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SUMMARY: Galaxy flybys, interactions where two independent halos inter-penetrate but detach at
a later time and do not merge, occur frequently at lower redshifts. These interactions can significantly
impact the evolution of individual galaxies - from the mass loss and shape transformation to the emer-
gence of tidal features and formation of morphological disc structures. The main focus of this paper is
on the dark matter mass loss of the secondary, intruder galaxy, with the goal of determining a functional
relationship between the impact parameter and dark matter mass loss. Series of N-body simulations of
typical galaxy flybys (10:1 mass ratio) with differing impact parameters show that the dark matter halo
leftover mass of the intruder galaxy follows a logarithmic growth law with impact parameter, regard-
less of the way the total halo mass is estimated. The lost mass then, clearly, follows the exponential
decay law. The stellar component stretches faster as the impact parameter decreases, following the
exponential decay law with impact parameter. Functional dependence on impact parameter in all cases
seems universal, but the fitting parameters are likely sensitive to the interaction parameters and initial
conditions (e.g. the mass ratio of interacting galaxies, initial relative velocity of the intruder galaxy,
interaction duration). While typical flybys, investigated here, could not be the sole culprit behind the
formation of ultra-diffuse or dark matter deficient galaxies, they can still contribute significantly. Rare,

atypical and stronger flybys are worth further exploring.

Key words. Galaxies: evolution — Galaxies: interactions — Methods: numerical

1. INTRODUCTION

Galaxy flybys are interactions where two indepen-
dent halos inter-penetrate but detach at a later time,
thus not resulting in a merger. This definition was
introduced by Sinha and Holley-Bockelmann (2012),
making a clear distinction between galaxy flybys and
close galaxy passages where two halos remain sepa-
rate at all times. The authors based their analysis
on cosmological N-body simulations and found that

© 2022 The Author(s). Published by Astronomical Ob-
servatory of Belgrade and Faculty of Mathematics, University
of Belgrade. This open access article is distributed under CC
BY-NC-ND 4.0 International licence.

the number of flybys can even surpass the number
of mergers on lower redshifts (z < 2). The follow-
up study (Sinha and Holley-Bockelmann 2015) fur-
ther explored interaction parameters: in a majority
of flybys, the secondary halo penetrates deeper than
~ Ryp.ir with the initial relative velocity ~ 1.6 X V4, of
the primary halo. The typical mass ratio of interact-
ing galaxies was found to be ~ 0.1 at high redshifts,
or even lower, at the lower redshift end.

The frequency and strength of galaxy flybys sug-
gest that these interactions have the potential to sig-
nificantly impact the evolution of individual galaxies,
with the strongest contribution at the present epoch
(An et al. 2019). The focus of previous studies was
predominantly on the primary (more massive) galaxy.
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It was established that flybys can trigger or speed up
bar formation (Lang et al. 2014, Lokas 2018), create
warps at the edges of the galactic disk, both gaseous
and stellar (Kim et al. 2014) or, in general, repro-
duce diverse morphology of observed galaxies with
differing interaction parameters (Pettitt and Wads-
ley 2018).

However, effects on the secondary, intruder galaxy
are equally (if not more) important, given the fact
that the majority of morphological disturbances seen
in dwarf galaxies (M, < 10°Mg) are primarily the
result of interactions like these that do not end in
a merger (Martin et al. 2021). This is particularly
noticeable in galaxy clusters. Tormen et al. (1998)
reported that very close, penetrating encounters be-
tween satellites within the cluster are frequent, with
almost 60% of satellites experiencing at least one
such event before losing 80% of their initial mass.
They noted that mass loss, which follows these in-
teractions, is comparable to the one caused by global
tides. Thus, interactions within galaxy clusters can
contribute to the dynamical evolution of individual
galaxies as equally as the global, collective effects of
the cluster itself. Gnedin (2003) confirmed this by
finding that peaks of the tidal force do not always
correspond to the closest approach to the cluster cen-
tre but, instead, to the local density structures (e.g.
massive galaxies or the unvirialized remnants of in-
falling groups of galaxies).

