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A B S T R A C T 

We present a pilot study to assess the potential of Hyper Suprime-Cam Public Data Release 2 (HSC-PDR2) images for the analysis 
of extended faint structures within groups of galaxies. We examine the intragroup light (IGL) of the group 400138 ( M dyn = 

1.3 ± 0.5 × 10 

13 M �, z ∼ 0.2) from the Galaxy And Mass Assembly (GAMA) surv e y using Hyper Suprime-Cam Subaru Strategic 
Program Public Data Release 2 (HSC-SSP PDR2) images in g , r , and i bands. We present the most extended IGL measurement to 

date, reaching down to μlim 

g = 30 . 76 mag arcsec −2 (3 σ ; 10 × 10 arcsec 2 ) at a semimajor axis of 275 kpc. The IGL shows mean 

colour values of g − i = 0.92, g − r = 0.60, and r − i = 0.32 ( ±0.01). The IGL stellar populations are younger (2–2.5 Gyr) and 

less metal rich ([Fe/H] ∼ −0.4) than those of the host group galaxies. We find a range of IGL fractions as a function of total group 

luminosity of ∼2 –36 per cent depending on the definition of IGL, with larger fractions the bluer the observation wavelength. 
The early-type to late-type galaxy ratio suggests that 400138 is a more evolved group, dominated by early-type galaxies, and 

the IGL fraction agrees with that of other similarly evolved groups. These results are consistent with tidal stripping of the outer 
parts of Milky Way-like galaxies as the main driver of the IGL build-up. This is supported by the detection of substructure in the 
IGL towards the galaxy member 1660615 suggesting a recent interaction ( < 1 Gyr ago) of that galaxy with the core of the group. 

Key words: galaxies: clusters: intracluster medium – galaxies: groups: general – galaxies: groups: individual: 400138 – galaxies: 
haloes – galaxies: photometry – galaxies: evolution. 
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 I N T RO D U C T I O N  

n dense environments such as groups or clusters of galaxies, a 
ignificant number of stars initially belonging to each galaxy are 
ipped out with every interaction within that group. These stars 
ongregate in an extended faint light component, not bound to any 
ndividual galaxy but to the system potential, forming the intragroup 
nd intracluster light (IGL and ICL; see Mihos 2019 ; Contini 2021 ;
ontes 2022 for re vie ws). As a result, these faint components form

 fossil record of all the dynamic processes a group or cluster has
ndergone (e.g. Merritt 1984 ). Unveiling the quantity of IGL and its
tellar population properties provides a holistic view of the system’s 
nteraction and mass assembly history. Ho we ver, the dif fuse and faint
ature of both the IGL and ICL ( μIGL 

V > 26 . 5 mag arcsec −2 ; Rudick,
ihos & McBride 2011 ) makes their study a technical challenge and

ts physical properties are not well established yet. 
 E-mail: c.martinezlombilla@unsw.edu.au 
 STScI Prize fellow. 
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Galaxy groups are the perfect systems for the study of processes
nvolved in the mass assembly history of dense systems of galaxies.
ccording to the � cold dark matter ( � CDM) scenario, galaxies

pend most of their lives in groups, and these groups of galaxies form
he building blocks of more massive and complex galaxy clusters 
De Lucia et al. 2006 ). Therefore, the IGL is a crucial piece in
nderstanding the growth of the ICL (e.g. Gnedin 2003 ; Fujita 2004 ;
illman et al. 2004 ; Rudick, Mihos & McBride 2006 ; Sommer-

arsen 2006 ; Rudick et al. 2009 ; Bah ́e et al. 2013 , 2017 ; Contini
t al. 2014 ; Remus, Dolag & Hoffmann 2017 ; Pillepich et al. 2018 ;
a ̃ nas et al. 2020 ). Using a semi-analytic model of galaxy formation,
ontini et al. ( 2014 ) showed that up to 30 per cent of the ICL in

imulations comes from the ‘pre-processing’ of this light in groups 
nd clusters of galaxies. Observational works have also found that 
he diffuse light component associated with groups of galaxies could 
e an important component of the ICL in clusters (Krick, Bernstein &
imbblet 2006 ; Krick & Bernstein 2007 ; Mihos et al. 2017 ). This

s good evidence for the importance of studying the diffuse light in
roups of galaxies. 

http://orcid.org/0000-0002-6068-514X
http://orcid.org/0000-0002-9796-1363
http://orcid.org/0000-0001-7847-0393
http://orcid.org/0000-0002-6220-7133
http://orcid.org/0000-0001-9491-7327
http://orcid.org/0000-0002-4884-6756
http://orcid.org/0000-0003-0429-3579
mailto:c.martinezlombilla@unsw.edu.au


1196 C. Mart ́ınez-Lombilla et al. 

M

 

i  

c  

o  

o  

g  

2  

2  

s  

2  

b  

g  

c  

i  

t  

z  

m  

Z  

2
 

k  

o  

c  

o  

p  

m  

D
 

t  

T  

b  

G  

l  

T  

t  

r  

o  

(  

2  

B  

S  

2  

s  

S  

t  

T
 

H  

2  

I  

f  

u  

i  

S  

e  

c  

p  

(  

(  

P  

e  

P  

d
o  

μ  

b  

t  

t  

t  

c  

L  

T  

e  

t  

a  

w  

b  

k  

A  

i  

2  

s  

t  

(  

c  

b  

g  

g  

p  

(  

c  

a  

c  

P  

a
 

r  

o  

t  

o  

S  

P  

i  

f  

i  

t  

m  

c
 

w  

a

2

2

T  

G  

G  

a  

u  

t  

O  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/1195/6840234 by Bodleian Libraries of the U
niversity of O

xford user on 30 M
ay 2023
Because the IGL is very faint we are only just starting to understand
ts nature. Only a few works have detected and measured the IGL
omponent and these are all of individual or small samples of groups
f galaxies. These IGL detections are, in general, from dedicated
bservations of dense, strongly interacting groups like compact
roups (e.g. Da Rocha & Mendes de Oliveira 2005 ; Aguerri et al.
006 ; Da Rocha, Ziegler & Mendes de Oliveira 2008 ; Durbala et al.
008 ; Poliakov et al. 2021 ; Ragusa et al. 2021 ), with only a few
tudies of loose groups (Castro-Rodr ́ıguez et al. 2003 ; Spa v one et al.
018 ; Cattapan et al. 2019 ; Iodice et al. 2020 ; Raj et al. 2020 ). This is
ecause the IGL is easier to observe in compact groups than in loose
roups because galactic interactions and intense stripping are very
ommon in these systems and these are highly efficient mechanisms
n the build-up of the diffuse light component. Even more limited is
he knowledge of the IGL properties at intermediate redshifts (0.1 �
 � 0.6). Diffuse light detections at these redshifts have only been
ade for massive groups and clusters ( M > 3 × 10 13 M �; Gonzalez,
aritsky & Zabludoff 2007 ; Gonzalez et al. 2013 ; DeMaio et al.
016 , 2018 , 2020 ). 
Measuring the colours of the galaxies and the faint component is

ey to discern which mechanisms play the largest roles in the build-up
f the IGL. In fact, depending on the IGL radial colour gradients, we
an infer its potential formation scenario: the complete disruption
f dwarf galaxies or the partial tidal stripping of satellite galaxies
roduce a radial colour gradient in the IGL stellar populations, while
ajor mergers produce relatively uniform IGL colour profiles (see
eMaio et al. 2018 , for a more e xtensiv e e xplanation). 
The IGL, as a low surface brightness (LSB) feature, presents

echnical challenges beyond the pure detection of its faint light.
his faint component can be easily contaminated by foreground and
ackground sources, the intrinsic emission of the sky, the presence of
alactic cirrus contamination, reflections along the optical path of the

ight, electronic issues in the detectors, or the atmospheric conditions.
o minimize the contribution of any of these undesirable light sources

o our target, a complex highly human-dependent data process is
equired. Ho we ver, that process has become a well-established set
f techniques within the LSB community o v er the last few decades
e.g. Tyson et al. 1998 ; de Jong 2008 ; Slater, Harding & Mihos
009 ; Capaccioli et al. 2015 ; Duc et al. 2015 ; Trujillo & Fliri 2016 ;
orlaff et al. 2019 ; Mart ́ınez-Lombilla & Knapen 2019 ; Infante-
ainz, Trujillo & Rom ́an 2020 ; Montes et al. 2021a ; Trujillo et al.
021 ). This process includes the modelling of a very extended point
pread function (PSF; Slater et al. 2009 ; Sandin 2014 , 2015 ; Infante-
ainz et al. 2020 ) to allow a reliable colour analysis of the target as

he light scatters differently depending on the observed wavelength.
his is of particular rele v ance for this work. 
Our goal is to perform a pilot study to test the potential of

yper Suprime-Cam Subaru Strategic Program Public Data Release
 (HSC-SSP PDR2; Aihara et al. 2019 ) images to explore the faint
GL component within groups of galaxies. This work will set the basis
or the future analysis of the IGL in a sample of groups of galaxies
sing HSC data. Our long-term goal is to apply the procedures shown
n this paper to the upcoming data from the 10-yr Le gac y Surv e y of
pace and Time (LSST) at the Vera C. Rubin Observatory (Ivezi ́c
t al. 2019 ; Montes 2019 ; Brough et al. 2020 ). In this study, we aim to
ontribute to a broader understanding of the formation and evolution
roperties of the IGL. We have used the Galaxy And Mass Assembly
GAMA) surv e y (Driv er et al. 2011 ) Galaxy Group Catalogue
G 

3 Cv10; Robotham et al. 2011 ) and observations from the HSC-
DR2 Subaru/ XMM–Newton Deep Survey (SXDS) field (Furusawa
t al. 2008 ), the only ultradeep region where GAMA and HSC-
DR2 o v erlap, to detect and analyse the IGL in a group of galaxies
NRAS 518, 1195–1213 (2023) 
own to surface brightness limits at 3 σ within 10 × 10 arcsec 2 

f μlim 

g = 30 . 76 mag arcsec −2 , μlim 

r = 29 . 82 mag arcsec −2 , and
lim 

i = 29 . 41 mag arcsec −2 . In particular, we e v aluate the IGL surface
rightness radial distribution and colour properties in comparison to
hose of the group galaxies. We analyse the IGL stellar populations
o provide information about the origin of the IGL. To undertake
his study, we have developed a semi-automatic IGL detection and
olour analysis method, building on previous works on the study of
SB structures (e.g. Montes & Trujillo 2014 ; Mart ́ınez-Lombilla,
rujillo & Knapen 2019 ; Montes et al. 2021a ). This method is
ntirely PYTHON based with multiple iterative steps that build on
heir previous best result to minimize human interaction. We will
pply this method to a significant sample of groups in our follow-up
ork. In this pilot analysis, we focus on the GAMA group identified
y the ID 4001389 (RA 35 . ◦834163, Dec. −5.454157; J2000), also
nown as XMMXCS J022318.3 −052707.6 or X-CLASS 0346.
ccording to the G 

3 Cv10 catalogue (Robotham et al. 2011 ), 400138
s a loose group of mass M dyn = 1.34 ± 0.5 × 10 13 M � ( v disp =
22 ± 43 km s −1 ), located at redshift z ∼ 0.21, and composed of
ix galaxy members. Three of these members are concentrated in
he core region, while the other three galaxies are at larger distances
see Fig. 1 ). Although there is a dense region in the core, this group
onfiguration does not satisfy the Hickson criteria (Hickson 1997 ) to
e considered as a compact group. 400138 is an intermediate-redshift
roup of galaxies with a visible extended halo around the central
alaxies and an interesting dense core environment that fa v ours a
otential IGL detection to test our method. In the field of view
FOV) of 400138 there are three bright stars in an optimal spatial
onfiguration that will challenge our PSF modelling and subtraction,
 key step for a reliable colour analysis of any LSB structure. The
ombination of a potentially clear IGL detection and a challenging
SF correction made galaxy group 400138 the fa v ourite candidate
mongst the possible targets for our pilot study. 

For the first time, we have detected IGL in a GAMA group at
edshift 0.21 (i.e. ∼2.5 Gyr ago) from HSC-PDR2 data. The results
f the IGL analysis of the 400138 group of galaxies are presented in
his paper as follows. In Section 2 , we present our data and explain
ur selection criteria. We then explain how we prepared that data in
ection 3 , giving details of key processes such as the sky subtraction,
SF modelling, and mask construction. The main results are given

n Section 4 . We discuss these results in Section 5 putting particular
ocus on the study of the IGL radial distribution, the properties of
ts stellar population, and the fraction of IGL with respect to the
otal light of the group in order to disentangle the formation and

ass assembly history of the IGL in this group. Finally, we draw our
onclusions in Section 6 . 

Throughout this work we adopt a standard cosmological model
ith the following parameters: H 0 = 70 km s −1 Mpc −1 , �m 

= 0.3,
nd �� 

= 0.7. All magnitudes are in the AB magnitude system. 

