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A B S T R A C T 

Using the full 6 years of imaging data from the Dark Energy Surv e y, we study the surface brightness profiles of galaxy cluster 
central galaxies and intra-cluster light. We apply a ‘stacking’ method to o v er 4000 galaxy clusters identified by the redMaPPer 
cluster finder in the redshift range of 0.2 −0.5. This yields high-signal-to-noise circularly averaged profile measurements of the 
central galaxy and intra-cluster light out to 1 Mpc from the cluster centre. Using redMaPPer richness as a cluster mass indicator, 
we find that the brightness of the intra-cluster light has a strong mass dependence throughout the 0.2 −0.5 redshift range, and 

this dependence grows stronger at a larger radius. In terms of redshift evolution, we find some evidence that the central galaxy, 
as well as the diffuse light within the transition region between the cluster central galaxy and intra-cluster light within 80 kpc 
from the centre, may be growing o v er time. At larger radii, more than 80 kpc away from the cluster centre, we do not detect 
evidence of additional redshift evolution beyond the cluster mass dependence, consistent with the findings from the IllustrisTNG 

hydrodynamic simulation. We speculate that the major driver of intra-cluster light growth, especially at large radii, is associated 

with cluster mass growth. Finally, we find that the colour of the cluster central galaxy and intra-cluster light displays a radial 
gradient that becomes bluer at a larger radius, which is consistent with a stellar stripping and disruption origin of intra-cluster 
light as suggested by simulation studies. 

K ey words: galaxies: e volution - galaxies: clusters: general. 
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 I N T RO D U C T I O N  

alaxy clusters contain a diffuse stellar component of intra-cluster
ight (ICL). First disco v ered more than half a century ago (Zwicky
951 , 1952 ), ICL is abundant around the cluster central galaxies
CGs) or the brightest cluster galaxies (BCGs) and contains stars
ispersed into the intra-cluster space. It has been studied using optical
r infrared imaging and spectroscopic observations, which have been
e vie wed in Abraham et al. ( 2017 ), DeMaio ( 2017 ), Contini ( 2021 ),
rnaboldi & Gerhard ( 2022 ), and Montes ( 2022 ). Because of the

CL’s faint brightness and the o v erall difficulties of studying low
urface brightness (SB) features (Abraham et al. 2017 ; Mihos 2019 ),
CL has remained a poorly understood subject until recently, when
 E-mail: yuanyuanzhang.astro@gmail.com 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
he number of studies jumped with refreshed interests due to new
ata (Montes & Trujillo 2022 ), simulations (Shin et al. 2022 ), and
echniques (Marini et al. 2022 ). 

Simulation and semi-analytical studies have investigated ICL
ormation in many different channels (e.g. Rudick, Mihos & McBride
006 ; Sommer-Larsen 2006 ; Barai, Brito & Martel 2009 ; Rudick
t al. 2009 ; Puchwein et al. 2010 ; Martel, Barai & Brito 2012 ;
ontini et al. 2014 ) including galaxy disruption, stellar stripping,
erging (Murante et al. 2004 , 2007 ; Contini, Yi & Kang 2018 ),

nd pre-processing (Chun et al. 2022 ). The ICL’s formation is
ften studied together with the evolution of cluster CGs or even the
luster’s o v erall galaxy distribution due to difficulties in separating
he two (e.g. Monaco et al. 2006 ; Conroy, Wechsler & Kravtsov
007 ; Cooper et al. 2015 ; Pillepich et al. 2018 ; Ca ̃ nas et al. 2020 ).
ifferent channels of ICL formation carry implications for the ICL’s
bservational properties and their redshift evolution in terms of age,
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olour, and metallicity (Harris et al. 2017 ; Contini, Yi & Kang
019 ), fraction of ICL in the cluster stellar light (Murante et al.
007 ; Purcell, Bullock & Zentner 2007 ; Cui et al. 2014 ; Tang et al.
018 ), morphology (Rudick et al. 2006 ), or scaling relation to cluster
ass or mass distribution (Alonso Asensio et al. 2020 ; Contini &
u 2021 ). For example, Contini et al. ( 2019 ) analysed ICL colour

nd metallicity using semi-analytical models, which contain ICL 

ormed through tidal stripping of cluster satellite galaxies as well as
hrough merging relaxation; they found a ne gativ e radial colour and
etallicity gradient. From hydrodynamic simulations, Pillepich et al. 

 2018 ) found that ICL stellar mass strongly correlates with the host
alo mass, but this correlation appears to evolve little from redshift
 to 0. 
In observational studies, the formation and evolution of ICL has 

een studied using its colour (e.g. Mackie 1992 ; Krick, Bernstein
 Pimbblet 2006 ; Montes & Trujillo 2014 ; DeMaio et al. 2015 ),

tellar mass (Krick et al. 2011 ; Burke et al. 2012 ; DeMaio et al.
020 ; Spa v one et al. 2020 ; Barfety et al. 2022 ), stellar population
pectroscopic studies (e.g. Coccato, Gerhard & Arnaboldi 2010a ; 
occato et al. 2010b , 2011 ; Ventimiglia, Arnaboldi & Gerhard 2011 ;
rnaboldi et al. 2012 ; Longobardi, Arnaboldi & Gerhard 2015a ; 
arbosa et al. 2016 ; Edwards et al. 2016 ) and is often investigated

ogether with BCG evolution (e.g. Gonzalez, Zabludoff & Zaritsky 
005 ; Zhang et al. 2016 ; Golden-Marx et al. 2022 ). F or e xample,
eMaio et al. ( 2020 ) studied the stellar mass of BCG and ICL
etween redshift 0.05 and 1.75 and found its growth rate to be greater
han that of the cluster by a factor of 2. They also found that the core
f the BCG formed early while the BCG outskirt and ICL were built
t later times. On the other hand, detailed analysis of local BCG and
CL stellar populations by Edwards et al. ( 2020 ) indicate that while
he stellar population in the ICL is old, it is still younger ( ≈9 Gyr)
han the BCG ( ≈13 Gyr), pointing towards a late and continuous
ormation of ICL through minor merging. 

In this work, we continue the observational study of ICL evolution 
y examining its properties in the redshift range of 0.2 −0.5. Our
ork is based on thousands of galaxy clusters and the full 6 years of
bservations from the Dark Energy Surv e y (DES; Abbott et al. 2021 ),
 wide-field imaging surv e y (DES Collaboration 2005 ) designed to
robe cosmic structures in the late Universe (e.g. Abbott et al. 2020 ;
ES Collaboration et al. 2022 ; Abbott et al. 2022a , b ). We use a

stacking’ method (Zibetti, White & Brinkmann 2004 ; Zibetti et al. 
005 ; Tal & van Dokkum 2011 ; Zhang et al. 2019c ; Sampaio-Santos
t al. 2021 ; Chen et al. 2022 ; Ahad, Bah ́e & Hoekstra 2023 ) with
he DES galaxy cluster sample to reduce measurement noise. Our 
oal is to acquire high-signal-to-noise measurements of the ICL SB 

rofile, colour, and luminosity and quantify their evolution between 
edshift 0.2 and 0.5. This paper presents one of the largest ICL
edshift evolution studies based on a cluster sample a few times
arger than that in Golden-Marx et al. ( 2023a ), who used a cluster
ample from the Atacama Cosmology Telescope based on cosmic 
icrowave background observations. 
One challenge to ICL studies is the difficulty in disentangling ICL

rom cluster CGs (see discussions in Dolag, Murante & Borgani 
010 ; Contini, Chen & Gu 2022 ). Although stars in the intra-cluster
pace may have different stellar composition or dispersion dynamics 
e.g. Longobardi et al. 2015b ; Hilker et al. 2018 ; Longobardi et al.
018a , b ; Gu et al. 2020 ; P ́erez-Hern ́andez et al. 2022 ) than cluster
Gs or BCGs − from imaging data alone, it is often difficult 

o separate the ICL from the low-SB outskirts of those galaxies. 
ifferent separation methods have been suggested (Rudick et al. 
011 ), including analytical decomposition, using a machine learning 
lgorithm (Marini et al. 2022 ), SB limits (Presotto et al. 2014 ), or
sing physical distance apertures to separate those components. In 
his paper, we follow the practice of Pillepich et al. ( 2018 ) who
nalysed CG and ICL as the ‘diffuse light’ of galaxy clusters. We
se the phrase diffuse light interchangeably with CG + ICL in this
aper. When needed, we use a physical aperture to separate CG and
CL, with ICL defined as the diffuse light beyond 30 kpc from the
G centre (an outer radius limit is defined according to the context),
hile CG is defined as the diffuse light component within 30 kpc. 
The remainder of this paper is organized as the following. In

ection 2 , we re vie w our data sets and the methods. Section 3
resents our measurements of the diffuse light SB, while Section 4
uantifies the cluster mass and redshift dependence of the diffuse 
ight luminosities. Section 5 discusses observ ational ef fects that may
mpact the interpretation of our results, and Section 6 discusses 
ur results in the context of simulations and other observational 
tudies. Section 7 summarizes our findings. Throughout this paper, 
e assume a flat � CDM cosmology with �m = 0.3 and h = 0.70. 

 DATA  A N D  M E T H O D S  

.1 The REDMAPPER galaxy cluster catalogue 

he red sequence Matched-filter Probabilistic Percolation cluster 
nder algorithm ( REDMAPPER ; Rykoff et al. 2014 ) has been used
y the DES Collaboration to derive galaxy cluster catalogues from 

he Science Verification data, (Rykoff et al. 2016 ), the Year 1
bservations (McClintock et al. 2019 ), and the Year 1 −3 observations
O’Donnell et al. 2021 ). REDMAPPER is a red-sequence based 
lgorithm that provides excellent cluster richness ( λ) and photometric 
edshift estimates (Rykoff et al. 2014 ). It also provides a random
oint catalog ̄ue that tracks the sky footprint and depth co v ered by
he cluster-finding algorithm. 