Dark matter halos of tidally affected galaxies, due
to their extended nature, usually suffer significant
mass loss - their outermost parts, being loosely grav-
itationally bound, get stripped first. With prolonged
tidal effects or stronger tidal forces, the inner parts
become affected and prone to the tidal stripping.
Since tidal forces remove mass from outside in, the
process is known as outside-in tidal stripping (e.g.
Diemand et al. 2007, Choi et al. 2009). At the same
time, the stellar counterpart is barely affected (Smith
et al. 2015, 2016). Stripping and mass loss of the stel-
lar component typically only starts happening after a
significant portion of dark matter (~ 80%) is already
lost (Smith et al. 2016, Lokas 2020). Tidal stripping,
in general due to its outside-in nature, is known to
be one of the formation mechanisms of ultra-compact
dwarfs (Bekki et al. 2001, 2003, Pfeffer and Baum-
gardt 2013, Pfeffer et al. 2014, Martinovi¢ and Micic
2017, Ferré-Mateu et al. 2018, Kim et al. 2020), and
there is growing evidence for tidal origin of ultra-
diffuse galaxies (Carleton et al. 2019, Iodice et al.
2021, Jones et al. 2021, Wright et al. 2021). This is all
reflected in a stellar-to-halo mass relation (Niemiec
et al. 2017, 2019, Engler et al. 2021) - galaxies in
high-density environments, such as clusters, tend to
have smaller (than expected) halo masses for a given
stellar mass. Exotic class of dark matter deficient
galaxies can be considered as an extreme example of
these mechanisms (Ogiya 2018, Montes et al. 2020,
Shin et al. 2020, Jackson et al. 2021, Maccio et al.
2021, Trujillo-Gomez et al. 2022).
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The aim of this paper is to explore the role of
impact parameter (which will also be referred to as
the pericentre distance) in galaxy flybys, with em-
phasis on the dark matter mass loss of the secondary,
intruder galaxy. The main goal is to answer the ques-
tion - is there a functional relationship between the
impact parameter and dark matter mass loss of the
secondary galaxy and, if so, what does it look like?
This will be done by utilizing a series of N-body simu-
lations of galaxy flybys with differing impact param-
eter (described in Section 2). The total dark matter
mass of the intruder galaxy after the encounter will
be estimated using three different criteria described
in Subsection 2.2. As mass loss of the stellar com-
ponent is not expected, it will be verified if that is
the case and, if so, the changes to its half-mass ra-
dius will be explored. Results will be outlined and
briefly discussed in Section 3. Finally, Section 4, be-
sides drawing conclusions, will tackle potential issues
of this work and will discuss the open questions.

2. MODELS, SIMULATIONS AND
METHODS

Two galaxy models were constructed using the
GalactICs software package (Kuijken and Dubin-
ski 1995, Widrow and Dubinski 2005, Widrow et al.
2008). The primary galaxy model (which will be re-
ferred to as galaxy) consists of the NFW (Navarro
et al. 1996) dark matter halo, exponential stellar disc
and Hernquist (1990) stellar bulge. The dark matter
halo, consisting of N = 6-10° particles, has the total
mass My = 9.057 - 1011 M, scale length ay = 13.16
kpc, and concentration parameter ¢ = 15. The expo-
nential stellar disc, consisting of Np = 3 - 10° parti-
cles, has the total mass Mp = 7.604 - 10'°M,, scale
length Rp = 5.98 kpc, scale height zp = 0.688 kpc,
and central velocity dispersion og, = 98.9 km s 1.
The stellar bulge, consisting of Ng = 1-10° particles,
has the total mass Mp = 2.502 - 101°M,, and scale
radius Rp = 2.182 kpc.

The secondary galaxy model (which will be re-
ferred to as intruder) consists only of the NFW dark
matter halo, and stellar bulge, to mimic (dwarf) a
spherical galaxy for the sake of simplicity. The in-
truder model was scaled to be 10 times smaller than
the galaxy model, in both the number of particles
and total mass. This results in a dark matter halo
with Ny = 6 - 10* particles, My = 9.044 - 101°M
total mass, ag = 4.578 kpc scale length, and ¢ = 20
concentration parameter. The stellar component has,
thus, Ng = 4-10* particles, and Mg = 1.022-10'°M,
the total mass with scale radius Rgp = 3.145 kpc.
The relevant parameters for both galaxies are listed
in Table 1.

The flyby simulations, originally designed to fol-
low the evolution of the primary galaxy disc long
after the encounter in Mitrasinovi¢ and Miéié¢ (in
prep), were performed using the publicly available
code GADGET2 (Springel 2005) compiled with the op-
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Table 1: List of relevant parameters for two galaxy mod-
els where the first block is related to the dark matter halo,
the second one to stellar bulge and the third to stellar disc.

