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A B S T R A C T 

We delved into the assembly pathways and environments of compact groups (CGs) of galaxies using mock catalogues generated 

from semi-analytical models (SAMs) on the Millennium simulation. We investigate the ability of SAMs to replicate the observed 

CG environments and whether CGs with different assembly histories tend to inhabit specific cosmic environments. We also 

analyse whether the environment or the assembly history is more important in tailoring CG properties. We find that about half 
of the CGs in SAMs are non-embedded systems, 40 per cent are inhabiting loose groups or nodes of filaments, while the rest 
distribute evenly in filaments and voids, in agreement with observations. We observe that early-assembled CGs preferentially 

inhabit large galaxy systems ( ∼ 60 per cent ), while around 30 per cent remain non-embedded. Conversely, lately formed CGs 
exhibit the opposite trend. We also obtain that lately formed CGs have lower velocity dispersions and larger crossing times 
than early-formed CGs, but mainly because they are preferentially non-embedded. Those lately formed CGs that inhabit large 
systems do not show the same features. Therefore, the environment plays a strong role in these properties for lately formed 

CGs. Early-formed CGs are more evolved, displaying larger velocity dispersions, shorter crossing times, and more dominant 
first-ranked g alaxies, reg ardless of the environment. Finally, the difference in brightness between the two brightest members 
of CGs is dependent only on the assembly history and not on the environment. CGs residing in diverse environments have 
undergone varied assembly processes, making them suitable for studying their evolution and the interplay of nature and nurture 
on their traits. 

Key words: methods: data analysis – methods: numerical – methods: statistical – galaxies: groups: general – large-scale struc- 
ture of Universe. 
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 I N T RO D U C T I O N  

ompact groups (hereafter CGs) of galaxies have interested the astro- 
omical community mostly since their first systematic observational 
earches (Shakhbazyan 1973 ; Petrosian 1974 ; Rose 1977 ). Their
tudy probably intensified after the work of Hickson ( 1982 ), where
 new catalogue of CGs was identified visually on the plates of the
 alomar Observatory Sk y Surv e y, and a set of criteria was proposed

o identify them in observational catalogues. This encouraged the 
onstruction of new observational catalogues via automatic search 
lgorithms most of them based on the Hickson criteria (e.g. Prandoni, 
ovino & MacGillivray 1994 ; McConnachie et al. 2009 ; D ́ıaz-
im ́enez et al. 2012 ; Sohn et al. 2015 ; D ́ıaz-Gim ́enez, Zandi v arez &
averna 2018 ). 
By studying CGs, it is possible to gain valuable insights into the
echanisms driving galaxy evolution. Since they consist of a small 

umber of galaxies in close proximity, they are assumed to be suitable 
laces in the Universe to study the intricate dynamics and interactions 
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etween galaxies. Tidal interactions, mergers, and close encounters 
re among the processes that are expected to occur frequently in CGs
nd play an important role in shaping galaxy properties. Ho we ver, to
rasp the real nature of such a very dense environment described
y CGs, a full understanding of their place in the Universe is
rucial. 

Over the last 30 yr, many studies have explored the environment
urrounding CGs. The results varied, with a wide range of percent-
ges showing CGs embedded in larger systems ( ∼ 10 per cent , Sohn
t al. 2015 ; 20 − 30 per cent , Palumbo et al. 1995 ; de Carvalho
t al. 2005 ; D ́ıaz-Gim ́enez & Zandi v arez 2015 ; ∼ 50 per cent ,
ndernach & Coziol 2005 ; Mendel et al. 2011 ; Zheng & Shen
021 ; ∼ 70 per cent , Rood & Struble 1994 ; Barton, de Carvalho &
eller 1998 ). Using several mock catalogues, Taverna et al. ( 2022 )
bserved that roughly 90 per cent of a sample of Hickson-like CGs
s most likely embedded in a larger galaxy system in 3D real
pace. 

In recent work, Taverna et al. ( 2023 ) used Hickson-like CGs
dentified in the Sloan Digital Sky Survey Data Release 16 (SDSS
R16; Ahumada et al. 2020 ) to analyse when they can be considered

mbedded or not in different cosmological structures. They observed 
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Table 1. Number of galaxies and galaxy systems in each mock light-cone. 

G11 G13 H20 A21 

Mock galaxies 2977 881 2809 956 3172 243 2724 272 
CGs 7850 5233 5881 2927 
FoF 66 135 61 408 71 974 39 790 
Nodes 1988 1868 1826 372 
Filaments 1945 1852 1772 287 
Voids V 0.1 1863 1970 2001 1759 
LGs 61 655 57 962 68 365 38 526 
CG 0.1 7410 4969 5509 2757 
CG 

3 + 4 7129 4901 5487 2794 
CG 

3 + 4 
0 . 1 6713 4648 5126 2630 

Note. Mock galaxies with r ≤ 17.77 and M 

� ≥ 7 × 10 8 M � h −1 and 
z max = 0.2. CGs: compact groups with three or more observable ( ∗) members. 
FoF: Normal groups with four or more observable members and virial 
masses larger than 10 12 M � h −1 . Nodes: Normal groups with 10 or more 
observable members and virial masses larger than the median virial mass 
that connect filaments. Filaments: Ov erdense c ylinders with 10 or more 
observable members. Voids: Underdense spheres with 80 per cent or more 
of their volume within V 0.1 . LGs: FoF groups that are not nodes nor CGs. 
CG 

3 + 4 : Compact groups that are triplets or quartets. CG 0.1 : Compact groups 
within the volume-limited V 0.1 . CG 

3 + 4 
0 . 1 : Triplets and quartets within V 0.1 . 

