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ABSTRACT

We investigate the formation of tidal features, such as tidal tails, streams, and shell-like structures,

composed of stars stripped from satellites within galaxy clusters. For this, we use multiresolution

cosmological N−body simulations with the “galaxy replacement technique”. We find that the fraction

of satellites with tidal features increases with the mass of the host clusters but is not related to the

dynamical state of the clusters. Although the strong tidal field in the cluster environment accelerates

the mass loss of the satellites, only 20% of tidal-featured galaxies form their tidal features purely

due to tidal perturbation in the cluster environment, without any interactions with other galaxies

before falling into the cluster. In contrast, the majority (80%) is affected by the preprocessing, as

they experienced merging events with other galaxies before infalling into the cluster. Among this

preprocessing population, 45% of all tidal-featured galaxies form their tidal features after passing the

pericenter of the cluster, affected by both preprocessing and the tidal field of the cluster, whereas

35% of all tidal-featured galaxies form their tidal features before reaching the pericenter, primarily

due to preprocessing. Notably, this fraction increases from 35% to 40-50% when we focus only on

galaxies with brighter surface brightness limits or higher stellar mass. Therefore, our results highlight

that preprocessing is an important channel for forming tidal features within clusters. However, the

importance of preprocessing may be further amplified in observations, since more massive galaxies,

which are commonly associated with preprocessing, are preferentially detected.

Keywords: Galaxy clusters (584) — Galaxy evolution (594) — Galaxy formation (595) — Tidal inter-

action (1699) — Computational methods (1965)

1. INTRODUCTION

In the concordance universe, also known as the

Lambda CDM universe, galaxy mergers are the main

driver not only for cosmic structure formation but also

for galaxy mass growth and changes in galaxy proper-

ties (Press & Schechter 1974; Fall & Efstathiou 1980;

Ryden & Gunn 1987; van den Bosch 2002; Agertz et al.

2011). Compared to secular evolution and smooth ac-

cretion over cosmic time, the minor/major mergers be-

tween galaxies bring a radical change in star formation

activity, morphology, mass growth, and other proper-
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ties (Toomre & Toomre 1972; Schweizer 1982; Barnes &

Hernquist 1991; Barnes 1992; Mihos & Hernquist 1994;

Hernquist & Mihos 1995; Mihos & Hernquist 1996; Naab

et al. 2009; van Dokkum et al. 2010; Newman et al. 2012;

Kaneko et al. 2017; Ellison et al. 2018; Pan et al. 2018;

Violino et al. 2018). Thus, tracing merging history is

crucial for understanding how galaxies have evolved in

the cosmological context.

Tidal features around the outskirts of a galaxy are

remnants of recent and/or ongoing mergers between

galaxies (Helmi & White 1999; Ferguson et al. 2002; Ma-

jewski et al. 2003; Toomre & Toomre 1972; Quinn 1984;

Barnes 1988; Hernquist & Spergel 1992; Feldmann et al.

2008). Since the tidal feature is faint and extended, their

surface brightness is significantly lower than that of the

galaxy’s central main body, where most of the luminos-
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ity originates (Atkinson et al. 2013; Kado-Fong et al.

2018; Martin et al. 2022). Despite the difficulty in de-

tecting them due to their low-surface brightness (LSB),

the tidal features are worth observing as they can serve

as evidence of the recent and ongoing galaxy merger (Ji

et al. 2014; Mancillas et al. 2019; Yoon & Lim 2020;

Huang & Fan 2022). More specifically, many analyt-

ical and numerical studies have shown that details of

the tidal features such as morphological characteristics,

prominence, and the number provide hints about the

mass ratio of the merger, the orbital information, the

time since the last merging event (Quinn 1984; Dupraz

& Combes 1986; Helmi & White 1999; Ferguson et al.

2002; Majewski et al. 2003; Johnston et al. 2008; Lotz

et al. 2008; Cooper et al. 2010; Sanderson & Bertschinger

2010; Cooper et al. 2011; Sanderson & Helmi 2013; Ji

et al. 2014; Amorisco 2015; Hendel & Johnston 2015;

Pop et al. 2018; Karademir et al. 2019; Mancillas et al.

2019; Khalid et al. 2024).

Tidal features around galaxies in the LSB regime

(µV > 26.5 mag arcsec−2) have been unveiled by the

deep imaging surveys such as SDSS stripe 82 (Kaviraj

2010; Jiang et al. 2014; Peters et al. 2017), MATLAS

(Duc et al. 2015; B́ılek et al. 2020), NGVS (Ferrarese

et al. 2012), Dragonfly Nearby Galaxies Survey (Mer-

ritt et al. 2016). See Table 1 of B́ılek et al. (2020) for

more references. Across the observations, statistics on

the fractions of galaxies with tidal features are quite in-

consistent, ranging from 0.06 to 0.7, due to differences

in the galaxy sample, the image depth, and the identi-

fication criteria (B́ılek et al. 2020). Using four different

cosmological hydrodynamic simulations of New Horizon

(Dubois et al. 2021), EAGLE (Crain et al. 2015; Schaye

et al. 2015), IllustrisTNG (Marinacci et al. 2018; Naiman

et al. 2018; Nelson et al. 2018; Springel et al. 2018),

and MAGNETICUM (Teklu et al. 2015), Khalid et al.

(2024) created the LSST-like mock images for galaxies

by a consistent sample selection criteria and a uniform

methodology. They found that the tidal feature fraction

(ftide) is quite similar across the simulations, ranging

from 0.32 to 0.4. It suggests that the variation of ftide
observed in different surveys may be due to inconsistent

methodology, especially due to different image depths

(Martin et al. 2022). Furthermore, their result implies

that the direct driver for generating the tidal feature

is not baryonic physics but rather gravitational forces,

which is consistent among the simulations (Khalid et al.

2024).

Galaxy clusters are the most massive objects gravi-

tationally bound, and the place where galaxies are be-

ing disassembled vigorously. Therefore, cluster galax-

ies have been key research topics for studying environ-

mental effects on galaxy characteristics (Richstone 1976;

Gnedin 2003a; Wetzel & White 2010). Compared to the

field and group environments, the cluster galaxies are

known to have the smaller ftide value, although its sig-

nificance is low due to limited sample size (Tal et al.

2009). To increase the statistics, Adams et al. (2012)

analyzed 54 different galaxy clusters of 0.04 < z < 0.15

containing 3551 early-type galaxies and identified tidal

features. They found that ∼ 3% of cluster early-type

galaxies have tidal features of µ < 26.5 mag arcsec−2,

and that there is no evidence of dependency of ftide with

the local density but the decreasing trend for the smaller

clustercentric radius than 0.5Rvir. From the deficit of

tidal-featured galaxies in the inner region, we infer that

merging is a rarer event in the inner region because of

their higher velocity (Binney & Tremaine 1987; Gnedin

2003b) and that the tidal features are more vulnerable

to being erased in the inner region (Rudick et al. 2009).

