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A B S T R A C T 

Although compact groups (CGs) of galaxies have been envisioned as isolated extremely dense structures in the Universe, it is 
accepted today that many of them could be not as isolated as thought. In this work, we study Hickson-like CGs identified in the 
Sloan Digital Sky Survey Data Release 16 to analyse these systems and their galaxies when embedded in different cosmological 
structures. To achieve this goal, we identify several cosmological structures where CGs can reside: nodes of filaments, loose 
groups, filaments, and cosmic voids. Our results indicate that 45 per cent of CGs do not reside in any of these structures, i.e. 
they can be considered non-embedded or isolated systems. Most of the embedded CGs are found inhabiting loose groups and 

nodes, while there are almost no CGs residing well inside cosmic voids. Some physical properties of CGs vary depending on the 
environment they inhabit. CGs in nodes show the largest velocity dispersions, the brightest absolute magnitude of the first-ranked 

galaxy, and the smallest crossing times, while the opposite occurs in non-embedded CGs. When comparing galaxies in all the 
environments and galaxies in CGs, CGs show the highest fractions of red/early-type galaxy members in most of the absolute 
magnitudes ranges. The variation between galaxies in CGs inhabiting one or another environment is not as significant as the 
differences caused by belonging or not to a CG. Our results suggest a plausible scenario for galaxy evolution in CGs in which 

both large-scale and local environments play essential roles. 

Key words: galaxies: clusters: general – galaxies: evolution – galaxies: groups: general – galaxies: statistics – large-scale struc- 
ture of Universe. 
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 I N T RO D U C T I O N  

he large-scale structure of the Universe in the � cold dark matter
odel is characterized by the anisotropic structure of the matter 

istribution. The matter instead tends to aggregate into complex 
tructures that form a network called the cosmic web (Bond, Kof- 
an & Pogosyan 1996 ). As the Uni verse e volves, mass is accreted

n to the densest concentrations forming even denser clumps, where 
alaxy clusters/groups are formed. These clumps give rise to regions 
lmost devoid of galaxies named cosmic voids (Einasto, Joeveer & 

aar 1980 ; van de Weygaert & Platen 2011 ). Filaments trace the
osmic web and can be seen extending over scales up to tens of
egaparsecs (e.g. Colberg, Krughoff & Connolly 2005 ). Even when 

oids represent most of the volume of the Univ erse, the y contain
nly about 7 per cent of the galaxies (Pan et al. 2012 ). Within this
ntricate cosmic network, galaxies are born, grown, and evolved, each 
ne following a particular evolutionary history that strongly depends 
n the environment in which its lifetime takes place. 
It is well known that galaxy properties such as star formation, 
orphology , luminosity , colour, gas content and the structure of

heir subsystems correlate with the environment (e.g. Dressler 1980 ; 
 ́omez et al. 2003 ; Mart ́ınez, Coenda & Muriel 2008 ; P ande y &
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arkar 2020 ; Bhambhani et al. 2022 ). Pre-processing by galaxy
roups/clusters and filaments has been e xtensiv ely studied o v er the
ast decades both based on numerical simulations and observations. 
alaxy clusters and massive groups are the places of several 
uenching processes that generate a population of quiescent galaxies 
i.e. red/passive galaxy population). Most of these processes depend 
n the cluster mass. The external processes that shut down the
tar formation are called environmental quenching, while mass 
uenching refers to any internal process associated with the galaxy 
tellar mass (e.g. Baldry et al. 2004 ; Park et al. 2007 ; Peng et al.
010 ). At intermediate density environments (filaments and low- 
ass loose groups), galaxies are bluer than cluster members, but yet

re redder than their counterparts in the field and voids in the local
niverse (Zhang et al. 2013 , Mart ́ınez, Muriel & Coenda 2016 ) and of

hose in intermediate redshifts (0.4 < z < 0.9) (Salerno, Mart ́ınez &
uriel 2019 ; Sarron et al. 2019 ). These differences are most likely

ue to a combination of internal and external quenching processes. 
n the other hand, low-density environments such as the field or
oids are dominated by blue/star-forming galaxies. As revealed by 
bservational studies using void samples, galaxies in voids are bluer, 
ave higher specific star formation rates and are of later types than
alaxies living in regions at average density (e.g. Rojas et al. 2004 ,
005 ; Patiri et al. 2006 ; von Benda-Beckmann & M ̈uller 2008 ; Hoyle,
ogeley & Pan 2012 ; Rodr ́ıguez-Medrano et al. 2022 ). In both field
nd voids, galaxies are likely to be quenched by internal mechanisms.
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Among the different places in the Universe where galaxies
nhabit, compact groups of galaxies (hereafter CGs) constitute a very
nteresting environment. They are dense galaxy systems containing
 few luminous galaxies in close proximity to each other (Hickson
982 ) and relatively isolated from other bright galaxies. They are a
igh-density sub-category of poor groups and have typical sizes of a
ew tens of kiloparsecs in projection. Their densities are among the
ighest observed. In these small systems, galaxies are expected to
trongly interact among themselves since their velocity dispersion
s lower than those seen in massive loose groups or clusters of
alaxies (Hickson et al. 1992 ). Several authors suggested that the CG
nvironment accelerates the evolution of galaxies from star-forming
o quiescent (e.g. Tzanavaris et al. 2010 ; Walker et al. 2010 ). 

During the last 40 yr, several studies have been carried out using
Gs as their main laboratory to study galaxy evolution. Among

he latest studies, we can mention the work of Coenda, Muriel &
art ́ınez ( 2012 ). They performed a detailed comparison between

he properties of galaxies in CGs and loose groups. These authors
ound that galaxies in CGs are, on average, systematically more
oncentrated, smaller in size, and have higher surface brightness than
alaxies in the field or in loose groups. Coenda, Muriel & Mart ́ınez
 2015 ) also found that galaxies in CGs have an older population
han loose groups or field galaxies. They concluded that CGs are
xtremely fa v ourable environments for processes that transform star
ormation galaxies into passive galaxies, and this transition is more
fficient and faster than in other environments. Lim et al. ( 2017 )
tudied mid-infrared (MIR) properties of galaxies inside CGs from
he volume-limited catalogue of Sohn et al. ( 2016 ) and they compared
hese properties with those of galaxies in the field and clusters. They
ound that early-type galaxies in CGs are older than those of galaxy
lusters, and the fraction of early-type depends on the environment.
n addition, they concluded that CG environments play a critical
ole in accelerating morphology transformation and star formation
uenching for the member galaxies, being this the best place for
he pre-processing. Recently, Zandi v arez, D ́ıaz-Gim ́enez & Taverna
 2022 ) analysed the influence of the Hickson-like CG environments
n the luminosity of their galaxy members. They observed a bright-
ning in the magnitudes of galaxies in CGs compared to galaxies in
oose groups, and a deficiency of faint galaxies in CGs in comparison
ith loose groups. In addition, they showed that the luminosities of
lue and late-type galaxies in CGs are equally affected as a function
f the group virial mass as the luminosities of red and early-type
alaxies, in contrast to what happens in loose groups where only the
uminosities of red and early-type galaxies show a dependence with
roup virial mass. These authors suggested that the inner extreme
nvironment in CGs may lead to different evolutionary histories for
heir galaxies. 

Despite the numerous works about CGs, studies about their
urrounding environment are less common, and even less frequent is
he study of CGs inhabiting filaments and/or voids. Although CGs
re meant to be isolated, the isolation is only relative to their own
mall sizes and regarding other bright galaxies. Mendel et al. ( 2011 )
sed a large sample of CGs and of galaxy groups to show that half of
he CGs are associated with rich groups (or clusters). The other half
ere either independently distributed structures within the field (i.e.

hey are not embedded) or associated with relatively poor structures.
On the other hand, D ́ıaz-Gim ́enez & Zandi v arez ( 2015 ) analysed

amples of local CGs and loose groups. They concluded that only
7 per cent of the CGs can be considered embedded in larger galaxy
ystems. Sohn et al. ( 2015 ) studied the local environment of CGs
sing the surface number density � 5 . They assumed that the local
nvironment of CGs is bimodal. Groups with high � 5 are considered
NRAS 520, 6367–6381 (2023) 
mbedded and CGs with low � 5 are isolated. They found that only
9 per cent of CGs are embedded in a denser region. In a posterior
ork, using a Friends-of-Friends identifier of CGs, Sohn et al. ( 2016 )
efined the local environment by counting the number of neighbours
f CGs. They found that group properties depend on the environment
nd the y observ ed a larger fraction of early-type galaxies in dense
nvironments with respect to low-density environments. 