This paper is based on the REDMAPPER cluster catalogue, version 
.4.22 + 2, derived from the DES Year 3 Gold data sets (Sevilla-
oarbe et al. 2021 ). A rele v ant dif ference between this catalogue

nd the DES Year 1 version (McClintock et al. 2019 ) is the much
arger sky coverage. As a result, this catalogue contains more than
1 000 galaxy clusters with richness abo v e 20, which approximately
orresponds to a halo mass threshold of 10 14.1 M � (Farahi et al.
019 ; McClintock et al. 2019 ). These galaxy clusters are detected
rom the DES single-object fit (SOF) catalogue (Drlica-Wagner 
t al. 2018 ; Sevilla-Noarbe et al. 2021 ), which contains objects
etected and deblended by SOURCE EXTRACTOR (Bertin & Arnouts 
996 ), while the photometry was derived from single-object fitting 
sing the ngmix algorithm on multi-epoch image stamps of each 
bject, and the deblended nearby objects are masked on each single-
poch image. For the DES Year 3 data-processing campaign, the 
OF photometry measurements are preferred in many applications 
ecause of the tighter photometry constraints compared to the 
OURCE EXTRACTOR measurements derived using the coadded 

mages. 
Of particular importance to this analysis, REDMAPPER provides 

G candidates for each cluster. Unlike algorithms that aim to select
he BCGs, REDMAPPER aims to select a relatively luminous cluster 
alaxy that is nearest to the cluster’s gravitational centre, and the
oal of this selection is to find the CG of the massive dark matter
alo as defined in simulation modelling studies (e.g. De Lucia &
laizot 2007 ; Yang, Mo & van den Bosch 2008 ). REDMAPPER

ro vides fiv e CG candidates for each cluster, and we use the most
ik ely CG candidate. Multi-w a velength studies ha ve shown that this
andidate is the correct one with an ∼ 80 per cent frequency (Saro 
t al. 2015 ; Zhang et al. 2019a ; Bleem et al. 2020 ), and we further
MNRAS 531, 510–529 (2024) 
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Table 1. The galaxy cluster sample in this analysis. 

Redshift ( z) Bin Richness ( λ) Bin Number counts Median z Mean z Median λ Mean λ R λ (Mpc/h) 
Based on mean λ

Masking limit ( z −band) 
mag auto 

0.2–0.3 1169 0.256 0.255 28.55 33.61 20.67 
20–30 656 0.254 0.253 23.72 24.17 1.03 
30–45 326 0.259 0.256 35.51 35.97 1.23 
45–60 121 0.257 0.255 50.51 51.16 1.44 
60 + 66 0.274 0.263 73.55 83.58 1.80 

0.3–0.4 1556 0.359 0.355 27.33 32.92 21.38 
20–30 942 0.359 0.354 23.70 24.11 1.03 
30–45 399 0.358 0.355 35.44 36.01 1.23 
45–60 115 0.360 0.356 52.56 52.06 1.45 
60 + 100 0.361 0.355 75.25 81.57 1.78 

0.4–0.5 1357 0.449 0.449 27.13 32.10 21.87 
20–30 836 0.449 0.449 23.44 23.97 1.03 
30–45 349 0.451 0.449 35.14 35.90 1.23 
45–60 96 0.454 0.452 51.08 51.78 1.45 
60 + 76 0.440 0.445 69.83 79.17 1.76 
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2 The redshift 0.5 −0.6 clusters will be masked to 22.32 mag in z-band in 
mag auto . Only ∼ 1 per cent of the redMaPPer clusters reach 22.3 mag in 
the DES 10 σ z-band depth map continuously in the whole 0.15 de g 2 re gion 
around them and a depth-based cut would eliminate most of the clusters. For 
comparison, The redshift 0.4 −0.5 clusters will be masked to 21.9 mag in 
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iscuss the effect of mis-centring on interpreting our measurements
n Section 5.4 . 

In addition, we make use of the REDMAPPER richness quantity
s a cluster mass indicator. This richness quantity is a probabilistic
umber count of the red sequence member galaxies (Rykoff et al.
012 ) in a cluster and analyses with weak lensing (Melchior et al.
017 ; Murata et al. 2018 ; McClintock et al. 2019 ), X-ray (Mantz
t al. 2016 ), and CMB (Saro et al. 2015 ) observations have placed
uantitative constraints on the scaling relation between REDMAPPER

ichness and cluster mass. Because richness scales excellently with
luster mass, and the scaling relation does not appear to change with
edshift (McClintock et al. 2019 ), we qualitatively interpret richness
ependence of CG and ICL observational features as cluster mass
ependence, but quantitative analysis in the future can be carried out
sing analytical relations between richness and cluster mass. 
For this diffuse light analysis, we apply a few additional selection

riteria to the REDMAPPER clusters as well as to the REDMAPPER

andom points. (1) Around the cluster centre (or a random point),
n a circular region with a radius of 0.15 deg, we require at least
ne DES exposure image in each of the g , r , i , and z filters. (2)
round the cluster centre (or a random point), in a circular region
ith a radius of 0.15 deg, we require the 10 σ depth magnitude of

he DES AUTO measurements to be deeper than a redshift-dependent
masking’ magnitude (see next section for details). This selection
riterion ensures that our diffuse light measurements are comparable
etween different redshift slices. The cut has minimal effect on the
lusters/randoms below redshift 0.4 but excludes a small fraction of
he clusters between redshift 0.4 and 0.5 and most of the clusters
bo v e redshift 0.5. (3) Around the cluster centre (or the random
oint), in a circular region with a radius of 0.2 deg, we exclude areas
ontaining famous or bright stars (the Yale bright stars or 2MASS
tars of J < 8). 1 , nearby galaxies including the Large Magellanic
loud, and globular clusters to reduce scattered light in the images. 
After applying these selection criteria, we are left with a sample

f o v er 4000 clusters in the redshift range of 0.2 −0.5. The number
f clusters in each richness/redshift bin is listed in Table 1 . We also
nclude clusters in the redshift range of 0.5 −0.6 in some of the
NRAS 531, 510–529 (2024) 

 This cut requires HEALPix values in the DES foreground map file to be less 
han 2. 
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nalyses in this paper. Ho we ver, because of the DES depth limit, we
re concerned that our galaxy masking procedure (see Section 2.3 )
ay be incomplete in this redshift range 2 and abo v e. Therefore,

he measurements of the 0.5 −0.6 clusters are presented only for
llustrative purposes and are not included in our quantification of
iffuse light evolution. 
We note that a redMaPPer galaxy cluster catalogue based on the

ull six years of DES observations is also internally available to
he DES collaboration. Ho we v er, we opt to use the Year 3 v ersion
escribed here because its richness definition has better consistency
ith the Year 1 version in McClintock et al. ( 2019 ), which provides

he richness-mass relation used in our estimations. The redMaPPer
atalogue based on Year-s 1 −6 observations goes to higher redshift
 z ∼ 0.9) than the Year 3 version in this paper (which is based on
ears 1 −3 observations), but both versions have excellent redshift
o v erage in the 0.2 −0.5 redshift range studied in this paper. 

.2 DES object catalogues and images 

n this paper, we use the DES images and catalogues produced by the
ark Energy Surv e y Data Management (DESDM) project (Sevilla

t al. 2011 ; Morganson et al. 2018 ). A detailed description of the
ESDM pipeline can be found in Abbott et al. ( 2018 ). To summarize,

he DESDM pipeline takes raw images from the Dark Energy Camera
DECam) (Flaugher et al. 2015 ), performs instrumental signature
emovals and corrections (Plazas, Bernstein & Sheldon 2014 ; Gruen
t al. 2015 ), flat-field corrections (Bernstein et al. 2018 ), full-focal-
lane background subtractions (Bernstein et al. 2017b ), as well as
hotometric (Burke et al. 2018 ) and astrometric (Bernstein et al.
017a ) calibrations to produce science-ready single exposure images.
-band in mag auto , while 67 per cent of the redMaPPer clusters reach 21.9 
ag in the DES 10 σ z-band depth map continuously in the whole 0.15 deg 2 

egion around them. Note that the DES coadd catalogues are generally o v er 
5 per cent complete abo v e 23.7 mag in z-band, and the decision of a depth 
ut is made out of an abundance of caution. 
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hose images are coadded (Bertin et al. 2002 ) into multi-epoch 
oadd images, which are used to produce object catalogues and 
hotometry measurements by the SOURCE EXTRACTOR software 
Bertin & Arnouts 1996 ). The science-ready single exposure images 
re also used as input for photometry measurements such as the 
GMIX photometry measurements mentioned in the previous section. 
For this work, we benefit from the full 6 years of DES operations

Diehl et al. 2018 ), and the DES Data Release 2 (DR2) processing
ampaign (Abbott et al. 2021 ) which includes not only more data, but
lso impro v ed processing since the previous data release. Changes 
nd impro v ements rele v ant to our analysis include: coadded im-
ges based on single-epoch full-focal-plane background subtraction, 
hich do not include local background subtraction as applied to 
revious versions of DES coadd images (we use the ‘ nobkg’ version
f the coadd images, which do not have the local short-scale sky
ackground subtracted as mentioned in Section 2.3 ); combining DES 

 -, i - and z-band images into detection images as an average to create
ore robust faint objects detection; finally, changing the source 

etection threshold from 10 σ to 5 σ to produce more complete object 
atalogues. The DR2 coadd images have a combined sky coverage 
f 4913 deg 2 in DES g , r , i , z, and Y bands, and the 95 per cent
ompleteness of the coadd catalogues reaches 23.7 magnitude in the 
ES z-band, with a 10 σ magnitude limit of 23.1. 
We use both DES images and catalogus in this paper. Other 

han the REDMAPPER cluster catalog, the coadd object catalogues 
sed in this paper are constructed from DES coadd images using
he SOURCE EXTRACTOR software to detect and deblend objects. 

oreo v er, we make use of the object’s AUTO measurements from
OURCE EXTRACTOR to determine each object’s masking area, which 

s based on Kron apertures and magnitudes (Kron 1980 ). The images
sed in this paper include both the science-ready single exposure 
mages and the multi-epoch coadd images. In the next section, we 
escribe how we use these images and catalogues in our workflow. 