 DATA  A N D  TA R G E T  SELECTI ON  CRI TERIA  

.1 The Galaxy And Mass Assembly sur v ey 

he galaxy group selection was based on the groups available in the
alaxy And Mass Assembly (GAMA) surv e y (Driv er et al. 2011 )
alaxy Group Catalogue (G 

3 Cv10; Robotham et al. 2011 ). GAMA is
 spectroscopic surv e y carried out o v er 210 nights from 2008 to 2014,
sing the optical AAOmega multi-object spectrograph, installed at
he 3.9-m Anglo-Australian Telescope (AAT) in the Siding Spring
bservatory (Australia). The surv e y consists of ∼300 000 galaxies
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Figure 1. Top: HSC g –r –i colour composite image of the 400138 group of galaxies within our 7 × 7 arcmin 2 FOV (processed with the algorithm 

make lupton rgb described in Lupton et al. 2004 ). Galaxy group members are labelled with their GAMA ID (Robotham et al. 2011 ), except for the 
BCG. The three bright stars (S1, S2, and S3) and the foreground galaxies (F1 and F2) that were modelled and remo v ed to a v oid their contrib ution to the group 
flux are also labelled. Middle row: zoom-in o v er the group as indicated by the white square in the top panel in each of the g (green), r (red), and i (grey) bands 
from left to right. Bottom row: zoom-in o v er the IGL component in each band as abo v e. These images are masked including CCD gaps and bad pixels (white 
re gions), sk y subtracted, and the bright stars and core galaxies have been modelled and subtracted to account for the influence of the extended wings of their 
PSF. The black contours indicate five of the profile annuli with radii (in kpc) given in the apertures. These images are sharply colour contrasted to emphasize 
the faint IGL o v er the background and the residuals of the galaxy models in the core region. 
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own to a depth of r < 19.8 mag, split into five regions. Our target
alls in the GAMA G02 region, the only one where the ultradeep
SC-SSP PDR2 layer o v erlaps the GAMA sample (Baldry et al.
018 ). GAMA groups are found using a friends-of-friends (FoF)-
ased grouping algorithm (Robotham et al. 2011 ). The halo mass is
stimated assuming that its dynamical mass is proportional to σ 2 R ,
here σ is the velocity dispersion of the group, and R is the group

adius (equation 18 in Robotham et al. 2011 ). The stellar masses of
AMA group galaxies are estimated from optical photometry using

n empirically calibrated colour–mass relation based on the relation
f the colour ( g − i ) and the mass-to-light ratio M ∗/ L i (Taylor et al.
011 ). The photometric values for each galaxy were measured from
anada–France–Hawaii Telescope Legacy Survey (CFHTLS; Ilbert
t al. 2006 ), which is preferred as it is the deepest available. 

.2 The Hyper Suprime-Cam Subaru Strategic Program 

ublic Data Release 2 

ur images were collected by the Hyper Suprime-Cam (HSC;
iyazaki et al. 2018 ), at the prime focus of the 8.2-m Subaru

elescope. This facility is operated by the National Astronomical
bservatory of Japan on the summit of Maunak ea (Haw aii, USA).
he HSC is a 1.77 deg 2 imaging camera with a pixel scale of
.168 arcsec. It is composed of 116 charge-coupled devices (CCDs;
04 for science, four for the auto guider, and eight for focus
onitoring). We use data from the HSC Subaru Strategic Program

HSC-SSP; Aihara et al. 2018a ), a three-layered surv e y (wide, deep,
nd ultradeep) of 1400 deg 2 in five different broad-bands ( grizy ) and
our narrow filters. The surv e y was ongoing when we started this
nalysis. In particular, our galaxy group is located in the SXDS field
Furusawa et al. 2008 ), in the ultradeep layer of the HSC Public
ata Release 2 (HSC-PDR2; Aihara et al. 2019 ). We used three

oadded science images in the three HSC- G ( g ), HSC- R ( r ), and
SC- I ( i ) bands, with surface brightness limits of 28.5, 28.1, and
7.9 mag arcsec −2 , respectively (Aihara et al. 2019 ). 
Throughout the development of this project the HSC Public Data

elease 3 (HSC-PDR3; Aihara et al. 2022 ) became available. This is
n updated and complete version in terms of observation time of the
SC-PDR2. Ho we ver, we did not use this data for this pilot due to

he differences in the sky conditions, the observing strategy, and data
reatment pipelines introduce changes that should be accounted in
he extended PSFs. This implies the construction of a new extended
SF in each band, equi v alent to months of work. On the other hand,

he HSC-PDR2 fulfils the requirements for our pilot study and has
een widely tested for LSB studies (e.g. Huang et al. 2018 , 2020 ; Li
t al. 2022 ). In a follow up work where we will analyse the IGL in a
arge sample of galaxy groups, we will e v aluate the potential of the
SC-PDR3 data in the faint regime around extended objects. 

.3 Target selection criteria 

ur selection criteria were based on the goal of performing a pilot
tudy of the IGL properties in GAMA groups using HSC images. We
im to pro v e that we can detect the faint IGL in groups of galaxies
n HSC-SSP data in order to allow for further study of a larger
ample of systems. First, we required our target to be located in the
ltradeep SXDS region, the only ultradeep HSC-PDR2 layer that
 v erlaps with GAMA data. In order to guarantee the reliability of
he group properties from the G 

3 Cv10 catalogue, we only pre-select
ystems with more than four galaxy members, whose uncertainties
n the velocity dispersion measurements are below 40 per cent , and
ith a group radius (defined by the 50th percentile group member)
NRAS 518, 1195–1213 (2023) 
o be lower than 0.7 Mpc h −1 so we a v oid very extended groups.
he selected candidate should also be a system with spectroscopic

edshift 0.19 < z < 0.50. This redshift range ensures extended galaxy
rofiles can be reliably extracted up to ∼300 kpc with no o v er-
r undersubtraction due to residual background issues in the HSC-
DR2 data (Huang et al. 2018 ; Li et al. 2022 ). Also, these systems
re good candidates to understand the still poorly explored IGL
roperties at intermediate redshift. This selection provided a sample
f 43 groups of galaxies. For the particular goals of this pilot study, we
ooked for groups without obvious recent interactions or bright tidal
ails or shells. In addition to the abo v e criteria, the group 400138
hows a clear visible extended halo around the brightest cluster
alaxy (BCG) and core region that resembled an IGL component
hat enables us to e v aluate our detection methods. By choosing a
ystem with a likely large fraction of IGL distribution we will not
ully demonstrate the potential of our method to detect IGL in a group
ith a low fraction of IGL. However, in this first work, we focus on

he reliability of the complex procedures such as the PSF modelling
nd subtraction, or the analysis of the IGL stellar populations. 

In terms of the FOV, the 400138 group is surrounded by three
 ery bright fore ground stars, two of them (the brightest: S1 and S2
n Fig. 1 ) located at close angular separation from the core of the
roup and also very close to each other. This last point is a challenge
n terms of the complex process of PSF modelling and subtraction of
oth bright stars and galaxies (see Section 3.3 ). Thus, the proximity
etween S1 and S2 allows us to test an extreme situation where the
uxes of both stars overlap and, at the same time, are contaminating

he flux of the core region of the group. By selecting the 400138 group
s our pilot target we are testing the quality of our PSF modelling and
emoval techniques, both critical for a reliable IGL colour analysis. In
ummary, the physical properties of the galaxy group 400138 allow
or a potentially clear IGL detection a v oiding known background
ubtraction issues, while its spatial configuration within the FOV
nsures a test of our PSF correction for a reliable stellar population
tudy. These reasons led to the group 400138 being the preferred
andidate among the possible targets for our pilot study. 

 PREPARATI ON  O F  T H E  DATA  

he top panel in Fig. 1 shows an HSC colour-composite image of the
utout region of 7 arcmin 2 around our group of galaxies. There we see
 diffuse stellar envelope around the three galaxies located at the cen-
re of the system, this is the BCG, 1660730, and 1660646. This faint
ight also sprawls towards 1660615 in the north direction showing a
ail-like shape. According to a visual check on the data, on the un-
harped images (this is the original group images minus the same im-
ge convolved with a Gaussian filter), and on the 2D models (see Sec-
ions 3.4 and 3.3.3 , respectively), all the galaxies in the group show
 spheroidal structure with the exception of 1660646 that has a disc.

The goal of this work is to analyse the IGL of the 400138 group
f galaxies. We aim to estimate both the amount of IGL in the
ystem, and the nature of its stellar populations. Prior to that, we
eed to prepare the data for the study of these LSB structures. These
rocedures are optimized to a v oid contamination of our sources
f interest from either galactic cirrus, foreground and background
ources, or due to atmospheric and telescope/instrument effects. In
erms of software, these preparatory steps are fully PYTHON based,
he only exception being the 2D model fitting of the galaxies (details
n Section 3.3.3 ) for which we used IMFIT (Erwin 2015 ). The detailed
xplanations of the tools, methods, and parameters used are in the
ollowing sections. 
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.1 Galactic cirrus emission 

he dust from the local interstellar medium diffuses light from Milky
ay stars, affecting astronomical images. This is called Galactic 

irrus emission. When analysing deeper images, Galactic cirrus 
an contaminate the data as it resembles the shape and brightness
f LSB structures (e.g. Chiboucas, Karachentsev & Tully 2009 ; 
ortese et al. 2010 ; Chiboucas et al. 2013 ; Barrena et al. 2018 ; Duc,
uillandre & Renaud 2018 ; Ram ́ırez-Moreta et al. 2018 ; Rom ́an,
rujillo & Montes 2020 ). 
The HSC-SSP fields are chosen to be low in Galactic cirrus and we

lso checked this for our region of interest. As the peak of this dust
mission falls in the far-infrared due to its low temperature (Low et al.
984 ; Veneziani et al. 2010 ), we examined 100 μm images from the
nfrared Astronomical Satellite ( IRAS ; Neugebauer et al. 1984 ) Sky
urv e y Atlas. 1 Far-infrared maps trace the regions where extended 
irrus structures contribute to the optical images. Ho we ver, Galactic 
irrus can also be compact and small, so undetectable with the IRAS
ngular resolution and could be confused with LSB galaxies. This is
 potential problem to be aware of. 

The IRAS images of our FOV suggested that the group is located in
 region of the sky with low dust contamination. We find a maximum
ux of 2.8 MJy sr −1 , which allows for a reliable colour analysis of our
ystem. Furthermore, the Galactic extinction correction (Schlafly & 

inkbeiner 2011 ) also returns low values: A ( g ) = 0.092, A ( r ) = 0.066,
nd A ( i ) = 0.050. We use these values throughout this work. 

.2 Sky subtraction and extended radial profiles extraction 

he background estimation is the most important systematic effect 
hen studying the outskirts of galaxies. As a consequence of 

his, the sky subtraction remains a potentially large systematic 
ncertainty. In this section, we detail our approach to minimize this
mportant source of error. 

The data from the HSC-SSP PDR2 are already coadded and sky
ubtracted. The global sky subtraction algorithm used in PDR2 is an 
mpro v ed v ersion of that used in the PDR1 data release (Aihara et al.
018b ). It now preserves the wings of extended objects allowing for
ore reliable studies of extended haloes (see details in Aihara et al.

019 ; e.g. Huang et al. 2018 ; Li et al. 2022 ). This is crucial for
erforming a study of LSB sources of any kind. To check this sky
ubtraction we studied the sky around our group of galaxies to re-
 v aluate and correct – if required – for any remaining sky emission
r o v ersubtraction due to either the original HSC-SSP PDR2 sky
ubtraction or our later PSF treatment. 

We based our second-order sky subtraction method on the ideas 
nd steps in Pohlen & Trujillo ( 2006 ) and in Mart ́ınez-Lombilla et al.
 2019 ): measuring the sk y lev el from the outer and flat points of very
xtended radial profiles of the BCG. Ho we ver, our group does not
ave a clear massive brightest group member, but three core galaxies 
f similar sizes and luminosities where the brightest one has been 
dentified as the BCG (Robotham et al. 2011 ). Thus, this BCG is not
he only contributor to the central faint light of the system. As a result,
e treat these core members (the BCG, 1660730, and 1660646) as
 whole system that accounts for the centre of mass (or luminosity)
f the group. The sk y lev el is then measured from the outer and flat
oints of a very extended radial profile of the core galaxies using the
 Data downloaded from the NASA/IPAC Infrared Science Archive https: 
/ irsa.ipac.caltech.edu/ applications/IRAS/ ISSA/ 

2

l
t

adial distance indicator procedure 2 developed in Montes & Trujillo 
 2014 ) and also used in Montes & Trujillo ( 2018 , 2019 ). 

We create a map where the distance to each pixel on the images is
omputed as the elliptical distance to its nearest core galaxy. The
hape parameters of the three core galaxies needed to build the
llipses were obtained by fitting elliptical isophotes to each of them
eparately, using the ISOPHOTE package (using the iterative method 
escribed by Jedrzejewski 1987 ) in PHOTUTILS (Bradley et al. 2020 ).
he fitting is performed to where the flux contribution starts to be
ominated by that from the other two neighbouring galaxies. In 
rder to estimate an accurate central position of each core galaxy, we
alculate the ellipse fitting twice: a first run leaving all the parameters
ree; then a second in which we fixed the centre to the median
tted central coordinates returned by the previous iteration. From 

he distances map, we extract logarithmically spaced annuli that are 
hen used to extract the radial profiles in the images. The shape of the
nal annuli apertures is shown in the bottom panel of Fig. 1 . Prior to

he extraction of any profile, we built a mask with all the sources other
han the core galaxies masked (see details on the masking process in
ection 3.4 ). 
By applying the abo v e procedure o v er the individual g , r , and

 bands, we obtained extended radial profiles up to ∼170 arcsec
 ∼580 kpc) for our sky subtraction determination. For each annulus
f those very extended profiles, the sky flux was obtained by
v eraging the pix el flux values by applying a 3 σ clipping rejection
lgorithm. The sk y lev el in a giv en band is defined as the median
alue of the radial profile points located in the outermost and flattest
art of the profile (i.e. at radii > 350 kpc). We subtracted from the
hole images in each band the following sky values in counts:

ky g = −6.3 × 10 −4 , sky r = −1.72 × 10 −3 , and sky i = −9 × 10 −5 .