More recently, Zheng & Shen ( 2021 ) classified CGs as embedded
nd not embedded in galaxy systems and they found that half of their
ample of CGs are embedded systems. Their results indicate that
he dynamical properties of embedded CGs might depend on their
arent groups, but, they could not distinguish if a CG is infalling
nto the group or if it is just a chance alignment. Duplancic et al.
 2020 ) studied the impact of the environment on the galaxies of
mall systems. They used a catalogue of pairs, triplets and small
alaxy groups (four to six members). These small systems were
eant to have compactness similar to Hickson compact groups. They

tudied the environment of the system by counting the neighbours on
ifferent scales. They calculated the distance to the nearest filament to
now the position in the cosmic web and found that their small galaxy
roups are located in void walls and associated with long filaments,
hile their pairs and triplets are located in void en vironments. W ith
 very different approach, Taverna et al. ( 2022 ) analysed Hickson-
ike compact groups extracted from semi-analytical models, and
redicted that nearly 90 per cent of the observational CGs are likely
mbedded in larger galaxy systems. 

Although there are studies of CGs embedded in particular envi-
onments, a comprehensive study considering multiple environments
t the same time is needed. Therefore, this paper aims to study the
f fects of dif ferent global environments on the properties of Hickson-
ike CGs and their galaxy members. We study the population of CGs
hat can be considered inhabiting galaxy groups, filaments and voids
xtracted from Sloan Digital Sky Server Data Release 16 (SDSS
R16; Ahumada et al. 2020 ). There are several methods to identify

oose groups (i.e. Huchra & Geller 1982 ; Merch ́an & Zandi v arez
002 ; Yang et al. 2005 ; Duarte & Mamon 2014 ; Rodriguez &
erch ́an 2020 ), filaments (i.e. No viko v, Colombi & Dor ́e 2006 ,
rag ́on-Calvo et al. 2007 ; Tempel et al. 2014 ; Pereyra et al. 2019 ;
uncher & Carrasco Kind 2020 ; Carr ́on Duque et al. 2022 ), and
osmic voids (i.e. Ceccarelli et al. 2006 ; Platen, van de Weygaert &
ones 2007 ; Neyrinck 2008 ; Ruiz et al. 2015 ). In this work, we follow
he procedures of Zandi v arez et al. ( 2022 ), Mart ́ınez et al. ( 2016 ),
nd Ruiz, Alfaro & Garcia Lambas ( 2019 ) to identify loose groups,
laments and voids, respectively. 
This paper is organized as follows. In Section 2 , we present all

he samples of different structures used in this work. In Section 3 ,
e describe the procedures for associating CGs to each structure. In
ection 4 , we show the comparison among properties of CGs into

hese different structures. Finally, in Section 5 we summarize our
esults and present our conclusions. In this paper, we adopt a Planck
osmology (Planck Collaboration XIII 2016 ) with parameters: h =
.67 (dimensionless z = 0 Hubble constant), �m = 0.315 (matter
ensity parameter), and σ 8 = 0.83 (standard deviation of the power
pectrum on the scale of 8 h −1 Mpc). 

 SAMPLE  SELECTI ON  

e use the sample of galaxies from SDSS DR16 spectroscopic
atalogue (Ahumada et al. 2020 ) revisited by Zandivarez et al. ( 2022 ).
hey selected only those galaxies in the main contiguous area of the
urv e y (the Le gac y Surv e y), and e xtended the sample by adding
alaxies with redshifts from other sources compiled by Tempel et al.
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Figure 1. r -band absolute magnitude v ersus redshift. Gre y points are galaxies 
in the flux-limited sample (only 10 per cent is sho wn). The lo wer solid 
line is computed from the r -band apparent magnitude limit of the parent 
catalogue DR16 + , while the upper solid line is defined from the r -band 
apparent magnitude limit imposed to the first-ranked galaxy in CGs (flux 
limit criterion). Vertical and horizontal dashed lines enclose the volume- 
limited sample, V1. Dark crosses denote the first-ranked galaxies of CGs in 
V1. 

(  

2  

a
E
f
T  

s  

l  

s
o
d

o  

w  

a
l

 

s
d
c
g

2

W  

e  

H

1

r  

m
t
o  

t
t
m  

a  

l  

z  

W  

o

s  

e  

b
m  

1
w  

w  

t  

a  

g  

c  

i
g  

t

2

W  

(  

i
(  

a  

a  

o  

p
w  

a
 

w  

l
M  

g  

(
r  

a
v  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/4/6367/7030906 by D
ept of Energy/O

STI user on 26 August 2024
 2017 ) which is based on the SDSS DR12 catalogue (Eisenstein et al.
011 ; Alam et al. 2015 ). In addition, they completed the sample by
dding galaxies whose redshifts were obtained from the NASA/IPAC 

xtragalactic Database (NED), and removing misclassified galaxies 
ollowing the procedure described in D ́ıaz-Gim ́enez, Zandivarez & 

averna ( 2018 ) and Zandi v arez et al. ( 2022 ). The final flux-limited
ample (hereafter DR16 + ) contains 565 286 galaxies with redshifts
ess than 0.2, and model apparent magnitude less than 17.77. Fig. 1
hows their rest-frame r -band absolute magnitudes as a function 
f redshifts. K-corrections were determined using the calculator 
eveloped by Blanton & Roweis ( 2007 ) at z = 0. 
From the flux-limited sample, we build a volume-limited sample 

f galaxies with z ≤ 0.1 and M r ≤ −19.769 (hereafter V 1). In Fig. 1 ,
e show the V1 sample delimited by dashed lines. These limits are

dopted from the void identification process, which uses volume- 
imited samples to select structures (see Section 2.3 for more details). 

All the different structures used in this work are identified on the
ame parent catalogue DR16 + . In the following subsections, we 
escribe the main steps for the identification of all the involved 
osmological structures: CGs, filaments and their nodes, loose 
roups, and voids. 

.1 The sample of compact groups 

e use the publicly available sample of CGs identified by Zandi v arez
t al. ( 2022 ) 1 on the DR16 + sample. CGs were identified using
ickson-like criteria, i.e. a CG must satisfy the following criteria: 

(i) Population: 3 ≤ N ≤ 10 
 ht tps://cdsarc.cds.unist ra.fr/viz-bin/cat/J/MNRAS/514/1231 

2

m

(ii) Compactness: μr ≤ 26 . 33 [mag arcsec −2 ] 
(iii) Isolation: � N > 3 � G 

(iv) Flux limit: r bri ≤ r lim 

− 3 

(v) Velocity filtering: c 
| z i − z cm 

| 
1 + z cm 

≤ 1000 km s −1 

where N is the number of galaxies within a three-magnitude 
ange from the brightest galaxy in the r -band magnitude; μr is the
ean r -band surface brightness averaged over the smallest circle 

hat circumscribes the galaxy centres; � G is the angular diameter 
f the smallest circumscribed circle; � N is the angular diameter of
he largest concentric circle that contains no other galaxies within 
he considered magnitude range or brighter; r bri is the apparent 

agnitude of the brightest galaxy of the group; r lim 

= 17.77 is the
pparent magnitude limit of the parent catalogue; c is the speed of
ight, z i is the spectroscopic redshift of the each galaxy members; and
 cm 

is the bi-weighted median of the redshifts of the galaxy members.
e use the sample of CGs labelled as free from any potential source

f contamination, i.e. 1412 CGs with 4633 galaxy members. 
From this sample, we select CGs within the volume-limited 

ample, V1, to a v oid introducing dependence on redshifts. To this
nd, we selected those CGs whose first-ranked galaxy absolute r -
and magnitude is brighter than −19.769 and the group bi-weighted 
edian redshift is z cm 

≤ 0.1. The final sample of CGs in V1 comprises
368 systems. Since galaxy members are restricted to those galaxies 
ithin a range of three magnitudes from the brightest group galaxy,
e complete the sample of galaxies in CGs by adding fainter galaxies

hat lie within the isolation cylinder around the group centre (i.e.
ngular distance less than 3 � G and within 1000 km s −1 from the
roup centre). Therefore, the sample of galaxies in CGs in V1
omprises 5551 objects. 2 In Fig. 1 , the first-ranked galaxies of CGs
n V1 are superimposed (black crosses). Notice that the brightest 
alaxies of CGs are abo v e an env elope (upper solid line) given by
he CG flux limit criterion ( r bri ≤ r lim 

− 3). 