( ∗) The word observable is included to distinguish between the real number 
of members and the number of members that could be potentially observed 
considering the blending of galaxies. 
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hat 45 per cent of CGs can be considered non-embedded or isolated
ystems. At the same time, most of the embedded CGs were found
nhabiting loose groups and nodes of filaments, and very few residing
n filaments or the surroundings of cosmic v oids. Ta verna et al. ( 2023 )
lso observed that CGs in nodes show the largest velocity dispersions,
he brightest first-ranked galaxy, and the shortest crossing times. In
ontrast, the opposite characteristics are observed in non-embedded
Gs. 
Recently, using several mock catalogues built from numerical

imulations and semi-analytical models (SAMs) of galaxy formation,
e performed a series of works that have been carried out trying to

tudy CGs in great detail. Analysing the frequency and nature of
ickson-like CGs, in D ́ıaz-Gim ́enez et al. ( 2020 , hereafter Paper

) we disco v ered a dependence on the cosmological parameters
nd SAM recipes. In D ́ıaz-Gim ́enez, Zandi v arez & Mamon ( 2021b ,
ereafter Paper II) from the study of the galactic orbits of Hickson-
ike CG galaxy members, we introduced a new classification of CGs
ased on their assembly history. Discarding those CGs that are not
ompact in 3D real space, our definition of four different assembly
hannels has shown that most CGs ( ∼75 per cent) assembled recently
with the latest galaxy to arrive having done just one or two close
pproaches). About 10–20 per cent of CGs are better described by
 gradual contraction during the last 7 Gyr while the remaining few
 ∼3–8 per cent) of them can be considered systems of early assembly.

e also explored the performance of the Hickson-like automatic
lgorithm used in flux-limited catalogues in Taverna et al. ( 2022 ,
ereafter Paper III), finding that this algorithm performs poorly to
eco v er isolated dense groups identified in 3D real space (mainly
ecause they are not truly isolated in 3D). Finally, in Zandi v arez
t al. ( 2023 , hereafter Paper IV) we analysed the time evolution of
he properties of galaxies in CGs as a function of their assembly
hannel. We hav e observ ed that galaxies residing in early assembled
Gs are more efficient at consuming gas, growing their black holes,
nd suppressing their star formation, compared to what is observed
or galaxies inhabiting recently formed CGs. 

In this work, we extend the work of Taverna et al. ( 2023 ) related
o the location of CGs in several environments, this time within
he framework of the series of works on CGs identified in different
AMs of galaxy formation described previously. Our aim is two-
old: first, we analyse whether the distribution of CGs in different
alactic structures, now identified in mock light-cones constructed
rom several SAMs, resembles the results obtained by Taverna et al.
 2023 ) in observations; and second, we use the classification of CGs
ased on their assembly history (Paper II) to understand if there is
 particular environment where CGs of a gi ven e volutionary history
an be found. 

This study used four mock CG samples built from the Millennium
imulations (Springel et al. 2005 ), with SAMs used in previous works
Papers I, III, and IV). The different assembly channels of CGs have
een defined using the procedure proposed in Paper II. 

The layout of this work is as follows. In Section 2 , we present
he mock light-cones built from different SAMs, and the mock CG
nd galaxy systems used in this work. In Section 3 , we compare
ur results in mock catalogues with those obtained by Taverna et al.
 2023 ) in an observational sample. In Section 4 , we describe the
lassification of CGs according to their assembly channel, while in
ection 5 we analysed the preferred environment inhabited by CGs
s a function of the assembly channel. We conclude and discuss our
esults in Section 6 . 
NRAS 527, 4821–4833 (2024) 

1

 SAMPLES  

.1 Mock galaxy light-cones 

s in the previous papers of this series, we build four light-cone cat-
logues by using the several outputs of the Millennium I simulation
Springel et al. 2005 ; Guo et al. 2013 ) with different cosmologies and
ombined with the following four SAMs that are publicly available: 1 

11 (Guo et al. 2011 ), G13 (Guo et al. 2013 ), H20 (Henriques et al.
020 ), and A21 (Ayromlou et al. 2021 ). The light-cones are built
ollowing the procedure detailed in Zandivarez et al. ( 2014 ). The
volution of galaxy properties and structures is included by using
alaxies from different snapshots in the simulations. Observer-frame
pparent magnitudes are computed from the rest-frame absolute
agnitudes provided by the SAMs and a K-decorrection procedure

s applied (D ́ıaz-Gim ́enez, Zandi v arez & Taverna 2018 ). The mock
ight-cones span the whole sky and comprise galaxies with stellar

asses greater than 7 × 10 8 M � h 

−1 ( ∼ 10 9 M �), redshifts less than
.2, and r -band observer frame apparent magnitudes less than 17.77
o mimic the flux limit of the SDSS. In Table 1 , we quote the number
f galaxies in each catalogue. 

.2 Galaxy systems 

he galaxy systems used in this work are identified with the same
riteria and algorithms used in Taverna et al. ( 2023 ) on the SDSS
R16, this time applied to the mock light-cones. In the following

ections, we briefly describe each sample but for more details, we
ecommend the reading of Taverna et al. ( 2023 ). 
 http://ga v o.mpa-garching.mpg.de/ Millennium/ 

http://gavo.mpa-garching.mpg.de/Millennium/
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2 The procedure to match FoF groups with CGs is not a member-to-member 
comparison, but instead it takes into account the restrictions in flux limit and 
isolation required by the CG searching algorithm. The matching FoF groups 
have to include 75 per cent of the CG members, while the number of FoF 
bright members outside the CG isolation disc cannot surpass half the number 
of CG members. 
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.2.1 CG samples 

e identify CGs that accomplish the following observational criteria: 

(i) Population: There are at least three galaxy members. All 
he galaxy members are within a three-magnitude range from the 
rightest galaxy of the system. 
(ii) Flux limited: The brightest galaxy of the group is three 
agnitudes brighter than the magnitude limit of the light-cones. 
(iii) Velocity concordance: All the galaxy members are within 

000 km s −1 from the median radial velocity of the group. 
(iv) Relative isolation: The group is relatively isolated, i.e. there 

re no other bright galaxies (3-mag range) within a disc of three
imes the minimum circle that encloses the galaxy members. 

(v) Compactness: The surface brightness of the group in the r 
and is brighter than 26 . 33 mag arcsec −2 . 

We include the possible blending of galaxies that exists in 
bservations by assigning a half-light radius to each dimensionless 
ock galaxy member. Therefore, we consider two mock galaxies 

s blended if their radii o v erlap in projection. The half-light radii
re assigned as a function of the galaxy stellar mass in the SAMs
y following the prescriptions of Lange et al. ( 2015 ). The blending
nly affects the memberships, although it might be important in 
riplets since one pair of galaxies blended makes the membership 
rop to two and the group is discarded. In what follows, we will
efer to the number of members after blending as observable number 
f members. The fractions of identified CGs that survive after the 
lending procedure (three or more observable members) are 0.72, 
.78, 0.71, and 0.85 for G11, G13, H20, and A21, respectively. The
umber of CGs (after blending) identified in each mock light-cone 
s quoted in Table 1 . 