.3 Modelling and remo v al of the scattered light 

he light coming from an astronomical source is scattered while 
assing through every optical element such as the atmosphere, 
he telescope, the instrument, and the detector. The PSF models 
haracterize how the light of a point source is scattered. The extended
ings of the PSF of bright foreground stars can add an artificial
ux component to the actual amount of light of the object (e.g.
son, Boughn & Kuhn 1991 ; Michard 2002 ; Slater et al. 2009 ;
andin 2015 ; Trujillo & Fliri 2016 ; Infante-Sainz et al. 2020 ). As
 consequence, it is important to construct a very extended PSF
hat reaches the whole extent of those wings, at least 1.5 times
he size of the source of interest (Sandin 2014 ). Ho we ver, pre vious
orks have found that not only the light from bright stars affects
easurements of LSB structures. Properties of the faint outskirts of 

alaxies or galactic discs such as thick discs or stellar haloes can be
ev erely o v erestimated due to the effect of the PSF on the extended
ources (e.g. Zibetti, White & Brinkmann 2004 ; de Jong 2008 ;
andin 2014 ; Trujillo & Fliri 2016 ; Peters et al. 2017 ; Comer ́on,
alo & Knapen 2018 ; Mart ́ınez-Lombilla & Knapen 2019 ). This is
articularly important for small or compact sources like the ones 
e are studying in this work. For these reasons, it is crucial to
odel the scattered light from bright stars in the field as detailed in
ection 3.3.2 , and also to characterize how the very extended wings
f the PSF affect extended objects such as the galaxies of our group,
MNRAS 518, 1195–1213 (2023) 

 In a system where there is a clear BCG we would directly measure the sky 
evel by fitting elliptical isophotes to the BCG and extending the profile to 
he radius where the profile flatters due to the sky emission. 

https://irsa.ipac.caltech.edu/applications/IRAS/ISSA/
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Figure 2. Left: deep and very extended HSC-PDR2 PSF image in i band. 
The PSF was obtained by combining the PSF of bright saturated stars for 
the outer part, intermediate-magnitude stars for the intermediate transition 
region, and high S/N faint stars for the inner part. This PSF extends to a 
radius R ∼ 1607 pixels (4.5 arcmin). Right: profiles in the i band of the fitted 
bright star S3 (blue) and of the flux scaled model HSC PSF (orange). The 
horizontal grey area between the black dashed lines indicates the radial region 
selected for the profile fitting between the star and the model PSF for this 
particular case. 

Table 1. Main parameters of the three bright stars to which the PSFs were 
scaled and subtracted (Section 3.3.2 ). The columns indicate the star name 
(S1, S2, and S3 as indicated in Fig. 1 ), the star coordinates, its corresponding 
Gaia ID from the Data Release 2 (DR2; Gaia Collaboration et al. 2018 ), 
and the apparent magnitude in G band obtained from the HSC-PDR2 bright 
masks data (Coupon et al. 2018 ). 

Star RA (J2000) Dec. (J2000) Gaia ID m G 

( h : m : s ) ( ◦: ′ : ′′ ) DR2 (mag) 

S1 2:23:14.9441 −5:28:37.713 2488659911371254528 12.47 
S2 2:23:16.4314 −5:28:58.823 2488659911371254784 10.41 
S3 2:23:31.0018 −5:25:56.160 2488660598566021376 13.80 
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In the following subsections we explain the characteristics of the
 ery e xtended HSC PSFs used in this work and how we modelled
nd remo v ed the scattered light from both the bright stars and the
ore galaxies of our group. 

.3.1 Point spread function 

n this work, we use our own custom-made extended point spread
unctions (PSFs), built from the wide layer HSC-SSP PDR2 data,
or each of the three g , r , and i bands. A careful measurement of
uch PSFs is essential to remo v e the scattered light from the images,
ithout which the deep data cannot be exploited to its maximum. 
Our HSC-SSP PDR2 PSFs were built following the method 3 

utlined by Infante-Sainz et al. ( 2020 ), which was designed for
he Sloan Digital Sk y Surv e y (SDSS). This method is based on
he sampling of 425 point-like sources in each band, at different
rightness levels, to estimate an average extended PSF of the whole
ata set by median-clipping star stacking. Three different ranges of
rightnesses are chosen to build the so-called inner, intermediate,
nd outer parts of such PSFs. Faint and non-saturated stars are
sed to reconstruct the PSF core, since the cores of bright stars
re highly degraded due to the CCD pixel saturation. Because our
SFs are only used to remo v e scattered light from saturated sources,
righter than m g = 14 mag, the inner core and intermediate part
o not play a significant role in the subtraction step, described in
ection 3.3.2 . 
Bright stars are used to derive the faint PSF wings at their
aximum available e xtension. F or the SDSS, Infante-Sainz et al.

 2020 ) were able to yield a PSF radius of 8 arcmin by choosing
round 1000 sources with magnitudes below 7. However, SDSS
o v ers 10 times more sky area with respect to HSC. This difference
educes the total number of available sources and, consequently,
imits the maximum reachable radial extension of the PSFs. Ho we ver,
lthough the vast majority of the brightest stars lie abo v e 7 mag in
he available FOV of the HSC surv e y, we were able to select a large
nough number of sources with magnitudes between 4 and 8 in each
and to build reliable extended PSFs. 
Multiple quality checks were applied along the process in order

o remo v e e xternal light contamination caused by spurious sources
n the vicinity of the selected stars used to create the PSFs. First,
e rejected those stars that have very bright companions according

o the available stellar catalogues. Second, we detected and masked
bjects and structures that contaminate the FOV using GNU Astro
stronomy Utilities ( GNU ASTR O ) 4 NoiseChisel and Segment

Akhlaghi & Ichikawa 2015 ; Akhlaghi 2019 ), as performed in
nfante-Sainz et al. ( 2020 ). These tools were also used to estimate
he sky noise level accurately, measuring it from the non-masked
e gions. Third, we remo v ed those stars that still e xhibited e xternal
ight contamination from non-detected sources or ghosts. The final
umber of bright stars that could be used were around 425 in each
and, which allowed us to reach a signal-to-noise ratio (S/N) abo v e
 along the entire radial profile of the final PSFs. 
Finally, intermediate-magnitude point-like sources are necessary

o join together the inner core (4–5 arcsec) and outer wings (20–
5 arcsec) parts. The i -band PSF is shown in Fig. 2 , where it can
e seen that the PSF extends to a radius of 1607 pixels, which is
NRAS 518, 1195–1213 (2023) 

 See the detailed procedure of how to build an extended PSF 
t: https:// www.gnu.org/ software/gnuastro/ manual/html node/ Building-the 
 extended- PSF.html 
 Web page of GNU ASTR O : https:// www.gnu.org/ software/gnuastro 
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qui v alent to 4.5 arcmin. For the g and r bands, the PSF extends to
imilar radii. The blank pixels in Fig. 2 are due to insufficient data
t these locations, whereas the central elongated artefact along the
orizontal axis is due to the saturation of the brightest stars used to
uild the outer part. 

.3.2 Bright star subtraction 

e subtracted the scattered light contamination from the brightest
tars in the field by following procedures similar to those presented
n Rom ́an et al. ( 2020 ), Infante-Sainz et al. ( 2020 ), and Montes et al.
 2021a ). In this method, the flux of the selected stars is fitted in each
and and then the flux of the appropriate band model HSC PSF is
caled to that of the star. In this image, we fitted the three stars in our
OV that are brighter than m g = 14 mag (see their locations in Fig. 1
nd parameters in Table 1 ). 

We started by masking all the sources in the field other than these
hree stars by constructing a dedicated mask for each star (see details
f the masking process in Section 3.4 ). The next step was to obtain
n accurate position of the centre of each star. The centroid 1dg
ackage in PHOTUTILS (Bradley et al. 2020 ) allows us to find the
entre of these saturated stars by fitting 1D Gaussians to the marginal
 and y flux distributions within a radius of a few arcseconds around
heir central regions. 

Once the images are properly masked and the centres of the stars
arefully determined, we are able to fit the flux. First, we fitted

https://www.gnu.org/software/gnuastro/manual/html_node/Building-the-extended-PSF.html
https://www.gnu.org/software/gnuastro
art/stac3119_f2.eps
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Table 2. Best-fitting parameters values obtained with IMFIT for each function required to model the three core group system of galaxies and IGL in the g , r , and 
i bands as described in Section 3.3.3 . The S ́ersic functions model the galaxies (or the spheroidal core in the case of 1660646) defined by four main parameters: 
the position angle (PA) in degrees; the ellipticity ( ε); the S ́ersic index ( n ); and the ef fecti ve radius ( r e ) in arcsec. The exponential function models the faint IGL 

structure (and the disc component in 1660646) and is characterized by three parameters: the PA in degrees; the ellipticity ( ε); and the exponential scale length 
( h ) in arcsec. 

Parameters BCG 1660646 1660730 
g r i g r i g r i 

S ́ersic 

PA ( ◦) 63 ± 3 60 ± 2 58 ± 1 31 ± 3 29 ± 3 28 ± 4 267 ± 4 264 ± 3 272 ± 6 
ε 0.36 ± 0.06 0.30 ± 0.03 0.28 ± 0.02 0.16 ± 0.05 0.14 ± 0.06 0.10 ± 0.06 0.20 ± 0.04 0.26 ± 0.06 0.14 ± 0.03 
n 1.46 ± 0.19 2.03 ± 0.30 2.19 ± 0.17 1.53 ± 0.19 1.4 ± 0.55 0.89 ± 0.37 1.45 ± 0.15 2.22 ± 0.43 2.79 ± 0.34 
r e (arcsec) 0.79 ± 0.03 1.00 ± 0.01 1.07 ± 0.07 1.06 ± 0.09 0.44 ± 0.03 0.30 ± 0.05 0.78 ± 0.03 1.13 ± 0.02 1.16 ± 0.16 

Exp. (IGL) 

PA ( ◦) 100 ± 8 109 ± 11 93 ± 9 166 ± 15 36 ± 16 46 ± 7 24 ± 8 80 ± 15 73 ± 14 
ε 0.21 ± 0.06 0.29 ± 0.05 0.48 ± 0.12 0.55 ± 0.13 0.89 ± 0.11 0.74 ± 0.12 0.50 ± 0.08 0.32 ± 0.11 0.53 ± 0.18 
h (arcsec) 4.69 ± 1.03 5.04 ± 0.89 9.39 ± 2.26 3.72 ± 1.01 3.02 ± 0.99 7.59 ± 1.42 4.88 ± 1.05 4.37 ± 0.96 8.16 ± 1.65 

Exp. (disc) 

PA ( ◦) – – – 36 ± 2 35 ± 3 35 ± 2 – – –
ε – – – 0.67 ± 0.03 0.66 ± 0.02 0.62 ± 0.03 – – –
h (arcsec) – – – 1.23 ± 0.38 0.74 ± 0.21 1.12 ± 0.13 – – –
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5 Pre-compiled binaries, documentation, and full source code (released under 
the GNU Public License) are available at https:// www.mpe.mpg.de/ ∼erwin/c 
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he flux from the stars. The order of the fits were based on the
rightness, from brightest (i.e. star S1) to faintest (i.e. star S3). We
erived radial profiles of the flux from the stars using logarithmically 
paced circular annular apertures (using CircularAnnulus task 
n PHOTUTILS ). The radial profile is composed of the average flux
f each annulus obtained after applying a 3 σ clipping rejection 
lgorithm to minimize contamination from residuals or undesirable 
rtefacts in the data. We then extracted the radial profiles of the model
SC PSFs following the same procedure. 
The next step is the flux calibration. This is to scale the radial

rofiles of the model HSC PSFs to those of the stars in each band.
e selected a range in radius to obtain the scale factor considering

hat our main goal is to characterize the outer extended wings of the
SF of the stars to minimize the contamination in the outer parts,
here the group light could be affected. The radial range is then

rom 0.05 times the saturation level of the images to three times
heir background value. The scale factor is the ratio between the 
rofile of the stars and the corresponding model HSC PSF within 
he selected radial range. To ensure that we measured a robust scale
actor, we minimized the fitting by optimizing the values of the scale
actor at each annulus in the selected radial range of the profiles.

e scaled each model HSC PSF profile by the corresponding scale 
actor. 

Lastly, we subtracted the flux-calibrated model HSC PSF of the 
hree stars all at once. To do that, we scaled the model HSC PSF
mages using the abo v e calculated scale factor for each of the stars.
hen, we put those individual images of the scaled PSFs in a new
lank image the size of the FOV at the position of the corresponding
tar. This final image is the scattered field image, and is what we
ubtracted from the data to obtain a FOV corrected for the effect of
he PSF in bright stars. We repeat this process for each g -, r -, and
 -band image. 

Fig. 1 shows the image of our FOV. The original image is seen in
he top panel, while the bottom row shows the same region with
he bright stars subtracted and masked for each band separately 
the core galaxies were also modelled and subtracted as explained 
n Section 3.3.3 ). Some residual are left after modelling bright 
o

tars, especially in the inner regions affected by internal reflections 
Infante-Sainz et al. 2020 ). 