Primary galaxy Secondary galaxy

N 6-10° 6-10%
My 9.057-101Mg  9.044 - 101°M,
ag 13.16 kpc 4.578 kpc

c 15 20
Ng 1-10° 4-10%
Mg 2.502-101°M 1.022 - 101°M,
Ry 2.182 kpc 3.145 kpc
Np 3-10°
Mp  7.604-10'°Mg
Rp 5.98 kpc

ZD 0.688 kpC
OR, 98.9 km s~ !

tion to calculate and output the particle potential en-
ergy. The system was evolved for 5 Gyr with outputs
being saved every 0.01 Gyr. The galaxy and intruder
were initially set as a contact system, ie. the distance
from their centers is roughly equal to the sum of their
virial radii dop = Ryir,1 + Ryir,2 = 290 kpc, with the
galaxy being static in the centre of simulation box.
The intruder was set on a prograde parabolic orbit,
co-planar with the galaxy disc, with the initial rel-
ative velocity vo = 500 km s—!'. Different pericen-
tre distances (impact parameters - these terms will
be used interchangeably) b were achieved in different
simulations by slightly varying initial position and ve-
locity angles. In turn, pericentre velocities are also
different, while the pericentre occurs at the same time
(0.56 Gyr) and duration of interaction remains the
same (1.08 Gyr) in all simulations. The interaction
is here defined as the time during which the dark
matter halos overlap (d < Ryir1 + Ruyir,2)-
Simulation relevant parameters are listed in Table
2. Simulations were named after a rough estimate of
impact parameters - evidently, they differ from ac-
tual impact parameters (column b). Based on the re-
sults of Sinha and Holley-Bockelmann (2015), these
simulations cover deep flybys with impact parameter
ranging from 0.114 - Ryi,1 to slightly over galaxy’s
half-mass radius (~ 49 kpc). The mass ratio ¢ = 0.1
was found to be the most common one when the red-
shift z is disregarded. However, the adopted initial
relative velocity is higher than the most common one.
Kim et al. (2014) used a higher initial relative veloc-
ity, vo = 600 km/s, based on the report of Gnedin
(2003) - in the Virgo-type cluster simulation, relative
velocities of interacting galaxies show a skewed distri-
bution, peaking at ~ 350 km/s, with median ~ 800
km/s, and mean value ~ 1000 km/s. Thus, the value
of vg = 500 km/s can still be considered as repre-
sentative and realistic. Additionally, attractive perk
of this value is that it is high enough to significantly

Table 2: List of flyby simulations where b is the pericen-
tre distance, I2;; 1 virial radius of the main galaxy, and
vy, pericentre velocity.

Name b [kpc] b/Ryirq  vp [km s™!]
B30 22.50 0.114 660.14
B35 26.53 0.135 650.86
B40 30.69 0.156 641.80
B45 35.07 0.178 632.86
B50 39.62 0.201 624.25
B50 39.62 0.201 624.25
B55 44.27 0.224 616.16
B60 48.99 0.248 608.09
B65 53.72 0.272 601.28

simplify the dark matter bound mass estimate (de-
fined in 2.2) making it possible to utilize GADGET2’s
calculation of potential energy.

2.1. Assessment of intruder’s center

Tidally stripped dark matter particles make the
determination of the intruder’s centre fairly challeng-
ing. As more dark matter particles get rejected from
the intruder and shift further away from it, a simple
centre of mass (which comes down to calculating the
plain arithmetic mean of each coordinate for equal
mass particles) also shifts away from the actual cen-
tre of the intruder. To determine the location of the
actual centre, a method based on particle’s potential
energy is employed. Since GADGET2 calculates the to-
tal potential energy, including contributions from the
main galaxy, the densest 1 kpc® cube with intruder
particles (regardless of their type, dark matter or stel-
lar) is first filtered. Then, the filtered particle with
the lowest potential energy is chosen to represent the
intruder’s centre. The intruder’s velocity is derived
using the filtered particles only.

Fig. 1 illustrates differences between these two es-
timates and contributions to possible errors for each
component (by calculating differences between these
estimates separately for dark matter and baryon par-
ticles). Despite getting considerably lower as the im-
pact parameter increases, these differences are still
significant for the dark matter halo, reaching almost
10 kpc at a later stage. Consequently, both the esti-
mate of the dark matter halo mass and the shape of
its density profile would be wrong if the classical cen-
tre of mass is used. As expected, the baryon (stellar)
component appears to be unaffected and most likely
retains all of its initial mass. Differences between
the two centre estimates remain below 0.6 kpc at all
times in all simulations. Ideally, the centre of mass
for both components should be at roughly the same
position pointing to the centre of the intruder galaxy
as a whole. The method used here is a way to fix
issues caused by the stripped particles of the dark
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matter halo. Alternatively, one can centre the whole
intruder galaxy on the stellar centre of mass prior to
any dark matter mass estimates as the stellar com-
ponent does not have significant differences between
the two centre estimates.
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Fig. 1: Distance between two measures of intruder’s cen-
ter: the simple center of mass and the lowest potential
energy, for dark matter (upper panel) and baryon parti-

cles (lower panel).