.2.2 Galaxy group samples 

e identify galaxy groups by means of a friends-of-friends (FoF) 
lgorithm in redshift space (Huchra & Geller 1982 ). The linking- 
ength parameters used in this work are the same used by Zandi v arez,
 ́ıaz-Gim ́enez & Taverna ( 2022 ) in the SDSS DR16 catalogue, but

aking into account the different cosmologies used in the simula- 
ions. The values of the transversal and line-of-sight linking length 
d0[kpc h −1 ] , v0[km s −1 ]) are (226, 261) in G11, (231, 269) in G13,
nd (238, 285) in H20 and A21. 

We include the blending of galaxies as we described in the previous 
ection for CGs, and then we select normal groups with four or more
bservable members and virial masses larger than 10 12 M � h 

−1 . The
umber of groups in each light-cone is quoted in the third row of
able 1 , and we will refer to this sample as the FoF groups. 

.2.3 Filament and node samples 

ilaments are o v erdense c ylindrical volumes in redshift space that
onnect rich massive groups denoted as nodes. The algorithm starts 
ith a sample of potential nodes (FoF groups with virial masses

arger than the median mass of the sample of FoF groups and
aving 10 or more observable galaxy members) and looks for pairs
f groups separated by less than a threshold distance (in redshift
pace and projected sky), and computes the overdensity of galaxies 
ithin a cylinder of fixed radius that connects both groups. When the
 v erdensity surpasses a given threshold and the number of observable
alaxies within the cylinder is larger than 10, then the filament and
ts nodes are saved. The numbers of filaments and nodes identified 
n each light-cone are quoted in Table 1 . 
.2.4 Loose groups 

rom the sample of FoF groups, we discard those FoF groups that
ave already been identified also as CGs, 2 which is less than 4
er cent of the FoF samples, and also those FoF groups that have
een classified as nodes or filaments. The remaining sample of FoF
roups is referred to as loose groups (LGs) in Table 1 . 

.2.5 Void samples 

o identify voids, a volume-limited sample is defined by selecting 
alaxies with r -band absolute magnitude brighter than −19.769 and 
edshift less than 0.1. This volume-limited sample will be referred 
o as V 0.1 . As in Taverna et al. ( 2023 ), cosmic voids are identified as
nderdense spheres in the volume-limited sample. Afterwards, we 
nclude as void members all the fainter galaxies in the flux-limited
ample that lie within the sphere. The number of voids identified in
ach SAM is quoted in Table 1 . 

 L O C AT I O N  O F  C G S  IN  T H E  COSMI C  W E B  

y definition, Hickson-like criteria identify CGs that are locally and 
elatively isolated, since the criterion is based on the projected size
f the CG and the relative brightness of the neighbouring galaxies.
herefore, the isolation criterion does not prevent a CG from being

nside a larger structure, such as filaments, voids, nodes, or loose
roups, as it was demonstrated in Taverna et al. ( 2023 ). 
To look for CGs embedded in larger structures, in this section,

e restrict the sample of CGs to systems that lie within the volume-
imited sample defined for the voids’ identification procedure. That 
s, the r -band absolute magnitude of the brightest galaxy is less than

19.769 and the median redshift of the CG is less than 0.1. The
umber of CGs within V 0.1 in each mock light-cone is quoted in
able 1 (referred to as CG 0.1 ). 
To determine if the CGs are associated with a larger structure, we

erform the same procedure that Taverna et al. ( 2023 , see details in
heir section 3). We can summarize the process in the following two
teps: 

(i) A member-to-member comparison: We consider a CG associ- 
ted with nodes, filaments, or voids if they share at least one CG
ember, or two members with an LG. 
(ii) Location of the CG centre: We also consider a CG associated

ith a filament if the CG centre is inside the c ylindrical re gion defined
y the filament, and it is considered as associated with a void if the
G centre is within the comoving sphere of 1.1 times the void radius.

Finally, according to the CG associations performed in the previ- 
us two steps, we classify each CG as CGs in nodes, CGs in filaments,
Gs in loose groups, and CGs in voids. If a CG is not associated
ith any of these structures, we consider the CG as non-embedded. 
lthough the sample of non-embedded CGs is not associated with 

ny previously identified structures, they are not necessarily locally 
solated systems. They could be linked to galaxy pairs or triplets, or
ven to groups with lower o v erdensity contrast than our FoF groups,
MNRAS 527, 4821–4833 (2024) 
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M

Figure 1. Percentage of CGs in different cosmological structures for each 
SAM. In the last bar, we quote the percentages obtained by Taverna et al. 
( 2023 ) for the observational sample of CGs identified in the SDSS DR16 
surv e y (Zandi v arez, D ́ıaz-Gim ́enez & Taverna 2022 ). 
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3 i runs from 0 at z = 0 to the total number of snapshots in each SAM. 
4 A deep pericentre at t i is defined when the height of the 3D physical distance 
profile is less than 0.8 of the height at t i − 2 and t i + 2 . 
5 The ‘key’ galaxy is defined as the one with the lowest n p value. When 
sev eral galaxies hav e the same lowest n p , the one with the most recent t 1p is 
selected, provided that their t 1p values are separated by more than 1 Gyr. If 
this condition is not met for any galaxy, the ‘key’ galaxy is chosen based on 
the highest value of p j ( t 1p ) at its first pericentre. 
6 Close galaxy pairs are those whose galaxies are separated by less than 
200 h −1 kpc. 
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r they may also be associated with filaments with fewer than 10
embers. 
In Fig. 1 , we show the percentage of CGs inhabiting different

nvironments for each SAM. In the last column, we show the results
btained by Taverna et al. ( 2023 ) for the observational sample of
Gs identified in the SDSS-DR16. We find that most CGs are non-
mbedded systems (around 50 per cent), with a high percentage living
n loose groups (around 28 per cent). Roughly 12 per cent of CGs
nhabit nodes of filaments, while around 5 per cent live in filaments.
he remaining CGs are within voids (around 5 per cent). A21 differs