.2 The sample of galaxy groups 

e use the sample of galaxy groups identified by Zandi v arez et al.
 2022 ) in the DR16 + flux-limited catalogue. To perform the
dentification, they applied a standard friends-of-friends algorithm 

FoF; Huchra & Geller 1982 ) which uses two linking lengths to
ssociate galaxies: one linking length in the line of sight ( V L ) and
nother in projection in the sky ( D L ). The algorithm links pairs
f galaxies that are separated less than the linking lengths in the
rojected distance and in the line-of-sight velocity. All galaxies 
hich fulfil the conditions are associated by the algorithm and form
 group. 

The transverse and radial linking lengths, D L and V L , are scaled
ith a factor to compensate for the different sampling of the

uminosity function at different redshift (Huchra & Geller 1982 ; 
erch ́an & Zandi v arez 2002 ; Eke et al. 2004 ). They identified loose

alaxy groups using a transversal linking length D 0 = 238 h 

−1 kpc
which depends mainly on the Planck cosmological model) and a 
adial velocity threshold V 0 = 285 km s −1 (which depends mainly of
n analytical prescription for the redshift distortions) at a fiducial 
elocity of 1000 km s −1 , and using the luminosity function of
MNRAS 520, 6367–6381 (2023) 

 We will refer to the original members of the CGs (without faints) as ‘bright 
embers’ 

art/stad416_f1.eps
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/MNRAS/514/1231
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Figure 2. Two examples of FoF groups in projection and their associated 
CGs. Field galaxies are represented as black dots; members of CGs are filled 
brown circles; FoF members are open cyan squares (filled cyan triangles 
represent galaxies within a three-magnitude range from the CG brightest 
galaxy). Brown solid circles represent the minimum circle that encloses all the 
CG members ( � G ), and, brown dashed circles indicate 3 times � G (isolation 
area), while the cyan solid circles show the projected virial radii ( R vir ) of 
the FoF groups. Top panel: Example of a FoF group considered equal to a 
CG. All the members of the CG are also members of the FoF group. One of 
the remaining FoF members is a fainter galaxy, and only one bright galaxy 
is outside the CG isolation area. Bottom panel: Example of an FoF group 
hosting a CG. 75 per cent of the members of the CG are also members of the 
FoF group, but the number of FoF bright members (triangles) outside the CG 

isolation area is larger than half the membership of the CG. 
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alaxies in the DR16 + determined in the same work to compute
he scale factor. 3 The sample comprises 14 652 FoF galaxy groups. 

In addition, nothing prevents a CG be also identified as a FoF
roup by the search algorithm. Ho we ver, a plain member-to-member
omparison to detect FoF groups that are also CGs is not fair since
he CG definition only considers as members those galaxies within a
hree-magnitude range from the brightest galaxy while the members
f FoF groups are only limited by the apparent magnitude cut-off
f the parent catalogue. Hence, we adopt the following criteria to
ecide if a FoF group is already considered in the CG catalogue: 

(i) The CG shares more than 75 per cent of its bright members
ith the FoF group. 
(ii) The number of relatively bright FoF galaxy members outside

he CG isolation disc does not exceed half the number of bright
embers of the CG, i.e. the number of FoF galaxies that lie in

rojection outside 3 � G and whose magnitudes are brighter than r bri 

 3 is at most half the number of bright members in the CG. 

In those cases, we considered that the CG and the FoF group are
he same system, and then we will not consider the system as a FoF
roup. In the upper panel of Fig. 2 we show an example of a FoF
roup and a CG considered the same system, while in the bottom
anel we show an example of a FoF group hosting a CG, but they
re not the same system. After applying these criteria, we remo v e
rom the sample of FoF groups ∼400 systems that can be considered
Gs. The clean sample of FoF groups comprises 14 253 systems with
t least 4 members and a median line-of-sight velocity dispersion,
irial mass and 3D virial radius of 〈 σv 〉 = 246 kms −1 , 〈 M vir 〉 =
 . 08 × 10 13 h 

−1 M �, and 〈 R vir 〉 = 1 . 03 h 

−1 Mpc, respectively. 4 

.2.1 The sample of nodes and filaments 

e identify filamentary structures that extend between groups of
alaxies following a procedure based on that of Mart ́ınez et al. ( 2016 ).
he filament identification is performed on the DR16 + sample.
he method starts with galaxy group pairs ( i , j ) as candidates to
e Filament Nodes. We consider that a group pair is linked by a
ilament when 

(i) the comoving distance (2D + 1/2) between the group centres
s smaller than a given threshold � max and larger than the sum of
heir projected virial radii; 

(ii) the galaxy number density in a cylinder defined in redshift
pace with the groups i and j at its ends doubles the mean galaxy
umber density at the pair’s redshift. These cylinders have a fixed
adius H ; 

(iii) the number of galaxies in the filamentary region (i.e. the
ylinder) is at least 10. 

The main difference with Mart ́ınez et al. ( 2016 ) is to consider
hat Filaments linking groups are straight in shape and contained
ithin cylindrical volumes stretching between the groups involved.

n contrast to that paper, we intend to identify which galaxies are
NRAS 520, 6367–6381 (2023) 

 See subsection 2.3 of Zandi v arez et al. ( 2022 ) for a detailed description of 
he computation of the linking length parameters. 
 The 3D velocity dispersion ( σ ) is estimated using the line-of-sight velocity 
ispersion σv , σ = 

√ 

3 σv , where σv is computed with the biweight ( N ≥ 15) 
r gapper ( N < 15) scale estimators (Beers, Flynn & Gebhardt 1990 ), and 
he 3D virial radius is computed as R vir = 

π
2 R p , where the projected virial 

adius R p = 2 〈 d −1 
ij 〉 −1 is twice the harmonic mean projected separation. The 

roup virial masses are computed as M vir = σ 2 R vir /G . 
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n filaments, therefore our choice is much more restrictive. Mart ́ınez
t al. ( 2016 ) used larger, cuboid-like volumes between groups which
ontained not only filament galaxies but also interlopers. Rost et al.
 2020 ) successfully used cylinders linking the original sample of
odes of Mart ́ınez et al. ( 2016 ) to study a number of properties of
laments. In this work, we restrict the sample of node candidates to
assive and rich galaxy groups. With this restriction, we intend to

dentify filaments that are much more likely to be real o v erdensities
f galaxies stretching between systems. 
From the galaxy groups identified in the previous subsection, we

elect those systems with virial masses abo v e the median mass of the
ample (i.e. M vir ≥ 10 13 . 6 M � h 

−1 ) and population of at least ten
alaxies. We choose � max = 14 h −1 Mpc, which is slightly greater than
he redshift space correlation length for groups in this mass range
ccording to Zandi v arez, Merch ́an & Padilla ( 2003 ). The cylinder
adius is chosen to be fixed and takes the value H = 1.5 h −1 Mpc,
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hich is the scale length that encloses 99 per cent of all galaxies in
roups in projection. 
The o v erdensity is computed by counting the number of galaxies

nd points from a random catalogue that lay within the cylinder. 
ur random catalogue is approximately 100 times denser than its 
bservational counterpart and is constructed out of the latter using 
he method proposed by Cole ( 2011 ) 5 for assigning redshifts to
he random points, and an angular mask for the footprint of the
R16 + . 6 To exclude group galaxy members when counting galaxies 

n the cylinder, we remove from the computation all objects within a
rojected radius of r p ≤ 1.1 × R p and line-of-sight velocity difference 
 �v| ≤ 3 × σ v from each group’s centre. This excludes > 99 per cent
f all group galaxies. Out of consistency, we do the same over the
andom sample. The o v erdensity is defined as � f = ( N r n g / N g n r ) − 1,
here n g ( N g ) and n r ( N r ) are the number of galaxies and of random
oints within the cylinder (in the catalogues), respectively. If a pair 
 i , j ) has n g ≥ 10 and � f > 1, we consider it is linked by a filament. 

We identify 441 Nodes and 449 Filaments inside the DR16 + flux-
imited sample. 

.2.2 The sample of loose groups 

rom the sample of FoF galaxy groups, we select as loose groups
hereafter LGs) those that have not been targeted as nodes nor CGs. 

This sample comprises 13 812 LGs having four or more galaxy 
embers. 