.3 The averaging/stacking method 

n this paper, we again use a ‘stacking’ method described in Zhang
t al. ( 2019c ), which has also been adopted in Leung et al. ( 2020 );
ampaio-Santos et al. ( 2021 ); Golden-Marx et al. ( 2023a ). We
resent ICL and CG properties av eraged o v er a large cluster sample.
he ‘stacking’ method proceeds as the following: 

(i) Coadd images of each galaxy cluster, are downloaded from 

he DESDM data base 3 For each image, we mask all objects abo v e
 z-band magnitude limit determined by the cluster’s redshift. We 
xclude the REDMAPPER CG from masking to preserve the CG light. 
he masking magnitude is chosen to be 0.2 L ∗ with L ∗ being the
haracteristic luminosity of a cluster red galaxy luminosity function 
easurement (Zhang et al. 2019b ). Assuming a faint end slope of
1, this masking limit would remo v e 82 per cent of the light from

luster galaxies. 
(ii) After masking, the radial SB profile is derived from the masked 

mages, as the mean pixel value in circular radial annuli on the
mages. Thus, the derived profiles are the circularly averaged profiles 
or each cluster. Note that Brough et al. ( 2024 ) compared ICL fraction
easurements using both circular and elliptical apertures and did not 
nd significant impact. 
(iii) Similarly, radial SB profiles are derived for a sample of 

andom points that co v er the same sky area as the cluster catalogue.
 https:// des.ncsa.illinois.edu/ desaccess/ 

4

5

n later steps, those random profiles are subtracted from the cluster
rofiles to eliminate residual backgrounds in the cluster profiles. 
(iv) Using a Jackknife resampling method (see examples of 

pplications in Norberg et al. 2009 ; Melchior et al. 2017 ), we
ivide the cluster samples, and the random points into 40 subsam-
les according to their sky coordinates. 4 For each sky coordinate 
ubsample, we derive the CG + ICL SB profile by averaging the
rofiles of clusters and randoms in circular apertures, and then 
ubtracting the random profiles from that of the clusters. We then
pply the Jackknife resampling method (Efron 1982 ) to those sky
oordinate subsamples to derive the means and uncertainties of the 
nal CG + ICL measurements. 
(v) Additional quantities, such as the CG + ICL colour and lu-
inosities are further computed from the circularly averaged SB 

rofiles of CG + ICL. In this paper, we also analyse the SB profiles of
he cluster total light including CG, ICL, and cluster satellite galaxies. 
hose measurements are derived using the same procedures listed 
ere, but without the objects masking described in step (i). 

We highlight one difference between this paper and Zhang et al.
 2019c ), Leung et al. ( 2020 ), Sampaio-Santos et al. ( 2021 ), and
olden-Marx et al. ( 2023a ). In Step (i), for each cluster, the
revious analyses processed and coadded single exposure images 
rom DESDM. For this work, we make use of the already coadded
mages from the DESDM data base. Those DESDM images are based
n the single exposure images, but coadded without applying local 
ackground subtraction steps in the SWARP and SOURCE EXTRACTOR 

oftware. In Section 5.3 , we compare the profiles derived from those
oadded images and those based on the single exposure images Zhang 
t al. ( 2019c ); Leung et al. ( 2020 ); Sampaio-Santos et al. ( 2021 );
olden-Marx et al. ( 2023a ). The results are highly consistent. 
The computational resources needed for this method are not trivial. 

he masking of a 0.15 × 0.15 de g 2 re gion centred on one galaxy
luster, depending on the masking magnitude, can take a few minutes
o hours with a single CPU processor. For this work, the masking and
rofile measurements of each cluster/random point is performed on 
he Open Science Grid, 5 a High Throughput Computing Consortium. 
he processing of tens of thousands of clusters or random locations

s distributed to thousands of parallel processes on the Open Science
rid in an ‘opportunistic’ mode. Given the need to test and validate

he analyses with different set-ups, we estimate that up to hundreds
f thousands of CPU hours have been used in this work. 

 I C L  SURFAC E  BRI GHTNESS  

.1 Richness and redshift dependence 

ur first analysis is the circularly averaged SB radial profiles of
he diffuse light (CG + ICL), as well as the SB of the total cluster
tellar content including the rest of the cluster galaxies. The goal of
his analysis is to visually examine the shapes of those profiles and
heir general redshift/richness trends. The galaxy clusters are split 
nto redshift and richness sub-samples, and those SB profiles are 
resented in Fig. 1 . 
We use three redshift bins from 0.2 to 0.5 to analyse the clusters. In

ach redshift bin, the clusters are further divided into four richness
ins, with the richness binning defined in previous DES cluster- 
ensing studies (McClintock et al. 2019 ) and listed in Table 1 . As
entioned in Section 2 , we apply the ‘stacking’ procedure to each
MNRAS 531, 510–529 (2024) 

 https:// github.com/ esheldon/ kmeans radec 
 https://opensciencegrid.org 

https://des.ncsa.illinois.edu/desaccess/
https://github.com/esheldon/kmeans_radec
https://opensciencegrid.org
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Figure 1. SB of the clusters in richness/redshift ranges. Upper row: Clusters in the same redshift ranges in each panel, with different lines representing different 
richness subsamples. We show both the SB of the diffuse light (CG + ICL, red hues) and also the SB of total cluster light (blue hues). Both profiles display strong 
richness dependence across the four redshift panels. Middle row: Clusters in the same richness ranges in each panel, with different lines representing different 
redshift subsamples. Again, we show both the SB of the diffuse light (CG + ICL, red hues) and also the SB of total cluster light (blue hues). We do not observe 
consistent redshift trends across the richness panels, indicating weak, if any, signs of redshift evolution. We quantify the significance of the redshift/richness 
trends in the next Section. Lower Row: SB profiles after the cluster’s radius has been scaled by a percolation radius (corresponding to the cluster subsample’s 
average R 200 m ). The radial profiles of the diffuse light as well as the clusters’ total stellar contents are ‘self-similar’ after radial scaling. 
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edshift/richness binned cluster subsample. The residual background
or each subsample is derived from random points, but the masking
agnitude limit for the random points is adjusted according to the

luster subsample’s redshift range. For each redshift bin, we apply
uminosity distance corrections and account for angular distance
hanges so that the measurements are shifted to be in the observer
rame of redshift 0.25. Note that we do not apply a K-correction
r evolutionary correction to these measurements. Between red-
hift 0.45 and 0.25, the combination of these two corrections can
hange between approximately −0.04 and 0.03 magnitude assuming
ifferent stellar population models (using simple stellar population
ruzual & Charlot 2003 models with initial mass functions from
NRAS 531, 510–529 (2024) 
alpeter 1955 ; Chabrier 2003 , metallicity values of 0.008, 0.02,
.5 and formation redshift between 2 and 10). In addition, the
orrection is often significantly smaller than the value/uncertainty
f the redshift evolution constraints we will later show in Table 2
 b × log 10 

1 . 45 
1 . 25 ). Thus, we present the measurements without applying

he evolutionary and K-corrections. 
Fig. 1 presents our SB measurements. In each of those richness and

edshift bins, we measure the diffuse light profiles up to 1 Mpc from
he centre. Our measurements agree with previous studies which
how the radial extension of ICL up to several hundreds of kpc, or
ven one Mpc from the cluster centre (Zibetti et al. 2005 ; Krick &
ernstein 2007 ; Kluge et al. 2021 ; Chen et al. 2022 ; Li et al. 2022 ). 
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Table 2. constraints on parameters in L ( R 0 < r < R 1 ) = a × log 10 
λ0 
20 + 

b × log 10 
1 + z 0 
1 . 25 + c, which is used to quantify the relation between stellar 

luminosity and cluster richness and redshift. 

a b c 

r ≤ 30 kpc Total −0.73 ± 0.05 2.23 ± 0.34 17.593 ± 0.014 
r ≤ 30 kpc Diffuse −0.79 ± 0.07 1.76 ± 0.46 17.764 ± 0.019 
30 to 80 kpc Total −1.37 ± 0.09 −0.32 ± 0.80 17.75 ± 0.027 
30 to 80 kpc Diffuse −1.28 ± 0.09 −0.01 ± 0.55 18.68 ± 0.023 
80 to 300 kpc Total −1.76 ± 0.12 −0.66 ± 1.02 16.315 ± 0.036 
80 to 300 kpc Diffuse −1.76 ± 0.12 −0.10 ± 1.11 17.699 ± 0.039 
300 to 600 kpc Total −1.78 ± 0.21 −1.53 ± 1.97 16.117 ± 0.070 
300 to 600 kpc Diffuse −2.00 ± 0.31 −1.39 ± 3.04 17.578 ± 0.105 
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The upper panels of Fig. 1 show the (circularly-averaged) SB 

rofiles of the galaxy clusters first split by redshift and then by
ichness. In each subpanel, the redshift range of the clusters is
xed to be the same and each line represents a different richness
ange. Those radial SB profiles show a clear richness dependence: 
icher galaxy clusters generally are brighter in SB, while less rich 
lusters are fainter. The trends are observed for both the diffuse
ight, and for the total light including cluster satellite galaxies. 

oreo v er, the distinctions between the different richness subsamples 
re present throughout the three redshift bins, indicating robust 
ichness dependence across the 0.2–0.5 redshift range. Our result 
upports previous findings that detect strong ICL correlations with 
luster mass (e.g. Gonzalez et al. 2005 ; Montes & Trujillo 2019 ;
uang et al. 2020 ; Kluge et al. 2021 ; Sampaio-Santos et al. 2021 ;
hen et al. 2022 ; Huang et al. 2022 ; Ragusa et al. 2022 ; Golden-
arx et al. 2023a ). Further, the SB richness dependence in Fig. 1

rows more prominent with enlarging radius. 
In the middle panel of Fig. 1 , we present the SB profiles, first

plit by richness and then by redshift. In each subpanel, the richness
ange of the clusters is fixed to be the same and each line represents a
ifferent redshift range. Interestingly, those redshift-divided profiles 
ppear similar within their uncertainty ranges; while fixing the 
luster’s richness range, we do not observe a consistent trend of
he SB profiles being either brighter or fainter at a lower redshift.
he lack of a consistent trend does not necessarily indicate that there

s no redshift evolution for a richness-fixed sample, but potentially 
n evolution that is too small to be noticeable in those SB figures. In
ection 4 , we further quantify the redshift-related trends using their 

uminosity measurements. 

.2 ICL ‘Self-Similarity’ 

reviously we have noted the remarkable similarity of the ICL 

B profiles after scaling by the cluster’s radius in Zhang et al.
 2019c ); Sampaio-Santos et al. ( 2021 ). Similarly, in this analysis,
e investigate this effect with a much larger sample. 
Gi ven the relati vely small richness range of each bin, we use

 similar procedure as described in Sampaio-Santos et al. ( 2021 ) to
cale the radial profiles. For each richness bin, we rescale the clusters’ 
B profiles by one radius determined by the average richness of each
ichness bin. Because there are no weak-lensing mass measurements 
or the galaxy cluster samples studied in this paper, we scale their
adial SB profiles by the redMapper percolation radius which is a 
unction of richness, R 200 λ = 1.95 × ( λ/100) 0.45 Mpc h −1 . This radius
elation is based on the R 200m 

to richness relation derived using the
ES Year 1 richness–mass relation (McClintock et al. 2019 ), and 
eant to be an approximation of R 200m 

derived from cluster richness.
e note that the richnesses are not necessarily consistent between 
ifferent versions of the redMaPPer catalogues based on different 
ES data releases (a small difference has been found in preliminary

omparisons). The percolation radii used here is a close but not
ecessarily accurate estimation of the clusters average R 200 m . 
The last row of Fig. 1 shows the SB radial profiles after scaling

y the percolation radius. This row is meant to be compared to the
op row of the same figure (without radial rescaling). These scaled
rofiles, both of the diffuse light and the cluster light, indeed appear
o be much more similar across the richness bins, especially outside
 transition radial range around 0.04 R 200 λ. In the central regions, the
rofiles do not appear to be similar after rescaling, suggesting that
he CG SB profiles can not be well described by scaled cluster radii.
his phenomenon can be explained by an inside-out growth scenario 

Oser et al. 2010 ; van Dokkum et al. 2010 ), such that CG stellar
ores formed early at z > 2, while the accretion of CG outskirts and
he ICL profiles happen later and are more influenced by the galaxy
luster’s mass accretion process. 