2.2. Mass estimates and relevant parameters

After localizing the intruder’s centre, three differ-
ent dark matter mass estimates were calculated:

¢ Bound mass measure roughly estimates the
gravitationally bound mass of dark matter halo.
Particle velocities are centred on the previously
calculated intruder’s velocity. Then, particles
with negative total energies (potential and ki-
netic sum) are filtered. Despite GADGET2 calcu-
lating the total potential energy, due to a suf-
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ficiently high intruder’s velocity, particles possi-
bly captured by the primary galaxy would end
up with positive total energies. However, a ma-
jor pitfall of this mass measure is the inclusion
of barely gravitationally bound particles forming
tidal features.

e Virial mass filters dark matter particles inside
intruder’s virial radius. Virial radius is deter-
mined by fitting the NFW profile to the in-
truder’s (dark matter component) density pro-
file.

e Core mass measure is based on mass estimate
of Klimentowski et al. (2009), Kazantzidis et al.
(2011). First, the circular velocity profile is

calculated as Veye(r) = VGM (< 1)/r, where

M(< r) is the cumulative mass of dark matter
halo and r is the sphere radius. Radius rpax,
where this profile reaches maximum Vj,ay, is cho-
sen as cutoff, and M (< rmax) represents the dark
matter halo core mass.

By definition, at later stages of simulations, virial
and core mass measures should remain fairly con-
stant. The core mass, accounting for the majority of
dark matter particles, should be seen as a lower limit
for the total dark matter mass whereas the bound
mass should represent an upper limit. The bound
mass should continue to decline over time as tidal
features slowly dissolve and the majority of particles
become detached from the intruder. Some particles
might get recaptured by the intruder, which would
result in a slight increase in virial mass. Due to this,
as the main measure of intruder’s dark matter mass,
the virial mass averaged over the last 3 Gyr will be
used.

The baryon (stellar) component of the intruder is
not expected to lose a significant amount of mass.
Moreover, based on the previous centre of mass esti-
mates for the stellar component, it is likely that all
of its particles remain within the virial radius. How-
ever, this does not imply that the stellar component
does not undergo any changes. Evolution of the half-
mass radius Rp,.5 will be followed. Note that, with
the total stellar mass remaining constant, changes
in the half-mass radius imply changes in the aver-
age spherical density of the stellar component: when
the half-mass radius increases, density decreases and
vice versa.

3. RESULTS

The evolution of dark matter halo mass estimates
defined in 2.2 is shown in Fig. 2. These estimates are
expressed in a relative form as:

_ M@

where M (t) is the appropriate estimate (bound, virial
or core) during simulation(s), M (¢t = 0) is its value at
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the start of simulation(s), and fys, thus, represents
the leftover fraction of the initial dark matter mass.
Supplementary to Fig. 2, Fig. 3 shows the evolution
of the dark matter mass change rate expressed as a
percentage of its initial mass per Gyr. It has to be
noted that the initial values of both the bound and
virial estimates, in all simulations, are equivalent to
M = 9.044 - 101°M, (the initial dark matter halo
total massg, while the dark matter core mass is M =
3.684 - 1010M,.

As expected, a significant mass change rate is ob-
served after the pericentre is reached for all mass es-
timates. During the encounter the intruder stretches,
becoming heavily distorted for a brief period, which
is best visible in core mass plots. The core distor-
tion is followed by abrupt mass loss, after which the
dark matter core stabilizes and remains fairly con-
stant with negligible variations until the end of every
simulation. The whole process takes place even be-
fore the encounter is over. The final leftover fraction
of the dark matter core mass estimate is higher than
the leftover fraction of virial mass estimate in most
simulations (evident from Fig. 4 as well). This im-
plies that despite of strong gravitational influence of
the main galaxy, the core part of intruder’s dark mat-
ter halo remains semi-preserved. It is also the key in
understanding why the baryon component can retain
almost all of its initial mass - gravitational potential
of the preserved dark matter halo’s core protects the
baryon component against significant mass loss.