he most, displaying almost half of the CGs in nodes than the other
AMs, and approximately 10 per cent more non-embedded CGs than

he other SAMs. Despite these differences, the percentages of CGs
rom SAMs inside each structure broadly agree with the percentages
ound for the observational CG sample by Taverna et al. ( 2023 ). This
esult implies that the mock catalogues build from these SAMs are
ble to replicate the same type of environments that surround CGs in
bserv ations. Perhaps, the lo wer percentage of CGs in nodes for A21
s a consequence of stronger recipes in this SAM to deal with envi-
onmental processes. In Paper IV, we observed that A21 has a lower
raction of orphan galaxies (satellites without a dark matter subhalo)
han those observed in the other SAMs. This could be a result of
21 implementing more efficient tidal and ram-pressure stripping

n dense environments since they were implemented using the local
ackground environment measurements. This could imply a lower
ate of survi v al of CGs in very dense environments such as nodes. 

 ASSEMBLY  C H A N N E L S  O F  C G S  

he classification of CGs into different assembly channels follows a
pecific procedure outlined by D ́ıaz-Gim ́enez, Zandi v arez & Mamon
 2021b ) (referred to as Paper II). The process involves tracking the
erger tree histories of the main progenitor of the individual CG
embers at redshift z = 0 to determine their evolutionary paths. 
NRAS 527, 4821–4833 (2024) 
For each galaxy member j , we determine its physical 3D distance to
he stellar mass centre of the group in each output i of the simulation, 3 

 j ( t i ), where t i is the lookback time of the snapshot i . From this profile,
e measure the time of the galaxy’s first pericentre passage ( t 1p ), the
umber of (deep 4 ) pericentres passages ( n p ), and the ratio between
 j ( t i ) in t 0 (snapshot at z = 0) and the immediately previous output
 1 ( p j ( t 0 )/ p j ( t 1 )). As detailed in section 4.2 of Paper II, four different
ypes of CG assembly channels are defined based on the behaviour
f the galaxy member with the latest arri v al to the group, referred to
s the ‘key’ galaxy: 5 

(i) If the key galaxy has joined the CG at late times, i.e. t 1p ≤
.5 Gyr, then there are three possibilities: 

(1) Late Assembly : The fourth galaxy has just arrived in
the CG for the first time (hereafter Late ). This happens when
n p = 0 OR [ n p = 1 AND p key ( t 0 )/ p key ( t 1 ) > 1]. 

(2) Late Second Pericentre : The fourth galaxy has
arrived in the CG on its second passage (hereafter Second ),
i.e. when [ n p = 1 AND p key ( t 0 )/ p key ( t 1 ) ≤ 1] OR [ n p = 2 AND
p key ( t 0 )/ p key ( t 1 ) > 1]. 

(3) Gradual Contraction : The four galaxies have al-
ready completed two or more orbits together, becoming gradu-
ally closer with each orbit. This behaviour (hereafter Gradual )
is obtained when [ n p = 2 AND p key ( t 0 )/ p key ( t 1 ) ≤ 1] OR n p >
2. 

(ii) If the key galaxy has an early arri v al at the CG, i.e. t 1p ≥
.5 Gyr: 

(1) Early Assembly : The four galaxies have been to-
gether since an early epoch (hereafter Early ). 

In Fig. 2 , we display four examples of the key galaxy orbits around
he stellar mass centre to illustrate the idea behind the four assembly
hannel definitions. 

In Paper II, the classification was applied only for CGs with
xactly four bright galaxy members, the lowest membership of the
ample used in that work that represented ∼ 90 per cent of the total
ample. CGs with higher membership were discarded to simplify the
tudy of the galaxy orbits for each CG. In this work, since we are
nterested in performing a prediction about assembly channels for the
bservational results obtained by Taverna et al. ( 2023 ), we include in
ur analysis not only those CGs with four members but also CGs with
hree galaxy members. In this manner, we are also including in this
ork more than 90 per cent of the mock CG samples. The number of
Gs with only three and four members (CG 

3 + 4 ) is quoted in Table 1 .
he definition of assembly channels remains the same as of Paper II,
ut for triplets, the key galaxy is the third to arrive in the systems. 

It is worth noticing that, following Paper II, we use the real-
pace information to exclude from our classification those CGs with
aximum 3D inter-galaxy separations larger than 1 h −1 Mpc at z =

, and those without close pairs in 3D space. 6 These systems, which
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Figure 2. 3D physical distance of the key galaxy member to the CG centre 
of mass as a function of look-back time. These are four examples of CGs with 
different assembly channels for the A21 SAM (from top to bottom: Early , 
Gradual , Second , and Late ). Vertical lines indicate the look-back time 
(7.5 Gyr) to separate early-assembled CG from the other three channels. 
Arrows indicate the first deep pericentre of each key galaxy. 
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re clearly chance alignments along the line of sight, are labelled as
f ak e’ CGs in the subsequent parts of this work and are not taken
nto account in the assembly channel classification, but instead are 
resented as a different subsample. 
We summarize our results for the classification according to 

he assembly channel in Fig. 3 . These ring diagrams display the
ercentage of CGs in each assembly channel and also the percentage 
f f ak e CGs. The outer rings are the percentages for the sample of
Gs with three and four bright galaxy members, while the inner rings
re the samples restricted to only quarters. 