.3 The sample of cosmic voids 

e identify cosmic voids following the selection procedure described 
y Ruiz et al. ( 2015 ) from a volume-limited sample of galaxies
uilt from DR16 + . The identification algorithm for an observational 
ample consists of the following steps (Ruiz et al. 2019 ): 

(i) We perform a Voronoi fragmentation, 7 which requires defining 
 region of space around a given galaxy, where any point inside the
egion is closer to that galaxy than to any other. Hence, the density cell
s estimated as the inverse of the volume of the Voronoi cell ( ρcell =
/ V cell ) and the density contrast is defined as δ = ρcell / ̄ρ − 1, where

¯ is the mean density of tracers. 
(ii) Candidate regions for Voids are centred at the position of cells

hose density contrast satisfies δ < −0.7. 
(iii) From the candidate centres, the integrated density contrast 

 is calculated iteratively within spheres of increasing radius R as
ollows: 

 ( R ) = 

3 

R 

3 

∫ R 

0 
δ( r ) r 2 d r , 

hen the inte grated o v erdensity satisfies � ( R ) < −0.9, the iteration
eases and the radius of the current sphere is defined as the radius
f the Void candidate ( R = R void ). If the threshold � ( R void ) is never
eached, the candidate is discarded. 

(iv) To define the regions found as candidate Voids, it is necessary
o select as best as possible the radius and centre of these objects.
o achieve this, step (iii) is executed recursively, starting from a 
 By construction, the Cole ( 2011 ) method produces a random catalogue that 
s very close to be as denser as desired but not exactly. 
 The angular mask for the DR16 + has been derived using the HEALPix 
G ́orski et al. 2005 ) package ( ht tp://healpix.sourceforge.net ). 
 The Voronoi diagrams are computed using the public library V OR O + + of 
ycroft 2009 . 

A  

s
r
a  

b  

(
t  
andomly shifted centre instead of the previously defined centre of 
he candidate. This displacement will be random and proportional to 
he radius of the candidate void. Each displacement is accepted if the
ew radius obtained is larger than the last value. If the current step is
ccepted, the centre of the candidate is updated to the new position.
his procedure provides a well-defined centre and a maximum radius. 

(v) Finally, all o v erlapping spheres are rejected, taking the
andidate with the largest radius of R void . 

We use galaxies from the V1 sample as tracers to identify spherical
osmic Voids and select cosmic Voids that have at least 80 per cent
f their volume within the catalogue. The final sample comprises 
59 voids with 3 493 galaxy members. The distribution of void radii
pans from 6.06 to 22 . 21 Mpc h −1 with a median of 9 . 77 Mpc h −1 . 

Following Ceccarelli et al. ( 2013 ), it is possible to define two
ubsamples of voids according to their dynamics and the surrounding 
nvironment, S-type (for the word ‘Shell’) and R-type (for the 
ord ‘Rising’) Voids. The former are Voids immersed in o v erdense

nvironments with respect to the mean density of the Universe, which
n the future will collapse gravitationally due to the o v erdense wall
urrounding them. The second type consists of voids immersed in 
ubdense environments, which can be treated as isolated regions in 
sotropic expansion. The distinction between these two types is made 
n the basis of the profile of � ( r ) in a ring of two to three void radii,
 2 −3 ( r ). Therefore, we select those voids with � 2 −3 ( r ) > 0 as S-type
 oids and v oids with � 2 −3 ( r ) < 0 as R-type voids. The subsamples
onsist of 406 S-type voids comprising 1 802 galaxies and 253 R-
ype voids with 1 691 galaxy members. The distribution of the radii
f the samples defined by their dynamics are within 6.14 < R void <

1.25 Mpc h −1 for S-type and 6.06 < R void < 22.21 Mpc h −1 for
-type, with medians of 9.42 and 10.29, respectively. 

 C G S  IN  DI FFERENT  ENVI RO NMENTS  

he identification of structures in DR16 + described in the previous
ection determines only the cosmological structures involved in this 
ork. The next step is to associate CGs with these structures. 
We will classify CGs that are associated either with nodes of

laments (CG N ), filaments (CG F ), loose groups (CG L ), both types of
oids (CG VS and CG VR ), or not belonging to any of these structures,
Gs non-embedded (CG NE ). 

.1 CGs in nodes 

irst of all, we select those CGs that can be considered embedded
n Nodes of filaments. To do this, we perform a member-to-member
omparison choosing as CGs in Nodes those CGs that share at least
ne member with the node. If a CG is associated with more than one
ode, we choose the one that shares the most members. 
Following the procedure described above, we find that 186 CGs 

an be classified as embedded in nodes of filaments, with 860 galaxy
embers. 

.2 CGs in filaments 

s we mentioned in Section 2.2.1 , the method to identify filamentary
tructures associates galaxies to the filaments within a cylinder in 
edshift space with length given by the separation between nodes, 
nd a given fixed radius. If a CG centre is within the region delimited
y the filament, then it is considered as a CG embedded in a filament
CG F ). Also, we perform a member-to-member comparison between 
he members of CGs and filaments and complete the sample of CGs
MNRAS 520, 6367–6381 (2023) 
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Table 1. Number of CGs in different environments. The errors were 
calculated using the 95 per cent binomial confidence interval for each 
percentage computed as ±1 . 96 

√ 

f (1 − f ) /N , where f is the fraction of CGs 
per environment, and N is the total number of CGs. 

Samples Environments # CGs Percentage 

All 1368 
CG N Nodes of filaments 186 14 ± 2 per cent 
CG F Filaments 61 4 ± 1 per cent 
CG VS Voids S-Type 48 3 ± 1 per cent 
CG VR Voids R-Type 22 2 ± 1 per cent 
CG LG Loose groups 436 32 ± 2 per cent 
CG NE CGs Non-Embedded 615 45 ± 3 per cent 
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n filaments by adding those CGs that share at least one member with
he filament. 

Only CGs not embedded in nodes (previous section) are cross-
atched with the filaments. The sample of CGs in filaments com-

rises 61 CGs with 275 galaxy members. 

.3 CGs in voids 

o study the location of each CG with respect to the cosmic voids,
he spatial distances between the centres have been calculated. In
his case, the centres of the CGs correspond to the centres of the
mallest circle circumscribing the centres of CG member galaxies,
nd the centres of the voids are the geometric centres of the sphere
hat defines the void with � ( R void ) < −0.9. The position vectors ( x i ,
 i , z i ) of both systems centres are determined based on the equatorial
oordinates ( α, δ) and the comoving distances d com 

computed from
he redshifts of the objects. For each CG not embedded in nodes
r filaments, we calculate the 3D distances to all cosmic Voids.
hen, we normalize the distances to the radius of each Void, and
etermine the minimum normalized distance, D 

N 
min , i.e. for each

G we find its nearest cosmic Void. We adopt a threshold for the
inimum normalized distance to define when a CG inhabits a void: if
 

N 
min < 1 . 1 the CG is embedded in a cosmic void. Also, we extend the

ample of CGs in voids adding those CGs that share members with
he galaxies members (including faint galaxies) of voids, although the
entre of CGs might be out of the boundaries of the voids. Therefore,
e consider CGs as embedded in voids if they have at least one

ommon member or if the centre of the CG fulfils that D 

N 
min < 1 . 1.

e find that 70 CGs can be considered associated with voids: 48 CGs
ith S-type voids (CG VS ) comprising 167 galaxy members, and 22

n R-type voids (CG VR ) with 75 galaxies. 

.4 CGs in loose groups 

or the remaining CGs, i.e. those that belong neither to nodes,
laments, nor voids, we analyse if they can be associated with LGs.
he association was also determined according to a member-to-
ember comparison. We consider a CG embedded in an LG if they

ave at least two common members. According to this criteria, we
nd that 436 CGs can be considered embedded in LGs, which contain
 706 galaxy members. 

.5 Non-embedded CGs 

he sample of non-embedded CGs comprises all those CGs that
re not associated with any of the previously detailed cosmological
tructures (nodes, filaments, cosmic voids, lGs). This sample may
nclude CGs that are relatively isolated, as well as CGs that could be
ormed by pairs of galaxies, or even CGs embedded in loose groups
ith lower o v erdensity contrast than the sample used in this work or

n filaments with less than 10 members. 
This sample comprises 615 CGs with 2468 galaxy members.

herefore, we find that 45 ± 3 per cent of the total sample of
Gs in the volume-limited sample will be considered non-embedded

ystems. 

 RESU LTS  

e adopt two different approaches to study the impact of the
nvironment on CGs. First, we study the properties of CGs as a
unction of the environment in which they reside. Secondly, we
tudy the properties of galaxies in CGs depending on the different
NRAS 520, 6367–6381 (2023) 
nvironments that surround them. In Table 1 , we show the number
nd percentages of CGs associated with each environment. 