.3.3 2D PSF-deconvolved models of the galaxies in the group 

he scattered light from the galaxies situated in the core of the group
ay also contribute to o v erestimating the total amount of IGL in

he system and could affect the measured colour distribution of this
aint light. To a v oid these issues, we b uilt 2D models deconv olved
ith our extended PSF of the three galaxies in the group core: BCG,
660730, and 1660646. These models are obtained from images with 
he sky and bright stars subtracted. 

We generate the 2D models using IMFIT 5 (Erwin 2015 ). During the
tting, IMFIT allows for the convolution of analytical functions with 

he image of the extended PSF (see Section 3.3.1 ). This technique
llows the creation of a 2D PSF-convolved model of a source and
as been widely used in previous studies (e.g. Trujillo & Fliri 2016 ;
eters et al. 2017 ; Mart ́ınez-Lombilla & Knapen 2019 ). 
In order to model the BCG, 1660730, and 1660646, we used

 S ́ersic function (Sersic 1968 ) to reproduce the galaxies and an
xponential function for the diffuse component. 1660730 needed 
n additional exponential function to model a disc-like structure in 
his galaxy. The details on the parameters and values used for each
unction are given in Table 2 and the images of the models are shown
n Fig. 3 . For the initial conditions we used the outcomes from the
lliptical isophote fitting performed to extract the sky background 
alue (Section 3.2 ). 

We ran IMFIT twice for each galaxy in each band (six times in total).
irst, we fit the light from the galaxies and the diffuse component
ccounting for the PSF effects. In the second fit, we take the best-
tting parameters of the best fitting of the galaxies – this is excluding

he exponential component of the diffuse light – and ran IMFIT without 
MNRAS 518, 1195–1213 (2023) 
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M

Figure 3. Images of a zoom-in region of ∼200 × 200 kpc 2 over the core region of the group showing the steps of the process for modelling and subtracting the 
2D PSF-convolved models of the three core group galaxies. (1) HSC-PDR2 data in i band, sky and star subtracted; (2) 2D PSF-convolved models of the three 
core galaxies and the IGL; (3) 2D PSF-convolved models of the three core galaxies only; (4) HSC-PDR2 data in i band, sky, star and galaxy subtracted after 
removing the 2D PSF-convolved models of the three core galaxies shown in image (3). 
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n y minimization. This giv es the 2D PSF-convolv ed models of the
alaxies in the group core. 

Finally, we subtracted the image with the 2D PSF-convolved
odels of the three core galaxies from the original image with the

right stars already subtracted. The resulting image only contains
he diffuse light component, corrected for any scattered light from
he galaxies, and a residual fraction of light the analytical galaxy

odels are not able to replicate such as intrinsic asymmetries in
he morphology of the observed galaxies (hereafter we refer to this
omponent as the residuals). By repeating this process for the three
 , r , and i bands, we produce the final images of the diffuse light that
e use for the rest of this analysis. Fig. 3 shows the images at each

tep of the process and the bottom panels in Fig. 1 show the images
f the IGL in each band. 

.4 Dedicated semi-automatic mask 

asks play a key role in the analysis of LSB structures because
ny undesirable source of light, even from very faint objects, can
ontribute to incorrect flux measurements. The aim of masking is
o block the light from all foreground and background objects in
he FOV except for the target. Ho we ver, the combination of faint
nd extended structures that are present in LSB studies makes the
asking process very complex and highly human dependent. Source

etection and deblending algorithms usually struggle to separate
aint extended objects – particularly from the background – with
he precision required here. In this section, we describe how we
av e dev eloped a semi-automatic PYTHON based process, optimized
o build the very extended and conserv ati ve masks required for
he analysis of the IGL in our group of galaxies (see bottom
anels of Fig. 1 ). This method is built from modular and object-
riented PYTHON scripts, which allow for an easy implementation
f modifications and impro v ements. We used PHOTUTILS (Bradley
t al. 2020 ) for the image segmentation using detect threshold
nd detect sources to detect astronomical sources, and de-
lend sources to deblend the detected sources. In all the cases,

he threshold for detection was 1.1 σ abo v e the background level. 
In general, we generated our masks in three steps: (1) we first build

 mask optimized to detect and deblend bright extended objects, i.e. a
old mask, for example the bright stars and the galaxies in the group;
2) on top of that, we made a mask optimized for faint small objects,
.e. a hot mask, such as background galaxies or foreground dwarf
alaxies; and then (3) by visual inspection and using an interactive
nterface provided by PYTHON , we mask any undetected source
r structure in the resulting combined hot + cold mask through an
NRAS 518, 1195–1213 (2023) 

b  
terative process that allows us to impro v e the masking with every
teration. 

The ‘hot + cold’ method has been previously used in deep images
here there are a wide variety of objects in the field in terms of
ux and radial extension (e.g. Rix et al. 2004 ; Montes & Trujillo
018 ; Montes et al. 2021a ). This is because a single source detection
lgorithm is not feasible in those cases as it cannot simultaneously
etect such a wide variety of sources robustly. Another situation
here these algorithms have problems is when background sources
especially faint ones – o v erlap bright objects like the galaxies of

ur group. To address this issue, we unsharp masked the original
mage prior to the application of the hot mask to increase the
ontrast. To do that, we convolved the image with a Gaussian filter
 Gaussian2DKernel from ASTROPY ; Astropy Collaboration et al.
018 ) with σ = 5 pixels, and subtracted it from the original. 
We followed a conservative approach throughout the masking

rocess. We applied the whole ‘hot + cold’ method o v er the deep
ri stacked image as the stacking technique enhances the sources’
rightness allowing for more extended masks. To completely cover
he faint outskirts of the sources, we expanded each of the hot and cold

asks by convolving them with 2D Gaussian filters with σ = 1 pixel
nd σ = 2 pix els, respectiv ely. We also used the large bright star
asks (brighter than g = 18 mag) provided by the HSC-PDR2

Coupon et al. 2018 ; Aihara et al. 2019 ) as an input for our cold mask
cript. To account for detector issues we applied the SENSOR EDGE ,
ROSSTALK , and BAD mask planes provided in the HSC-PDR2
oadds (Bosch et al. 2018 ; Aihara et al. 2019 ). These detector issues
re the reason why some rows and columns are completely masked
n the images showed in the bottom panels of Fig. 1 . All these
echniques together ensure the total masking of any unwanted light. 

Sometimes the masking process required us to unmask certain
ources. To do that, we visually determined a region around the
arget using the software SAOIMAGEDS9 (Joye & Mandel 2003 ).
he region is then incorporated to the PYTHON scripts using the
ead ds9 function from the REGIONS package in ASTROPY . This

s the most human-dependent step of the method but it can be done
efore starting the masking process. 
In a complex system such as a group of galaxies, we needed to

uild different masks depending on the analysis step and the source
f interest. Based on the general ‘hot + cold’ method explained above,
e constructed a set of nine different masks. In all cases, we used the
osition on the sky provided by the GAMA catalogues to identify
he group members. The specific details of each of these masks, as
ell as the rele v ant analysis step they refer to, are listed here. 

(i) Bright star subtraction masks (Section 3.3.2 ). To subtract the
right stars in the field we needed to mask all the sources except
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or our targeted stars S1, S2, and S3 (see star locations in the top
anel of Fig. 1 ). This is a multistep process combined with fitting the
ux of the stars. We first masked all the sources within the FOV and
dded an elliptical mask centred on the BCG to completely co v er
he faint light from the core region (ellipse with a semimajor axis
f SMA = 105 arcsec, and a semiminor axis of sma = 58 arcsec).
t this stage we had all the sources masked. From here, we built a
ask for each star taking into account that stars S1 and S2 are very

lose to one other. As the flux fitting started with the brightest star,
e first unmasked S1 by isolating its flux from that of S2 as much

s possible while still allowing for a reliable fitting. The unsharped- 
ask technique is applied here to properly mask the background 

ources o v erlapping S1. Once the S1 mask was ready, we performed
he flux fitting and subtraction of the star as explained in Section 3.3.2 .

e then started the mask for S2. First masking the residuals derived
rom the subtraction of S1. Then we unmasked S2 and added a mask
o the o v erlapping background sources. We proceeded in the same
ay as before with the fitting and subtraction of S2. Finally, we
uilt the mask for S3 by repeating the same process. In all cases, the
orizontal spikes produced by the saturated/bleed pixels were also 
asked. The very last step was to mask the residuals of S3. Thereby,

he mask of the star-subtracted image was produced. 
(ii) Group core mask (Sections 3.2 , 3.3.3 , 4.2 , and 4.3 ). From the
ask of the star-subtracted image, we unmasked the core region of

he group – this is remo v ed the large elliptical mask centred on the
CG – and then masked every source within that area except the core
alaxies (the BCG, 1660730, and 1660646). We also left unmasked 
he two foreground galaxies below the BCG (F1 and F2 in Fig. 1 )
s their flux might affect that of the BCG. To remo v e an y influence
f those galaxies, we first performed an elliptical isophote fitting 
f their flux allowing for a 3 σ clipping algorithm. The result of the
tting was used to build a 2D model with build ellipse model

n PHOTUTILS . Finally, the 2D model was subtracted from the data.
y masking the residuals derived from the subtraction of the galaxies 
1 and F2, we obtained the group core mask. This mask is widely
sed in the analysis process as this is required to perform the second-
rder sky subtraction, is the input file to IMFIT to generate the 2D
SF-deconvolved models of the three galaxies in the core of the 
roup, and is the mask for extracting the surface brightness and 
olour profiles of the core group members. 

(iii) BCG mask (Section 4.4.1 ). Following the abo v e procedure 
or the foreground galaxies, we took the group core mask and added
 mask for 1660730 and 1660646. Thus, in this case every source is
asked except for the BCG. 
(iv) Diffuse light mask (Sections 3.3.3 , 4.2 , 4.3 , and 4.4.1 ). Once

he three galaxies in the core of our group were modelled and
ubtracted from the data, we also masked o v er the central residuals
emaining after those subtractions. We called this the diffuse light 
ask as it only allows for the flux from the diffuse light component

f the system. 
(v) Group mask (Sections 4.4 and 4.4.2 ). A mask that co v ers ev ery

ource but the light from the group members is necessary to obtain
n estimation of the total group light in order to determine the IGL
raction of that light. We unmasked the remaining group members 
rom the group core mask and masked any undesirable background 
nd foreground source that falls over the group galaxies light by 
pplying the unsharped-mask technique. 

(vi) rms mask (Section 3.5 ). In this case we needed to completely
ask all the sources and the faint light. To do that, we took the core
ask and added the elliptical mask used in the bright stars subtraction
ask to it, to co v er the group core and the IGL ( SMA = 105 arcsec

nd sma = 58 arcsec). 
.5 Surface brightness limits 

ny LSB study requires an estimation of the surface brightness limit.
his limit sets an initial framework for the analysis in terms of the
epth of the data, which constrains the potential detectable structures. 
e determined the surface brightness limit for each of the three g , r ,

nd i bands independently following the procedure of appendix A in
om ́an et al. ( 2020 ). First, we had to calculate the root-mean-square

rms, i.e. a measurement of the scatter) of the data by randomly
lacing 2500 boxes of 10 × 10 arcsec 2 ( ∼34 × 34 kpc 2 ) throughout
ach image masked with the rms mask (see Section 3.4 ). 

The surface brightness limits of our data at 3 σ within 
0 × 10 arcsec 2 boxes are as follows: μlim 

g = 30 . 76 mag arcsec −2 ;
lim 

r = 29 . 82 mag arcsec −2 ; and μlim 

i = 29 . 41 mag arcsec −2 . 

 RESULTS  

t this stage, the images are sky subtracted and the bright stars
nd core galaxies are modelled and subtracted to account for the
nfluence of the extended wings of their PSF. Therefore, our HSC-
DR2 ultradeep images are ready for the analysis of the IGL in the
roup 400138. 
In this section, we show the results of the study of the diffuse

ight within our group of galaxies. We detect and separate the IGL
omponent from other structures such as the halo of the BCG. To do
hat, we analyse the distribution of that diffuse light in Sections 4.1
nd 4.2 , its stellar populations using the colour information in
ection 4.3 , and the amount of IGL in the group in comparison
ith the total light of the system in Section 4.4 . 

.1 Diffuse light image and distribution 

n this section, we briefly describe the visual properties of the diffuse
ight component. The main result is that we have indeed detected
he diffuse component, including the IGL, in each of our three
ands. To observe and obtain reliable measurements of the IGL is a
echnical challenge due to its faint nature. At those LSB levels ( μg 

 26 mag arcsec −2 ), even the faintest source of light could affect
hat we consider as IGL emission (see Section 3 for details about the

ight contributions that have been removed from the images). One of
he main sources of uncertainty in this case would be the effect of the
SF in the light profiles of the galaxies, producing a f ak e stellar halo.
o we ver, as we are still detecting diffuse light after deconvolving
ith the PSF, we can confidently claim that our IGL measurements

re not o v erestimated by the contribution of the scattered light of
he core group galaxies. In the same way, the flux from bright stars
ithin the field, which may produce a faint light component o v er the
hole group, has also been ef fecti v ely remo v ed. This is the first IGL
etection in a group of galaxies in the HSC-PDR2 ultradeep images.
urther IGL analysis could be carried out in a more representative
ample of galaxy groups (see Section 5.5 ). 