However, there is another possibility that the contami-

nated background brightness coming from the brightest

cluster galaxy (BCG) and intra-cluster light (ICL) may

affect the identification of tidal features at the inner clus-

ter region since the background brightness is a function

of the clustercentric radius. Furthermore, if one consid-

ers interaction with the BCG as galaxy mergers, then

the merging frequency for the inner cluster region is not

as low as we had expected.

On the other hand, a considerable portion of clus-

ter galaxies enters the cluster as a member of galaxy

groups or through filaments and thus preprocessed be-

fore entering the cluster environment (Fujita 2004; Mi-

hos 2004; Sheen et al. 2012; Villalobos et al. 2012; Wet-

zel et al. 2013; Yi et al. 2013; Villalobos et al. 2014;

Joshi et al. 2017; Han et al. 2018; Oh et al. 2018; Bena-

vides et al. 2020; Haggar et al. 2023). The fraction of

the preprocessed galaxy is estimated to range from 15%

to 50% based on N-body simulations and semi-analytic

models (Berrier et al. 2009; McGee et al. 2009; Joshi

et al. 2017). Since the preprocessed galaxies have lost

significant mass before entering the cluster, their stel-

lar components are prone to be tidally stripped com-

pared to other galaxies that first infall into the cluster

(Smith et al. 2015; Han et al. 2018). In particular, Han

et al. (2018) showed that among the cluster galaxies at

z = 0 that have suffered a significant mass loss (above

80% of their peak mass), 74% were previously members

of another host before entering the cluster. This indi-

cates the possibility that preprocessing plays an impor-

tant role in forming the tidal features within clusters. A

compelling example of this is provided by Román et al.

(2023), who discovered a giant thin stellar stream in the

Coma galaxy cluster, located far from the cluster center
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at D ∼ 0.8Mpc. They suggested that the thin stream

may originate from the preprocessed dwarf galaxy by

comparing with an analog found in Illustris TNG-50.

In this study, we aim to trace how tidal features of

galaxies form and evolve in and around cluster environ-

ments. For this, we perform cosmological N-body simu-

lations targeting 84 different clusters using the “galaxy

replacement technique” (GRT; Chun et al. 2022, 2023,

2024), which is designed and optimized for describing

the gravitational evolution of stellar components in a

hierarchical merging context. To understand the effect

of preprocessing on tidal features, we trace the merger

history of individual galaxies that have ever entered the

cluster region. In this study, the tidal feature is identi-

fied using an escape velocity profile to avoid dependence

on the surface brightness (SB) limits.

This paper is organized as follows. In Section 2,

we introduce simulations using the GRT and describe

methodologies for identifying galaxy and tidal features.

In Section 3, we explore several factors affecting the tidal

feature formation of cluster galaxies and how the frac-

tion of tidal-featured galaxies is dependent on the pro-

jected clustercentric distance, the galaxy’s stellar mass,

and the SB limits. We discuss and summarize the results

in Section 4 and 5, respectively.

2. METHOD

2.1. Simulations using Galaxy Replacement Technique

In this study, we examine the tidal features of clus-

ter galaxies using cosmological multi-resolution N-body

simulations targeting 84 different clusters, which are

named the “GRT clusters” (Chun et al. 2023, 2024). The

GRT enables us to efficiently trace the impact of grav-

itational tides in a fully cosmological context without

expensive hydrodynamics (Chun et al. 2022). Briefly,

the “GRT clusters” run is conducted as follows: 1) low-

resolution uniform box DM-only simulations are per-

formed first, 2) target clusters are selected and defined

as the GRT clusters, 3) low-resolution DM halos at z> 0

that will later constitute the growth of the GRT clus-

ters are selected, 4) high-resolution model galaxies are

generated to be substituted for the low-resolution DM

halos either (i) when they reach their peak mass Mpeak,

which is the maximum mass of the DM halos before first

falling into a more massive halo, or (ii) when they first

accrete a replaced satellite, and 5) the multi-resolution

resimulations are performed to trace the evolution of the

GRT clusters until z = 0.

The low-resolution simulation, named the N−cluster

run, is a set of 64 uniform boxes of (120 Mpc/h)3, whose

DM particle mass is 109 M⊙/h and the gravitational

softening length is fixed at 2.3 kpc/h on a comoving
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Figure 1. The relation between M200c and zm50 of the GRT
clusters at z = 0. The filled red and blue circles indicate
relaxed and unrelaxed clusters. The dashed gray line is the
median zm50 of all clusters in the N-cluster run within a
logarithmic mass bin of 0.25 dex.

scale. This simulation set is used in many works (Smith

et al. 2022a,b; Chun et al. 2022; Jhee et al. 2022; Kim

et al. 2022; Yoo et al. 2022; Awad et al. 2023; Chun

et al. 2023; Dong et al. 2024; Kim et al. 2024; Chun

et al. 2024). The high-resolution galaxy models include

a DM halo and a stellar disk, with particle mass of

5.4 × 106 M⊙/h for the DM and 5.4 × 104 M⊙/h for

the stars, and gravitational softening lengths of approx-

imately 100 pc/h and 10 pc/h, respectively. Here, the

DM halos replaced as model galaxies are limited to be

more massive than 1011 M⊙/h (NDM = 100) when they

reach Mpeak. The stellar mass for the high-resolution
galaxy model is decided based on the time-evolving halo

abundance matching (Behroozi et al. 2013a). Among

halos at z = 0, a total of 84 clusters in a mass range of

13.6 < logM200c/M⊙ < 14.8 are selected in a way that

their zm50 values are evenly distributed, where M200c

is the total mass within a radius (R200c) where den-

sity drops to 200 times of the critical density of the

Universe, and zm50 is an epoch when a halo first ac-

crete half of their final M200c (see Fig. 1). We classify

the clusters with zm50 above the median value of all

clusters in the N−cluster run as relaxed clusters (the

filled red circles) and others as unrelaxed clusters (the

filled blue circles). This panel shows the decrease of

zm50 with increasing cluster mass due to the hierarchical

mass growth in ΛCDM cosmology. More details of the

“GRT” and the “GRT clusters” are available in Chun

et al. (2022, 2023, 2024).
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Figure 2. The V-band surface brightness (µV ) map of the most massive GRT cluster at z = 0. Color bars indicate the
V-band surface brightness. The right columns show the stellar distribution and phase-space diagram of the representative tidal
tail, stream, and shell-like structures from the upper panels. In each phase-space diagram, the solid lines indicate the escape
velocities (vesc) derived using the current members, and the stars with velocities greater than vesc are considered to be in the
unbound regime.

In the GRT simulation, as we do not replace the

low-mass halos (Mpeak < 1011 M⊙/h) with the high-

resolution galaxy models, the population of low-mass

satellites in the cluster is not complete. Therefore, in

this work, we use the satellites with Mgal > 109 M⊙,

where Mgal is the galaxy stellar mass of the satellites.