.3 Volume-limited cluster sample 

n the previous section, we have shown that when fixing the cluster’s
ichness, clusters in different redshift ranges have similar SB profiles. 
o we ver, this does not answer the question of how ICL and CGs

volve with time in a single galaxy cluster whose richness will also
volve with time – more likely, their richnesses/masses will increase 
 v er time because of ongoing merging events. 
In this section, we account for cluster richness evolution by 

onstructing a volume-limited cluster sample in different redshift 
ins. Specifically, in the highest redshift bin of 0.4–0.5, we compute
he cosmic volume contained in this redshift bin, and select the
lusters abo v e richness of 50. For the lower redshift bins, 0.3–0.4
nd 0.2–0.3, we again compute their respective cosmic volumes, 
nd then adjust the richness thresholds for the cluster selections, so
hat each redshift subsamples have the same cluster density given 
heir different cosmic volumes. For the redshift slice of 0.3–0.4, 
he richness threshold becomes 55 and for the redshift slice of
.2–0.3, the richness threshold becomes 61. Only clusters abo v e
hose richness thresholds are selected for comparison in this section. 
hese selections ensure that the cluster samples have the same 
patial densities in each redshift bin. A similar volume-limited 
election method is also use in Golden-Marx et al. ( 2023a ), with
he distinction that Golden-Marx et al. ( 2023a ) select clusters based
n SZ-computed masses, while this analysis is using optical richness. 
The SB-profiles of those volume-limited samples are presented 

n Fig. 2 . We again do not observe significant differences between
he redshift sub-samples, as the previous section has already noted 
o visible differences between redshift subsamples within fixed 
ichness ranges. In this e x ercise, we limit the analysis to a high
ichness threshold which tends to have lower richness-to-mass scatter 
Farahi et al. 2019 ; Anbajagane et al. 2020 ) and is less subjective
o potential systematic effects such as line-of-sight projections 
Costanzi et al. 2019 ; Abbott et al. 2020 ; Wetzell et al. 2022 ; Wu et al.
022 ). For the same reason, we also do not sub-divide the clusters
ccording to richness. The consequently smaller sample size lowers 
he significance of a possible redshift trend. We further quantify the
edshift-related trend in Section 4 . 

.4 Colour radial profiles 

e derive the r − i colour of the circularly-averaged ICL radial
rofiles using measurements of the DES r and i band SB profiles.
MNRAS 531, 510–529 (2024) 
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Figure 2. SB of a volume-limited cluster sample. The radial profiles of 
these redshift subsamples appear to be consistent within the measurement 
uncertainties, indicating a redshift evolution that is below a detection level. 
Again, we show both the SB of the diffuse light (CG + ICL, red hues) and the 
total cluster light (blue hues). We will further quantify the redshift evolution 
of the cluster luminosities in the next section. 

Figure 3. The DES r − i colour profile of the diffuse light in cluster 
subsamples of different redshift and richness ranges. The diffuse light color 
is consistent with the average colour of the cluster’s total stellar content in 
the centre. In addition, a radial gradient can be seen in all of the redshift and 
richness ranges, such that the diffuse light becomes bluer at larger radii. This 
is consistent with previous studies that ICL consists of more metal-poor and 
younger stars (Edwards et al. 2020 ) and suggests an ICL origin from galaxy 
disruption and tidal stripping (Contini et al. 2019 ). 
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Figure 4. We fit the colour profiles in Fig. 3 to a linear model with radius 
Color( R ) = a × log ( R ) + b to further quantify those profiles. The radial slope 
parameter a (upper panel) is ne gativ e for all of the richness and redshift bins, 
which is a robust detection of the radial gradient of the diffuse light’s colour 
profile. The b parameter (lower panel), which is the diffuse light’s color at R 

= 1 kpc, appears to be slightly larger for richer clusters, possibly reflecting a 
more massive and redder satellite population in richer clusters. 
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hese colour measurements are shown in Fig. 3 . Given that such
easurements require highly significant ICL SB profiles in two

ands, we only show colour measurements out to a radius slightly
eyond 400 kpc. 
The colour profiles are presented in redshift subpanels with

lusters further divided in richness bins. As previously noted in the
iterature, the colour of the diffuse light displays a radial gradient,
ecoming bluer at a larger radius. Interestingly, we also notice a
onsistent, although not significant, richness trend in those colours,
NRAS 531, 510–529 (2024) 
hich appear to be redder in richer clusters. In addition to the diffuse
ight colour profiles, we have acquired the colour measurements of
he cluster’s total stellar content, but the measurements are much

ore uncertain because of Poissonian noise. Ho we ver, we note that
he average colour of the cluster’s total stellar content is generally
onsistent with the colour of the diffuse light. 

To further quantify the colours, we fit those measurements as a
unction of radius: 

olor ( R) = a × log ( R) + b (1) 

ere, a is the radial slope of the colors, and b is the intercept of the
rofile at R = 1.0 kpc. The fitted parameters are shown in Fig. 4 .
n each redshift/richness bin, a appears to be ne gativ e, indicating a
obust detection of a radial gradient. This is consistent with previous
easurements of ICL radial color gradient (e,g., Zibetti et al. 2005 ;
eMaio et al. 2018 ; Yoo et al. 2021 ; Chen et al. 2022 ) and that the ICL

onsists of more metal-poor and younger stars (e.g. Edwards et al.
020 ) compared to the CG. As mentioned and analyzed in Contini
t al. ( 2019 ), the colour radial gradient suggests that the ICL’s origin
s from galaxy disruption and stripping: if clusters acquire ICL mainly
hrough merging, ICL would have a relatively uniform colour because
f stellar population mixing. On the other hand, the disruption and
tripping of cluster satellite galaxies would produce a radial gradient
ecause of the radial dependence of those processes. 
In addition to the radial gradient, we also detect a possible richness

ependence in color, as the intercept ( b ) of the fitting results appears
o be redder (higher positi ve v alue) in richer clusters. This is possibly
elated to richer and thus more massive clusters containing a higher
raction of red sequence galaxies than the less-massive clusters
Hansen et al. 2009 ; Sarron et al. 2018 ; Radovich et al. 2020 ; Golden-

arx et al. 2023b ). 
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Figure 5. Integrated luminosity (luminosity distance corrected to be the apparent magnitude in the observer frame of z = 0.25) as a function of radius (upper 
panels), or radius scaled by R 200 λ (lower panels). This figure illustrates the luminosity measurements used in our analyses and shows that diffuse luminosity 
(red lines) and total cluster stellar luminosity (blue lines) increase as the radial range increases. See Section 4 for discussions on the trends manifested in this 
figure. Each panel shows a different redshift range, while the last redshift panel (redshift 0.5 to 0.6) is coded in a gray color, indicating that this redshift slice 
may be less reliable because of potential incomplete masking. We note that the last redshift range is not used in quantitative analyses. 
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 I C L  LUMIN OSITY  

.1 Richness and redshift dependence 

o further quantify the ICL’s richness and redshift dependences, we 
xamine the luminosities of the diffuse light and the cluster’s total 
tellar content. Those luminosities are derived by integrating the SB 

rofile in radial ranges as the following: 

 ( r < R, z = 0 . 25) = 

∫ R 

0 
S( r, z = 0 . 25) πr d r (2) 

ere, S ( r , z = 0.25) is the SB measurements presented in the previous
ection, which have been luminosity distance-corrected as if it was 
bserved at redshift 0.25. Thus, L ( r < R , z = 0.25) is the luminosity
easurements enclosed within radius R , but shown as the apparent 
agnitude in the observer frame of redshift 0.25. We choose this

ivot redshift because it is close to the median redshift value in the
owest redshift subsample. Fig. 5 shows the radial profiles of the 
ntegrated luminosity as a function of the outbounding R . 

There are two significant trends in those luminosity profiles. First, 
icher and thus more massive clusters contain more diffuse and 
otal light. The richness dependence is observed across the four 
edshift ranges. Secondly, at small radii, within ∼50 kpc, diffuse 
ight contributes to the bulk of the cluster total stellar light. Outside

50 kpc, the cluster’s total stellar light increases significantly 
ecause of the contribution from cluster satellite galaxies. As a result,
iffuse light appears to grow less significantly than the total stellar
ontent with radius. We also show the luminosity radial profiles as
 function of radius scaled by R 200 λ. The richness/mass dependence 
f the luminosity becomes even more pronounced in those scaled 
adius plots. 

We further investigate how these luminosities change with redshift 
nd radial apertures. For clusters in a fixed richness range, we derive
heir luminosities enclosed within 30 kpc and in 30–80, 80–300, and
00–600 kpc annuli. The innermost 30 kpc radial bin is chosen to
atch the CG size, while the second radial bin, out to 80 kpc (we

av e e xperimented with 50, 75, and 100 kpc, and found 80 kpc to be
ost representative in terms of the redshift trends), is chosen to probe

he CG to ICL transition range. Finally, the 80–300 and 300–600 kpc
nnuli are chosen to probe the extended components of ICL. Those
uminosity measurements in apertures/annuli are shown in Fig. 6 . 

Interestingly, with the lowest richness sample – the clusters in 
he richness range of 20–30 – we notice that both their diffuse
ight and total light appear to get brighter towards lower redshift,
ndicating redshift evolution. In some of the higher richness bins, the
uminosities of both the cluster’s total and stellar light appear to be
etting brighter or unchanged to wards lo wer redshift within 30 kpc.
o we ver, outside of 30 kpc, there is no sign of consistent redshift

volution. 
To further quantify the richness dependence and redshift evolution 

n those different apertures, we fit the measurements to the following
elation: 

 ( R 0 < r < R 1 ) = a × log 10 
λ0 

20 
+ b × log 10 

1 + z 0 

1 . 25 
+ c. (3) 
MNRAS 531, 510–529 (2024) 
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Figure 6. Luminosities (distance-corrected to be the apparent magnitude in the observer frame of z = 0.25) enclosed within 4 radial bins (0–30, 30–80, 80–300, 
and 300–600 kpc). We examine how the luminosities change with redshift and richness. The luminosities of the total cluster stellar content (blue lines) and 
the cluster diffuse light (CG + ICL, red lines), increase significantly as the cluster’s richness increases. However, those luminosities do not appear to change 
significantly with redshift, except in the lowest richness range and within 30 kpc. See Section 4 for quantitative analyses. 