The bottom panels in Fig. 1 show the IGL radial distribution. The
GL emission is more intense at smaller radii in the three bands. The
nner IGL distribution follows the ellipticity of the system formed 
y the three core galaxies (the BCG, 1660730, and 1660646), with
 position angle (PA) orientated towards the north-east. Ho we ver, 
he diffuse light also extends towards the north-west (upper right 
irection in Fig. 1 ) in the outermost parts showing a tail-like structure.
he tail reaches about 91 arcsec from the BCG and is around 22 arcsec
ide in i and r bands ( ∼314 × 75 kpc 2 ), being fainter and less

xtended in g band ( ∼265 × 66 kpc 2 ). Looking at the location of the
alaxy group members in Fig. 1 , it is possible that the gravitational
MNRAS 518, 1195–1213 (2023) 
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Figure 4. Surface brightness profiles at each g (green), r (red), and i band (grey) of the core group galaxies (solid lines) and the IGL component (dashed lines). 
These profiles are corrected for Galactic extinction, surface brightness dimming, and K -corrected. The horizontal dotted lines are the surface brightness limits 
of each corresponding band from Section 3.5 , also corrected for surface brightness dimming and K -correction (colour coded as the profiles). The vertical blue 
region represents the HSC full width at half-maximum (FWHM) of 0.7 arcsec ( ∼4.2 pixels) obtained from point sources in r band. The IGL of the 400138 
galaxy group shows a smooth exponential decay, brighter in redder wavelengths, that extends from SMA > 55 kpc up to SMA ∼ 275 kpc in all bands with 
reliable detection below 26 mag arcsec −2 down to the data surface brightness limits. 
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otential of the galaxy 1660615 is causing this additional light
 xtension o v er the main central component. The diffuse light does
ot extend to the furthest group members 2301069 and 1660545 at
he surface brightness limit of our data. As stated in Section 3.1 ,
mall and compact Galactic cirrus structures are a potential source
f uncertainty because they might be observed as faint regions in
ptical images, resembling LSB structures. Far-infrared detectors
re blind to these cirrus due to their poor angular resolution meaning
hat the extended diffuse structure that extends towards the north-
est from the core of 400138 could be a cirrus feature. Ho we ver,

he association with confirmed member 1660615 supports the IGL
ature of this faint tail. 

.2 IGL radial surface brightness profile 

o study how the IGL is distributed radially, we extracted identical
adial surface brightness profiles of the star-subtracted core members
f the group (i.e. the image with the core galaxies), and the diffuse
ight component from the 2D star- and galaxy-subtracted images (i.e.
he image without the core galaxies). We derived those 1D profiles
n each of the three g , r , and i bands separately. To do that, we used
he radial distance indicator procedure described in Section 3.2 . 

In this radial distance indicator approach we consider the centre
f mass of the three core galaxies (the most massive members) as
he centre of the system. This is because the BCG is not located at
he centre of the IGL distribution (see Fig. 1 ). Elliptical apertures
entred in the BCG would cause larger sources of uncertainties in
he IGL measurements from pixels that do not belong to the IGL
ut that would be in the elliptical annulus bins. Another possibility
ould be to choose the centre of mass of the group but it is located

t ∼14 arcsec from the BCG in the north-west direction, so the
NRAS 518, 1195–1213 (2023) 
ffset from the centre of IGL distribution is even larger than that
f the BCG. On the contrary, the distance annulus apertures used
n this work follow the visible IGL distribution as shown in Fig. 1 ,
roviding confidence in the good agreement between the centre we
sed and the centre of mass of the IGL. We measured the centre of
ass (or luminosity) of the images with only the IGL emission (this

s the 2D star- and galaxy-subtracted images). We obtained that the
GL centroid should be within R < 3 arcsec from the centre we used.
his potential small offset would imply only a minimal difference in

he measurements of the light of the three core galaxies or the very
nner regions of the IGL (SMA > 15 arcsec). 

From the annuli apertures, we built 21 radial bins logarithmically
paced around the centre of mass of the system composed of the
hree core galaxies, up to a SMA of 85 arcsec (290 kpc) in the
hree g , r , and i bands. The value of each radial point of the
rofile is the median surface brightness of the corresponding annulus
btained after performing a 3 σ clipping rejection algorithm. All
he surface brightness profiles (i.e. the whole profiles) are corrected
or Galactic absorption ( A ( g ) = 0.091, A ( r ) = 0.066, and A ( i ) =
.050 mag) and are K -corrected ( K -corr( g ) = 0.68, K -corr( r ) = 0.29,
nd K - corr ( i) = 0.13 mag). We used the values provided for the BCG
n the GAMA catalogues: the Galactic absorptions from Baldry et al.
 2018 ), and the K -corrections from Lo v eday et al. ( 2012 ). As the
roup 400138 is at redshift z ∼ 0.21, we also accounted for the surface
rightness dimming in the form (1 + z) −4 (Tolman 1930 , 1934 ). The
rror of each surface brightness value in the profile is estimated as
n Mart ́ınez-Lombilla et al. ( 2019 ). This is the combination of the
oisson error of the annulus (associated with the signal of the source

n each ellipse), and the uncertainty on the estimation of the sky due
o fluctuations within the area of each ellipse (associated with the
ky rms obtained in Section 3.5 ). 

art/stac3119_f4.eps
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Figure 5. ( g − i ), ( g − r ), and ( r − i ) colour profiles in pink, yellow, and blue, respectively. The solid lines represent the profiles extracted from the three core 
galaxies of the group, while the dotted lines represent those of the IGL component. The coloured shaded regions account for the profiles’ associated errors. 
The gre y re gions indicate the range from which we obtain the mean colour values: SMA < 30 kpc for the mean colours of the core galaxies of the group, and 
50 < SMA < 140 kpc for those of the IGL. The corresponding profile apertures at these distances are indicated in Fig. 1 . There is a gradient towards bluer 
colours in the transition region between the group and the IGL (SMA < 50 kpc) indicating younger stellar populations in the IGL component. Beyond that (50 
< SMA < 140 kpc) the IGL is the dominant component and the colour profiles show flat radial distributions within the errors. 
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Fig. 4 shows the resulting surface brightness profile of the core 
alaxies of the group, and the diffuse component in each of the g ,
 , and i bands. The shaded regions represent the uncertainties on the
ux determination. Both the profiles of the group and of the IGL are
righter in i and r band than in g band. This can also be appreciated
n the bottom panels of Fig. 1 , where the diffuse light is less intense
nd co v ers a smaller area in g band, while the higher S/N and more
xtended detection are in r and i bands. The IGL profiles show a
at shape in the inner regions (SMA < 10 arcsec, 30 kpc) due to the
esidual light from the haloes of the three galaxies not being perfectly
odelled in the core region (see Section 3.3.3 ). In the case of the core

f the group, the inner region accounts for the light from the three core
alaxies. Then, at SMA > 55 kpc, there is a smooth exponential decay 
n brightness towards the outer parts tracing a faint light component, 
eliably detected down to the data surface brightness limits. This 
ight can be considered as the IGL of the 400138 galaxy group. The
rofiles extend up to ∼80 arcsec (SMA ∼ 275 kpc) in all bands, with
/N values > 1 to this radial distance (see Fig. 1 for the shape of the
pertures and the IGL extension over the image). 

.3 IGL colour 

olour measurements can give invaluable information on the stellar 
opulations that make up the IGL. Studying the radial colour 
istribution of the core galaxies and the IGL component, we can set
ge and metallicity limits on the stars making up the IGL, and also
onstrain the potential physical processes that built up this diffuse 
tructure. We obtained three radial colour profiles of the diffuse light 
omponent for all our possible filter combinations: g − i , g − r ,
nd r − i . The radial colour profiles were directly obtained from the
ubtraction of the surface brightness profiles in the corresponding 
ands in Section 4.2 and are therefore K -corrected and corrected for
alactic extinction. The uncertainties on the colour determination 
ere obtained from the combination of the error values of the surface
rightness profiles, providing comparable values to those in previous 
SB works using HSC-PDR2 data (e.g. Montes et al. 2021b ). 
Fig. 5 shows these radial colour profiles out to 50 arcsec (170 kpc;

ee the example radial apertures over the IGL image in Fig. 1 ).
he solid lines indicate the colour profiles of the group members

galaxies + IGL), while the dashed lines are those with the core
alaxies remo v ed from the image, the IGL colour profiles. The radial
olour profiles have four clear behaviours depending on the radial 
istance. 
(i) The inner part of the group members at SMA < 8 arcsec

SMA < 30 kpc), colour profiles are dominated by the emission
rom the galaxies. In the case of the IGL colour profiles, as those
ore galaxies were modelled and subtracted (see Section 3.3.3 ), the
olour measurements are not reliable in that region. 

(ii) Then, there is a transition region at 8 < SMA < 15 arcsec (30
 SMA < 50 kpc) where the IGL gradually becomes less affected

y the core members. At the same time, there is a clear colour
radient in the group profiles towards the blue. In this transition
egion, the pure IGL colour profiles (dashed lines) are still affected
y the contribution from the residuals derived from the subtracted 
alaxy models as the separation between the galaxies and the IGL is
nherently imperfect when using photometric data only (see re vie w
y Montes 2022 , and references therein). For that reason, this area
oes not provide reliable IGL colour measurements and is not used
n this analysis. 

(iii) In the intermediate part of the profiles at 15 < SMA < 41 arc-
ec (50 < SMA < 140 kpc), both the IGL and group colour
rofiles show similar radial trends, almost flat within errors. At 
MNRAS 518, 1195–1213 (2023) 
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Table 3. Fractions of IGL (top) and BCG + IGL (middle) o v er the total light of the group of galaxies at each band as indicated 
in the column names. The first three columns show the fractions for each of the two methods used in this work: 2D composite 
models (from Section 4.4.1 ) or surface brightness (SB) cuts (from Section 4.4.2 ), and the last three columns are their associated 
luminosities. The bottom row shows the total luminosity of the 400138 group of galaxies in each band. 

IGL 

frac 
g 

(per cent) 
IGL 

frac 
r 

(per cent) 
IGL 

frac 
i 

(per cent) L g (L �) L r (L �) L i (L �) 

Method (IGL frac.) 

2D comp. model 36 . 5 ± 2 . 2 30 . 5 ± 1 . 4 29 . 8 ± 1 . 1 ∼8.8 × 10 10 ∼9.4 × 10 10 ∼1.1 × 10 11 

SB cut μ > 26 a 34 . 0 ± 2 . 3 8 . 6 ± 2 . 4 4 . 0 ± 2 . 8 ∼8.2 × 10 10 ∼2.7 × 10 10 ∼1.5 × 10 10 

SB cut μ > 26.5 a 14 . 6 ± 3 . 2 3 . 5 ± 3 . 7 1 . 6 ± 4 . 3 ∼3.5 × 10 10 ∼1.1 × 10 10 ∼6.1 × 10 9 

Method (BCG + IGL frac.) 

2D comp. model 54 . 9 ± 1 . 1 51 . 5 ± 0 . 6 50 . 7 ± 0 . 5 ∼1.3 × 10 11 ∼1.6 × 10 11 ∼1.9 × 10 11 

400138 group – – – ∼2.4 × 10 11 ∼3.1 × 10 11 ∼3.8 × 10 11 

a Surface brightness cuts values are in mag arcsec −2 units. 
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hese distances, the IGL is the dominant component and shows bluer
olours than that of the core galaxies of the group. 

(iv) In the outer parts of the profiles at SMA > 41 arcsec
SMA > 140 kpc), we see a clear ne gativ e gradient in the g − i
nd r − i colours, while g − r decreases slowly. This is mainly
roduced by the transition of the flux measurements from the very
uter parts of the group/IGL to the sky, until eventually the sky
s the dominant source. Beyond this region the error bars become
ntrustworthy ( > ±0.2 mag) so we could not e xtract an y reliable
onclusion. As a result, these outer colour values cannot be used for
he IGL stellar population study. 

Overall, we see a gradient in the group colour profiles towards the
lue in the transition between the core group region and the IGL.
hen, the IGL shows a flat colour distribution. 
By averaging the colour values of the profiles of the core galaxies

f the group at SMA < 8 arcsec (SMA < 30 kpc), and proceeding in
he same way for the IGL-dominated region at 15 < SMA < 41 arcsec
50 < SMA < 140 kpc), we measure the following colour values:
he group g − i = 1.14 ± 0.02 mag, g − r = 0.78 ± 0.02 mag, and
 − i = 0.35 ± 0.03 mag; while the IGL g − i = 0.92 ± 0.01 mag,
 − r = 0.60 ± 0.01 mag, and r − i = 0.32 ± 0.01 mag. These two
egions are indicated with the shaded grey areas in Fig. 5 . 