We find the mass function of satellites with Mgal >

109 M⊙ in the clusters is similar to that in the clusters

in other cosmological hydrodynamic simulations (e.g.,

Illustris TNG-50, TNG-100).

2.2. Identification of galaxies and their tidal features

Structures such as clusters, galaxies, and satellites

are identified with the modified 6D phase space halo

finder ROCKSTAR (Behroozi et al. 2013b), and the

merger tree is built using Consistent Trees (Behroozi

et al. 2013c). We define the galaxies that have ever en-

tered R200c of the cluster as cluster galaxies. When the

cluster galaxy first crosses the R200c of the cluster, all

its member particles are tagged as ‘infall members’ of

the galaxy and traced until z = 0 to be used for identi-

fying tidal features. The infall members with velocities

greater than escape velocity (vesc) at a given distance

from the galaxy center are considered to be in unbound

regime, while those with velocities less than vesc are con-

sidered to be in galaxy regime, which is bound to the

galaxy. Here, we derive vesc profile using the ‘current

members’, defined as the galaxy members identified at

a given time. Central and satellite galaxies are analyzed

separately.

From the moment when the infall members in the un-

bound regime are more than 107 M⊙ (Nstar ∼> 127), the

galaxy is classified as a tidal-featured galaxy. This mass

corresponds to the 1% of the mass criteria used for our

galaxy sample. In the GRT simulations, all replaced

galaxy models are more massive than 107 M⊙ when they

are inserted into the DM halos. Therefore, this thresh-

old ensures that tidal features from the disruption of all

well-resolved galaxies, including those produced by the

complete disruption of relatively low-mass satellites, are

captured. To clearly compare galaxies with the tidal fea-

ture to those without it, galaxies whose infall members

in the unbound regime are less than 106 M⊙ are classi-

fied as non-tidal galaxies, and the intermediate galaxies

between 106 M⊙ and 107 M⊙ are excluded in the com-

parison analysis. Classifying the tidal-featured galaxy
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Table 1. Definitions of time-related parameters used in this section

Parameters Definition

tform The lookback time when the galaxy is formed

tinfall The lookback time when the galaxy first falls into the cluster

ttide The lookback time when the galaxy forms tidal features

tpeak The lookback time when the galaxy has its maximum mass before falling into a more massive galaxy,

or when the galaxy first accretes a replaced satellite

∆ttide The time elapsed from the galaxy’s infall to tidal feature formation, i.e., ∆ttide = tinfall − ttide

∆tpre The time interval during the galaxy has interacted with other galaxies before entering the cluster

with different Nstar thresholds shows that our results

in Section 3 are not sensitive to the threshold. Note

that our classification using vesc for the tidal features

focuses on the internal dynamics of each galaxy rather

than its morphological features identified by visual in-

spection. We find that two different methods especially

make a difference in the classification of tidal feature in

low-mass galaxies (Mgal < 1010 M⊙). We discuss these

differences in Section 4.

Figure 2 shows a V-band surface brightness map of

stars located in a 2 Mpc cube centered on the most

massive GRT cluster. Three squares indicate represen-

tatives of the tidal-featured galaxies identified using our

classification criteria. The intra-cluster region is filled

with stars in the LSB regime of µV > 26.5 mag arcsec2,

while finer structures originate from tidal features, such

as tail, stream, and shell. The right panels show the

stellar distribution near tidal-featured galaxies and the

phase-space diagram of their infall members. In each

phase-space diagram panel, we can see that some infall

members have velocities greater than vesc indicated by

the solid line. These stellar particles are considered to

be in the unbound regime, and in Section 3, we inves-

tigate how and when they become unbound from the

galaxy and contribute to the formation of tidal features.

Note that, due to our definition, the tidal features in

this study only include the tidal stream, tail, and shell-

like structures, but do not include bound tidal features

(tidal-induced bar, strong spiral, asymmetric halo, dou-

ble nucleus, etc.). Ram pressure stripping (Gunn &

Gott 1972) can also induce morphological transforma-

tions in galaxies, which may in some cases be difficult to

distinguish from structures formed by tidal interactions

(Smith et al. 2025). However, these typically manifest

as features in the bound stellar disk rather than as un-

bound tidal features. Therefore, although ram pressure

stripping is an important process that affects the evo-

lution of cluster galaxies, it is unlikely to significantly

alter the main conclusions of our study.

3. RESULT

In this section, we investigate how many satellite

galaxies have tidal features at z = 0, as well as how and

when the features are generated in the cluster environ-

ment. For this, we use various time-related parameters

of satellite galaxies, such as the time of tidal feature

formation, infall time, etc.. For clarity, we summarize

their definitions in Table 1. Additionally, we refer to

the halo mass of satellite galaxies at each time tx as Mx

(e.g., Mform at tform). Figure 3 shows the ftide value for

the 84 GRT clusters at z = 0. They are highly scat-

tered, ranging from 0.05 to 0.6, but we do not find a

significant dependency of ftide on the dynamical states

of clusters. On the other hand, ftide of the clusters in-
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Figure 3. The relation between M200c and ftide of the GRT
clusters at z = 0. The filled red and blue circles indicate the
relaxed and unrelaxed clusters and the solid lines indicate
the median value of ftide of the GRT clusters (13.6 < log
M200c < 14.8) within the three host mass bins with 0.4 dex.
The error bar caps indicate the first and third quartiles of
the ftide at each mass bin.
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Figure 4. Histograms of infall lookback time(tinfall) of non-tidal and tidal-featured galaxies. The blue and yellow histograms
indicate the direct and preprocessed infallers, respectively. The fraction indicates the number of direct or preprocessed galaxies
among all galaxies with Mgal > 109 M⊙ within the 0.5 Gyr bin.

creases with the mass of clusters. The median values

are from 0.21 to 0.32 for the three host mass bins of

13.6 < log M200c < 14, 14.0 < log M200c < 14.4, and

14.4 < log M200c < 14.8 at z = 0.

3.1. Factors affecting the tidal feature formation of

cluster galaxies

Among the 3,262 cluster galaxies with Mgal > 109 M⊙,

985 are classified as tidal-featured galaxies and 1,897

as non-tidal galaxies. The tidal-featured and non-tidal

galaxies are divided into direct and preprocessed infall-

ers based on whether they have interacted with other

luminous galaxies before the infall. Here, we define a

luminous galaxy as one with a stellar mass greater than

107 M⊙. In the GRT simulations, all galaxies exceed

this limit when they are inserted into the DM halos.

This ensures that preprocessing events occur between

well-resolved galaxies, whereas direct infallers interact

only with less massive or unresolved halos before falling

into the cluster. As we mentioned above, we exclude

the intermediate galaxies in the analysis. Total number

of direct and preprocessed infallers is 1,276 and 1,606,

respectively. Among the direct infallers, galaxies clas-

sified as tidal-featured and non-tidal galaxies are 209

(16%) and 1,067 (84%), respectively. Within the pre-

processed infallers, the percentage of the tidal-featured

galaxies increases to 776 (48%), while that of non-tidal

decreases to 830 (52%). The difference in percentages

originates from the fact that part of the DM halo of

preprocessed infallers has been stripped before their in-

fall, and thus, star particles are more susceptible to be

stripped (Smith et al. 2016). Indeed, the typical infall

mass of the preprocessed infallers is 76% of its peak mass

(Mpeak), while that of direct infallers is 96%.