The virial mass takes longer to stabilize - while
the dark matter mass loss starts around the time the
pericentre is reached, mass loss rate (Fig. 3) peaks
right after the encounter, at ¢ > 1.08 Gyr. The peak
itself shows dependence on the pericentre distance,
ranging from < 50% of the initial dark matter mass
per Gyr, in simulation with the lowest pericentre dis-
tance (B30), to ~ 16% of the initial dark matter mass
per Gyr, in simulation with the highest pericentre
distance (B65). Following the peak, the mass loss
rate sharply declines from ~ 10% of the initial dark
matter mass per Gyr at ¢ = 2 Gyr to no mass loss
at t = 3 Gyr in all simulations, irrespective of the
pericentre distance. After ¢ = 3 Gyr, there is an al-
most constant mass gain of < 1% of the initial dark
matter mass per Gyr in all simulations. Thus, the
most significant virial mass loss is observed for 1 Gyr
following the end of the encounter. Bearing that in
mind, for fitting purposes (i.e. exploring the func-
tional relationship between the leftover virial mass
and impact parameter relative to the virial radius of
the primary) the virial mass fraction averaged over
the last 3 Gyr will be used.

The bound dark matter mass expectedly declines
until the end of each simulation. Its mass loss is much
slower than the one of the virial mass, even during
peak, which happens after the pericentre is reached
and before the encounter is over. During the last
1 Gyr, the mass loss rate is almost constant in all
simulations, varying between 1—2% of the initial dark

matter mass per Gyr. Given that the final fraction of
the bound dark matter mass is still higher than the
virial mass fraction at the end, and that the mass
loss rate is non-zero at t = 5 Gyr, the bound dark
matter mass will likely continue to decline past the
simulation cutoff at 5 Gyr until it converges with the
virial mass.

Note that the bound dark matter mass discussed
here should be considered as an upper limit for the
truly bound mass. Other than the inclusion of par-
ticles forming tidal features outside the virial radius,
our method possibly includes dark matter particles
that might not be gravitationally bound to the in-
truder’s core. A precise determination of the bound
mass would, ideally , require the use of the ”snow-
balling” method (Smith et al. 2015). However, this
method is robust and was not feasible, due to our
limited computing resources.

3.1. Leftover dark matter mass - dependence

on impact parameter

The leftover dark matter mass fraction, for each
type of mass estimate, as a function of impact param-
eter (pericentre distance) relative to the virial radius
of the primary, is shown in Fig. 4, with different types
of mass estimates denoted by different colours. Filled
circles represent simulation data, and lines represent
logarithmic growth fit of the form:

y=A-lnz+ B, (2)

where y corresponds to the leftover dark matter
mass fraction, x corresponds to the impact param-
eter (pericentre distance) relative to the virial radius
of the primary, and A and B are fitting parameters.
As evident, the virial and core leftover dark matter
mass’s dependence on impact parameter is perfectly
described by a logarithmic growth law. The bound
dark matter mass fraction, albeit deviating from the
fitted line, can still be described by a logarithmic
growth law. Fitting parameters are different for all
three types of mass: the virial mass has A = 0.3123
and B = 1.2811, core mass has A = 0.2069 and
B = 1.1443, and bound mass has A = 0.2384 and
B = 1.2935. These fitting parameters are likely not
universal and they depend on multiple interaction pa-
rameters, e.g. the mass ratio of interacting galaxies,
the initial relative velocity of intruder galaxy, and the
interaction duration.

Surprisingly, the outside-in nature of the tidal
stripping, which is one of the main formation mecha-
nisms of ultra-compact dwarf galaxies (mentioned in
the introductory part of this paper), is less evident
in flybys with larger impact parameters (i.e. weaker
ones). Examining the extreme cases, simulation B30
with the lowest and simulation B65 with the high-
est impact parameter yields interesting insights. In
B30, the leftover dark matter core mass fraction is
by ~ 9% higher than the leftover virial mass fraction
while they are almost equal in B65. Generally, the
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Fig. 2: Evolution of dark matter halo mass estimates defined in 2.2 (from left to right): bound (first panel), virial

(second panel), core mass (third panel). Different colors are assigned to different simulations. Estimates are expressed

in relative form, compared to initial mass, and thus represent fractions of leftover mass.
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Fig. 3: Mass change rate AM /At for different mass estimates and simulations with the same annotations as in

Fig. 2. Mass change rate is expressed as percentage of initial mass per Gyr (contrary to Fig. 2 which shows fractions).