.4 Fraction of IGL 

he IGL fraction is a measurement of how much the IGL contributes
o the total light of the group. This total light is considered as
he sum of the flux coming from all the galaxy members in the
roup, including the BCG and any diffuse light around them. We
alculated that total flux by summing the light detected within three
pertures. The largest aperture is an ellipse centred on the centre
f mass of the system composed of the galaxies in the core of
he group (see details in Section 4.2 ) with a SMA of 80 arcsec
275 kpc), an ellipticity of 0.52, and PA of 194 ◦. This ellipse co v ers
he light from the BCG, 1660730, 1660646, 1660615, and the diffuse
omponent. Two more circular apertures are used centred on galaxy
embers 2301069 and 1660545, with radii of 6.7 arcsec (23 kpc)

nd 7.6 arcsec (26 kpc), respectively. We used the group mask (see
ection 3.4 ) o v er the star-subtracted images to allow for all the
ystem’s light. When measuring flux values throughout this work,
e do not include flux below the surface brightness limit of our data
NRAS 518, 1195–1213 (2023) 
t 1 σ within 10 × 10 arcsec 2 boxes. By doing that, we minimize the
ackground contamination. These surface brightness limits are as
ollows: μ1 σ lim 

g = 31.95 mag arcsec −2 ; μ1 σ lim 

r = 31.01 mag arcsec −2 ;
nd μ1 σ lim 

i = 30.61 mag arcsec −2 . 
Our main challenge is to find a way to properly and systematically

eparate the light between different astronomical structures. Indeed,
his is a well-known problem that does not yet have a unique solution
Montes 2022 ). When dealing with LSB features such as the IGL,
his issue is even harder to address as small inaccuracies in the flux
eparation imply large uncertainties in the IGL estimation due to its
aint nature. This has led to a diverse range of ways of defining and
xtracting the IGL component. Some of those methods are more
idely used than others so we have estimated the IGL fraction
f 400138 using two of the most common ones. We choose this
pproach to contribute to uniformity in the field, and to facilitate
urther comparisons with earlier research. 

.4.1 Method 1: fraction of IGL after modelling and subtracting 
he group galaxies 

he first method measures the light of the IGL directly from the
D star- and galaxy-subtracted images masked with the diffuse
ight mask . This is the images containing only the light from
he diffuse component (see details in Section 3.3.3 ). The bottom
anels of Fig. 1 show those images in each band. We obtained the
mount of IGL using the large central ellipse aperture discussed in
ection 4.4 . By dividing the IGL flux by the total flux of the group

n each band, we obtained the following IGL fraction values (also
ndicated in Table 3 along with the corresponding luminosity val-
es): IGL 

frac 
g = 36 . 5 ± 2 . 2 per cent , IGL 

frac 
r = 30 . 5 ± 1 . 4 per cent ,

nd IGL 

frac 
i = 29 . 8 ± 1 . 1 per cent . 

We then measured the fraction of light of the BCG (see Fig. 1 )
nd IGL, this is the BCG + IGL fraction. As there are three galaxies
n the core of 400138 with similar mass and sizes, we considered
s the BCG the galaxy identified as such in GAMA (Robotham
t al. 2011 ). To obtain the BCG + IGL fraction, we followed the
ame procedure as abo v e but o v er the star-subtracted images (i.e.
ith the core galaxies) masked with the BCG mask (allowing for the
CG light only). We estimated the following BCG + IGL fractions in
ach band (see also Table 3 ): BCG + IGL 

frac 
g = 54 . 9 ± 1 . 1 per cent ,
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CG + IGL 

frac 
r = 51 . 5 ± 0 . 6 per cent , and BCG + IGL 

frac 
i = 50 . 7 ±

 . 5 per cent . 

.4.2 Method 2: fraction of IGL from surface brightness cuts 

he second method to obtain the IGL fraction is to simply apply
 surface brightness cut assuming that all the flux fainter than that
hreshold belongs to the IGL component. That surface brightness 
ut is typically μV > 26.5 mag arcsec −2 (e.g. Feldmeier et al. 
004 ; Rudick et al. 2011 ; Cui et al. 2014 ) and is extracted from the
mages with the core group galaxies PSF deconvolved (see details 
n Section 3.3.3 ). The IGL flux in each band is then obtained by
dding the flux from all the pixels below the surface brightness
ut and abo v e the data threshold established (the surface brightness
imit of our data at 1 σ within 10 × 10 arcsec 2 box es). F or a more
omprehensive analysis, we applied the two most extended surface 
rightness cuts, 26 and 26.5 mag arcsec −2 . Thus, the resulting IGL
ractions for a cut at 26 mag arcsec −2 are ∼34 per cent , ∼9 per cent ,
nd ∼4 per cent ( ±3 per cent ) in the g , r , and i band, respectively.
nd for those when cutting at 26.5 mag arcsec −2 are ∼15 per cent ,
4 per cent , and ∼2 per cent ( ±4 per cent ) in the g , r , and i band,

espectively. These results are summarized in Table 3 . 
As the group is located at z ∼ 0.21 the rest-frame set of surface

rightness cuts is converted to the corresponding observed cuts by 
pplying the redshift surface brightness dimming correction and the 
 -correction (from the GAMA catalogue; Lo v eday et al. 2012 ) in
ach band. It is important to take into account that this method
onsiders the IGL as the diffuse light associated with all of the
alaxies in the group, rather than just that around the BCG as in
he method applied in Section 4.4.1 . Regarding the PSF influence, 
here is no significant difference in the IGL fraction estimation: when 
ccounting for the PSF effect the IGL fraction differs ∼1 per cent
n the most affected case (this is for a surface brightness cut at
6 mag arcsec −2 in g band). This value is within the errors of the
GL estimation. 

 DISCUSSION  

n this pilot work, we have used HSC-PDR2 data to detect IGL in the
AMA group of galaxies 400138 ( M dyn = 1.34 × 10 13 M �) at z ∼
.21 for the first time. This system is a loose group although the core
egion is a dense environment composed of three galaxy members. 

e have measured the IGL to an extent of SMA ∼ 275 kpc in the g , r ,
nd i bands. We also studied the colour distribution of the system to
MA ∼ 170 kpc after correcting for the PSF effects. The IGL shows
 flat radial colour distribution with mean values of g − i = 0.92, g −
 = 0.60, and r − i = 0.32 ( ±0.01 mag). We find values for the fraction
f IGL flux relative to the group from ∼2 per cent to ∼36 per cent
epending on the method and wavelength of measurement. In this 
ection, we discuss these results and compare them with previous 
bservational works and theoretical predictions to infer the dominant 
hysical process in the formation of the IGL component. 

.1 IGL extent and radial distribution 

e hav e e xtracted surface brightness profiles of the IGL in the
AMA group 400138 with reliable detection down to the surface 
rightness limits of the g , r , and i bands (see Fig. 4 ). Those profiles
easured the IGL component to a radial distance of SMA ∼ 275 kpc

 ∼80 arcsec) from the centre of the group for the aforementioned
ands. From those profiles, we extracted the ( g − i ), ( g − r ), and ( r
i ) colour profiles to an extent of SMA ∼ 170 kpc ( ∼50 arcsec). In
omparison with previous works, our IGL detection is slightly larger 
han that of Ragusa et al. ( 2021 ) in the Hickson Compact Group
HCG) of galaxies (Hickson 1997 ) HCG 86, with an IGL extension
f ∼170 kpc in r band from the centre of HCG86A and a ( g − r )
olour profile out to 160 kpc. Prior to the study of Ragusa et al.
 2021 ) IGL detections extended to radii between 30 and 100 kpc
rom the centre of the group (e.g. Da Rocha & Mendes de Oliveira
005 ; Da Rocha et al. 2008 ; DeMaio et al. 2018 ; Poliakov et al.
021 ). Our IGL measurements are the most extended to date. This
s remarkable considering that our system is relati vely lo w mass
 M dyn = 1.34 ± 0.5 × 10 13 M �) and is located at z ∼ 0.21. In
ddition, 400138 is not a compact group. 

As described in Section 4.1 , the IGL radial distribution of the
roup 400138 is asymmetric. It extends up to the location of the
alaxy group member 1660615. In this asymmetric region, the IGL 

hows a component towards the north that spreads out well beyond
he core of the group. This may suggest an interaction event between
 group member, likely 1660615, and the galaxies in the core region
f the group. According to N -body simulations of the formation and
volution of substructures within the ICL (referred to as ‘streams’; 
udick et al. 2009 ), ∼40 per cent of the ICL is generated through
assive, dynamically cold streams. Rudick et al. ( 2009 ) found that

he fraction of ICL that is produced in the form of streams is greater
hen galaxies are interacting in the group environment than in the

luster stage. HSC observations suggest that the 400138 galaxy group 
s still in an active (non-relaxed) phase in the lifetime of the system.

hen such ICL (or IGL) substructures are found in the core of the
ystem they only live for up to ∼1 Gyr (Rudick et al. 2009 ). The
eason for such a quick decay is that their dynamical times are short
ecause of the tidal field of the cluster. Ho we ver, the core of our
roup is not as dense as a cluster core. Therefore, the stream may
ot be as easily disturbed as in a cluster and it might survive for a
onger period of time. We can roughly estimate the dynamical time
f the IGL stream in 400138 from equation (3) in Rudick et al.
 2009 ). To do that, we assumed that the stream is at time t max at
hich it has reached its maximum radial distance from the centre
f the group (i.e. mean position of the stream at time t max of r ∼
00 kpc) and that the enclosed mass is M encl ∼ 1.27 × 10 13 M �.
his is, the group dynamical mass minus the individual halo masses
f the members 1660545 and 2301069. The individual halo masses 
ere obtained from the empirical relation between the mass of the
ost dark matter halo and the total stellar mass within the halo
rom Huang et al. ( 2020 ), using the stellar masses in Taylor et al.
 2011 , see Section 2.1 ). We obtained a dynamical time of 0.6 Gyr,
hich means a decay time for the IGL stream of at least 0.9 Gyr

1.5 times the dynamical time), in agreement with the time-scales 
redicted by Rudick et al. ( 2009 ) for clusters. In summary, 400138
eems to have experienced an interaction event at least ∼0.9 Gyr
go between the core group galaxies and a galaxy member, probably
660615, producing the stream-like substructure observed in the IGL 

omponent. 

.2 Stellar populations in the IGL component 

olour studies of groups of galaxies and their IGL provide infor-
ation on the properties of the stellar populations that they host,
hich are related to the mass assembly history of their host system

e.g. Montes & Trujillo 2014 , 2018 ; Morishita et al. 2017 ; DeMaio
t al. 2018 ; Contini, Yi & Kang 2019 ; Montes et al. 2021a ). Fig. 5
hows a colour gradient in the group profiles towards the blue in
he transition region between the core group region and the IGL
MNRAS 518, 1195–1213 (2023) 
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Figure 6. ( g − r )–( r − i ) colour diagram of the three core group galaxies (Group; black square) and the IGL component (IGL; green triangle). Overplotted 
are the age (circles) and metallicity tracks (solid lines) from the E-MILES stellar population models (Vazdekis et al. 2016 ). We find the group galaxies to be 
consistent with 7–10 Gyr age and solar metallicity ([Fe/H] ∼ 0), while the IGL stellar populations are younger (2–2.5 Gyr) and less metal-rich ([Fe/H] ∼ −0.4). 
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SMA < 50 kpc). Then, the IGL shows an almost flat colour
istribution up to SMA ∼ 140 kpc. These features have previously
een found in clusters and a group of galaxies (e.g. Montes & Trujillo
014 ; Iodice et al. 2020 ) while others hav e observ ed colour gradients
n the opposite sense (e.g. Spa v one et al. 2018 ; Ragusa et al. 2021 ).
ccording to the proposed formation mechanisms for the diffuse

omponent within dense systems of galaxies (see re vie w by Montes
019 ), a colour gradient towards bluer wavelengths is indicative of
ounger and less metal-rich stellar populations in the IGL than that
f the core group galaxies. Semi-analytic models of galaxy formation
n clusters and groups suggest this can be produced by partial tidal
tripping of satellite galaxies less massive than those in the core
Contini et al. 2014 ). The flat colours in the IGL dominant region
mply the presence of accreted material or ongoing mergers at those
istances that mix the stellar populations in the region and smooth
ut any previous gradient. This is consistent with our observation of
 stream in the IGL as discussed in Section 5.1 . 