Figure 4 shows tinfall distributions of direct and pre-

processed infallers for the non-tidal and tidal-featured

galaxies. The tinfall distribution of the non-tidal galax-

ies shows similar two peaks for direct and preprocessed

infallers, around 1.0 and 6.0 Gyr. We find that the two

peaks are related to the dynamical states of clusters.

Specifically, since cluster galaxies typically fall into re-

laxed clusters earlier than unrelaxed clusters, the earlier

peak is primarily driven by satellites in relaxed clus-

ters, and the later peak is associated with satellites in

unrelaxed clusters. On the other hand, that of the tidal-

featured galaxies shows a significant difference. Most di-

rect infallers classified as tidal-featured galaxies entered

the cluster more than 4 Gyr ago, with a peak around

9.0 Gyr. In contrast, preprocessed infallers can be clas-

sified as tidal-featured galaxies even if their infall oc-

curred within the last 4 Gyr. The difference originates

from the fact that the direct infallers take more time to

be classified as the tidal-featured galaxy after entering

the cluster (∆ttide) compared to preprocessed infallers

(see bottom panel of Fig. 5).

Direct infallers take approximately 6 ± 2 Gyr to

lose a significant amount (> 80% of Mpeak) of mass

and thereby become classified as tidal-featured galaxies.

Therefore, direct infallers that have entered the cluster

within the recent 4 Gyr are less likely to be classified
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Figure 5. Scatter plot and histograms of the halo mass
ratio Mtide/Mpeak and the time taken to form the tidal fea-
tures after cluster infall, ∆ttide. Here, Mtide and Mpeak are
the halo masses at the time of tidal feature formation (ttide)
and at the time when the halo has peak mass (tpeak), respec-
tively. The filled blue and yellow circles indicate the direct
and preprocessed infallers. The cluster galaxies that form
their tidal features before falling into the cluster are placed
at ∆ttide = 0 for convenience.

as tidal-featured galaxies. In contrast, the preprocessed

infallers that entered within the recent 4 Gyr can be clas-

sified as tidal-featured galaxies because they have lost a

significant amount of DM halos before the infall and thus

take the shorter ∆ttide compared to that of the direct

infallers. For the same reason, the tinfall distribution of

the preprocessed infallers extends to more recently than

the direct infallers. However, if we consider tinfall of pre-
processed infallers that were satellites of more massive

hosts as the time they first fell into those hosts before

falling into the cluster, their tinfall distribution shows

a similar trend to that of direct infallers, with a peak

around 8.5 Gyr.

Figure 5 shows a scatter plot of tidal-featured galaxies

against ∆ttide and the mass ratio Mtide/Mpeak, where

Mtide is the halo mass of the galaxies at ttide. The

∆ttide distribution of the preprocessed infallers is bi-

ased to the lower value compared to that of the direct

infallers, indicating the preprocessed infallers are clas-

sified as tidal-featured galaxies in a shorter time scale.

Moreover, among the preprocessed infallers with tidal

features, 43% form their tidal features before passing

the first pericenter of the cluster. Specifically, 9% form

the tidal features after entering the cluster but before

reaching the pericenter, while 34% already form their

tidal features before the entry.

At the moment when the cluster galaxies start to form

the tidal feature, they typically lose more than 80% of

their peak mass (Mtide/Mpeak < 0.2), which is in line

with results from a hydrodynamic simulation (Smith

et al. 2016) showing that dark matter is stripped more

significantly before stellar stripping. Meanwhile, some

tidal-featured galaxies retain a relatively more signifi-

cant fraction of their peak mass. Specifically, 30% of

the total tidal-featured galaxies have Mtide/Mpeak value

greater than 0.5, and most of them (89%) are prepro-

cessed infallers that have or had have satellites before

the cluster entry. In these cases, the tidal features do

not originate from the main stellar body of the central

galaxy, but instead from stars that were originally bound

to its satellites and subsequently stripped or disrupted.

To understand how tidal perturbation in the cluster

affects the formation of the tidal feature of the clus-

ter galaxy, we quantify the impact of the tidal pertur-

bation during the orbit after falling into the cluster5.

The perturbation parameter P can be formulated as

(R2/GMg)(GMcR/d3), where Mc is the enclosed cluster

mass inside the clustercentric radius d, R is the effective

radius of the galaxy, and Mg is half of the total stellar

mass (Byrd & Howard 1992; Lee et al. 2018). The P

value corresponds to the mean ratio between the tidal

perturbation by the cluster and the gravitational accel-

eration of the galaxy by itself at R after falling to the

cluster. During the galaxy orbit in the cluster, the P

value is averaged as follows:

logP = log
1

∆t

∫ t1

t0

R2(t)

Mg(t)

Mc(t)R(t)

d3(t)
dt, (1)

where ∆t = t1 − t0. Here, t1 is tinfall for both the tidal-

featured galaxies and non-tidal galaxies, while t0 is ttide
in the case of tidal-featured galaxies and z = 0 in the

case of the non-tidal galaxies.

The upper panel of Figure 6, which presents the results

for the direct infallers, shows that the logP distribution

of the tidal-featured galaxies has a higher peak value at

∼ -0.5 compared to the non-tidal galaxies, which have

a peak at ∼-2. When ∆t is the same, the tidal-featured

galaxies have a higher logP value compared to the non-

5 In the cluster environment, the tidal features are also formed
by the merging events between cluster galaxies. However, as
a relative velocity between the cluster galaxies is too high,
the clusters and massive groups are the worst environment for
merging events (Ostriker 1980; Oh et al. 2018; Pearson et al.
2024). Therefore, we only consider the tidal perturbation by
the potential of the host cluster for the formation of the tidal
features.
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tidal galaxies. This implies that logP is one of the basic

factors determining the formation of the tidal features.

The logP distributions of tidal-featured and non-tidal

galaxies for the preprocessed infallers are shown in the

bottom panel of Figure 6. The difference between the

logP distributions of the tidal-featured and non-tidal

galaxies decreases compared to that of the direct infall-

ers. The reduced difference of the logP distribution

between the tidal-featured and non-tidal galaxies sug-

gests that the tidal features of the preprocessed galaxies

are less directly related to the tidal perturbation inside

the cluster region. On the other hand, the formation of

their tidal features is related to the degree of the pre-

processing before falling into the cluster.