decreasing difference between these two dark mat-
ter mass estimates with increasing impact parame-
ter indicates that the outer parts of the dark matter
halo are more affected in closer (i.e. stronger) flybys
and thus lose more mass than the inner (core) parts.
As the impact parameter increases, the dark matter
mass loss becomes almost uniform with radius. This
might lead to an assumption that density profiles,
and thus shapes and slopes of the NF'W profiles, are
heavily affected. In reality, this is not entirely the
case (Fig. 5) - while differences become visible at
larger radii (R > 18 kpc), the density profiles are
not significantly altered in inner parts where the ma-
jority of leftover particles reside. Normalized density
profiles (relative to their fitted analytical NFW pro-
file) are shown in the lower panel in Fig. 5. High
deviations at the centre are understandable as the
analytical form has unrealistically high densities in
low radii (R — 0). Well outside the dark matter
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half-mass radius (R > 18 kpc)!, deviations of density
profiles from the analytical NF'W increase drastically.
The effect is more prominent in closer flybys where
higher fractions of dark matter mass are stripped.
This confirms that, due to the outside-in nature of
the tidal stripping, the outer parts of dark matter
halo density profiles are steeper than the analytical
NFW (e.g. Okamoto and Habe 1999, Genina et al.
2022). Thus, the NFW does not describe the dark
matter halo density profiles well overall while the ap-
proximation is still consistent in the inner parts.
Dependence of the leftover dark matter mass (of
the intruder galaxy in flybys) on impact parameter is,
undisputedly, perfectly described with a logarithmic

1Half-mass radius, which encloses half of the leftover dark
matter mass, varies between ~ 5.5 kpc (B30) and ~ 7.5 kpc
(B65). These can be approximated for each simulation using
the data listed in Table 3 - namely the leftover mass Mpyg,
virial radius Ryir,2 and concentration parameter c.
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growth law. Naturally, the lost mass would then fol-
low the exponential decay law. As such, the decreas-
ing impact parameter is followed by a considerable
and ever so faster dark matter mass loss. This will
be discussed in detail in Section 4 keeping in mind
the constraints of this work.

Logarithmic growth: y = A-Inz + B

—— A =0.2384, B =1.2935

—— A =0.3123, B = 1.2811
A =0.2069, B = 1.1443
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Fig. 4: Leftover mass (fraction of the initial mass) versus
the impact parameter (the pericentre distance) relative
to the virial radius of the primary: bound (purple), virial
(red), and core mass (yellow). Filled circles represent
simulation data, while lines show the logarithmic growth
fit: y = A-Inx + B. Fitting parameters A and B are

included in the legend.

3.2. Changes to stellar component and dark-

to-stellar mass ratio

Contrary to the dark matter halo, the stellar com-
ponent does not suffer any mass loss. The total stel-
lar mass was estimated by applying the method for
the bound dark matter mass estimate to stellar parti-
cles. Since it remains constant in all simulations, its
visualisation is omitted. However, the total stellar
mass remaining constant does not imply absence of
changes in the stellar component. The final half-mass
radius of the stellar component, Ry 5, as a function of
impact parameter (relative to the virial radius of the
primary), is shown in the lower panel of Fig. 6. The
exponential decay law Ry 5 = A-exp(—B-b/Ryir1)+C
describes its behaviour the best with fitting param-
eters: A = 2.2, B = 18.23, and C = 4.24. While
it stretches faster as the impact parameter decreases,
the value of Ry 5 = 4.5097 kpc in the strongest flyby
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108
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Fig. 5: Upper panel: Final (t = 5 Gyr) density profiles of
the dark matter component. Different colors are assigned
to different simulations. Lower panel: Normalized density
profiles (relative to the analytical NFW profile), with the
same annotations as on the upper panel.

simulation (B30) is not considerably larger than the
initial one of Ry 5 = 4.153 kpc. Typical flybys, hence,
can contribute to the formation of ultra-diffuse galax-
ies but cannot be its sole formation mechanism.
Unsurprisingly, given that the stellar component
does not suffer mass loss, the dark-to-stellar mass
ratio Mp /Mg shown in the upper panel of Fig. 6
follows a logarithmic growth law (similar to that
of the leftover virial mass), with fitting parameters
A =275 and B = 11.32. From the initial value of
Mp /Mg = 8.86, this ratio drops to Mp/Mg = 5.317
in the most extreme case (simulation B30). Despite
losing almost half of its initial dark matter mass, the
intruder galaxy remains dark matter dominated, al-
beit less so. Variations in this ratio caused by galaxy
flybys, however, can contribute to the scatter in the
SHMR (stellar-to-halo mass relation) at the lower
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mass end, Mya, < 1011 M. Scatter in the SHMR
in this dwarf regime has received very little attention
so far. Its importance is becoming more clear as the
extreme cases could successfully explain the forma-
tion of dark matter deficient galaxies (Trujillo-Gomez
et al. 2022).
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Fig. 6: In both panels, filled circles represent simulation
data, solid line the initial value (at ¢ = 0), and dashed
line the best fit curve, with fitting functions and param-
eters included in the legend; all as a function of impact
parameter relative to virial radius of the primary. Upper
panel: Dark-to-stellar mass ratio, where Mp is the final
(at ¢ = 5 Gyr) virial mass, and Mg final mass of the stel-
lar component. Lower panel: The final half-mass radius
of the stellar component, Ry 5.