I  

u  

fi  

s  

d  

a  

r  

r  

0  

s  

a  

T  

M  

f  

(  

T
p

 

t  

a  

t  

a  

c  

s  

f
 

d  

e  

w  

o  

m  

b  

t  

o  

A  

b  

r  

fl  

3  

8  

b  

a

 

c  

B  

3  

a  

e

4

W  

c  

q  

o  

r  

h  

c  

e
 

fi

L

I  

p  

(  

o  

f  

n
 

p  

i  

a  

i  

d  

t  

i  

p  

a  

t  

e  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/510/7665764 by FM
R

P/BIBLIO
TEC

A C
EN

TR
AL user on 13 N

ovem
ber 2024
n this relation, the total amount of light ( L ( R 0 < r < R 1 ), in the
nit of magnitudes) contained within an aperture or annulus, is
tted with a linear relation to the logarithmic values of the cluster
ubsample’s average richness and redshift. The richness and redshift
ependences are described by parameters a and b , respectively, and
 non-zero value would indicate detection of dependence. In the
elation, the pivot richness is chosen as 33, which is the mean
ichness value of the sample, while the pivot redshift is chosen as
.25, which is close to the median redshift value in the lowest redshift
ubsample. Thus, the intercept of the relation, c , can be interpreted
s the apparent magnitude of a richness 33 and redshift 0.25 cluster.
he fitting of those parameters a , b , and c , is performed with a
arkov Chain Monte Carlo method, and the likelihood is constructed

rom the χ2 values between the measurements and the relations
using the uncertainties of the measurements as the weighting).
able 2 shows the derived posterior values of the a , b , and c 
arameters. 
The fitted results confirm our fore-mentioned observations. First,

he values of a deviate from 0 at very significant levels, between ∼ 7
nd 16 σ levels in all of the analysed apertures for both the diffuse and
he total stellar content. This result confirms the significant richness,
nd thus cluster mass dependence for the diffuse and total stellar
ontent. Further, the value of a is increasingly ne gativ e at large radii,
uggesting stronger richness (which is a mass indicator) dependence
or the diffuse light as well as the cluster total stellar content. 

Also consistent with our fore-mentioned observations, for the
if fuse light, the v alue of parameter b , which quantifies redshift
volution, is consistent with 0 outside 30 kpc. This indicates that
hen fixing cluster richness, the amount of diffuse light is not obvi-
usly increasing (or decreasing) towards lower redshift. Cluster mass
ay be the main driver for diffuse light evolution in a large radial

in. Ho we ver, within 30 kpc, the amount of diffuse light appears
o be increasing towards lower redshift, suggesting that the amount
f stellar light associated with the CG is building up o v er time.
ccording to the fitting results, the luminosity of the CG becomes
righter by 0.113 mag (calculated from b × log 10 (1.45/1.25)) from
edshift 0.45 to 0.25 within 30 kpc. This brightening corresponds to a
ux increase of 11 per cent. The b value of the diffuse light between
0 and 80 kpc is consistent with 0, but we have also adjusted the
0 kpc outbound range between 50 and 100 kpc, and found that the
 value is larger in apertures closer to 30 kpc, indicating possible
NRAS 531, 510–529 (2024) 

dditional redshift evolution closer to the CG. a
For the cluster’s total light, b is positive within 30 kpc, also indi-
ating some growth with time (brightening towards lower redshift).
ecause CG is the dominating component of cluster total light within
0 kpc, the growth in this radial range mostly reflects CG growth. In
nnuli outside 30 kpc, b is generally consistent with 0, indicating no
vidence of significant redshift evolution. 

.2 Volume-limited cluster sample 

e further investigate the luminosity evolution of the volume-limited
luster sample discussed in Section 3.3 , which helps answer the
uestion of ICL growth when tracking the same cluster’s evolution
 v er time. Similarly, we calculate the luminosities enclosed within
adial bins for both the cluster diffuse light and total light and show
ow they change with redshift in Fig. 7 . A sign of redshift evolution
an be seen within 80 kpc. We do not find evidence of redshift
volution in the rest of the radial bins. 

To quantify the redshift evolution of this cluster sample, we also
t their measurements to the following relation: 

 ( z) = L 0 + a × log 10 (1 + z) (4) 

n this relation, a quantifies the redshift evolution of this cluster sam-
le. A positi ve v alue would indicate brightening luminosity o v er time
to wards lo wer redshift), while a ne gativ e value would indicate the
pposite. The fitting procedure is performed with the curve fit
unction of SCIPY , and the derived values and uncertainties of a are
oted in Fig. 7 . 
With both the diffuse light and the cluster total light, we detect

ositi ve v alues of a abo v e the significance lev el of 1 σ within 30 kpc
n the CG as well as in the CG to ICL transition region, between 30
nd 80 kpc range. In both of the radial ranges, the redshift evolution,
ndicated by the positive value of a , appears to be larger in the
iffuse light than in the cluster total light. This result, together with
he results from the richness/redshift subsamples, indicates that the
ncrease in stellar content with time associated with diffuse light is
artially driven through the deposition of new material onto the CG
nd at the CG’s outskirt. For the larger radial bins, we again find a
o be consistent with 0, and thus, do not find evidence of redshift
volution. It is possible though, that the redshift evolution in those
adial bins falls below our measurement limit as the uncertainties of
 are large. 
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Figure 7. Luminosity (distance-corrected to be the apparent magnitude in 
the observer frame of z = 0.25) as a function of redshift in a volume-limited 
cluster sample. Again we analyse the brightness enclosed within 4 radial bins 
(0–30, 30–80, 80–300, and 300–600 kpc, top to bottom panels) and examine 
how they change with redshift. The luminosities of the total cluster stellar 
content (blue lines) and the cluster diffuse light (CG + ICL, red lines) both 
show some signs of becoming brighter o v er time within 30 kpc, and between 
30 and 80 kpc, as indicated by the positive values of the fitted a parameter 
of equation ( 4 ; see discussions in Section 4.2 ). These trends indicate growth 
in the CG and in the CG to ICL transition region. In Section 4 , we include 
quantitative analyses of those trends. 

Figure 8. Diffuse fractions in the total cluster stellar content, calculated 
within physical radii (right column) and scaled radii by R 200 λ (left column). 
We do not observe consistent redshift or richness-dependent trends (except 
in the 0.021–0.056 R 200 λ bin) in the measurements. Ho we ver, the dif fuse 
fractions appear to be dropping from the innermost radial bin to the second. 
See Section 4.3 for more detailed discussions. 
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.3 Diffuse fraction 

he fraction of CG and ICL in the cluster’s total stellar content
s an important quantity (e.g. Behroozi, Wechsler & Conroy 2013 ;
onzalez et al. 2013 ; Ragusa et al. 2022 ; Joo & Jee 2023 ). The
uild-up of the ICL, CG, and cluster total light is not necessarily
ligned o v er time. F or e xample, the ICL and cluster total light may
ave gone through more or less significant growth in the recent era
ompared to the CG. Thus, one may observe a change over time in
he CG/ICL to cluster total light ratio. 

Based on the luminosity measurements, we quantify the fractions 
f CG and ICL in the total cluster stellar content, with the following
quation, 

atio Diffuse ( R 0 < r < R 1 ) = 

Lum diffuse ( R 0 < r < R 1 ) 

Lum total ( R 0 < r < R 1 ) 
(5) 

n this equation, Lum total ( R 0 < r < R 1 ) enclosed within radius R 0 and
 1 is the luminosity of the cluster’s total stellar content derived from

ts SB, and Lum diffuse ( R 0 < r < R 1 ) is the luminosity of the diffuse
ight derived from its SB. We refer to the ratio of these measurements
s the diffuse fraction in this analysis. 

Fig. 8 shows these fractions derived for clusters in different 
edshift/richness ranges. Other than the 0.021–0.056 R 200 λ radial 
ange, the diffuse fraction appears to stay unchanged with richness 
nd redshift, indicating similar richness and redshift dependence 
etween diffuse light and cluster total stellar content. Ho we ver, the
iffuse fraction does appear to decrease after the innermost radius 
in, which is averaged to be 40.8 ± 7.0 per cent in the 30–80 kpc
ange, but decreases to 27 . 4 ± 9 . 9 per cent in the in the 80–300 kpc
MNRAS 531, 510–529 (2024) 
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Figure 9. Testing the effect of PSF on SB and luminosity measurements. 
Upper panel: diffuse light SB models are convolved with a PSF model at 
different redshifts. The PSF flattens out the SB distribution in the centre. 
Middle panel: Relative change in SB after the diffuse light profile models are 
convolved with a PSF model. The changes are most significant within 10 kpc. 
Lo wer panel: Relati ve changes in luminosity (deri v ed by inte grating the SB 

profiles radially as described in Section 4 ) after a PSF model convolution. 
The integrated luminosity is most affected within 20 kpc. 
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ange and 26.0 ± 25.2 per cent in the 300–600 kpc range. Between
.021 and 0.056 R 200 λ radial range, the diffuse fraction does appear
o decrease with richness, but this is likely because of the scaling of
 200 λ with richness; a richer cluster would have a higher R 200 λ value,
hich excludes more of the CG outskirt with a 0.021 R 200 λ cut. 
In addition to these trends, Fig. 8 highlights the importance of

electing a radial and cluster mass/richness range when studying
iffuse fractions. The fractions depend on how the CG outskirt is
ncluded and whether or not the measurements are made in physical
adii or radial units scaled by cluster radius. Given the discrepancies
n literature reports on diffuse fractions, fair comparisons will need
o be made between cluster samples of comparable masses in similar
adial scales. 

 SYSTEMATIC  EFFECTS  A N D  TESTS  

.1 PSF effect 

ecause the point-spread function is known to hav e e xtended wings
Moffat 1969 ; King 1971 ; Racine 1996 ; Bernstein 2007 ), it would
ontribute to the extended low SB features of galaxies or galaxy
lusters. The radial scales we probe in this paper are significantly
arger than the PSF FWHM of the DES images, therefore we expect

inimal PSF contributions to the ICL detection (see discussion in
hang et al. ( 2019c )). On the other hand, those contributions may
hange with redshift given the change of angular distance scale with
edshift. Thus, we perform image simulations to probe the possible
ffect of PSF on the results presented in this paper. 