We now measure the time interval ∆tpre during a

preprocessed infaller has interacted with other galax-

ies before entering the cluster, and the mass ratio

Minfall/Mpeak.Figure 7 shows ∆ tpre and Minfall/Mpeak

as a function of tinfall for the preprocessed galax-

ies. The ∆ tpre value of the tidal-featured galaxies

is notably higher than that of the non-tidal galaxies

(left-hand panel of Figure 7), indicating that tidal-

featured galaxies have interacted with other galaxies

longer. The outcome of the longer interaction appears

as the small Minfall/Mpeak (middle and right-hand pan-

els of Figure 7). Compared to the non-tidal galax-

ies, the tidal-featured galaxies show significantly smaller

Minfall/Mpeak in case of entering the cluster as satellites

of other central galaxies (right-hand panel), while that of

central galaxies is relatively insignificant (middle panel).

As a result, recent infallers preprocessed as satellites of

other massive hosts tend to have shorter formation time

(∆ttide) of their tidal features. However, if we measure

the formation time of tidal features for infallers prepro-

cessed as satellites of other massive hosts from the time

they first fell into those hosts (i.e., ∆ttide + ∆tpre), the

timescale is similar to the ∆ttide of direct infallers, with

a peak around 5.6 Gyr. This indicates that the mass

loss of cluster galaxies due to preprocessing is as signifi-

cant as that in the cluster environment (e.g., Han et al.

2018).

3.2. Fraction of the tidal-featured galaxies with

observational limitations

In this subsection, we see how the surface brightness

and the galaxy’s lower-mass limits can affect the frac-

tional distribution of the tidal-featured galaxies. For

this, we generate the surface brightness map of tidal-

featured galaxies, utilizing the projected 2D distribution

of stellar particles within the 2 × R200c of each galaxy.

The stellar particles are projected onto three different

planes: the x-y, x-z, and y-z planes and binned into a
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Figure 6. The impact of tidal perturbation on the cluster
galaxies. The upper and bottom scatter plots indicate the
degree of tidal perturbation (logP ) that direct and prepro-
cessed infallers experience in the cluster during ∆t. Here, ∆t
is the time interval between the infall lookback time (tinfall)
and the lookback time when the tidal feature forms (ttide) in
the case of tidal-featured galaxies (filled colored circles) and
z=0 in the case of the non-tidal galaxies (filled gray circles).
The left histograms show the distribution of logP .

grid of cells with a length of D∼1 ckpc6. Due to the pro-

jection, the number of samples is tripled compared to the

original number of tidal-featured galaxies. However, we

normalize it to the original samples when showing the

number of tidal-featured galaxies.

Figure 8 shows the projected radial profile of the num-

ber of tidal-featured galaxies, the tidal-featured frac-

6 This length corresponds to a pixel scale of ∼ 2′′ at a distance of
100 Mpc. This particular pixel specification is the same as that
of the K-DRIFT (KASI-Deep Rolling Imaging Fast Telescope)
pathfinder, which is a new telescope optimized for LSB studies
(Byun et al. 2022, Ko et al. 2025 in preparation).
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Figure 7. The degree of preprocessing of the preprocessed infallers. The left panel shows the relation between the infall
lookback time (tinfall) and the time interval during a preprocessed infaller has interacted with other galaxies before entering the
cluster (∆tpre). The middle and right panels indicate the mass ratio Minfall/Mpeak of preprocessed infallers, whether they are
central or satellite galaxies before falling into the cluster. The yellow and gray solid lines indicate the median value of ∆tpre
and Minfall/Mpeak within 2 Gyr time bin. Each error bar shows the first and third quartiles of each value.
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Figure 8. The radial profile of tidal-featured galaxies in the cluster. From the left, each panel shows the projected radial
profile of the number of tidal-featured galaxies, the tidal-featured fraction, and the pre-cluster fraction. In each panel, the
blue and red solid lines are for all tidal-featured galaxies and massive tidal-featured galaxies (Mgal > 1010 M⊙) brighter than
31 mag arcsec−2 (the solid line) and 28 mag arcsec−2 (the dashed line). The error bars represent the 1σ uncertainties derived
from bootstrap sampling. The bins containing fewer than five galaxies are omitted.

tion (ratio of the tidal-featured galaxies to the cluster

galaxies), and the pre-cluster fraction (ratio of the pre-

cluster galaxies to the tidal-featured galaxies) with 1σ

uncertainties derived from bootstrap sampling. Here,

pre-cluster galaxies refer to tidal-featured galaxies that

form their tidal features both outside and inside the

cluster, but before passing their first pericentric pas-

sage. In the left panel of Figure 8, the number of the

tidal-featured galaxies increases as the projected clus-

tercentric radius Rproj/R200c decreases. The higher fre-

quency of tidal-featured galaxies in the inner region of

the cluster suggests that the formation of a significant

number of the tidal features is triggered in the inner

region, near the BCG. Indeed, 50% of galaxies that

formed their tidal feature inside the cluster form the

feature within 0.4R200c of the cluster. However, this re-

sult is contrary to the observations showing the more

frequent or consistent fraction of tidal-featured and/or

post-merger galaxies in the outer region of the clusters

(Adams et al. 2012; Sheen et al. 2012; Oh et al. 2018).
The difference stems from the fact that the identifica-

tion of the tidal feature used in this study is based on

the dynamics of stellar components, not on morpholog-

ical features. Furthermore, the BCG and ICL can hide

tidal features in the inner regions of clusters. More de-

tailed discussion on this issue can be found in Section

4.

In the case of the massive galaxies with stellar mass

more than 1010 M⊙, the number of the tidal-featured

galaxies significantly decreases compared to that of all

galaxies (the left panel of Figure 8). On the contrary,

the fraction of the massive tidal-featured galaxies in-

creases compared to all galaxies (the middle panel of

Figure 8). It is because more massive galaxies are more

likely to be tidal-featured galaxies (see the left top panel

of Figure 9), which is consistent with the observations
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Figure 9. The fractional distribution of tidal-featured
galaxies in the cluster. Each panel shows the tidal-featured
fraction (the top panels) and the pre-cluster fraction (the
bottom panels), depending on the galaxy mass (the left pan-
els) and V-band surface brightness limits (the right panels).
The type and color of lines are the same as Figure 8. The
error bars represent the 1σ uncertainties derived from boot-
strap sampling. The bins containing fewer than five galaxies
are omitted.

(Sheen et al. 2012). The higher fraction of tidal-featured

galaxies among massive ones is due to their higher pos-

sibility of experiencing preprocessing, which accelerates

tidal feature formation before cluster entry. When we

confine the tidal-featured galaxies to those identified

with a brighter tidal feature than 28 mag arcsec−2,

the tidal-featured fraction significantly decreases com-

pared to that of 31 mag arcsec−2. On the contrary,

the pre-cluster fraction with µv < 28 mag arcsec−2 sig-

nificantly increases (the right panel of Figure 8). This

increase is more prominent in the outer region. In-

deed, in the case of the massive galaxies with stellar

mass more than 1010 M⊙, the fraction of the pre-cluster

galaxies increases up to 80% at the outer region of

Rproj/R200c > 0.4.