4. DISCUSSION AND CONCLUSION

Series of N-body simulations of typical (10:1 mass
ratio) deep galaxy flybys were performed for differ-
ing impact parameters ranging from 0.114 to 0.272
of the virial radius of the primary galaxy. The fo-
cus of the analysis was on the dark matter mass loss
of the secondary, intruder, galaxy, using three differ-
ent methods of estimating the total dark matter mass
of the intruder. Dependence on the impact parame-
ter for all of them is a logarithmic growth in case of
the leftover dark matter mass, and exponential de-
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cay for the lost dark matter mass. This functional
dependence seems universal, while fitting parameters
may vary with different initial conditions and interac-
tion parameters (such as the mass ratio of interacting
galaxies, the initial relative velocity of the intruder
galaxy and thus the interaction duration). Most rele-
vant visualised results in this paper are listed in Table
3 as a summary.

The bound dark matter mass calculated here
should be taken as an absolute upper limit of the truly
bound dark matter leftover mass, given the rough
nature of this estimate. Furthermore, such an esti-
mate has very low applicability. The virial mass, con-
versely, is a much better indicator of intruder galaxy’s
total dark matter mass as it is suitable for compar-
ison with results and data of cosmological simula-
tions. However, this value should be taken with a
dose of scepticism due to considerable deviations of
dark matter density profiles from the analytical NFW
on higher radii. Still, it is not the only noteworthy
dark matter mass estimate. The core dark matter
mass, estimating the total mass of the inner dark
matter halo, is an appropriate one for comparison
with observationally derived dark matter fractions,
which can typically only probe regions where baryons
are present. Particularly, it is of interest that this
estimate stabilizes faster than the virial one, reach-
ing its final values even before the encounter is over.
This makes it convenient to estimate, to an extent,
the total virial mass and its loss which happens 1-
2 Gyrs later, based on observationally derived dark
matter masses. Disparities may, of course, arise due
to the outside-in nature of tidal stripping, especially
in closer flybys.

Typical flybys investigated here could not be the
sole culprit behind the formation of ultra-diffuse or
dark matter deficient galaxies, but their effects and
contributions should not be disregarded. Consider-
ing their frequency at the present epoch (Sinha and
Holley-Bockelmann 2012, An et al. 2019), combined
with other possible close encounters and collective ef-
fects of galaxy clusters where such events are likely to
take place, these scenarios become highly plausible.

Given the nature of exponential decay with im-
pact parameter of both the lost dark matter mass and
half-mass radius of the stellar component, it is fairly
safe to assume that closer (or stronger in a different
way, e.g. slower) flybys than the ones investigated
here, could alone lead to the formation of ultra-diffuse
and dark matter deficient galaxies with just the right
impact parameters. The formation of ultra-diffuse
galaxies might not require a narrow range of impact
parameters. Stellar component stretches at a faster
rate than the dark matter mass loss. While stretch-
ing and getting extended, it might become prone to
the mass loss itself, although that usually only starts
happening after a significant portion of dark mat-
ter (~ 80%) is already stripped (Smith et al. 2016,
Lokas 2020). Since this was not observed even in the
simulation with the closest flyby presented here, an
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Table 3: List of the most relevant results where b is the pericentre distance, Ryiy 1 virial radius of the main galaxy,

Mpy virial leftover mass expressed as percentage of the initial virial mass, MDM/MB dark-to-baryon mass ratio,

R.ir.2 virial radius of the intruder galaxy averaged over last 3 Gyr, A Ryir 2 variation of intruder’s virial radius over
) g y g yr, ,

last 3 Gyr, Rp,0.5 half-mass radius of the baryon (stellar) component at the end of simulation, and ¢ dark matter

halo concentration parameter at t = 5 Gyr.

Name b [kpc] b/Rvieqy Mpwm (%] Mpm/Ms  Ruieo [kpe] ARyivo [kpe] Rpos [kpc] c

B30 22.5 0.114 59.96 5.317 87.95 0.92 4.5097 28.94
B35 26.53 0.135 65.46 5.798 89.74 1.03 4.4277 29.35
B40 30.69 0.156 70.23 6.218 92.48 1.09 4.3616 26.62
B45 35.07 0.178 74.55 6.597 93.69 1.17 4.3211 26.47
B50 39.62 0.201 78.43 6.939 94.75 1.04 4.2948 26.56
B55 44.27 0.224 81.61 7.221 95.83 1.14 4.2700 26.10
B60 48.99 0.248 84.45 7.472 96.90 1.10 4.2581 25.63
B65 53.72 0.272 86.92 7.690 97.77 1.09 4.2547 24.94

estimate of the required impact parameter for such a
case would be pure speculation at this point.