To do so, we convolve a PSF model with an analytical diffuse
ight profile model and examine the differences before and after PSF
onvolution. We generate mock 2D images of diffuse light using an
nalytical model, setting the angular scale of the analytical diffuse
ight profile models at four redshifts, 0.25, 0.35, 0.45, and z = 0.55
but without adjusting their SB level as we are only looking at before-
nd-after PSF convolution differences). These 2D images are then
onvolved with a 2D PSF image model. Both the analytical models
nd the PSF models are based on the DES-Year1 measurements in
hang et al. ( 2019c ) in r-band, as the PSF models have similar

arge radial behaviors outside 2 arcsec. We then derive the SB
easurements in radial bins before and after PSF convolution. The

esults are shown in Fig. 9 . 
The top panel shows the flux changes of the profiles before and

fter the PSF convolution for the three profiles at different redshifts.
SF convolution flattens the central regions of those profiles limited
y the pixel scale of the images (0.263 arcsec pixel scale). The middle
anel of Fig. 9 shows the relative changes in those profiles before and
fter convolution. Outside of 10 kpc, PSF convolution has a minor
ffect on SB measurements which change by less than 10 per cent,
ut the change depends on redshift. Outside of 100 kpc, PSF effects
ppear to be negligible for all of the four redshifts, which is less than
 per cent at 100 kpc for z = 0.55. 
As with the integrated (within radius) brightness measurements,

imilarly, the PSF effect appears to be negligible if integrating to
0 kpc, affecting less than 5 per cent of the flux measurement, or
round 2 per cent if integrating to 30 kpc. Within 10–20 kpc, the
SF may affect the CG flux measurements by up to 12 per cent,
epending on the redshift. Within 10 kpc, the integrated luminosity
eeds to be carefully interpreted due to the PSF effect. 
We conclude that PSF effect alone cannot account for the redshift

volution in the diffuse light luminosity measurement within 30 kpc,
hich shows a change of ∼0.2 mag, or ∼ 20 per cent in flux from

edshift 0.45 to 0.25 (Section 4 ). With a carefully designed CG
NRAS 531, 510–529 (2024) 
perture (30 kpc in this analysis), our luminosity redshift evolution
esults should be minimally affected by the PSF effect. 

.2 Masking magnitude limit 

he masking magnitude limit we use for this work varies with
edshift. This may affect the results of this paper when cluster
alaxies below the masking limit contribute a noticeable amount of
ight to the diffuse light measurements. We acknowledge this issue
s a limitation in our analysis, as we do not explicitly account for
he contributions from the fainter cluster member galaxies below the

asking limit. 
We test how much our results may have been affected by these
agnitude limits. In this test, we redo the measurements of the diffuse

ight using a masking magnitude that is fainter by 0.7526 mag (or
asking to 0.1 L ∗ of the cluster luminosity function), and compare

he results to those from the fiducial analyses presented earlier. We
ave not applied this deeper magnitude limit in our fiducial analysis
ecause of the increasingly incomplete galaxy detection associated
ith this magnitude limit, which would render the results in the

edshift 0.4–0.5 bin less reliable. Nevertheless, we show the SB
easurements with this deeper magnitude limit and the comparison

o the fiducial analysis in Figure 10 . 
Indeed, using a deeper masking limit notably reduces the SB
easurements of the diffuse light throughout the redshift and richness

ins. Outside of 100 kpc, the reduction in flux consistently reaches
 ∼ 10 per cent level, although there are significant fluctuations
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Figure 10. Diffuse light profiles derived when using a deeper masking magnitude limit (upper panels) and the relative differences to the fiducial measurements 
presented in previous sections (lower panels). The SB measurements outside 100 kpc can be lowered by 10 per cent when using a deeper masking magnitude, 
which remo v es more contamination from the faint cluster satellite galaxies. 
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s indicated by the uncertainties. Given that satellite galaxies 2.5–
 times brighter than the ICL in this radial range (Section 4 ) are
xcluded, a reduction of 10 per cent in flux means that the deeper
agnitude is only further removing 2 per cent to 4 per cent of the faint

luster satellite galaxy contribution. A deeper masking magnitude is 
nlikely to significantly further reduce ICL brightness unless there 
s a noticeable upturn in the cluster galaxy luminosity function at the
aint end (e.g. Lan, M ́enard & Mo 2016 ). 

Other than the masking limit as well as the PSF effect, there
re other additional effects that influence our results. Another issue 
elated to masking is that the masking aperture does not enclose all
f the light from cluster satellite g alaxies. A g alaxy’s light can reach
ens or even hundreds of kpcs. In Zhang et al. ( 2019c ), we found that
he aperture of masking only affects diffuse light measurements at a 
ercentage level. In addition, in this analysis, we have adjusted the 
asking radius to be 3.5 Kron radii rather than 2.5 Kron radii which
ill further reduce the effect. Moreo v er, the cluster galaxy luminosity 

unction may evolve with redshift. However, recent literature studies 
nd that the redshift evolution of the cluster galaxy luminosity 
unction is very mild at most (e.g. Hansen et al. 2009 ; Sarron et al.
018 ; Zhang et al. 2019b ; Puddu et al. 2021 ). 

.3 Sky background 

ccurate diffuse light measurements require accurate e v aluation and 
emoval of the sky background in optical images. Similar to Zhang 
t al. ( 2019c ), in this paper, the images we use hav e remo v ed sk y
ackground that is estimated o v er the whole field-of-view (FOV) 
f DECam, approximately 3 deg 2 , using a PCA method (Bernstein
t al. 2017b ). Gi ven that one galaxy cluster, e ven at redshift 0.2, only
akes up a very small area in the DECam FOV, the sky background

stimation is not sensitive to the presence of galaxy clusters, thus
 v oiding a background o v erestimation issue that often plagues ICL
easurements. Zhang et al. ( 2019c ) tested the DECam FOV PCA
ackground e v aluations for ICL measurements, and it was shown that
he PCA sky estimations at the cluster centres and at a large cluster
adius (1.36 arcmin from the cluster centre) are highly consistent. 

After removing the full FOV sky background level, the images still
ossess a residual background. Since we average the measurements 
or several hundreds and sometimes several thousands of clusters, 
e estimate a residual background for those averaged measurements, 

hrough processing ‘sky randoms’ that track the area coverage of the
luster sample. A SB profile of the sky randoms is acquired using the
ame procedure of the cluster measurements. Those ‘random’ profiles 
re subtracted from the ‘raw’ cluster measurements to acquire the 
nal cluster-related measurements. The top panel of Fig. 11 illustrates 

he procedure. 
In Fig. 11 , because of the residual background, the ‘raw’ cluster
easurements still have a SB level of ∼2 kpc −2 in flux measured

t large radii ( ∼2 Mpc), but this residual is also present in the
random’ measurements. After subtracting the randoms, the final 
luster measurements fluctuate around 0 at very large radii ( ∼2
pc). Note that in Fig. 11 , we are showing the measurements in
ES ‘flux’ (10 −12 of a maggy), where the ‘flux’ used here is a linear
easure of an object’s brightness, as opposed to the logarithmic 

magnitude’ unit of brightness with the following relation mag = 

0–2.5 × log 10 (flux). 
We note the importance of using random catalogues that faithfully 

race the sky coverage of the redMaPPer cluster catalog. The raw
rofile measurements of randoms in Fig. 12 are sensitive to the
election of the random catalogues (and thus the redMaPPer cluster 
atalogues). These two catalogues are selected to a v oid sk y re gions
hat contain bright foreground galaxies and stars – at least 0.2 deg
way from their centres. If we adjust the distance cuts to 0.3 or
.4 deg, the random’s profile value would become lower, indicating 
ifferent ‘residual’ background levels. 
Finally, a crucial difference between this paper and Zhang et al.

 2019c ) is that we use the coadded images from the DES directly,
MNRAS 531, 510–529 (2024) 
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Figure 11. Upper panel: Diffuse profiles derived from DES special coadded 
images (red lines, Y6ACoadd, fiducial results in this paper) vs. those derived 
from single epoch images as in Zhang et al. 2019 (Y6SE, blue lines). Lower 
panel: Differences in these profiles. These two approaches yield consistent 
SB measurements to an accuracy level of over 30 mag kpc −2 in terms of 
raw diffuse light and random profile measurements. After random profile 
subtractions, the differences vanish at a SB level of 40.5 mag kpc −2 . 

Figure 12. SB of the randoms when using different distance cuts to bright 
objects in the sky. Our analysis requires the bright objects identified in a DES 
masking file to be 0.2 deg away from the cluster centre. Using further cuts 
would lower the SB measurements of randoms because of less contamination 
from the bright objects. 
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hich is based on coadding single epoch images after the PCA
ky background subtraction. The DES coadd images (the ‘no-bkg’
oadd images in the DES data release, which did not subtract local
ackground) are based on the procedure in Zhang et al. ( 2019c ) to
etter preserve low-SB features. 
To test that the DES coadds are indeed suitable for detecting ICL,

e separately process the redshift 0.2–0.35 clusters by coadding
ingle epoch images using the same procedures in Zhang et al.
 2019c ) and compare the measurements to the DES special coadd-
ased measurements. Their differences are shown in Fig. 11 . 
The raw SB measurements of those clusters and the randoms from

oth sets of images are offset at a flux level of 0.2, corresponding to
 SB level of 31.7 mag kpc −2 . Those raw measurement differences
etween the two coadding procedures are likely caused by pixel
eighting differences. After the random subtraction, the measure-
ents are similar at a surface flux level of 0.015, which means that

he two methods are similar to a SB level of 40.5 mag kpc −2 , and
hus highly consistent. 