Figure 9 shows how the tidal-featured fraction and the

pre-cluster fraction are correlated with both the galaxy’s

stellar mass (the left panels) and the SB limits (the right

panels). The higher tidal-featured fraction for the mas-

sive galaxies with stellar mass more than 1010 M⊙ can

be explained by the increase of the pre-cluster tidal-

featured galaxies.

The tidal-featured fraction increases as the SB limit

increases (see the upper panels of Figure 9), but in the

case of the pre-cluster galaxies only, the dependencies

get weaker since the tidal-featured galaxies formed in-

side the cluster (the opposite concept to the pre-cluster

galaxies) are biased to the lower mass, whose tidal fea-

ture is also less bright. Indeed, the pre-cluster fraction

increases from 0.3 to 0.4 when the SB limit varies from

31 to 26 mag arcsec−2 (see the right bottom panel of

Fig. 9). For massive galaxies whose stellar mass exceeds

1010 M⊙, the change in the pre-cluster fraction due to

the SB limit is negligible.

Our results suggest not only the significance of prepro-

cessing in the formation of tidal features but also that

current observations of tidal-featured galaxies may be

more biased toward pre-cluster galaxies.

4. DISCUSSION

4.1. The definition of the tidal features

As a result of Section 3, the ftide value is determined

by a combination of several factors, such as 1) the tinfall
distribution, 2) the ratio of the preprocessed infallers

that changes by the tinfall, 3) the logP of each infaller,

which is a complex mix of the density distributions of

the galaxy and the cluster, as well as the galactic or-

bit respect to the cluster center, and 4) the ∆tpre that

determines the degree of the preprocessing. Since the

M200c and the zm50 parameters are insufficient to repre-

sent these factors or their combination, the ftide distri-

bution shows significant scatter even if the galaxy sam-

ples are restricted by observational limits, such as the

galaxy’s lower-mass limit or the SB limit.

To quantitatively identify the tidal feature of galax-

ies, in this study, we use the vesc as a function of the

galactocentric radius r and check whether the individ-

ual stars of the infall members exceed the vesc(r) (see the

right panels of Figure 2). Since vesc(r) is calculated from

the mass distribution of star and DM particles of the

current member, infall member stars exceeding vesc(r)

indicate that they are indeed gravitationally unbound

from the galaxy. Because the number of unbound stars

is the basis for the identification of tidal features, our

methodology has a limitation in that it can not detect

tidal features formed by stars that are still bound.

To understand how our methodology differs from vi-

sual inspection, we generate mock images of all galaxies

in the clusters at z = 0 and select the galaxies with

the tidal features such as tidal tail, stream, and shell-

like structure by the visual inspection. We generate the

mock images of galaxies in the same method as in Sec-

tion 3.2, and the luminosity of stellar particles is addi-

tionally smoothed by a Gaussian kernel. The smooth-

ing kernel size is set as the distance to the 5th nearest

neighbor star particle, using the software from Martin
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Figure 10. Surface brightness maps (r < 250 kpc) of tidal-featured galaxies identified by our method and visual inspection.
From left to right, the columns show tidal-featured galaxies detected by both methods, by only our method, and by only visual
inspection. The small panels show the phase-space diagram of the stellar particles of their infall members. The solid line
indicates the escape velocities (vesc) derived using the current members, and the stars with velocities greater than vesc are
considered to be in the unbound regime.

et al. (2022). Finally, we add Gaussian background noise

with a surface brightness limit of µV =31 mag arcsec−2

to the map of each galaxy. When mapping, we exclude

contamination from the bright members of the BCG,

ICL, and other galaxies. This ensures a fair comparison

with the tidal features identified by our method, which

also excludes these components. We show example sur-

face brightness maps of tidal-featured galaxies detected

by our method and visual inspection and phase-space

diagrams of their infall members in Figure 10.

Among the 3,262 cluster galaxies, we find that 674 are

classified as tidal-featured galaxies by visual inspection,

and the median ftide values for the 84 GRT clusters are

from 0.19 to 0.21 within the three host mass bins of

13.6 < logM200c < 14, 14.0 < logM200c < 14.4, and

14.4 < logM200c < 14.8 at z = 0. We find no significant

dependency on the fraction of tidal-featured galaxies de-

termined by visual inspection of the cluster mass. How-

ever, ftide is lower than that determined by our method-

ology (see Figure 3), and ftide of relaxed clusters is lower

than that of unrelaxed clusters.

We find that 134 tidal-featured galaxies selected by

the visual inspection are not classified as tidal-featured

galaxies in our methodology. These galaxies fell into the

cluster recently (median value of tinfall ∼ 1.9 Gyr) and

thus are sufficiently massive (median value of Mgal ∼
2.1× 1010 M⊙ at tinfall). However, among them, prepro-

cessed infallers have 1.3 − 4.2 Gyr smaller ∆tpre than

the tidal-featured galaxies classified by our methodol-

ogy, and direct infallers lose a smaller amount of mass

(median value of M200c/Mpeak ∼ 33%) until z = 0 than

the direct infallers (median value of Mtide/Mpeak ∼ 16%;

see Figure 5) classified by our methodology. There-

fore, they are not classified as tidal-featured galaxies by

our methodology. On the other hand, 445 of 985 tidal-

featured galaxies classified by our methodology are not

classified as tidal-featured galaxies by visual inspection.

We find that the tidal features of these galaxies are ob-

scured by background noise, with a representative exam-

ple shown in the middle panel of Figure 10. These galax-

ies are less massive (median value of Mgal ∼ 4.8×109 M⊙
at tinfall) and fall into the cluster early (median value

of tinfall ∼ 6.9 Gyr). Therefore, they prefer to form

the tidal feature from the stripped main stellar body

within the cluster but lose a small amount of stellar

mass (∼1.5%) after falling into the cluster. This stellar

mass loss is sufficiently smaller than that of other 540

tidal-featured galaxies (∼5.7%) classified by both visual

inspection and our methodology. We find that these vi-

sually undetected tidal-featured galaxies are biased to

the direct infallers (∼ 75%). This difference leads to a

discrepancy in the classification of tidal-featured galax-

ies between our method and visual inspection.

Figure 11 highlights the difference in the tidal-featured

fraction classified by both methods as a function of pro-

jected clustercentric distance. The visually detected

tidal-featured fraction with µV < 31 mag arcsec−2

(the solid lines) is lower than that identified from our

methodology because a significant fraction (45%) of the

tidal-featured galaxies classified by our method is not de-

tected by visual inspection, as mentioned above. How-

ever, unlike previous observations (e.g., Adams et al.

2012; Sheen et al. 2012; Oh et al. 2018), the visually

detected fraction shows a radial trend similar to our

methodology.