From the samples of triplets and quartets (outer rings), f ak e
ystems represent 14 per cent of the CG samples. In addition, 

43 per cent of CGs are late assembled, roughly a quarter of 
Gs ( ∼ 24 per cent ) are classified as second, while ∼ 15 per cent
igure 3. Ring diagrams displaying the percentage of CGs in each assembly chann
f CGs that can be considered false detections labelled as f ak e. The outer ring qu
hile the inner ring shows CGs formed by only four galaxies. The assembly chann

o latest (plus f ak e is placed at the last position). 
re gradual. The lowest percentage corresponds to early-assembled 
Gs with between 2 and 8 per cent of CGs. Therefore, the general

endency is to have roughly two-thirds of the CGs represented by
ecently assembled systems (late + second). Analysing differences 
rom SAM to SAM, G11 shows the lowest fraction of recently
ssembled CGs (late + second ∼ 58 per cent ) and the highest 
raction of gradual contraction and early-assembled systems (28 
er cent), while the opposite happens in A21 (70 per cent and 12
er cent of recently and gradual + early assembled, respectively). 
aking into account that the differences between G11 and G13 are
ainly due to cosmology, and between H20 and A21 are primarily

ue to different SAM recipes, it is evident that both cosmology and
AM recipes play a significant role in the assembly channels of CGs.
The results for the samples of only quartets are included for com-

arison purposes in the inner rings of Fig. 3 , given that in previous
ork only quartets were considered to perform the classification. 

n this case, the number of quartets represents a low percentage 
 ∼ 20 per cent ) of the CG 

3 + 4 sample: 1526, 919, 1139, and 463,
or G11, G13, H20, and A21, respectively. First, the results shown
n these inner rings are in full agreement with the results presented
n Paper II and Paper IV. Secondly, from the comparison with the
uter rings, we find that in the samples of triplets + quartets, there
s an increase of ∼ 7 per cent of CGs with late assembly channel
ompared to the quartets-only samples, at the expense of gradual 
 −2 per cent ), early ( −1 per cent ), and f ak e CGs ( −3 per cent ,
uch notorious in A21 with −8 per cent ). The percentage of 
Gs classified as second remain the same. Despite these small 
ifferences, including triplets in the samples has not modified the 
eneral results presented in previous works: most CGs have been 
ecently assembled, while very few are early assembled. 

 C G  L O C AT I O N  IN  T H E  UNIVERSE  A S  A  

U N C T I O N  O F  THEI R  ASSEMBLY  C H A N N E L  

n this section, we combine the information obtained in the previous
wo sections to answer the following question: Do CGs with a
articular history of assembling have a preferred place in the 
niverse? 
First, we select a subsample of CGs within the volume-limited 

ample V 0.1 (restriction necessary for the structure association) that 
omprises only triplets and quartets (restriction needed to classify 
nto assembly channels). The number of CGs in this subsample is
MNRAS 527, 4821–4833 (2024) 

el for the different SAMs used in this work. We also include the percentage 
otes the percentages of CG samples with three and four members (CG 

3 + 4 ), 
els in the ring diagrams are oriented counterclockwise, ordered from earliest 

O
BA user on 14 February 2024
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M

Figure 4. Fractions of CGs inhabiting different structures: groups, filaments, voids, and those considered non-embedded CGs. The first column corresponds 
to the total sample of CGs, while the other columns show the fractions for CGs with different assembly channels: early assembly, gradual contraction, late 
second pericentre, and late assembly. The last column corresponds to the remaining CGs not classified into formation channels since they are considered f ak e 
associations in real space. Each row shows the fractions for a given SAM. 
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7 The radial velocity dispersion is calculated using the gapper estimator 
described by Beers, Flynn & Gebhardt ( 1990 ). 
8 The dimensionless crossing time is computed as H 0 t cr = 

100 πh 〈 d ij 〉 / (2 
√ 

3 σv ), where 〈 d ij 〉 is the projected median inter-galaxy 
separation. 
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uoted in the last row of Table 1 (CG 

3 + 4 
0 . 1 ). This subsample of CGs is

hen split according to the environment they inhabit (as outlined in
ection 3 ). For a more straightforward understanding of the various
nvironments, we reduced the number of categories to four: CGs
ithin groups (includes CGs within nodes and within loose groups),
Gs within filaments, CGs in voids, and non-embedded CGs.
fterward, CGs within each environment are classified according

o their assembly channel. 
The fractions of CGs of a given assembly channel in the different

nvironments are displayed in Fig. 4 . In this plot, we include
he number of CGs in each assembly channel and the percentage
hey represent from the total sample shown in the first column.
egardless of the SAM, early-assembled CGs are typically located

nside larger galaxy groups ( ∼0.6), roughly a third are non-embedded
Gs, while the remaining sample ( ∼0.1) are located either in
laments or cosmological voids. Quite the opposite is observed for
Gs classified as late since they are predominantly non-embedded

ystems ( ∼ 0 . 6 per cent ), while approximately a third of them are
mbedded in larger galaxy groups. In the middle, CGs classified
s gradual or second look like transitional stages between early
nd late CGs, with the gradual CGs being more similar to earlies
hile the seconds are more similar to late CGs. Regarding CGs

lassified as f ak e systems (sixth column), they behave similarly to
he total sample of CGs (first column) with a small predominance
utside galaxy systems, although f ak e CGs in filaments are more
NRAS 527, 4821–4833 (2024) 
requent than in voids, contrary to what happens in the total
ample. 

To complement our analysis, we also study the variation of CG
roperties as a function of the environment they inhabit and their
ssembly channel. Fig. 5 displays boxplot diagrams of the CG
roperties in H20 (similar figures for the other three SAMs are in
ppendix A ). The waists of the boxes represent the medians of the

orresponding distributions, while notches in the boxes represent the
onfidence intervals for the medians. If the notches do not o v erlap,
he medians are statistically different. From top to bottom, we show
he boxplots of the radial velocity dispersion 7 ( σ v ), the dimensionless
rossing time 8 (H 0 t cr ), the r -band rest-frame absolute magnitude of
he two brightest galaxy members ( M 1 and M 2 ), and the difference
etween them ( M 2 − M 1 ). The left column displays the CG properties
or the total sample split according to the environment they inhabit.
he far right column shows the same sample but split as a function of

heir assembly channels. The middle columns display the properties
f CGs with a given assembly channel (from early to late) split
ccording to the environments. 
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Figure 5. Boxplot diagrams of CG properties identified in H20 as a function of the environments and the assembly channel. Each box extends from the lower 
quartile (25th percentile) to the upper quartile (75th percentile). The notches indicate the approximate 95 per cent confidence interval for the medians. The first 
column displays the boxplot diagrams of the total sample as a function of the environment, while the last column is also for the total sample but as a function 
of the assembly channel. The horizontal dashed line in the middle panels is only included as a reference for comparison between the samples and is set to the 
median value of the subsample of CGs in groups with early assembly channels. Solid dots in the first row indicate the median velocity dispersions of the sample 
of groups (loose groups and nodes) hosting CGs, while segments on top of the dots represent the confidence intervals for these medians. 
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First, we compare the results for CGs in SAMs (first column) 
ith those obtained by Taverna et al. ( 2023 ) for CGs in the SDSS
R16 (see their fig. 5). All the SAMs results for σ v , H 0 t cr , and M 2 

