer that
CC 170 did not e xperience an y major or intermediate-mass-ratio
erger events over this period of time. Deep imaging of the Fornax

luster by Iodice et al. ( 2019 ) further show no evidence of tidal tails
r shells in the outskirts of FCC 170, suggesting that also relatively
inor mergers did not take place in the recent past of this object. 
The absence of any kinematic or photometric signature of signifi-

ant gravitational interactions for FCC 170 is in agreement with the
otion that galaxies in clusters have a low probability of merging
ith other galaxies due to their relatively high velocities (Serra et al.
016 ), as suggested by the survi v al of discs in simulated cluster
alaxies (Joshi et al. 2020 ; Gal ́an-de Anta et al. 2022 ). 
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Figure 10. Comparison of the FCC 170 N -body model evolved in isolation at 10 Gyr (left-hand column) with the merger remnants (second to sixth columns), 
as specified on top of each column. From top to bottom, the rows show the maps of the surface stellar luminosity density (top panels), mean velocity (middle 
panels), and velocity dispersion (bottom panels) of the Gauss–Hermite moments. The solid lines correspond to the radial profiles extracted along the galaxy 
major axis in the region bracketed by the horizontal dotted lines. At the distance of the Fornax cluster (21.9 Mpc; Pinna et al. 2019 ), 1 kpc corresponds to 
9.4 arcsec. 
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 C O N C L U S I O N S  

aking use of the N -body model of FCC 170 created in Paper I ,
e run a set of 1:4 dry mergers in parabolic orbits with different

nclinations to study the resilience of the kpc-scale thin disc and 
SD against such encounters. 
We find that the thin, kpc-scale disc gets destroyed in the polar

nd tilted encounters, whereas it experiences a modest expansion in 
he co-planar, co-rotating, and counter-rotating orbits, indicating that 
hin galactic discs may be resilient against co-planar, intermediate- 

ass-ratio dry encounters. On the other hand, the NSD of FCC 170
ppears to be quite resilient, surviving all the encounters in our 
uite of simulations while increasing its thickness and still being 
bservable in the kinematics of the galaxy. This suggests that NSDs 
n galaxies could be more resilient than previously thought against 
ntermediate-mass-ratio encounters, in particular if they are rather 

ore massive than the central SMBH of the secondary galaxy (and 
ot simply assumed to be of similar mass, as done in Sarzi et al.
015 ), which in turn makes them less susceptible to the interaction. 
Our results also strongly indicate that, according to the latest 

stimates of the stellar ages of FCC 170, it is rather unlikely that this
alaxy has experienced a past intermediate-mass-ratio event in the 
ast 10 Gyr, as inferred from the kinematics of the merger remnant,
nd in good agreement with the cluster environment where the galaxy 
s embedded, in which direct collisions between galaxies are a rare 
vent. 
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