When we confine the analysis to brighter tidal fea-

tures (µV < 28mag arcsec−2), the tidal-featured frac-

tion between the two methods shows a more significant

difference (dashed lines). Both methods still indicate

an increase in the tidal-featured fraction with decreas-
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ing projected clustercentric radius, but visual inspection

shows fewer tidal-featured galaxies in the inner region

compared to our methodology. As mentioned above,

tidal-featured galaxies detected only by our method-

ology are typically less massive with fainter tidal fea-

tures and are more likely to reside in the cluster center

due to their earlier infall (see Rhee et al. 2017). This

contributes to the lower visually detected tidal-featured

fraction in the cluster center. In contrast, in the outer

region (Rproj/R200c > 0.6), the tidal-featured fraction

classified by visual inspection is higher than that from

our methodology, as visual inspection is more likely to

detect tidal features of satellites that recently formed

them, as mentioned above.

Although the visually detected tidal-featured fraction

slightly increases toward the cluster center (increasing

from 5% to 10%), it is essential to consider that the

presence of the BCG and ICL in the inner regions of

clusters can obscure tidal features, further reducing the

visually detected tidal-featured fraction. This reduction

might lead to a consistent or even decreasing fraction to-

ward the cluster center, consistent with trends observed

in previous studies (Adams et al. 2012; Sheen et al. 2012;

Oh et al. 2018). Indeed, we find that the tidal-featured

fraction (µV < 28mag arcsec−2) measured by visual

inspection using the maps contaminated by the stellar

components of the BCG, ICL, and satellites shows a

constant radial profile (the gray dashed line). Regard-

less, our results show that many direct infallers in the

central region hide their tidal features, indicating that

the observed tidal-featured galaxies may be more biased

toward preprocessed infallers.

4.2. The formation of ultra-diffuse galaxies in the

cluster

Many observational studies have discovered a lot of

ultra-diffuse galaxies (UDGs) within galaxy groups and

clusters (e.g., Koda et al. 2015; Mihos et al. 2015; van

Dokkum et al. 2015; Iodice et al. 2020; Lim et al. 2020).

They are commonly defined as the low-mass galaxies

(Mgal < 109 M⊙) with the low central surface bright-

ness (µg,0 > 24.0 mag/arcsec2) and with large half light

radius (Re > 1.5 kpc) (e.g., van Dokkum et al. 2015;

Gannon et al. 2024). Their formation scenarios are var-

ious, but in dense environments such as galaxy groups

and clusters, the normal satellites can also evolve into

UDGs as they undergo tidal stripping and heating (e.g.,

Ogiya 2018; Sales et al. 2020; Tremmel et al. 2020).

These UDGs can have tidal features, and a recent obser-

vational study has indeed shown the presence of UDGs

with tidal features (Žemaitis et al. 2023).
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Figure 11. The radial profile of tidal-featured fractions in
the cluster. The solid and dashed lines indicate the tidal-fea-
tured fractions from brighter galaxies than 31 mag arcsec−2

and 28 mag arcsec−2. The fractions are measured using our
method (the blue line), visual inspection (the red line), and
visual inspection with the stellar components of the BCG,
ICL, and satellites (the gray line). The error bars represent
the 1σ uncertainties derived from bootstrap sampling.

In our simulation, we find that the 977 satellites7 show

the characteristics of UDGs. Among them, 472 UDGs

have the tidal features determined by our methodology

at z = 0. We find that these UDGs fall into the cluster

earlier (median value of tinfall ∼7.7 Gyr ago) than other

UDGs (median value of tinfall ∼5.6 Gyr ago). Therefore,

the UDGs with tidal features lose their mass more signif-

icantly (median value of M200c/Mpeak ∼11% at z = 0)

and more concentrated to the central region of clusters

(median value of Rproj/R200c ∼0.36) than other UDGs

(median value of M200c/Mpeak and Rproj/R200c ∼39%
and 0.5 at z = 0). However, we cannot find evi-

dence that the two UDG groups are significantly distin-

guished by the classifications of the preprocessed/direct

infallers and/or the pre-cluster/in-cluster galaxies. Al-

though many UDGs have tidal features determined by

our methodology, their tidal features are usually undis-

covered in the observation. We find that 14% (66) of

UDGs with tidal features are classified as tidal-featured

galaxies by visual inspection of 31 mag arcsec−2 and

only two UDGs show their tidal features brighter than

28 mag arcsec−2. This indicates that upcoming deeper

imaging observations will reveal evidence of tidal strip-

7 We only analyze the low-mass galaxies with Mgal < 109 M⊙ in
this section because their populations are incomplete as men-
tioned in Section 2.
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ping of UDGs, such as the recently observed tidal tail

near F8D1 UDG in the M81 group (Žemaitis et al. 2023).

We additionally find that 578 satellites were trans-

formed into UDGs within the cluster environment, while

others were already classified as UDGs at their infall

time. In the GRT scheme, the replaced high-resolution

stellar galaxy is modeled as a bulgeless exponential disk

galaxy, and the mass of the stellar disk is determined

using the stellar-to-halo mass relation as a function of

the redshift from Behroozi et al. (2013a). Moreover,

since the in situ star formation is not considered af-

ter the high-resolution model is inserted into the DM

halo, UDGs cannot form in the field or through hy-

drodynamic recipes in the GRT simulations. Therefore,

UDGs identified as such before cluster infall must have

been transformed into UDGs by tidal interaction outside

the cluster. Indeed, they already undergo a significant

mass loss before falling into the cluster, with a median

M200c/Mpeak ∼ 64% at tinfall. As a result, in our simu-

lations, UDGs might be formed only by tidal stripping,

resulting in fewer UDGs than the observed UDGs in the

clusters (Figure 12). Figure 12 shows the number of

UDGs in 84 individual GRT clusters. The black line

is the best-fitting power-law relation between the abun-

dance of UDGs and the host mass from van der Burg

et al. (2017), and the filled red and blue circles indi-

cate the number of UDGs within relaxed and unrelaxed

clusters in our simulations. In this figure, we can see

the abundance of UDGs is not related to the dynamical

states of the clusters. Moreover, the simulated clusters

have an average of 28% of the UDGs compared to the

observed clusters, regardless of host mass. These results

suggest that tidal stripping, both inside and outside the

cluster, is not the dominant formation mechanism for

UDG formation in the clusters.

4.3. The formation of shell-like galaxies

Observation and simulation studies have suggested

that the shell-like galaxies are formed through mergers

with galaxies of comparable mass or with smaller com-

panions on radial orbits (i.e., Hernquist & Quinn 1988;

Ebrová et al. 2012; Paudel et al. 2017; Pop et al. 2018;

Karademir et al. 2019; Yoon et al. 2024). These galaxies

have been observed in both group and cluster environ-

ments (i.e., Malin & Carter 1983; Paudel et al. 2017;

Lima Neto et al. 2020), but it remains unclear whether

their formation primarily occurs inside or outside group

or cluster environments. To investigate this, we trace

whether shell-like galaxies are classified as preprocessed

or direct infallers and pre-cluster or in-cluster galaxies.