M 1 reproduce well the tendencies found in observations. This 
s, CGs in the densest environments show larger σ v and smaller 
rossing time, while the opposite is observed in non-embedded 
ystems, and the magnitude gap between the two brightest galaxies 
ho ws no v ariation across environments. Ho we ver, we notice that
he median velocity dispersions obtained for CGs in A21 (280–
00 km s −1 ) are higher than the values obtained for the other
AMs (200–300 km s −1 ). The observed median velocity dispersions 
f CGs in SDSS observed by Taverna et al. ( 2023 ) are more in
greement with H20, G11, and G13. Finally, Taverna et al. ( 2023 )
eported that the first-ranked galaxies in CGs appear brighter when 
mbedded in larger galaxy groups compared to non-embedded CGs. 
his result is reco v ered in three of the four SAMs analysed in

his work (G11, G13, and A21), but H20 does not exhibit this 
rend. 

Regarding the velocity dispersions, the orange solid dots within the 
lue boxes in the top left panels show the median velocity dispersion
f the galaxy systems that host CGs. Regardless of the SAM, the
edian velocity dispersion in CGs embedded in large systems is 

etween 50 and 120 km s −1 (depending on the SAM) higher than the
alues obtained for the galaxy systems in which they are immersed.
n addition, for most of the SAMs (H20, G11, and G13), the median
elocity dispersion of the host galaxy systems is higher than the
edian velocity dispersions of CGs embedded in filaments, voids, 

r non-embedded CGs. This might be an indication that the higher
MNRAS 527, 4821–4833 (2024) 
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elocity dispersion in CGs embedded in galaxy systems could be
 sign of correlation with their host environment. Ho we ver, it is
ot the same for A21, where the median velocity dispersion of the
ost galaxy groups is consistent with the measurement obtained
or CGs embedded in filaments, voids, or non-embedded CGs. In
his case, the higher values obtained for CGs embedded in galaxy
ystems cannot be attributed only to the environment where they are 
mmersed. 

In P aper II the y showed, re gardless of the SAM, a dependence
f crossing time and magnitude gap on assembly channel, while
elocity dispersion decreased slightly from early to late CGs. 9 In
his work, the last column in Fig. 5 shows similar trends for crossing
ime and magnitude gap. Still, we also find a clearer dependence
f velocity dispersions on the assembly channel (100 km s −1 total
ariation for extreme median values) than in observations. As the
rst-ranked galaxy’s magnitude in CGs was not considered in Paper
I, we cannot compare our results with their work. In this work, we
bserve a tendency for brighter first-ranked galaxies in early CGs
han in late CGs, only in G11 and A21 SAMs, and a constant trend
n H20 and G13. 

Analysing how the properties of CGs behave based on both the en-
ironment and the assembly channel, from middle columns in Fig. 5 ,
e observe that the general result observed for late CGs in the right

olumn, being typically characterized by lo w σ v v alues, do not longer
old when considering only late CGs that are embedded in larger
alaxy groups. These late systems exhibit larger velocity dispersions
uite similar to early systems inhabiting groups. The fact that the total
ate CG samples hav e relativ ely low σ v values, in general, is because
hese samples are dominated by non-embedded CGs (see Fig. 4 ).
he results for early CGs are not that straightforward. Early CGs are
ominated by CGs embedded in larger galaxy groups (Fig. 4 ), which
mplies the y hav e high values of σ v ( ∼370 km s −1 , av eraging o v er
AMs). Ho we v er, the σ v observ ed for the early CGs that are non-
mbedded CG ( ∼280 km s −1 ) is typically higher than the observed
or the whole sample of non-embedded CGs ( ∼200 km s −1 ). Hence,
arly CGs display the highest velocity dispersion values regardless
f the environment. When comparing the velocity dispersions of the
Gs embedded in galaxy systems split by assembly channels, we
bserve that most of the CG embedded in galaxy systems exhibit
arger median velocity dispersions than their hosts, regardless of the
ssembly channel, with the exceptions of early CG embedded in
roups in H20 and G13 where the velocity dispersions of the CGs
re statistically indistinguishable to the σ v of their hosts. In these
wo SAMs, the more evolved systems tend to be more dynamically
oupled to their hosts. 

When considering the crossing times, the analysis follows the
escribed abo v e for v elocity dispersions. Late CGs tend to have
arger H 0 t cr values (because non-embedded systems dominate them)
han early CGs. Ho we ver, those late CGs that are embedded in
arge galaxy groups can actually have shorter H 0 t cr values than
xpected from the total sample of late CGs. On the other hand,
arly CGs typically have the smallest H 0 t cr values regardless of
heir environment, which suggests more frequent galaxy interactions
uring their longer lifetime than the late CGs. 
From the distribution of the absolute magnitude of the first-ranked

alaxy in CGs, a very small dependence on the environment within
ach assembly channel is found for G11, G13, and A21. In these
NRAS 527, 4821–4833 (2024) 

 The only SAMs in common with that work are G11 and G13. Also, the 
urrent samples are not the same since in the previous work only CGs with 
our members were considered. 
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AMs, the tendency of a brighter first-ranked galaxy in embedded
ystems observed in the whole sample is reco v ered also within
ach assembly channel. Still, there is no dependence either on the
nvironment or the assembly channel for H20. 

In addition, the middle panels of Fig. 5 indicate that the magnitude
ap of CGs within a given assembly channel resembles the general
rend of the left panel, i.e. no dependence on the environment. Instead,
hen moving between panels (different assembly channels), the first-

anked galaxy becomes more dominant the earlier the system is
ormed, regardless of the semi-analytical model used. Therefore,
he magnitude gap in CGs is dependent on the assembly channel
ather than the environment. This is a significant finding because the
agnitude gap is an observable CG property that could be directly

ssociated with their assembly history, independent of the environ-
ent. As a result, the magnitude gap is a suitable measurement

or performing potential observational se gre gation on the assembly
hannel. 