From the colour profiles in Fig. 5 , we extracted the average colours
f the core galaxies of the group at SMA < 30 kpc, and those of the
GL in the region at 50 < SMA < 140 kpc. These mean IGL values
Section 4.3 ) are in agreement with the semi-analytic models of
ontini et al. ( 2019 ) for the IGL in systems with halo masses of
0 13 –10 15 M � h −1 at redshift 0 < z < 0.5. 
Fig. 6 shows the mean colours for the IGL and the core group
embers, in a ( g − r )–( r − i ) colour diagram together with the age

nd metallicity 6 tracks derived from the E-MILES stellar population
odels (Vazdekis et al. 2016 ) assuming a Chabrier ( 2003 ) initial
NRAS 518, 1195–1213 (2023) 

 Please note that the relation between the total metallicity and iron metallicity 
s [Fe/H] = [M/H] − 0.75[Mg/Fe] but we assume that [Fe/H] = [M/H] 
s we use ‘base’ stellar population models. These models use scaled-solar 
sochrones but do not consider the specific abundance element ratio of the 
tellar spectra. Base models follow the abundance pattern of the Milky Way 
s a function of metallicity and are scaled-solar around solar metallicity 
Vazdekis et al. 2016 ). 
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ass function (IMF) and P ado va + 00 isochrones (Girardi et al.
000 ). The IGL stellar populations are younger (2–2.5 Gyr) and
ess metal-rich ([Fe/H] ∼−0.4) than those of the most massive
alaxy members (7–10 Gyr, [Fe/H] ∼ [Fe/H] �), in agreement with
redictions by Contini et al. ( 2019 ). This supports the formation
f the IGL from tidal stripping of infalling satellite (less massive)
alaxies with younger and less metal-rich stellar populations than
he group members. Considering the difference between the most

assive (core) galaxies in the group and the IGL (4.5–8 Gyr), and
he estimated age values for each component, we can estimate the
ormation time of their stars. The stellar populations in the core
roup are compatible with a formation time at z ∼ 2–3 (i.e. ∼10–
1 Gyr ago), and, in consequence, the bulk of the faint component
ould have been formed relatively recently, at z ∼ 0.8–1.2 (i.e.
6.5–8.5 Gyr ago). 
Montes & Trujillo ( 2014 ) were the first to find such a colour

radient in the ICL of the massive cluster Abell 2744 at z =
.3. Their ICL was 6 ± 3 Gyr younger than the average age of
he most massive galaxies of the cluster and had solar metallicity
[Fe/H] ∼ 0.018). Montes & Trujillo ( 2018 ) measured the ICL in
ix massive intermediate-redshift (0.3 < z < 0.6) clusters from
he Hubble Frontier Fields (HFF). They obtained an average ICL

etallicity of [Fe/H] ICL ∼ −0.5 and mean stellar ages of the ICL
etween 2 and 6 Gyr younger than the most massive galaxies of the
lusters (see also Morishita et al. 2017 ). These results are in good
greement with ours but each of these studies was done in massive
lusters with masses > 10 15 M �. The observed stellar populations
f the IGL are also equi v alent to the integral field spectroscopic
esults from Edwards et al. ( 2020 ), where the ICL within 23 massive
lusters at 0.03 < z < 0.07 was best modelled with younger and less
etal-rich stars than those in the BCGs. Age differences of 2–6 Gyr

etween the ICL and the BCG have been found in intermediate-
edshift clusters (Toledo et al. 2011 ; Adami et al. 2016 ), in good
greement with our results for 400138. 
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The metallicity values of the faint component in 400138 are 
onsistent with the mean value of the outskirts of the Milky Way
[Fe/H] ICL ∼ [Fe/H] MWout. ∼ −0.5; Cheng et al. 2012 ), and similar 
o those reported by Montes & Trujillo ( 2018 ). According to the
tellar mass–metallicity relation (e.g. Gallazzi & Bell 2009 ), our IGL
etallicity corresponds to the metallicities of progenitor galaxies 
ith M prog ∼ 0.8 × 10 10 M �. Considering that the stars in the outer

egions of galaxies are more easily stripped, and taking into account 
he intrinsic metallicity gradients within these systems, galaxies more 

assive than ∼10 10 M � are still good candidates to be the primordial
ource of stars for the IGL observed here. That could be the group
alaxy 1660615 ( M ∗ ∼ 2.4 × 10 10 M �; Taylor et al. 2011 ) or even
ince dissolved Milky Way-like galaxies (6.43 ± 0.63 × 10 10 M �; 

cMillan 2011 ). The colours in the outer regions of 1660615 have
 mean metallicity [Fe/H] 1660615 ∼ −0.4, similar to that of the outer 
art of the IGL. In the case of the core galaxies, the colours in their
uter parts and the derived ages and metallicities match with that of
he inner part of the IGL within the uncertainties of the method. 

.3 Fraction of IGL in the group 

n Section 4.4 , we found that the fraction of IGL flux relative to the
roup that ranges between ∼2 per cent and ∼36 per cent . The wide 
ange of IGL fraction values is the result of the different method-
logies applied, which rely on the different approaches to what is
efined as the diffuse component of a group or cluster of galaxies.
 -body simulations of clusters of galaxies (0.8–6.5 × 10 14 M �) by
udick et al. ( 2011 ) predicted that ICL fractions at z ∼ 0.2 range from
 per cent to 20 per cent using a variety of measurement techniques, 
ncluding surface brightness cuts, finding that different methods can 
hange the measured ICL fraction by up to a factor of 2 within a
ingle cluster. It is noteworthy that the IGL fractions obtained from
he 2D composite models are systematically larger than those from 

he surface brightness cuts (see Table 3 ). 
Sommer-Larsen ( 2006 )’s cosmological simulations of galaxy 

roups predicted that between 12 per cent and 45 per cent of the 
ight in these systems belongs to the IGL by defining the IGL
tars as those located between the BCG outer radius and the group
irial radius but not inside of the tidal radius of any galaxy in the
roup. Cosmological hydrodynamical simulations by Murante et al. 
 2004 , 2007 ) of galaxy clusters ( ∼10 14 –10 15 M � h −1 ) estimated a
raction of stars unbounded from other galaxies in the systems of 20–
0 per cent and ∼15–30 per cent , respecti vely. Ho we ver, Puchwein 
t al. ( 2010 ) found a consistent ICL fraction of ∼45 per cent for
alo masses between ∼10 13 and ∼10 15 M � h −1 using four different 
ethods to identify the ICL in high-resolution hydrodynamical 

imulations. Contini et al. ( 2014 ) found ICL fractions between 
0 per cent and 40 per cent , independent of the halo mass. They 
efined the ICL differently for each of the three semi-analytic models 
f galaxy formation in clusters and groups of galaxies they applied. 
ang et al. ( 2018 ) applied the surface brightness cut method at
V > 26.5 mag arcsec −2 o v er mock images from cosmological 
ydrodynamical simulation to extract ICL fractions. They measured 
alues of ∼16–20 per cent for systems at redshift z ∼ 0.2 and a halo
ass of ∼10 13 M �. Recently, IGL and ICL fractions obtained using

he VELOCIRAPTOR galaxy finding algorithm (Ca ̃ nas et al. 2019 ) from
he Horizon-AGN cosmological hydrodynamical simulation (Dubois 
t al. 2014 ), derived a narrower fraction range of the IGL component
f ∼10–20 per cent (Ca ̃ nas et al. 2020 ). In summary, there is not
greement in the IGL and ICL fraction predictions due to the different
pproaches used to measure and define these components, as well as
he wide variety of halo masses and evolutionary states of the systems
tudied. The development of a common definition is fundamental for 
urther analysis in the field. 

Assuming an average IGL fraction of 30 per cent , our group of
alaxies is compatible with the predictions by Contini et al. ( 2014 ) for
n IGL formation model (derived from Villalobos et al. 2012 ) that
ncludes continuous stripping of satellite galaxies within a similar 
alo mass group ∼10 13 M �. These simulations estimate that in a
roup of galaxies with mass similar to 400138 and its BCG, the
ontinuous stripping of massive satellite galaxies, produces an IGL 

raction of 30 per cent with metallicity of −0.5 < [Fe/H] < −0.32
also compatible with our results as reported in Section 5.2 ). 

One of the very few studies of the IGL properties in a loose group
f galaxies is the analysis by Spa v one et al. ( 2018 ) of the group
GC 5018. This system is less massive than 400138, with a virial
ass of ∼4 × 10 12 M �, but presents a large fraction of IGL of
41 per cent ( g band), obtained from multicomponent fits to the 

zimuthally averaged surface brightness profiles. The IGL fraction 
rom Spa v one et al. ( 2018 ) is compatible within the uncertainties
ith our IGL fraction of ∼36 per cent in g band obtained with

he 2D models (and that from the surface brightness cut at μg 

 26 mag arcsec −2 , ∼34 per cent ). Both of these loose groups
ave high IGL fractions and signs of interactions including tidal 
tellar features, although with only two systems the sample is too
imited to deriv e an y conclusions. In the case of 400138, we find
n extended faint tail, while in NGC 5018 there are galaxies with
isrupted morphologies, especially in their outskirts, and tidal stellar 
ails are also observed (Spa v one et al. 2018 ). 

The IGL stellar mass of 400138 is M 

IGL 
i ∼ 1 . 1 ± 0 . 5 × 10 11 M �.

e derived this mass following the empirical relation between ( g
i ) colour and mass-to-light ratio M ∗/ L i from Taylor et al. ( 2011 )

ssuming a Chabrier ( 2003 ) IMF. We considered an IGL fraction of
0 per cent obtained from the 2D composite model method in i band
Section 4.4.1 ), and the mean IGL colour g − i = 0.92 ± 0.01 mag.
ssuming a Milky Way mass of 6.43 ± 0.63 × 10 10 M �, it would

equire the total disruption of 1–2 galaxies similar to the Milky Way
o produce the IGL we are detecting in our group. If we consider that
alaxies similar to group member 1660615 ( M ∗ ∼ 2 × 10 10 M �) are
he potential progenitors, the IGL formation in 400138 would need 
he total disruption of 4–5 of these galaxies. 

In Fig. 7 , we show our IGL fraction measurements in comparison
ith previous ICL/IGL studies as a function of redshift separated 

n two panels depending on the methodology applied. We do not
ee a clear correlation between the ICL fraction in groups and
lusters of galaxies and redshift. Our result obtained from the 2D
omposite model method (details in Section 4.4.1 ) suggests an 
ncrease of the faint component at lower z. This is in agreement
ith the Fornax Cluster analysis by Spa v one et al. ( 2020 ), although
ith large uncertainties, but contrary to the general trend derived 

rom massive clusters (Montes & Trujillo 2018 ; Kluge et al. 2021 ;
ontes et al. 2021a ). Ho we ver, these IGL and ICL fractions have also

een obtained from different photometric bands so potentially trace 
ifferent stellar populations (see the more detailed discussion on this 
opic in Montes 2022 ). Using the surface brightness cut method,
ome previous studies have pointed to a possible time evolution in
he ICL, remaining roughly constant before z ∼ 0.6, and then the
raction of light relative to that of the total group light increasing
apidly from z � 0.6 to present time (e.g. Tang et al. 2018 ). Our
easurements are not consistent with that increase at lower redshifts 

nd are consistent with lower ICL fractions such as those obtained by
eldmeier et al. ( 2004 ) and Montes & Trujillo ( 2018 ) in clusters of
alaxies. More data points are clearly needed, particularly for groups 
MNRAS 518, 1195–1213 (2023) 
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Figure 7. IGL fraction in this work (teal hexagons, from r -band values) as a 
function of redshift compared with IGL and ICL fractions from the literature 
(black and grey points; updated from Montes 2022 ). The left-hand panel 
shows the fractions derived using a surface brightness cut, where the purple 
line and errors correspond to the simulations of Rudick et al. ( 2011 ) for μV 

> 26 mag arcsec −2 , and the blue shaded region illustrates the predictions 
from Tang et al. ( 2018 ) for μV > 26.5 mag arcsec −2 . The right-hand panel 
shows IGL and ICL fractions obtained from composite models to fit the BCG 

and ICL, separately. The different markers, and their corresponding errors, 
indicate the studies from which the fractions were taken from. ‘x’: Furnell 
et al. ( 2021 ); squares: Burke, Hilton & Collins ( 2015 ); circles: Montes & 

Trujillo ( 2018 ); diamond: Kluge et al. ( 2021 ); octagon: Montes et al. ( 2021a ); 
cross: Zibetti et al. ( 2005 ); star: Ko & Jee ( 2018 ); triangle: Presotto et al. 
( 2014 ); down-pointing triangles: Feldmeier et al. ( 2004 ); and left-pointing 
triangle: Spa v one et al. ( 2020 ). 
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Figure 8. BCG + ICL fraction as a function of redshift (left) and as a function 
of the total mass of the system (right) of our group (cyan hexagon) and 
previous works (grey points; updated from Montes 2022 ). The different 
markers, and their corresponding errors, indicate the studies from which 
the fractions were taken from. Squares: Gonzalez et al. ( 2007 ); stars: DeMaio 
et al. ( 2018 ); 7 ‘x’: Furnell et al. ( 2021 ); triangles: Morishita et al. ( 2017 ); 
diamond: Kluge et al. ( 2021 ); pentagon: Presotto et al. ( 2014 ); octagon: 
Montes et al. ( 2021a ); left-pointing triangle: Spa v one et al. ( 2020 ); and circles: 
Zhang et al. ( 2019 ) and Sampaio-Santos et al. ( 2021 ). 
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f galaxies and for systems at higher redshifts ( z > 0.6), in order to
uild a complete picture of the IGL evolution. 

The IGL fractions for 400138 (Table 3 ) show that they decrease
ow ards redder w avelengths. That is an indication of a younger stellar
opulation in the IGL than in the most massive galaxies in the
roup. This was also found by Jim ́enez-Teja et al. ( 2018 , 2019 )
ho measured higher ICL fractions at blue wavelengths in merging

lusters (dynamically active) compared to non-merging clusters. This
s consistent with our stellar IGL population analysis (Section 5.2 )
here we argue that the excess of lower metallicity/younger stars
ave been stripped from the outskirts of the infalling galaxies during
 merger event. This adds further evidence that 400138 is an active
ystem with ongoing merging events. 