In total, 57 shell-like galaxies are identified by vi-

sual inspection, and all but one belong to the prepro-
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O •
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Figure 12. The abundance of UDGs in the GRT clusters.
The filled red and blue circles indicate the relaxed and un-
relaxed clusters. The black solid line is the best-fitting pow-
er-law relation (NUDG ∝ M1.11

200c) between the abundance of
UDGs and the host mass from van der Burg et al. (2017).

cessed infallers. The percentage of the shell-like galax-

ies is ∼7% of the preprocessed infallers with tidal fea-

tures. Moreover, all shell-like galaxies belonging to the

preprocessed infallers are the pre-cluster galaxies that

form the shell feature before the cluster entry (81%)

or before the first pericenter (19%). The percentage of

the shell-like galaxies is 16% of the pre-cluster galax-

ies. Figure 13 shows distributions of the stellar mass

(Mgal) of the preprocessed infallers with tidal features

and the shell-like galaxies at their infall time. As shown

in previous studies (e.g., Pop et al. 2018; Yoon et al.

2024), the shell-like galaxies are relatively more mas-

sive than the other galaxies; Mgal(tinfall) of the shell-

like galaxies peaks at 6.9 × 1010 M⊙, while that of the
other preprocessed infallers with tidal features peaks at

9.4 × 109 M⊙. The median tinfall value is also a bit dif-

ferent; the shell-like galaxies entered the cluster more

recently, at 1.7 Gyr ago, while the other preprocessed in-

fallers with tidal features entered at 5.6 Gyr ago. More-

over, all shell-like galaxies classified as preprocessed in-

fallers had host satellites before they entered the cluster,

compared to only 37% of the other preprocessed infall-

ers with tidal features. These findings suggest that the

shell-like galaxy in the cluster prefers to be formed by

interaction with its satellites before falling into the clus-

ter.

We additionally find that eight preprocessed infallers

had shell-like features when they fell into the cluster,

but these structures do not survive until z = 0. These

galaxies had fainter shell-like features, as they fell into

the cluster earlier (tinfall ∼ 4.7 Gyr) with lower mass
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Figure 13. The galaxy mass of preprocessed infallers with
tidal features when they fall into the cluster. The filled green
and yellow circles indicate the shell-like galaxies and other
preprocessed infallers with tidal features. The left and bot-
tom histograms indicate the distribution of Mgal(tinfall) and
tinfall.

(Mgal ∼ 3.5 × 1010 M⊙) than the shell-like galaxies

at z = 0. The time these galaxies have spent in the

cluster exceeds the expected survival time of shell-like

features (∼4 Gyr; Mancillas et al. 2019). Moreover,

as satellite galaxies experience the strong tidal field of

the cluster, tidal stirring by the cluster potential ran-

domizes the orbits of stars and erases faint substruc-

tures ( Lokas 2020). Thus, shell-like features are rapidly

erased, and the galaxies are transformed morphologi-

cally. Figure 14 illustrates the evolution of the exam-

ple shell-like galaxy: the galaxy initially exhibited shell-

like features, but these had largely faded by the time it

reached its first apocenter, and it eventually evolves into

a spheroidal system by z=0.

5. SUMMARY

In this study, we investigate the tidal features of

the satellites of Mgal > 109 M⊙ in the 84 clusters of

13.6 < log M200c < 14.4 at z = 0.0 using cosmologi-

cal N−body simulations. To trace the formation and

evolution of the stellar structures in the cosmological

N−body simulations, we use an alternative simulation

technique referred to as the “galaxy replacement tech-

nique” (GRT), first introduced in Chun et al. (2022).

Because the GRT does not include computationally ex-

pensive baryonic physics, we can accurately trace the

t=0.0Gyr (Infall) t=0.8Gyr (1st pericenter)

t=2.3Gyr (1st apocenter) t=5.7Gyr (z=0)

Figure 14. The evolution of the example shell-like galaxy.
From top left to bottom right, panels show the stellar distri-
bution at the time of cluster infall, first pericenter passage,
first apocenter passage, and z = 0. The time (t) in the top
left corner of each panel indicates the elapsed time since in-
fall.

spatial distribution and evolution of tidal features near

the galaxies with sufficient high-resolution star particles.

To identify the tidal features of satellites in the clus-

ters, we trace all member particles of each galaxy after

the moment when they first enter the clusters and con-

sider the members with velocities greater than escape

velocity (vesc) at a given distance from the galaxy cen-

ter to be in an unbound regime. We classify satellites as

tidal-featured galaxies if they contain more than 107 M⊙
of stellar mass in the unbound regime and as non-tidal-

featured galaxies if their stellar mass in the unbound

regime is below 106 M⊙.

In this study, we aim to understand how satellites can

have tidal features in the cluster environment and the

effect of preprocessing on the formation of tidal features.

Moreover, we investigate the spatial and mass distribu-

tions of the satellites with tidal features and the effect of

the detection limits on observing the tidal features near

the satellites. We summarize our results as follows:

1. The fraction of satellites with tidal features (ftide)

increases with the mass of the host clusters but

shows no significant dependence on the dynamical

state of clusters (Figure 3). This mass dependency

weakens when tidal-featured galaxies are classified

via visual inspection.
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2. For preprocessed infallers, the tidal features corre-

late more directly with the degree of preprocessing

outside the cluster than with tidal perturbation in-

side the cluster (Figure 6-7). We find that a signif-

icant fraction (43%) of preprocessed infallers with

tidal features formed the tidal features even before

entering the cluster or before the first pericenter.

3. Direct infallers with tidal features formed their

tidal features within the cluster environment.

They typically fell into the cluster earlier (median

value of tinfall ∼8.5 Gyr ago, and thus significantly

lose their mass in the cluster (M200c/Mpeak ∼ 16%

at ttide) due to the strong tidal perturbation in the

cluster environment (See Figure 4-6).

4. 49% of satellites in our cluster samples experienced

preprocessing before infall, whereas the fraction

of preprocessed infallers among the tidal-featured

galaxies is higher (79%). Thus, preprocessing

boosts the formation of tidal features and is the

dominant path for forming the tidal features of

the satellites in the cluster.

5. Many less massive satellites form tidal features

in the central region of clusters, but are usually

missed by visual inspection. On the other hand,

the fraction of pre-cluster galaxies increases with

radius. This increase is more emphasized in mas-

sive galaxies and brighter surface brightness limits.

This indicates that the current observations may

be more biased toward pre-cluster galaxies (See

Figure 8-9).

These results are derived using stellar components

brighter than µV < 31 mag arcsec−2, corresponding

to the resolution limit of the GRT simulation. More-

over, the tidal features are identified by the internal dy-

namics of the galaxies. Although a different detection

method (i.e., visual inspection) may change the identi-

fied population of satellites with tidal features, we find

that the pre-cluster galaxies are still the dominant pop-

ulation (68%). Our results show that the preprocessing

significantly affects the formation of tidal features such

as the tidal tail, stream, and shell-like structures in the

cluster environment. Moreover, many cluster galaxies

will reveal their tidal features through upcoming deeper

imaging observations, which will provide us more infor-

mation about their formation and evolution.
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