Analysing the brightest galaxy in groups (BGG), Shen et al.
 2014 ) concluded that galaxy groups with a prominent and luminous
GG should be correlated with a large magnitude gap between

he two brightest galaxies in their system. This may prompt the
uestion of how it is possible that CGs exhibit a correlation between
he magnitude gap and the assembly channel, yet there may not
ecessarily be a correlation between the brightness of the first-ranked
alaxy and the formation history of the compact group. Our results
how that there are several possible paths to build a dependence on
he magnitude gap. First, it is worth noticing that the strength of the
ependence of the magnitude gap-assembly channel relation depends
n the SAM (although it is present in all of them). From the rightmost
anels, it can be seen that H20 shows a less pronounced downward
lope for the magnitude gap ( ∼0.3 difference in the magnitude gap
etween early and late CGs), followed by A21 ( ∼0.5), while G11
nd G13 display the more pronounced slopes ( ∼0.6). From the
agnitudes of the first- and second-ranked galaxies in CGs (third

ow of Figs 5 , A1 , A2 , and A3 ), we observe for H20 an almost
onstant trend for M 1 and M 2 but with a tendency to have slightly
righter M 1 and slightly fainter M 2 for early CGs than late CGs,
nough to build the magnitude gap dependence. For G13, a quite
onstant trend for M 1 and an increasing M 2 trend is observed, which
mplies that the magnitude gap is produced because the M 2 galaxies
re fainter in early CGs than their counterpart in late CGs. For G11,
 clear decreasing trend for M 1 and an increasing one for M 2 produce
he trend for the magnitude gap when moving from early to late
Gs. Finally, A21 displays a clear decreasing trend for M 1 and an
lmost constant trend for M 2 , obtaining a magnitude gap trend that
s a reflection of the first-ranked galaxy behaviour. Therefore, we
onclude that the possible paths to build a decreasing magnitude
ap as a function of the assembly channel in CGs are not limited
 xclusiv ely to the brightening of the first-ranked galaxy with the age
f the system. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we follow the steps of Taverna et al. ( 2023 ) to understand
he environment surrounding CGs of galaxies in the Universe. We
omplement their observational study performed in CGs and expand
t by performing an identical study but this time on CGs identified in
ock catalogues constructed from four SAMs of galaxy formation

pplied on top of a Millennium N -body cosmological numerical
imulation (Springel et al. 2005 ; Guo et al. 2013 ). The SAMs used
n this work were built by Guo et al. ( 2011 ) (G11), Guo et al. ( 2013 )
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G13), Henriques et al. ( 2020 ) (H20), and Ayromlou et al. ( 2021 )
A21). 

This work is the fifth in a series of studies about CGs identified in
atalogues built with different SAMs. We aim to answer two trigger 
uestions: (1) Do CGs identified in different SAMs reproduce the 
nvironment surrounding CGs in observational catalogues? and (2) 
ollo wing pre vious studies (P aper II and P aper IV), we wonder if
Gs characterized by an assembly channel are found preferentially 

n a particular large-scale environment. 
First, we observed that CGs identified in most of the SAMs

losely reproduce the occupation rate of CGs as a function of the
nvironment obtained in observational data by Taverna et al. ( 2023 ).
e confirm that roughly 50 per cent of CGs are non-embedded 

ystems while ∼ 40 per cent are embedded in loose groups or nodes 
f filaments. The remaining CGs ( ∼ 10 per cent ) can be found 
lmost equally distributed in filaments and cosmic voids. Overall, 
hese results are consistent with the observations throughout three 
ifferent cosmological models and several different sets of recipes to 
odel the physical processes that go v ern galaxy formation. 
Second, we implemented the classification of CGs by their 

ssembly channel introduced in Paper II. In this case, we extend the
riteria to CGs with three and four galaxy members that represent 
ore than 90 per cent of the whole sample of CGs. Given the four

ossible channels of assembly, which range from recently to early 
ormed (late, second, gradual, and early channels), we find that the 
ajority of CGs can be classified as late assembled ( ∼ 43 per cent )

nd a large fraction as being in their second pericentre passage 
 ∼ 24 per cent ). Therefore, two-thirds of CGs can be considered 
s recently assembled. Roughly 15 per cent of CGs are consistent 
ith a gradual contraction formation scenario (gradual), while very 

ew ( ∼ 5 per cent ) have a very early assembly (early). The rest of
he CGs are false detections or chance alignments in the line of sight
uring the identification process. 
When these two characteristics, environment and assembly chan- 

el, are combined, interesting results are observed. Although there is 
ot a clear one-to-one correspondence between an assembly channel 
nd a specific environment, there is a tendency for CGs that have
ssembled in early times to be predominantly embedded in larger 
alaxy systems ( ∼ 60 per cent ), while approximately a third of the 
arly assembled groups is found non-embedded. This result contrasts 
ith what occurs for CGs that have recently assembled, that are 
redominantly non-embedded systems, and only a third inhabit larger 
alaxy groups. 

The combined effects of environment and assembly channels were 
tudied on the properties of CGs, raising questions about the old 
ature versus nurture paradigm. In general, recently formed CGs 
re characterized by lower velocity dispersions and higher crossing 
imes. This is primarily because these systems are predominantly 
on-embedded, and it has already been demonstrated that is directly 
elated to the environment (Taverna et al. 2023 ). Ho we ver, there is a
ubset of recently formed CGs that are embedded in larger systems
hat do not exhibit the same trends in these physical properties as the
otal sample. These late-forming embedded systems have relatively 
igh-velocity dispersion and low crossing times, and this is more 
haracteristic of the environment in which they inhabit than of their 
ormation channel. This dependence on the environment is not as 
rominent for the early-forming CGs; in general, they exhibit the 
ighest velocity dispersions and the lowest crossing times regardless 
f the environment. These physical features of the early-formed CGs 
ave a great impact on the evolution of their galaxy members. The
ery short crossing times signature for these systems may indicate 
hat galaxy interactions are prone to be quite frequent within them 
uring their long lifetime, having an important impact on the galaxy
roperties evolution. In Paper IV, we have demonstrated that early- 
ormed CGs have more extreme losses of gas content, faster growth
ate in the mass of black holes, and more marked galaxy quenching
s a function of cosmic time than the observed for recently formed
Gs. Even though various mechanisms may be responsible for these 
ualities, its long evolution in an extremely confined volume of space
a v ouring tidal interactions is one of the fundamental ingredients to
chieve such extreme galactic evolution. 