The possible formation of dark matter deficient
galaxies through galaxy flybys is much more sensi-
tive. It would require flybys with extremely low im-
pact parameters, or much slower deep flybys, in addi-
tion to the faster rate of dark matter stripping com-
pared to stellar one. Moreover, it might require spe-
cific shapes of density profiles for both the dark mat-
ter, and baryon component. While such flybys are
extremely rare, they are still detected in cosmologi-
cal simulations (Sinha and Holley-Bockelmann 2015),
which is in line with the exotic nature of these objects.

This is, of course, entirely speculative. The ap-
proach and methods, presented in this work, are un-
fit to deal with flybys with lower impact parameters.
Simulations being pure N-body are rather simplified
and have no way of dealing with various and com-
plex physical processes which would occur in such in-
teractions. Rare, atypical and stronger (in any way,
with lower impact parameters, lower initial velocities
or higher differences in initial masses of interacting
galaxies) flybys are, however, worth further explor-
ing. The best approach would be trying to recon-
cile complex hydrodynamical simulations of isolated
flybys with cosmological simulations, and hopefully,
observational data.
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Opuzunasiy Hay¥HY Pao

IIposeru ramakcuja, UHTEpAKIMje Tae OB
He3aBUCHA XaJjoa MehycobHO mpomupy jeman y
OPyTHW, aju Cce 3aTWM OJBOje MW He cynape, Cy
JecTa MOjaBa Ha HIDKAM IpBeHUM noMarmMma. OBe
UHTEepaKIUje MOTy HMaTH 3HA4YajaH yTUIA] Ha
€BOJIYyNU]y NOjeIMHAYHUX TrajlaKCHhja, IOYEB Of
rybuTka Mace U IpOMeHa OOJMKa TallakCHja,
Ima OO0 IOojaBe IOCJHenuna INIMMCKUAX edexaTa U
dopMupama PazInUIUTUX MOPQOJIOMKUX CTPYK-
Typa y IOUCKOBHUMa rajakcuja. l'maBHE (oOKyC
OBOT paza je Ha ryOWUTKy Mace TaMHE MaTe-
puje cekymmapue, raJjakcuje ’yimesa”’, ca nu-
JbeM onpebuBama ()YHKIMOHAJHE 3aBUCHOCTU I'y-
OuTka Mace TaMHeE MaTepuje OX mapamMerpa Cy-
napa. Cepuja cumynanuja N Tesa TUIUYHAX IPO-
nera rajakcuja (ommoc maca 10:1) ca pasnuum-
TUM IapaMeTpuMa cynapa, IoKa3yje na IpeocTa-
Jla Maca TaMHOL XaJjioa rajakcuje ’yipe3a” mpaTtu
3aKOH JIOMaPUTAMCKOI PaCTa Ca HapaMeTPOM Cy-
napa, 6e3 ob3upa Ha HAYMH HA KOJjU je YKYITHA

Mmaca mponemena. M3rybspena maca oHoa, jac-
HO, EKCIOHEHIUjaJIHO OMana. 3Be3JaHa KOMIIO-
HEHTa Ce OpKe mmUpU Ca CMamemeM IapaMer-
pa cynapa, nparehm 3akOH €KCIOHEHIVjaJIHOT
naga. PyHKHIMOHAIHA 3aBUCHOCT O IapaMeTpa
cyzapa y CBUM CIIydYajeBUMa Ce YMHU yHUBEP3aJl-
HOM, aju Cy HeHM oarosapajyhnum mnapamerpu
BEPOBATHO OCETJPMBU Ha ITapaMeTpe UHTePaKIU-
je m mouerHe yciaoBe (HOpP. OJHOC MAcCa WHTE-
paryjyhux rasakcuja, pejaTuBHA IOYETHA Op-
3uHA Tajakcuje 'yise3a”, Tpajame WHTEPaKIU-
je). Ilok TMOuYHY IpOoJIeTH, POy YABAHU OBIE, HE
MOr'y OWTHU jequHU Y3POUYHUK (GOPMUpaHma yiITpa-
IUQy3HUX TajlakCUja, UIKX rajlakcuja 0e3 BeJsuKe
KOJUYVHE TaMHe MaTepuje, HBUXOBU e€(PEeKTU He
cMejy OUTU UTHOPUCAHU Jep MOTY y 3HATHO] MepuU
mompuHeTu OBMM mojaBama. CrTora cy peTku, He-
TUNUYHU, W jady TPOJIETV BPEIHU HAJBEr U M-
TaJbHUjEr UCTPAKUBAIHA.
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