.4 Galaxy cluster mis-centring 

s described in Section 2 , the redMaPPer cluster sample provides a
ost likely CG candidates for each cluster, but sometimes ( ∼20%)
 wrong CG is identified as the top CG candidate. This kind
f mis-centring may affect the interpretation of the CG and ICL
easurements presented in this paper. The redMapper mis-centring

ffect has been investigated with multiwavelength data (Zhang et al.
019a ; Bleem et al. 2020 ), and recently, Kelly et al. ( 2023 ) calibrated
he mis-centring statistics for the DES Year 3 redMaPPer cluster
ample using X-ray data. Specifically, they characterized the mis-
entring distribution of redMaPPer cluster sample by assuming that
he well-centred clusters makes up a fraction of the sample, with
he fraction denoted as the ρ parameter. For the mis-centred clusters
fraction of 1 − ρ), Kelly et al. ( 2023 ) modelled the offset distance
etween the true centres and the REDMAPPER -identified centres with
 gamma distribution with a shape parameter of 2, and a ‘rate’
arameter of τ × R λ ( R λ = ( λ/100) 0.2 h −1 Mpc). Thus, redMaPPer
luster’s mis-centring distribution, can be fully described by the ρ
nd τ parameters. Kelly et al. ( 2023 ) found the mis-centring statistics
o be consistent between low and high richness clusters, but detected
 potential change (still within 2 σ significance level) between the
edshift 0.2 and 0.4 and 0.4 and 0.65 cluster sub-samples. In this
ection, we estimate the potential impact that mis-centring may have
n interpreting the CG and ICL richness and redshift dependence
resented in this paper. 
The mis-centring statistics (characterized by the ρ and τ param-

ters) in Kelly et al. ( 2023 ) appear to be consistent at low and
igh cluster richness. Ho we ver, because the mis-centring distance
istribution is scaled by τ × R λ, a richness dependence is introduced
hrough the R λ parameter. To investigate how mis-centring would
ffect the interpretation of our ICL measurements, we build an ICL
odel, and then use the mis-centring constraints from Kelly et al.

 2023 ) to ‘mis-centre’ these ICL models. We model the CG and
CL of well-centred clusters with two Sersic components (best-
tting results to our CG + ICL measurement in the redshift 0.2–
.3, richness 30–45 bin) – one component with Re = 12.7 kpc and
ndex 2.26 to mimic the measurements at the core (the CG) and
nother component with Re = 1.11 Mpc and index 2.85 to mimic the
iffuse component. We then ‘mis-centre’ the ‘diffuse’ component,
y assuming 20 per cent the clusters are mis-centred ( ρ = 0.80), with
he mis-centring offset following a gamma distribution characterized
y 0.21 × R λ ( τ = 0.21), with R λ derived from λ = 25 and λ = 50,
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Figure 13. Well-centred and Mis-centred CG and ICL models. Upper panel: 
CG and ICL models mis-centred according to the redMaPPer mis-centring 
distribution constraints in Kelly et al. ( 2023 ), assuming cluster richness to 
be 25 and 50 respecti vely. Lo wer pannel: CG and ICL models mis-centred 
according to the redMaPPer mis-centring distribution constraints at redshift 
0.2–0.4 and 0.4–0.65, respectiv ely. Ov erall, compared to the centred ICL 

model, mis-centring shifts the measurement of ICL in the inner part of the 
clusters to a larger distance – lowering the measured SB level of ICL around 
100 kpc, but increasing the ICL light SB level at a larger distance. We find that 
mis-centring has a negligible effect on interpreting the richness-dependence 
of the CG and ICL measurement, but a small ( ∼< 5 per cent ) effect on 
interpreting redshift-dependent measurements. See Section 5.4 for detailed 
discussions. 
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espectively for low and high richness models. In addition, we assume 
hat even when the cluster is mis-centred (i.e. picked a ‘wrong’ galaxy
s the CG), this identified centre still has the same core component
ith the real CG (same brightness, with Re = 12.7 kpc and n =
.26), as the redMaPPer algorithm al w ays pick a bright galaxy as the
entre. We build a new CG and ICL model by azimuthally averaging
 v er the centred and mis-centred CG and ICL models, adopting the
pproach in cluster weak lensing analyses (e.g. McClintock et al. 
019 ) that a well-centred model is integrated over a mis-centring 
ffset distribution, weighted by the fraction of clusters that are mis-
entred. 

The upper panel of Fig. 13 shows the well-centred CG and ICL
odel, as well as the new models after incorporating the mis-centring 

istributions. Compared to the centred model, mis-centring shifts 
he measurement of ICL in the inner part of the clusters to a larger
istance, lowering the measured SB level of ICL around 100 kpc but
ncreasing the ICL light SB level at a larger distance. Ho we ver, the
is-centred models with richness values of 25 and 50 are highly

onsistent, with a maximum SB difference less than 2 per cent
hroughout the 0–2 Mpc radial range. This level of difference is
egligible compared to the ICL SB measurement differences in 
ifferent richness bins (Sections 3 and 4 ). 
We then investigate how cluster mis-centring affects the interpre- 

ation of the redshift-dependent CG and ICL measurements. We mis- 
entre the CG + ICL model with the Kelly et al. ( 2023 ) constraints
t redshift 0.2–0.4 with ρ = 0.80 and τ = 0.21, and at redshift
.4–0.65 with ρ = 0.92 and τ = 0.33, fixing the cluster’s richness
o be 30 for both models. The lower panel of Fig. 13 shows these

is-centred models. Because of a lower mis-centring fraction, mis- 
entring affects the high- z model less dramatically. Comparing the 
igh- z and low- z models, the integrated fluxes of the high- z model
s higher than the low- z model by 0.99 per cent, 5.3 per cent, or
.1 per cent when integrating over the radial ranges of 0–30, 30–80, or
0–300 kpc, but lower by 2.5 per cent when integrated over the 300–
00 kpc range. If the underling CG and ICL model stays the same, the
hange in the mis-centring statistics between redshift 0.4 and 0.65 
nd redshift 0.2 and 0.4 would create a counter-growth (brighter 
CL at higher redshift) in the 0–30, 30–80, and 80–300 kpc radial
anges, and a growth effect (brighter CG + ICL at lower redshift) in
he 300–800 kpc radial range. Note that because we use a smaller
edshift range (0.2 < z < 0.5) in this paper, we expect a even smaller
edshift-dependent mis-centring effect on our cluster sample. 

Nevertheless, these fractional changes are smaller than the val- 
es/uncertainties of the measurement changes in CG and ICL 

uminosity between redshift 0.45 and 0.25, that we have inferred 
nd listed in Table 2 ( b × log(1.45/1.25)) for the 0–30 kpc (11 ± 3
er cent) and 300 and 600 kpc ( −8.6 ± 19.8%) radial ranges, but
omparable to the uncertainties of the measurements for the 30–
0 kpc ( −0.06 ± 3.32 per cent) and 80–300 kpc ( −0.60 ± 6.81
er cent) radial ranges. For the latter radial ranges, it is possible
hat the lack of ICL growth that we are measuring is due to the
rue ICL growth rate being low ( ∼< 5 per cent level) and countered
y the evolution of redMaPPer mis-centring o v er redshift. It would
e interesting to carry out a full forward-modelling analysis of 
edMaPPer to study ICL growth in the future, accounting for the
ffect of redMaPPer mis-centring. 

 DI SCUSSI ON  O N  REDSHI FT  E VO L U T I O N  

.1 Comparison to simulation 

o gain theoretical insights into the evolution of ICL, we turn to the
llustrisTNG simulation suite (Marinacci et al. 2018 ; Naiman et al.
018 ; Nelson et al. 2018 ; Pillepich et al. 2018 ; Springel et al. 2018 ;
elson et al. 2019 ) to examine how the diffuse stellar components
f galaxy clusters change with cluster mass and redshift. This has
lready been a subject of investigation in Pillepich et al. ( 2018 ). 

Our analysis here is based on the TNG300-1 simulation, which 
as the largest volume (300 Mpc 3 ) in the IllustrisTNG simulation
uite, and also the highest simulating resolution among the 300 Mpc 3 

olume series. The TNG300-1 simulation contains 263 dark matter 
aloes abo v e the mass threshold of 6 × 10 13 M � h −1 at redshift 0.27.
t has an advantage o v er the smaller -v olume simulations (i.e. the
NG 100 and 50 Mpc 3 series), which contain much smaller samples
f cluster-sized dark matter haloes despite their higher simulation 
esolutions. 

We select the redshift snapshots at 0.27, 0.42 and 0.58 for this
nalysis, to represent the redshift range studied in this paper. In
MNRAS 531, 510–529 (2024) 
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M

Figure 14. The stellar mass of diffuse light and of the cluster’s total stellar content in the IllustrisTNG 300–1 simulation, as a function of the host halo’s mass. 
The different lines indicate the running means in different redshift snapshots. These stellar mass–halo mass relations do not seem to vary with redshift. However, 
those relations depend on the spherical radial apertures used to calculate the stellar masses, and are steeper in large radial ranges. 
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Table 3. Constraints on parameters in the simulation stellar mass to halo 
mass relation log 10 M ∗ = a × ( log 10 M 200m 

− 14 . 0) + b × log 10 
1 + z 0 
1 . 25 + c. 

a b c 

r ≤ 30 kpc Total 0.51 ± 0.20 −0.08 ± 1.22 11.17 ± 0.07 
r ≤ 30 kpc Diffuse 0.51 ± 0.21 −0.11 ± 1.21 11.16 ± 0.07 

30 ≤ r ≤ 80 kpc Total 0.63 ± 0.21 0.17 ± 1.22 11.14 ± 0.07 
30 ≤ r ≤ 80 kpc Diffuse 0.67 ± 0.21 0.03 ± 1.21 11.08 ± 0.07 
80 ≤ r ≤ 300 kpc Total 0.81 ± 0.20 0.36 ± 1.22 11.45 ± 0.07 
80 ≤ r ≤ 300 kpc Diffuse 0.89 ± 0.21 0.44 ± 1.19 11.20 ± 0.07 

300 ≤ r ≤ 600 kpc Total 0.99 ± 0.21 0.53 ± 1.21 11.34 ± 0.07 
300 ≤ r ≤ 600 kpc Diffuse 1.11 ± 0.21 0.65 ± 1.22 10.93 ± 0.07 
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ach redshift snapshot, we select dark matter haloes with M 200m 

bo v e 6 × 10 13 M � h −1 as ‘galaxy clusters’. After cutting dark matter
aloes that are too close to the simulation box boundaries (within 20
Mpc h −1 6 ), we are left with 205, 155, and 115 dark matter haloes
espectively in the three redshift snapshots. Those dark matter haloes
ill be referred to as galaxy clusters in the rest of this analysis.
or each simulated cluster, centred on its weighted mass centre, we
elect the diffuse stellar particles contained in 3D spherical distance
pertures and compute their total stellar masses. Those stellar masses
re shown together with the host halo mass in each redshift snapshot
n Fig. 14 . In addition to the diffuse stellar component, we also
ncluded the dark matter halo’s total stellar content (subhalo + diffuse)
ithin those spherical radial apertures for comparison. 
In this simulation, both the diffuse and total stellar components

f galaxy clusters steadily increase as the galaxy cluster mass
ncreases. This mass dependence grows steeper in larger spherical
adial apertures. On the other hand, examining the mean of those
tellar masses ( M ∗) as a function of halo mass ( M 200m 

), there does
ot appear to be tangible differences in different redshift snapshots,
ndicating no redshift evolution. 