Last, among the analysed properties, one of the most intriguing 
s the magnitude gap between their two brightest galaxies. In Paper
I, it was noticed that the magnitude gap might show a variation
ith the assembly channel, while Taverna et al. ( 2023 ) reported that
Gs in the SDSS do not present a variation of the magnitude gap
ith the environment. In this work, we confirmed that the magnitude
ifference between the two brightest galaxies in CGs does not vary
ith the environment but rather only changes with the assembly 

hannel. Hence, the dominance of the brightest galaxy in the CG
ould be a potential proxy for establishing selection criteria for early-
orming compact groups in observational catalogues. This relation 
etween a larger magnitude gap in early-formed CGs resembles 
he classical definition of fossil groups (Jones et al. 2003 ). These
ystems have been studied largely with both observational (e.g. 
hosroshahi, Ponman & Jones 2007 ; Santos, Mendes de Oliveira &
odr ́e 2007 ; Zarattini et al. 2015 ) and numerical data (e.g. D ́ıaz-
im ́enez, Muriel & Mendes de Oliveira 2008 ; Dariush et al. 2010 ;
anagusuku, D ́ıaz-Gim ́enez & Zandi v arez 2016 ) sho wing that the

arge magnitude gap is an indication of older galaxy systems, with
igh concentrated haloes and central first-ranked galaxies brighter 
han their counterpart in galaxy systems with large magnitude gap. 
ur results show that early-formed CGs are characterized as dense 
alaxy systems with a dominant first-ranked galaxy, although this 
ominance is not necessarily associated with a first-ranked galaxy 
righter than their counterpart in recently formed CGs. 
About the influence of the different SAM recipes used in this work,

e noticed a good agreement between the G11, G13, and H20 SAMs.
ven when A21 SAM closely reproduces the frequencies of CGs as
ell as the o v erall trends reported as a function of the environment

nd the assembly channels, there are some differences that are worth
entioning. About the percentage of CGs with the environments, 
21 SAM shows some differences since it produces ∼ 7 per cent 

ewer CGs in nodes and an excess of ∼ 10 per cent of non-embedded 
Gs. Also, A21 SAM displays ∼ 8 per cent fewer early + gradual 
Gs and a ∼ 5 per cent excess of f ak e CG systems. When comparing
ith the median velocity dispersions obtained for CGs in G11, G13,

nd H20, A21 shows a larger median velocity dispersion regardless 
f the environment. In Paper III, it was observed that A21 showed the
owest galaxy and CG density compared with other SAMs. In Paper
V, the A21 differs from the other SAMs for having the lowest fraction
f orphan galaxies per bin of stellar mass as well as the largest fraction
f satellites. This previous work also reported that when analysing 
he suppression of star formation in galaxies within CGs under a
imilar cosmology (A21 and H20), the model of A21 showed the
argest fractions of quenched galaxies. Clearly, the implementation of 
emi-analytical recipes in A21 is critical to determining the resulting 
bundance of CGs and the properties of their galaxy members. The
tronger supernova reheating and ejection efficiency as well as the 
xtension of tidal stripping to all satellite galaxies in A21 are probably
ome of the main reasons to account for the differences observed with
he other SAMs. 

Finally, our findings might place us in a scenario where CGs
mbedded in larger, o v erdense systems can survive longer, evolving
MNRAS 527, 4821–4833 (2024) 



4830 A. Taverna et al. 

M

w  

o  

t  

d  

t  

d  

g  

c  

n  

t  

m  

d  

a  

e
 

r  

h  

f  

g  

a  

t  

o  

i  

b  

a  

W  

A

W  

t  

m  

d  

o  

t  

h  

C  

t  

(

D

T  

p  

I  

0  

g  

a

R

A
A  

 

A  

B

B
D  

d  

D
D  

D  

D
D  

D  

D
G
G  

H  

H
H
J  

K  

K
L
M  

M  

P  

P
P
R
R
S
S
S
S  

S
T  

T  

Z  

Z
Z  

Z
Z

A

I  

p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/4821/7424193 by U
N

IVER
SID

AD
 D

E C
O

R
D

O
BA user on 14 February 2024
hile maintaining their compact state for more than half the age
f the Universe. One can think as if the galaxy system containing
hem somewhat acts as a shield against factors that could potentially
isturb the evolution of the compact group and dismantle it. Clearly,
hese CGs are more evolv ed systems: the y e xhibit higher v elocity
ispersions and relatively small sizes, as well as more evolved central
alaxies in terms of their dominance in luminosity compared to their
loser brighter companions. While it is true that early-forming CGs
ot embedded in larger structures also e xist, the y are less likely. None
he less, early-formed non-embedded CGs also show signs of being

ore evolved (with similar characteristics to the embedded ones),
espite not inhabiting a larger and relaxed overdensity. Therefore,
lthough less likely, early assembled CGs are able to survive and
volve in the most varied environments in the universe. 

An interesting topic to be addressed could be how CGs are
elated to the different types of assembly bias. In Paper IV, we
ave demonstrated that CGs can be considered a new laboratory
or studying the galaxy assembly bias since, at a given stellar mass,
alaxy members of early-formed CGs actually formed their stars
lso earlier. Our current research shows that CGs formed early tend
o be found within larger galaxy systems. This raises the question
f whether the systems hosting the CGs are also early-formed, and
f so, whether these CGs can be used to explore the halo assembly
ias . Ho we ver, this possibility is not straightforward since it might
lso depend on when the early CGs were embedded into their hosts.
e plan to delve further into this intriguing topic in future research.
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Figure A1. Same as Fig. 5 , but for the CGs identified in the semi-analytical model G11. 
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Figure A2. Same as Fig. 5 , but for the CGs identified in the semi-analytical model G13. 
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Figure A3. Same as Fig. 5 , but for the CGs identified in the semi-analytical model A21. 
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