The combined BCG + IGL flux fraction relative to that of the total
roup in r band is ∼51 per cent . In Fig. 8 , we compare this result
ith previous research as a function of the redshift ( z ∼ 0.21), and

otal mass ( M dyn = 1.34 ± 0.5 × 10 13 M �) of the system. We find
ood agreement with previous works. First, our BCG + IGL fraction
esults concur with those from the study of clusters of galaxies
t similar redshifts (e.g. Furnell et al. 2021 ). We also find similar
CG + IGL fraction measurements to those from observed nearby
roups of galaxies with similar masses (e.g. Gonzalez et al. 2007 ).
o we ver, we note that these are slightly smaller values than those
redicted by Contini et al. ( 2014 , 60–90 per cent ) but within the
ange estimated by Puchwein et al. ( 2010 , 50–60 per cent ) using
igh-resolution hydrodynamical simulations. On the other hand, as
reviously reported by Montes ( 2022 ), the strong ne gativ e correlation
etween the BCG + ICL fraction and the halo mass indicates that
hen the system halo mass increases, there is more mass held in the

atellite galaxies (e.g. Brough et al. 2008 ), decreasing the BCG + ICL
raction. Without more data it is not possible to disentangle any
onclusions from the BCG + IGL fraction relation with system mass
r redshift. 
NRAS 518, 1195–1213 (2023) 
.4 Relation of the diffuse light with the ETGs-to-LTGs ratio 

a Rocha et al. ( 2008 ) used the ratio of early-type galaxies to late-
ype galaxies (ETG/LTG) as an indicator of the dynamical evolution
f the group. They found a linear relation between the IGL fraction
nd the ETG/LTG fraction in their sample of compact groups (Da
ocha & Mendes de Oliveira 2005 ; Da Rocha et al. 2008 ). Recently,
agusa et al. ( 2021 ) found the IGL fraction of the compact group
CG 86 to be consistent with this analysis. 
According to the colour and morphology of each of our member

alaxies and after visual inspection, we estimate an ETG-to-LTG
atio of 5. The 400138 group is dominated by ETGs (five early-type
nd one late-type). Considering the IGL fraction obtained with the
ame method to those of Da Rocha et al. ( 2008 ) and Ragusa et al.
 2021 ), i.e. ∼36 per cent in g band from the 2D composite model
ethod, our value is consistent with the relation of Da Rocha et al.

 2008 ), and falls within 2 σ of the relation in Ragusa et al. ( 2021 ).
his adds further evidence to their conclusion that larger amounts of

GL are found in more evolved groups, dominated by ETGs. 
Furthermore, according to Crossett et al. ( 2022 ), the X-ray lumi-

osity of our group of galaxies falls into their ‘X-ray o v erluminous’
ategory, associated with a decrease in blue galaxies and a reduction
n total group star formation. These X-ray o v erluminous groups are
he more evolved systems and thus, in agreement with detection of a
ignificant IGL fraction in our group. 

.5 Further analysis of a larger sample of groups of galaxies 

he 10-yr LSST, which will take place at the Vera C. Rubin
bservatory (Ivezi ́c et al. 2019 ), is expected to observe around
ne million galaxy groups up to redshift z = 1. This will enable
 statistically significant study of the properties of the ICL and IGL
cross halo mass and redshift (e.g. Montes 2019 ; Brough et al. 2020 ).
he HSC-PDR2 data are processed using a modified version of the
SST pipeline that, combined with the extraordinary depth, make
SC-PDR2 data the perfect starting point to prepare for the arri v al of
SST data. The PYTHON based analysis methods used here have been
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eveloped with LSST in mind. Therefore, this pilot work prepares us
or a more comprehensive analysis of the IGL properties in groups
f galaxies first in HSC and later in the upcoming LSST data. 

 C O N C L U S I O N S  

his paper presents a pilot study to assess the potential of HSC-
DR2 images for the analysis of extended faint structures within 
roups of galaxies. We report the first IGL detection in the loose
AMA galaxy group 400138 ( M dyn = 1.34 × 10 13 M �) located at
 ∼ 0.21. We have measured the IGL through surface brightness 
rofiles in the g , r , and i bands down to μlim 

g = 30.76 mag arcsec −2 

3 σ within 10 × 10 arcsec 2 boxes). The main conclusions from the 
nalysis of the extent, radial distribution, colour, and fraction of the 
GL of 400138, as well as the lessons learnt from this pilot study, are
he following. 

(i) We measured the IGL flux to a radial distance of 
MA ∼ 275 kpc and extracted the ( g − i ), ( g − r ), and ( r − i )
olour profiles to an extent of SMA ∼ 170 kpc from the centre of the
roup. This is the most extended IGL detection to date. 
(ii) The IGL shows an asymmetric radial distribution with a stream 

ubstructure that extends from the core of the group towards the 
ocation of the group member 1660615 ([Fe/H] 1660615 ∼ −0.4). This 
tream co v ers an area of ∼314 × 75 kpc 2 , and has a similar metallicity
o 1660615. We estimate the interaction time between the core group 
alaxies and a group member, likely 1660615, to have been at least
0.9 Gyr ago. 
(iii) The IGL shows a flat colour radial distribution at 50 
 SMA < 140 kpc with mean values of g − i = 0.92, g − r = 0.60, and

 − i = 0.32 ( ±0.01 mag). At SMA < 50 kpc there is a ne gativ e colour
radient that means that the IGL stellar populations are younger (2–
.5 Gyr) and less metal-rich ([Fe/H] ∼ −0.4) than the host group 
7–10 Gyr, [Fe/H] ∼ [Fe/H] �). 

(iv) The fraction of IGL relative to the group light ranges from
2 per cent to ∼36 per cent depending on the method of measure- 
ent and wavelength (T able 3 ). W e do not find any correlation

etween the IGL fraction and redshift with the available data (Fig. 7 ).
he IGL has a stellar mass of M 

IGL 
i ∼ 1 . 1 ± 0 . 5 × 10 11 M �. 

(v) The IGL fraction of 400138 is larger the bluer the observation 
avelength, in agreement with Jim ́enez-Teja et al. ( 2018 , 2019 ) for

he ICL in dynamically active clusters of galaxies. 
(vi) Our analysis of the IGL fraction and stellar populations of 

00138 suggests that this is an active group with ongoing merging 
vents where the bulk of the IGL may have mainly been formed at z

0.8–1.2 by stars stripped from 4–5 recently quenched satellite 
alaxies with similar mass and stellar population properties to 
660615 or 1–2 galaxies similar to the Milky Way during merging 
rocesses. 
(vii) The estimated BCG + IGL fraction ( ∼51 per cent in r band) 

s in agreement with previous analyses (Fig. 8 ), including studies of
ore massive systems at intermediate redshift (Furnell et al. 2021 ) 

nd local groups within a similar halo mass range (Gonzalez et al.
007 ). 
(viii) We find that the early-type to late-type galaxy ratio suggests 

hat 400138 is a more evolved system, dominated by ETGs, and 
ts large amount of IGL is consistent with previous analysis of this
elation. 

(ix) This pilot study has allowed the detection and comprehensive 
nalysis of the IGL in a GAMA group of galaxies using ultradeep
SC-PDR2 data. Our method has been successfully tested. A follow- 
p work will be performed in a sample of galaxy groups to study the
roperties of their IGL across mass ranges and redshifts. This will
onfirm the potential of this method to detect IGL in groups with
ower IGL fractions as 400138 is potentially at the high end of the
GL distribution for its mass. 

C K N OW L E D G E M E N T S  

e acknowledge constructive remarks by an anonymous referee that 
elp to impro v e this paper. We thank Felipe Jim ́enez-Ibarra and Igna-
io Trujillo for useful discussions. This research was supported by the
ustralian Research Council Disco v ery Project DP190101943. Parts 
f this research were supported by the Australian Research Council 
entre of Excellence for All Sky Astrophysics in 3 Dimensions 

ASTRO 3D), through project number CE170100013. CM-L, RB-G, 
A, and RI-S acknowledge support from the Spanish State Research 
gency (AEI-MCINN) of the Spanish Ministry of Science and 

nnovation under the grant ‘The structure and evolution of galax- 
es and their central region’ with reference PID2019-105602GB- 
00/10.13039/501100011033. MA acknowledges the financial sup- 
ort from the Spanish Ministry of Science and Innovation and 
he European Union – NextGenerationEU through the Recovery 
nd Resilience Facility project ICTS-MRR-2021-03-CEFCA. RI-S 

cknowledges the funding by the Go v ernments of Spain and Arag ́on
hrough the Fondo de Inversiones de Teruel; and the Spanish Ministry
f Science, Innovation and Universities (MCIU/AEI/FEDER, UE) 
ith grant PGC2018-097585-B-C21. 
This paper is based on data collected at the Subaru Telescope

nd retrieved from the Hyper Suprime-Cam (HSC) data archive 
ystem, which is operated by the Subaru Telescope and Astronomy 
ata Center (ADC) at National Astronomical Observatory of Japan. 
earch and download data from Hyper HSC-SSP2 was done thanks 

o unagi PYTHON module developed by Song Huang and contrib- 
tors. We have used catalogues from GAMA, a joint European–
ustralasian project based around a spectroscopic campaign using 

he Anglo-Australian Telescope. The GAMA input catalogue is 
ased on data taken from the Sloan Digital Sky Survey and the
KIRT Infrared Deep Sky Survey. Complementary imaging of the 
AMA regions is being obtained by a number of independent surv e y
rogrammes including GALEX -MIS, VST-KiDS, VISTA-VIKING, 
ISE , Herschel -ATLAS, GMRT, and ASKAP providing UV to radio

o v erage. GAMA is funded by the STFC (UK), the ARC (Australia),
he AAO, and the participating institutions. This research includes 
omputations using the computational cluster Katana supported by 
esearch Technology Services at UNSW Sydney. 

ATA  AVAI LABI LI TY  

he results of the data presented in the figures are available upon
equest from the corresponding author. The images are from the 
yper Suprime-Cam Public Data Release 2 (HSC-PDR2; Aihara 

t al. 2019 ) and can be obtained from ht tps://hsc-release.mt k.nao.
c.jp/ doc/ index.php/ tools-2/ or using the unagi PYTHON module 
 ht tps://github.com/dr-guangt ou/unagi ). The catalogue information 
as extracted from the Galaxy And Mass Assembly (GAMA) surv e y
alaxy Group Catalogue (G 

3 Cv10; Robotham et al. 2011 ). For
AMA data access information we refer the reader to Driver et al.

 2022 ). 

EFERENCES  

dami C. et al., 2016, A&A , 592, A7 
MNRAS 518, 1195–1213 (2023) 

https://hsc-release.mtk.nao.ac.jp/doc/index.php/tools-2/
https://github.com/dr-guangtou/unagi
http://dx.doi.org/10.1051/0004-6361/201526831


1212 C. Mart ́ınez-Lombilla et al. 

M

A  

A
A
A
A
A
A
A
B  

B
B
B
B
B
B  

B  

B
B
C  

C  

C
C  

C
C
C
C
C  

C
C
C  

C
C  

C  

C
C
D
D  

d
D  

D  

D  

D
D
D
D
D
D
D
E
E
F  

F
F

F
G
G
G
G
G
G  

G  

H
H  

H
I
I
I
I
J
J
J
J  

 

K  

K
K  

K
K
L
L
L
L  

M
M
M
M
M
M
M  

M
M
M
M
M
M
M
M  

M  

M
M  

N
P  

P
P
P  

P
P
R

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/1195/6840234 by Bodleian Libraries of the U
niversity of O

xford user on 30 M
ay 2023
guerri J. A. L., Castro-Rodr ́ıguez N., Napolitano N., Arnaboldi M., Gerhard
O., 2006, A&A , 457, 771 

ihara H. et al., 2018a, PASJ , 70, S4 
ihara H. et al., 2018b, PASJ , 70, S8 
ihara H. et al., 2019, PASJ , 71, 114 
ihara H. et al., 2022, PASJ , 74, 247 
khlaghi M., 2019, preprint ( arXiv:1909.11230 ) 
khlaghi M., Ichikawa T., 2015, ApJS , 220, 1 
stropy Collaboration et al., 2018, AJ , 156, 123 
ah ́e Y. M., McCarthy I. G., Balogh M. L., Font A. S., 2013, MNRAS , 430,

3017 
ah ́e Y. M. et al., 2017, MNRAS , 470, 4186 
aldry I. K. et al., 2018, MNRAS , 474, 3875 
arrena R. et al., 2018, A&A , 616, A42 
orlaff A. et al., 2019, A&A , 621, A133 
osch J. et al., 2018, PASJ , 70, S5 
radley L. et al., 2020, astropy/photutils: 1.0.1 (1.0.1). Zenodo. https://doi.

org/ 10.5281/ zenodo.4049061 
rough S., Couch W. J., Collins C. A., Jarrett T., Burke D. J., Mann R. G.,

2008, MNRAS , 385, L103 
rough S. et al., 2020, preprint ( arXiv:2001.11067 ) 
urke C., Hilton M., Collins C., 2015, MNRAS , 449, 2353 
a ̃ nas R., Elahi P. J., Welker C., del P Lagos C., Power C., Dubois Y., Pichon

C., 2019, MNRAS , 482, 2039 
a ̃ nas R., Lagos C. del P ., Elahi P . J., Power C., Welker C., Dubois Y., Pichon

C., 2020, MNRAS , 494, 4314 
apaccioli M. et al., 2015, A&A , 581, A10 
astro-Rodr ́ıguez N., Aguerri J. A. L., Arnaboldi M., Gerhard O., Freeman

K. C., Napolitano N. R., Capaccioli M., 2003, A&A , 405, 803 
attapan A. et al., 2019, ApJ , 874, 130 
habrier G., 2003, ApJ , 586, L133 
heng J. Y. et al., 2012, ApJ , 746, 149 
hiboucas K., Karachentsev I. D., Tully R. B., 2009, AJ , 137, 3009 
hiboucas K., Jacobs B. A., Tully R. B., Karachentsev I. D., 2013, AJ , 146,

126 
omer ́on S., Salo H., Knapen J. H., 2018, A&A , 610, A5 
ontini E., 2021, Galaxies , 9, 60 
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