As we described in Section 2.2.1 , Nodes of filaments are massive
oF groups. We find that 14 ± 2 per cent of CGs inhabit Nodes while
2 ± 2 per cent are in LGs (see Table 1 ). Therefore, 46 ± 4 per cent
f CGs are embedded in FoF Groups. In contrast, D ́ıaz-Gim ́enez &
andi v arez ( 2015 ) found that 27 ± 5 per cent of their sample
as embedded in FoF groups, a lower percentage than ours. They

dentified groups in the K band with four or more members and
sed the classic algorithm to identify CGs. Taverna et al. ( 2016 )
emonstrated that identifying CGs in different bands produces
ifferences in the resulting CG samples. In addition, in this work we
re using the modified algorithm to identify CGs, which identifies
wice more CGs than the classic algorithm (D ́ıaz-Gim ́enez et al.
018 ). This last point and the addition of triplets to our sample
ay be the main causes of the increase in the percentage of CGs

mbedded in FoF groups in our sample. On the other hand, Mendel
t al. ( 2011 ) found ∼50 per cent of CGs are isolated and the other half
re CGs embedded in rich clusters. Zheng & Shen ( 2021 ) found that
27 per cent are isolated CGs and ∼26 per cent are CGs embedded in

ystems but they dominate the luminosity of the haloes (we adopted
he latest category as Non-Embedded systems in this work), and

23 per cent are CGs embedded in large clusters where the CG
oes not dominate the luminosity of their parent group, while Sohn
t al. ( 2016 ) found that only ∼23 per cent of CGs are in dense
nvironments. 

Despite the different selection criteria among CG samples that
ake it difficult to perform a fair comparison of percentages

f embedded systems, it seems that the percentage of CGs that
an be considered roughly isolated (relatively free from external
onditioning) is considerably high. We find that ∼50 per cent of
Gs are inhabiting high-density regions in the Universe (nodes,
laments, and LGs), while the remaining ∼50 per cent are pref-
rentially located in lo w-density regions. Ne vertheless, only a small
ercentage of those CGs are located in the lowest density regions
f the Universe, i.e. only 5 per cent CGs are associated with
oids, while the remaining large fraction of CGs (45 per cent)
re found roaming in regions as dense as the mean density of the
niverse. 

.1 Location of CGs within larger structures 

o analyse the position of CGs embedded in different structures, we
ompute the 3D comoving distance between the CG centre and the
entre of its host system. 

The definition of CGs in redshift space with cylinders of size
1000 km s −1 might allow the CGs to be quite scattered along the

ine-of-sight within the systems they inhabit. In addition, given the
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Figure 3. Projections of the 3D comoving distance between the CG centre 
and its host system normalized to the characteristic sizes of the hosts. For CGs 
in nodes (top left), LGs (top right), and voids (bottom right), the projections 
are along the line of sight and on the sky plane. For CGs in filaments (bottom 

left), the projections are on the filament axis and in the direction perpendicular 
to the axis. 

w
i

 

l  

b  

f  

fi
c  

t
C

 

e  

t  

d  

t  

t

d  

a

h  

s  

T  

t  

t  

t  

g  

t  

v
g

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/4/6367/7030906 by D
ept of Energy/O

STI user on 26 August 2024
ifferent geometries and different methods for identifying structures, 
o show the results we use different projections of the 3D comov-
ng distance between the centres depending on the environment 
n which the CGs are inhabiting. For CGs embedded in nodes, 
oose groups and voids, we use the projections along the line of
ight ( d � ), and on the plane of the sky ( d ⊥ 

). For CGs embedded
n filaments, we use the projection along the axis that joins the
odes centre, d L , and the projection perpendicular to the filament 

xis, d H . 
The scatter plots of the distances in the two directions are shown

n Fig. 3 . We normalize the projections to the characteristic sizes of
he host systems. For CGs in nodes and loose groups: the projection
long the line of sight is normalized by half the maximum separation
mong galaxies in the host system ( � ), while the projection on the
lane of sky is normalized by the virial radius of the host ( R vir ). For
Gs in voids, the projections are normalized to the radius of the
ost voids ( R void ). And for CGs in filaments, the projection along the
xis of the filament is normalized by the length of the filament ( L ,
istance between nodes), while the other direction is normalized by 
he fixed radius of the filament ( H = 1 . 5 Mpc h −1 ). 

We split the sample of CGs into two according to the location of
Gs in their hosts: those inhabiting the inner parts of the host, and

hose in the outer re gions. F or nodes, LGs and voids, we consider
he inner parts the region within half the virial radius and half the
ize of the host along the line of sight. For filaments, the inner
egion is defined as closer to the axis of the filament, i.e. where the
erpendicular distance to the axis is half the radius of the filament. In
ig. 3 , the inner regions of the systems lie below the cyan solid lines.
e find that 78 per cent of CGs in nodes, 76 per cent of CGs in LGs,

nd 18 per cent of CGs in filaments lie in the inner regions of their
osts. None of the CGs lie in the inner regions of voids; instead they
ie in the spherical shell surrounding voids, most of them are located
etween ∼0.9 and 1.2 times the void radius (shown as circles in the
gure Fig. 3 ). 

.1.1 Local density 

e examine the local density of galaxies in each environment as a
roxy for characterizing each environment. 
First of all, we restrict the samples of nodes, filaments, and LGs to

hose within the volume-limited sample, V1. As done with CGs, we 
eep those systems whose brightest galaxy satisfies M bri ≤ −19.769 
nd z bri ≤ 0.1. This restriction allows systems to have other fainter 
alaxies. 

The sample of nodes in V1 comprises 431 systems with 11 002
alaxies, while the sample of filaments has 313 filaments with 3781 
alaxies. In the case of LGs, in this section, we have not included
hose LGs that, in turn, are inhabiting filaments or voids. Therefore, 
e end up with 13 201 LGs with 50 876 galaxies. Voids have already
een identified in V1. As a result of the previous section, we observed
hat most CGs in voids lie in the outer neighbourhood of voids.
herefore, in this section, we select galaxies in DR16 + flux-limited 
ample that are in the outer regions of voids (with 3D comoving
istances between 0.9 and 1.2 R void ). There are 28 351 and 18 225
alaxies outside voids S and R, respectively. We have also included 
alaxies considered not embedded in any of the structures defined 
n this work. In this case, we only imposed the redshift restriction to
he galaxies to select 215 848 objects up to z ≤ 0.1. As mentioned
efore, this sample might include pairs of galaxies, or even galaxies 
n loose groups with lower o v erdensity contrast than the sample used
n this work, galaxies in filaments with less than 10 members, as
ell as galaxies inhabiting relatively dense regions such as isotropic 
nfall regions. 

For each galaxy in the structures defined above, we compute the
ocal density by using the projected distance to its fifth nearest neigh-
our in the DR16 + flux-limited sample that lies within 1000 km / s
rom the galaxy, � 5 = 5 / ( π r 2 5 ). In addition, we select those nodes,
laments, voids, and LGs that are hosting CGs. Therefore, we 
ompare the local density of galaxies in the different structures with
he local density of galaxies inhabiting those structures that host 
Gs. 
Fig. 4 shows the distributions of local densities for galaxies within

ach structure. The distributions of local densities of galaxies in all
he identified systems are shown in the left half of the plots, while the
istributions for galaxies in those systems hosting CGs are shown in
he right halv es. F or non-embedded galaxies, we have just repeated
he distributions in both halves. 

Considering the distributions on the left (all systems), although the 
istributions o v erlap, we observ e that the medians of the distributions
re statistically different between the different samples. 

Something interesting happens when analysing only those systems 
osting CGs (right halves). The local densities of galaxies in these
ubsamples tend to be higher than those in the complete samples.
he most noticeable differences appear for galaxies in LGs and in

he outer regions of voids. The local densities of galaxies in LGs
hat host CGs are mostly at the tail of the distribution of densities of
he whole sample of LGs, being much similar to the local density of
alaxies in nodes. On the other hand, the local density of galaxies in
he outer regions of voids that host CGs are shifted towards larger
alues, being slightly higher than the local density of non-embedded 
alaxies. 

Hereafter, we decided to order the different structures according 
o the local density of their galaxies when they are hosting CGs, i.e.
MNRAS 520, 6367–6381 (2023) 
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M

Figure 4. Distributions and boxplots of the projected local density of galaxies 
to their fifth nearest neighbour, � 5 , for galaxies inhabiting the different 
structures in V1 used in this work (N: nodes, LG: loose groups, F: filaments, 
and o-V: the outer nearby region around voids), as well as for galaxies that are 
not embedded (NE) in any of those structures. Left distributions correspond 
to galaxies in all the corresponding structures, while right distributions 
correspond to galaxies only in those structures that host CGs (except for 
galaxies in non-embedded environments in which both distributions are the 
same). 
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8 The empirical relation is P ( x ) = −0.03077 x 2 − 1.4074 x − 13.64045, where 
x = M r − 5 log h 
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n descending order: nodes, LGs, filaments, outer regions of voids,
nd the field. 

.2 Influence of environments on CG properties 

n this section, we study the effects of the environment on the main
roperties of CGs. All properties of CGs were calculated following
he same procedure described in Zandi v arez et al. ( 2022 ), but we use
s CGs members both the bright members and the faint galaxies in
he region. We focus our study on the following CG properties: 

(i) σ v : Radial velocity dispersion, calculated using the gapper
stimator described by Beers et al. ( 1990 ). 

(ii) M bri : r -band rest-frame absolute magnitude of the brightest
alaxy member. 

(iii) � M 12 : Absolute magnitude difference between the two
rightest galaxies. 
(iv) 〈 d ij 〉 : Median of projected separations among galaxy mem-

ers. 
(v) μ: r -band mean group surface brightness. 
(vi) H 0 t cr : Dimensionless crossing time. 

In Fig. 5 , we show the boxplot diagrams of CG properties for CGs
plit according to the environment they inhabit. Two samples are
tatistically different if the notches of the boxes (confidence intervals
f the medians) do not o v erlap. We find significant differences among
nvironments in some of the properties shown. 

The radial velocity dispersion shows interesting behaviour. CGs in
odes have the highest median values of σ v and they are followed in
escending order by CGs in LGs, filaments and in the surroundings
f voids reaching the smallest median for non-embedded CGs.
NRAS 520, 6367–6381 (2023) 
he median velocity dispersion observed for CGs in nodes almost
oubles that observed for non-embedded CGs in the lowest density
nvironments. In other words, CG velocity dispersion increases with
he density of the environment they inhabit. 

In terms of the luminosity of their brightest galaxy, we note that
he CGs in Nodes and LGs have the brightest first-ranked galaxies
hile there is no clear difference among the remaining environments.
hen analysing the dominance of the brightest galaxy ( � M 12 ), we

bserve a similar behaviour as previously described for the first-
anked galaxies. CGs in nodes and LGs show the largest magnitude
ap ( ∼1.4), while the remaining environments display smaller gaps
 ∼1). 

When analysing the properties related to CG sizes, the median of
he inter-galaxy projected separation 〈 d ij 〉 of CGs in Nodes and in LGs
re the smallest, followed by larger values for CGs in the surrounding
oids. CGs in filaments and non-embedded CGs display the largest
alues of 〈 d ij 〉 . The distributions of group surface brightness (which is
elated to the compactness of the systems) closely resemble the size
istributions. The adimensional crossing time distributions are, by
onstruction, a mixture of the results obtained for the radial velocity
ispersion and group sizes. Galaxies in non-embedded CGs or CG
n Filaments need approximately ∼0.7 Gyr (in median) to get across
he system, while their counterparts inhabiting CGs in nodes need
oughly a third of that time. 

These results to a certain extent reinforce the idea that the global
nvironment around CGs shapes their internal evolution since the
enser the environment CGs inhabit, the larger the group velocity
ispersion, the brighter the first-ranked galaxy, the smaller the group
ize, the higher the compactness and the smaller the crossing time,
aking them more prone to experience galaxy interactions. 

.3 Influence of environments on galaxies in CGs 

e also study the fraction of red and early-type galaxies that inhabit
ach CG. We followed the methodology used by Zandi v arez &
art ́ınez ( 2011 ) to classify galaxies as red/blue accordingly to
hether their u − r colour is larger/smaller than the luminosity-
ependent relation for the galaxy colour 8 (see Appendix A1 for a
etailed description). Additionally, we estimate the fraction of early-
ype using the concentration index parameter C = r 90 / r 50 > 2.6
ollo wing Strate v a et al. ( 2001 ) (see Appendix A2 for details). 

In the bottom panels of Fig. 5 , we show the boxplot diagrams of the
istributions of the fraction of red galaxies (bottom left-hand panel)
nd the fraction of early-type galaxies (bottom right-hand panel) for
Gs in each environment. 
Most of the CGs in nodes are clearly dominated by a red galaxy

opulation, while CGs in LGs also show a very large fraction of
ed galaxies ( ∼0.85 in median). CGs in filaments, voids, and those
onsidered non-embedded have a relatively high median of the
raction of red galaxies ( ∼0.67). Particularly, the fraction of red
alaxies in CGs in S-Voids shows positive skew (i.e. the tail of the
istribution tends to higher fractions compared with the median). 
When observing the fraction of early-type galaxies in CGs (bottom

ight-hand panel of Fig. 5 ), there are no very noticeable differences in
he medians as a function of environments. All samples of CGs have
 similar median of the fraction of early-type galaxies, which ranges
etween 0.6 and 0.7. The only noticeable feature in the distributions
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Figure 5. Boxplot diagrams of properties of compact groups inside different environments: nodes (CG N ), LGs (CG L ), filaments (CG F ), S-type voids (CG VS ), 
and in R-type Voids ( CG VR ) and those that can be considered non-embedded ( CG NE ). The 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. 
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f the fraction of early-type galaxies is that all but the fraction of
Gs in Nodes display a distribution with ne gativ e skew. 
To deepen our analysis of the type of galaxies that populate CGs,

e split the samples of CGs inhabiting each environment into four
ubsamples according to their fraction of red(early-type) galaxies: 
he first subsample comprises CGs that have less than 25 per cent of
heir member galaxies being red (early)-type (0 ≤ Fraction < 0 . 25);
he second subsample comprises CGs whose fraction of red (early- 
ype) galaxies is within the range [0.25,0.5); the third, with fractions
ithin [0.5,0.75); while the fourth subsample comprises CGs with 
ost of their members being red (early-type) galaxies (i.e. fraction 
ithin [0.75, 1]). We refer to these sub-samples as f 0 , f 0.5 , f 0.75 , and

 1 , respectively. 
Top panels of Fig. 6 show the percentages of CGs within each

ubsample that are split according to their fraction of red galaxies, 
hile the bottom panels show the percentages when splitting the 
Gs according to their fraction of early-type galaxies. From left 

o right, we show the samples of CGs inhabiting the different
nvironments. 

When analysing the subsamples split by their fraction of red 
alaxies (upper panels), there are very few CGs in the first two
ntervals, i.e: most CGs have at least half of their members being
ed g alaxies, reg ardless of the environment they inhabit. In addition,
he vast majority (82 per cent) of the CGs in Nodes show colour
oncordance of red galaxies (i.e. they are formed with at least three-
uarters of their members being red galaxies), while this percentage 
iminishes towards less dense environments. Roughly 61 per cent of 
Gs in LGs have at least 75 per cent of red galaxies, while the other

ess dense environments show less than 50 per cent of CGs with this
igh proportion of the red population. The fraction of CGs with a
MNRAS 520, 6367–6381 (2023) 
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M

Figure 6. Percentages of CGs in subsamples split according to their fraction of red (upper panels) or early-type (lower panels) galaxies. The subsamples 
comprise CGs whose red/early-type fractions are within the following ranges: f 0 = [0, 0.25), f 0.5 = [0.25, 0.5), f 0.75 = [0.5, 0.75), and f 1 = [0.75, 1]. The error 
bars are the binomial 95 per cent confidence interval estimated using the Wilson score interval (Wilson 1927 ). 
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olour concordance of blue galaxies, f 0 , in all the environments is
ery low. 

When splitting the CGs according to their fraction of early-type
alaxies (bottom panels), we observe that 83 per cent of CGs in
odes have more than 50 per cent of early-type galaxies. For the other

nvironments, this percentage is between 70 and 79 per cent, except
or CGs in Filaments where only 62 per cent of CGs have more than
alf of their members being early-type. Approximately, 42 per cent
f CGs in Nodes show morphological concordance (fraction of early-
ype galaxies greater than 0.75), while for the rest of the environments
he percentage of CGs is lower (the lowest values are found in
laments and non-embedded CGs). 
These results are in agreement with the expected behaviour based

n our previous results. CGs inhabiting the densest regions in the
niverse (such as nodes) are small systems with a considerably

gitated dynamic, a very bright central galaxy and its membership is
ominated by red galaxies where several of them can be considered as
arly-type. At the other end of the density spectrum, CGs in the most
solated regions in the Universe are relatively larger systems formed
y slow-moving galaxies, with red galaxies that barely dominate
 v er the blue population. Therefore, although CGs were all selected
n the same way, their nature and evolution could be conditioned by
he environment they inhabit. 

From the work of Mendel et al. ( 2011 ), it can be inferred that
he ∼60 per cent of isolated CGs show a colour concordance of
ed galaxies (i.e. more than 75 per cent of their members have red
olours), and ∼90 per cent of them have more than 75 per cent of
arly-type members. These percentages are larger than those we
bserved for Non-Embedded CGs (42 per cent and 24 per cent for
ed and early-type galaxies, respectiv ely). F or embedded CGs in rich
tructures, they found that ∼90 per cent of them display a red colour
oncordance and the same percentage of CGs with the highest rate
f early-type galaxies. We only observed this large percentage of red
alaxies in CGs in Nodes, while none of the structures used in this
ork display such a high fraction of CGs with a high fraction of
NRAS 520, 6367–6381 (2023) 

m  
arly-type galaxies. Nevertheless, a comparison between these two
orks is rather difficult due to the different criteria to identify CGs

nd select embedded and isolated CGs. 

.3.1 Environmental impact on galaxies: local versus global 

e study the fraction of red and early-type galaxies in CGs embedded
n different environments, this time as a function of their absolute

agnitudes. For comparison, we also analyse these fractions for
alaxies that inhabit the same type of host environment. In order to
ak e a f air comparison, galaxies in the different environments have

een selected in such a way that the brightest galaxy of the structure
s within the volume-limited sample V1, except for galaxies that
o not belong to any structure where only the redshift restriction
as applied to all g alaxies. These g alaxy control samples have been
escribed in Section 4.1.1 and used to compute the local densities. 
We split the samples of galaxies into seven equal bins of absolute
agnitudes (1 mag size bin) and measure the fractions of red/early-

ype galaxies per bin. These trends are shown in Fig. 7 . The upper plot
orresponds to the fractions of red galaxies, while the bottom plot
hows the fractions of early-type galaxies. The fractions of galaxies
n CGs are shown as solid lines, while the fractions of galaxies in the
orresponding environments are shown in dashed lines. Each panel
orresponds to a different host environment (see inset le gends). F or
 better comparison between galaxies in CGs embedded in different
nvironments, the trends (solid lines) are re-arranged in the rightmost
anels. The horizontal dashed lines are for comparison purposes only.
he fraction errors are the binomial 95 per cent confidence interval
stimated using the Wilson score interval (Wilson 1927 ) and they are
hown as shaded areas. 

Regarding the fraction of red galaxies, the comparison shows that
Gs inhabiting a given environment have a higher fraction of red
alaxies than expected in such environments. And this stands for
ost environments (except filaments) and most bins of absolute
agnitudes. Only at the brightest magnitude bins, the fractions of red
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Figure 7. Fractions of red (upper panels) and early-type (bottom panels) galaxies per bin of absolute magnitude. Solid lines correspond to galaxies in CGs 
embedded in different environments (different boxes), while dashed lines correspond to galaxies within the corresponding environment, regardless of being in 
CGs. Shaded areas correspond to the binomial errors computed for the fractions. In the rightmost panels, we only show the fractions of red/early-type galaxies 
in CGs inhabiting the different environments. Horizontal dashed lines are for comparison purposes only. 
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alaxies are the same for both samples. The difference between the
ractions of red galaxies in CGs and the fractions of red galaxies in the
ost environments increases towards the lower density environments.
In addition, we find a weak dependence on the absolute magnitudes

f the fraction of red galaxies in CG N . We observe a variation of only
.18 o v er the entire range of absolute magnitudes. Ho we ver, the
ractions of red galaxies in the remaining samples show a strong
ariation as a function of the absolute magnitude. The fainter the
agnitude bin, the lower the fraction of red galaxies, although

he fraction of red galaxies in CGs does not fall below 0.5 in
ny environment, which does not happen for galaxies in the host
nvironments. From the comparison in the rightmost column, the
ndings of the previous sections that CGs embedded in densest
nvironments (N and LGs) show a larger fraction and higher colour
oncordance than those embedded in lower density environments can
e explained as a consequence of a higher fraction of red galaxies in
he fainter magnitude bins, while there is no difference in the fraction
f red galaxies in the whole range of magnitudes in CGs embedded in
he outer regions of voids and in the field, where red galaxies barely
ominate among the faintest galaxies. 
The bottom panels of Fig. 7 are analogous to the upper panels

ut for the early-type fraction. In general, we observe a tendency
or a higher fraction of early-type galaxies in CGs compared to
alaxies in their corresponding environments. Only in the brightest
ins, the fractions are indistinguishable. In all the environments,
e observe a strong dependence of the early-type fractions on the

bsolute magnitudes, causing the faintest bins to be dominated by
ate-type galaxies (fractions of early-type ≤0.3). 

In contrast with the red fraction of galaxies in CGs in the rightmost
anel, we found no differences among the fraction of early-type
alaxies in CGs inhabiting high or low-density environments. 

The general trends are in agreement with previous findings by
eng, He & Wu ( 2008 ) and Coenda et al. ( 2012 ) when comparing

he fraction of red and early-type galaxies in CGs, LGs and Field.
hey found that CGs have a larger fraction of red and early-type
alaxies when compared to loose groups and Field galaxies. 

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

n this work, we performed a detailed analysis about the location of
ickson-like compact groups (CGs) of galaxies in the Universe. To

chieve this goal, we used a sample of CGs recently identified in an
 xtended v ersion of the SDSS DR16 (Ahumada et al. 2020 ) as well
s samples of different cosmological structures in the same galaxy
arent catalogue: galaxy groups, filaments and nodes, and voids. 
The samples of CGs and galaxy groups were previously identified

y Zandi v arez et al. ( 2022 ), while the samples of filaments and voids
ave been identified in this work following similar procedures as
hose described in Mart ́ınez et al. ( 2016 ) and Ruiz et al. ( 2019 ),
espectively. It is worth noticing that the results presented in this
ork could depend on the methods used to identify galactic struc-

ures: CGs, loose groups, nodes, filaments, and cosmological voids.
lthough it is our intention to focus e xclusiv ely on the CGs identified
ith the Hickson criteria, the other structures could be identified in
ultiple ways. 9 A broader comparison involving several methods to

efine galactic structures could provide insight into the dependence of
he results on the particular algorithms used to define environments.
o we ver, the methods adopted here not only are well known in the
NRAS 520, 6367–6381 (2023) 

 For comparisons among different finding algorithms, see Cautun et al. ( 2018 ) 
or voids and Libeskind et al. ( 2018 ) for filaments. 

t  

o  

h  

s  
iterature but also our experience at manipulating them allowed us to
ailor the resulting samples according to the aims and constraints of
he present work. 

We adopted different criteria to associate CGs with the cos-
ological structures: Nodes of filaments, Loose Groups (LGs),
ilaments and Voids. Those CGs that cannot be associated with any
f these structures have been considered non-embedded systems.
e restricted the samples of structures to those where the brightest

alaxy is within a volume-limited sample given by M ≤ −19.769
nd z ≤ 0.1. 

To begin with, we found a fifty-fifty chance of finding CGs either
mbedded in these cosmological structures or not. 45 per cent of CGs
re not associated with any structure, while a similar percentage of
Gs are hosted within nodes and LGs (46 per cent). 
By analysing the location of CGs within the structures, we

bserved that CGs are concentrated in the inner parts of nodes
nd LGs, mainly in the outskirts of filaments, and in the outer
earby shell surrounding voids. To have a better understanding of
he structures involved in this study, we study the local density of
alaxies within these structures by computing the projected distance
o the fifth nearest neighbour. Particularly, we used galaxies in the
uter spherical shell around voids, where CGs are likely to be located.
s a result, it is possible to visualize the structures in decreasing order

ccording to the local density of the galaxies inhabiting them, and
pecially in those structures hosting CGs: nodes, LGs, filaments,
uter regions of voids, and non-embedded galaxies. 
We then focus our attention on the properties of CGs as a function

f the structures they inhabit. We observed that in the densest
nvironments such as the nodes, CGs have the largest velocity
ispersions, brightest first-ranked galaxies as well as the smallest
izes and crossing times. The opposite behaviour is observed for
Gs that can be considered non-embedded in any structure used in

his work. The properties of CGs in LGs are more similar to those
f CGs in nodes, while CGs in filaments or in the surroundings of
oids display properties mostly in between the two extremes. These
esults seem to indicate that the density of the environment in which
he CGs are immersed has a role to play in their resulting physical
roperties. 
Small crossing times of CGs in nodes indicate that galaxies need

ess time to orbit within the system, which would benefit from more
nteraction between the members. Such interactions could result
n mergers that would lead to an increase in the luminosity of
he first ranked galaxy, and one would expect that the magnitude
ifference between the first and the second-ranked galaxy in groups
as inversely correlated to the crossing time. We observed a very

mall (but significant) difference between the median magnitude gaps
f CGs in nodes and LGs ( ∼1.4) with those observed in CGs non-
mbedded ( ∼1.2). These results are in agreement with those of Sohn
t al. ( 2015 ), where the y hav e found that the median crossing time of
Gs embedded in dense environments is shorter than that of those
onsidered isolated. 

Reg arding the CG g alaxy members, we split galaxies according to
roperties related to their current star formation and their morphol-
gy/shape: galaxy colour and concentration index. We computed the
raction of red and early-type galaxies and analysed the influence of
he environment they inhabit. Our results indicate that CGs in Nodes
nd LGs are dominated by red galaxies, while the other environments
how a median of ∼60 per cent of red members. On the other hand,
he early-type fractions are rather similar among the different types
f environments (60–67 per cent), with some small tendency to be
igher for the densest structures. Sohn et al. ( 2016 ) obtained for a
ample of CGs identified with a FoF algorithm in the SDSS DR12
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hat the fraction of early-type galaxies was 79 per cent in high-
ensity regions and 60 per cent in low-density regions (where density 
as inferred using the number of nearest neighbours as greater or

esser than 7 neighbours within a given area). We also observed 
hat 82 per cent of CGs in nodes exhibit red colour concordance,
hile 61 per cent of CGs in LGs do. The remaining environments
ave less than 50 per cent of CGs dominated by red galaxies. On
he other hand, less than 50 per cent of CGs are dominated by
arly-type g alaxies, reg ardless of the environment. The smallest 
ercentage of CGs dominated by early-type galaxies is seen in Non- 
mbedded CGs (24 per cent). The stronger signs of suppression in 

he star formation of galaxies (redder colours) in CGs that inhabit 
ighly dense structures might be a consequence of the different 
Gs physical properties previously reported as a function of the 
nvironment. 

Finally, we studied whether the galaxy members are affected by 
he local and global environment. We analysed the fraction of red 
nd early-type galaxies as a function of the absolute magnitude 
f the galaxies in the r-band. This study was performed for each
nvironment to compare the fraction of red/early-type galaxies in 
Gs with that in the corresponding environment. We observed that 

he fractions of red galaxies are, in general, higher for CGs than for the
ther structures or the field (Non-Embedded galaxies) in most of the 
ange of absolute magnitudes, and those differences tend to increase 
owards less dense environments. The variation of these fractions 
s a function of galaxy luminosity is more notorious in low-density 
nvironments than in their high-density counterparts. Comparing 
nly galaxies in CGs, there is a tendency for CGs inhabiting denser
nvironments to display a larger fraction of red galaxies as a function
f the galaxy luminosity. When analysing the fraction of early-type 
alaxies, similar differences are observed when comparing between 
Gs and the corresponding environment: CGs show higher fractions 
f early-type galaxies, but in this case, the decreasing behaviour 
f the fraction as a function of absolute magnitude is considerably 
teep in all environments. Ho we ver, when comparing the fraction of
arly-type galaxies only in CGs in different environments we do not 
bserve distinguishable differences. 
These results add another piece to the puzzle that describes the 

volution of galaxies in CGs: the importance of the inner local 
nvironment defined by the CGs themselves. The main differences 
bserved when comparing the fractions of red and early-type galaxies 
n CGs with those inhabiting the corresponding environment are 
ue to processes that occur inside CGs. The influence of the global
nvironment, i.e. of the place where the CGs are located, can be seen
ainly in how the global physical properties of CGs change with the

nvironment, which is probably the cause of differences observed 
n the fraction of red galaxies in CGs when comparing high and
ow-density environments. 

One of the main objectives pursued by Hickson’s criteria was to 
efine CGs as isolated structures in the Universe. As it has been
tated in several previous works, in this work we have reinforced 
he evidence that almost half of the Hickson-like CGs obtained 
sing automatic algorithms are not isolated, and even more, we have 
pecified in what type of structures it is more feasible to find them.
his result leads us to conclude that if we are interested mainly in the
hysical processes that happen only because of the particular habitat 
f CGs, then low-density environments are the ideal laboratories to 
tudy the true influence of the inner CG environment. Therefore, 
ll the results obtained in this work related to CGs considered 
on-Embedded are closer to achieving the goal of highlighting the 

onsequences of an extreme environment such as CGs on their 
ember galaxies. Ho we ver, it is likely that more dynamic and
ntriguing evolutionary histories should be expected when looking at 
Gs embedded in high-density environments of the Universe. 
As a natural continuation of this research work, we plan to

omplement this project using mock catalogues. We will investigate 
hether the location of CGs in and around cosmological structures 

ould be reproduced by the current galaxy formation models, and 
hether it is a function of the cosmological model and/or the semi-

nalytical model used to build the synthetic galaxies. 
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PPENDI X  A :  CLASSI FI CATI ON  O F  G A L A X I E S  

1 Determination of red galaxy threshold 

n this section, we detail the analysis performed for the selection of
ed galaxies from the colour–magnitude diagram ( M r versus u − r ). 

Due to the colour bi-modality of galaxies, they are often divided
nto red and blue, using a unique threshold in the colour distribution.
o perform a better selection of red galaxies, we consider the absolute
agnitudes. Following the methodology used by Zandivarez &
art ́ınez ( 2011 ), we divide the whole range of r-band absolute
agnitudes in nine bins, and we study the colour u − r distribution

f galaxies within each bin. 
We used a method of density estimation based on parametrized

nite Gaussian mixture models provided by the Mclust packa g e of
 software (Scrucca et al. 2016 ). We select 2 mixture components

Gaussians) to perform the uni-variate estimation. In the top panel
f Fig. A1 , we show the distributions of galaxy colours for each bin
f absolute magnitudes, and we show the Gaussian fits in dashed
ines. We select the colour value of the intersection of these two
aussian functions and the middle of the bin of absolute magnitude to

haracterize each bin and perform a curve fitting. In the bottom panel
f Fig. A1 , we show the colour–magnitude diagram of all galaxies. To
t we use fitting linear model lm provided by stats packa g e (R Core
eam 2020 ) and use a 2-deg polynomial to describe the relationship
f our data. Then, the best fit is the quadratic function: P ( x ) =
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igure A1. Upper panel: Histograms of the bimodal colour distribution for
alaxies split in nine bins of absolute magnitude. Brown and cyan dashed lines
epresent the Gaussian fits. Vertical dashed lines indicate the intersection of
oth Gaussians. Bottom panel: Colour–magnitude diagram for galaxies in 
DSS DR16 + . The cyan solid line is the function we use to split galaxies

nto red and blue subsamples. 

0.03077 x 2 − 1.4074 x − 13.64045 with x = M r − 5log ( h ) (solid
ine). We consider that a galaxy belongs to the red galaxy population
f its u − r colour is greater than P ( x ) for the corresponding absolute
agnitude. 
2 Selection of early-type and late-type galaxies 

o split galaxy samples into early and late types, we use the
oncentration index C . This parameter is the ratio between the
etrosian radii enclosing 90 and 50 per cent of the Petrosian flux
 = r 90/ r 50 and allows us to determine if a galaxy is dominated by

he bulge luminosity. Galaxies with C > 2.6 are defined as early-type,
therwise as late-type (Strate v a et al. 2001 ). 
Due to the average seeing in the SDSS being 1.5 arcsec, there are
any galaxies whose r 50 are lower than this value, and therefore

nreliable ( ∼12 per cent). To deal with this problem, we assign
andom values to the galaxies with r 50 < 1.5 arcsec by following
he procedure described by Zandi v arez & Mart ́ınez ( 2011 ). We build
 sample of galaxies with reliable Petrosian radii, i.e. r 50 > 1.5 arcsec
nd r -band apparent magnitudes r < 16, and from this sample, we
alculate the cumulative distribution function of the concentration 
arameter for different bins of absolute magnitude. Using this 
umulative function, for each bin of absolute magnitude, every galaxy 
ith unreliable r 50 in that bin was randomly assigned a value of

′ 
C 

′′ 
. We repeat this procedure 30 times, and we are left with the

istribution that best fits the sample using the Kolmogoro v–Smirno v
est. In Fig. A2 , we show the distribution of C-parameters per bin of
bsolute magnitude, for both, the reliable measurements (dark curve) 
nd the randomly assigned best values for galaxies without a reliable
stimate (cyan histogram). 

igure A2. Concentration parameter distributions of galaxies with reliable 
easurement of r 50 and r -band apparent magnitude r < 16 (black curve), and

or galaxies with randomly assigned C parameter (cyan histogram), for each
in of absolute magnitude. 
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