To further quantify the mass dependence and redshift evolution in
he simulation, we fit each haloes’s stellar masses M ∗, halo masses
 200m 

, and redshifts z 0 to the following stellar–mass and halo–mass
elation. 

og 10 M ∗ = a × ( log 10 M 200m 

− 14 . 0) + b × log 10 
1 + z 0 

1 . 25 
+ c. (6) 

his relation is similar to the one adopted in Section 4 , substituting
ichness-dependence for mass dependence. 

The fitted constraints on the relation are listed in Table 3 . In the
elation, parameter a quantifies the mass dependence of the stellar
asses. Its value is positive in all of the radial bins, and becomes
 ven more positi ve at larger radii, in agreement with the steeper mass
ependence we have seen in Fig. 14 . On the other hand, parameter b
uantifies the redshift evolution. Its value is consistent with 0 in all
NRAS 531, 510–529 (2024) 

 c in cMpc/h stands for comoving distance. 

L  

d  

t

f the bins, indicating a non-detection of redshift evolution. Overall,
ur results confirm the findings in Pillepich et al. ( 2018 ; as well as in
olden-Marx et al. 2023a ) that did not find redshift evolution in the

tellar–mass to halo–mass relation of galaxy clusters, in either the
iffuse component or the subhalo component. However, both stellar
ass components scale strongly with halo mass. We note that in small

adial ranges, the properties of halo CGs or massive galaxies in the
imulation do not al w ays match observations (e.g. Pillepich et al.
018 ; Li et al. 2019 ; DeMaio et al. 2020 ; Cannarozzo et al. 2023 ).
evertheless, those simulation results qualitatively agree with our
easurements in the large spherical radial ranges outside of 80 kpc.

.2 Comparison to literature 

erhaps the most surprising result from this paper is the relative
ack of ICL evolution at a radius larger than 80 kpc. Many analyses
haracterizing CG and ICL growth, including the work of the co-
uthors of this paper, have predicted significant growth of the ICL
e.g. Behroozi et al. 2013 ; Zhang et al. 2016 ; Contini et al. 2018 ;
olden-Marx et al. 2022 ) as a mechanism to explain the relatively

lo w CG gro wth observed belo w redshift 1.5 (e.g. Stott et al. 2010 ;
idman et al. 2012 ; Lin et al. 2013 ). Ho we ver, we do find signs of
iffuse light redshift evolution in the CG as well as in the CG to ICL
ransition within 80 kpc. 
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Prior to this analysis, there have been few works that analyse 
arge samples of ICL profiles o v er a broad range of redshift to
irectly quantify their redshift evolution. One of the most comparable 
iterature studies to our work is presented in DeMaio et al. ( 2020 ),
hich analyzed 42 clusters in the redshift range of 0.05–1.75. 
eMaio et al. ( 2020 ) measured the BCG and ICL growth out to

bout 100 kpc from the cluster centre, and found that the stellar
asses of BCG and ICL increase more rapidly than the cluster’s total
ass from redshift 1.5 to the present. They conclude that BCG + ICL

rowth is not solely driven by cluster mass growth. In this analysis,
e indeed observe that the CG and ICL luminosity increases mildly 
ithin 30 kpc. 
There are some differences between our work and that of DeMaio 

t al. ( 2020 ). DeMaio et al. ( 2020 ) find that the ICL stellar mass
mplitude is 2.08 ± 0.21 times higher at redshift 0.4 than at redshift
.55, when examining the 10 −100 kpc range. While in this paper,
e find evidence of ICL growth by 11 per cent within 30 kpc of the

luster centre from redshift 0.45–0.25. In our analysis, the results are 
erived for clusters in a time span of roughly 1.7 Gyr (redshift 0.45–
.25). The ICL growth observed in DeMaio et al. ( 2020 ) occurs o v er
n extended period of 4.97 Gyr from redshift 1.55 to 0.4. Interpolating
rom their measurements, the ICL measured between 10 and 100 kpc 
an grow by 37 ± 3.7 per cent in 1.7 Gyr, significantly higher than
he 11 + 3 . 1 

−3 . 0 per cent measured in our work within 30 kpc of the cluster
entre where we see the most growth. On the other hand, DeMaio
t al. ( 2020 ) have noted a slo wdo wn in the BCG and ICL growth,
uch that from redshift 0.4 to 0.1, there’s no change in the diffuse
ight stellar mass (between 10 and 100 kpc) to halo mass relation. 

Furthermore, in our work, we do not find signs of ICL growth
utside 80 kpc. On the other hand, Golden-Marx et al. ( 2023a ) studied
CL growth from redshift 0.8 to 0.2, but also do not find much
 vidence for ICL gro wth. Golden-Marx et al. ( 2023a ) defines ICL
ith a large radial aperture of between 50 and 300 kpc and those

esults are based on the same imaging data set and processing method
s in this paper. In both Golden-Marx et al. ( 2023a ) and this work,
e are limited by the PSF resolution (as discussed in Section 5 )

o probe a smaller radial range such as 10–30 kpc. Combining the
ndings from DeMaio et al. ( 2020 ); Golden-Marx et al. ( 2023a ) and

his work, we speculate that the CG, as well as the region close to
he CG within 100 kpc, rather than the ICL at a very large cluster
adius, holds the key for explaining CG and ICL gro wth. Ho we ver,
he growth may not be very noticeable below redshift 0.45. 

Another comparable analysis is from Furnell et al. ( 2021 ), which
tudied ICL growth o v er the redshift range of 0.1 to 0.5, using 18
-Ray selected clusters with Hyper Suprime Cam Subaru Strategic 
rogram observations. Using a radial aperture of R 500 and a SB limit
f 25 mag arcsec −2 , Furnell et al. ( 2021 ) find that the ICL fraction
ncreases by a factor of 2–4 o v er the 0.1–0.5 redshift range with no
bvious mass dependence. Ho we ver gi ven that the ICL definition
n Furnell et al. ( 2021 ) is based on a SB limit, a radius aperture of
 500 that scales with cluster mass, as well as a ‘divot’ correction due

o background subtraction in the images, it is possible that the ICL
efinitions in their and our analyses are not directly comparable. 

 SU M M A RY  A N D  PROSPECTS  

n this paper, we present measurements of the circularly averaged 
G and ICL radial profiles using the full 6 years of DES data. The
ajor findings from those measurements can be summarized as the 

ollowing: 
(1) the diffuse light (CG + ICL) extends to 1 Mpc in the redshift

ange of 0.2 −0.5 investigated in this analysis. Prior to this analysis,
ultiple studies have already detected ICL in the several hundreds 
f kpc to Mpc radial range, which includes both ‘stacking’ based
nalysis like this paper (e.g. Zibetti et al. 2005 ; Chen et al. 2022 ),
nd deep imaging studies of individual galaxy clusters (e.g. Krick &
ernstein 2007 ; Kluge et al. 2021 ; Golden-Marx et al. 2022 ). Our
nding again showcases the wide radial reach of ICL. There may be
uch to study with the radial properties of ICL. 
(2) We find that the diffuse light SB and luminosity strongly

epend on richness − a galaxy cluster mass proxy. This dependence 
s stronger at large radii outside of 50 kpc from the cluster centre.
s richness scales with cluster mass (the richer a cluster is, the
ore massive it is likely to be), the richness and thus cluster mass

ependence appears to be the major factor behind the differences 
etween diffuse light observations in different subsamples, as their 
adial profiles scale well with the cluster’s radius ( R 200 λ) and their
ractions in the cluster’s total stellar luminosity appears to be 
ichness-independent. The results agree with previous studies that 
nd a strong mass correlation between ICL luminosity or stellar 
ass, or a possible correlation between the cluster mass distribution 

nd ICL SB (e.g. Montes & Trujillo 2019 ; Huang et al. 2020 ; Kluge
t al. 2021 ; Sampaio-Santos et al. 2021 ; Ragusa et al. 2022 ). 

Perhaps most interesting of all to cluster cosmology studies, this 
nding, again, suggests the potential of ICL as a cluster mass
roxy (Golden-Marx et al. 2023a ), or to help improving cluster
nding algorithms (Huang et al. 2022 ). Cosmology studies based on
alaxy cluster abundance measurements have long emphasized the 
mportance of developing accurate and precise cluster mass proxies 
i.e. galaxy cluster observables that scale well with masses), because a 
ass proxy with low scatter to the cluster’s true mass can significantly 

educe the requirement for follow-up observations, and thus reduce 
he derived uncertainties on cosmological parameters such as �m 

nd σ 8 (Rozo et al. 2010 ). Further, the precision of those cosmology
tudies also depends on having an accurate mass proxy that is not
ffected by the cluster’s large-scale structure environment (Wu et al. 
022 ). 
We note that a cluster mass proxy does not need to be solely

ased on ICL measurements. Past analyses have developed cluster 
ass proxies by combining various measurements of a galaxy 

luster, as was done with the richness estimation used by the
edMaPPer algorithm. We think that it will be particularly interesting 
o incorporate diffuse light quantities in developing cluster mass 
roxies or cluster finding algorithms (Huang et al. 2022 ), potentially
sing a Machine Learning algorithm (Lin et al. 2022 ) combining a
ew cluster measurement quantities. 

(3) Perhaps with a bit of a surprise, we find that the diffuse light at
arge cluster radii (outside of 80 kpc from the cluster centre) is not
volving much with redshift (when fixing richness) in the 0.2–0.5 
ange. Closer to the cluster centre, within 80 kpc, we have found
ome evidence that the diffuse light’s luminosity increases with time 
to wards lo wer redshift). We speculate that ICL build-up may be
ore pronounced closer to the CG, while at large radii, on the scale

f hundreds of kpc, ICL build-up is more in tune with the cluster mass
uild-up, which also explains the stronger cluster mass dependence 
t large radii. 

In the context of CG and ICL co-evolution studies, many (includ-
ng the authors of this paper) have speculated a more rapid growth
f ICL than the BCGs below redshift 1. Given that ICL and CG
s often vaguely defined in those studies, our findings suggest that
CL growth may happen at a much smaller radius (i.e. in the CG
r at the CG outskirt) than we previously expected. Our finding of
ittle redshift evolution at large cluster radius is in agreement with
he hydrodynamic simulation study of IllustrisTNG (Pillepich et al. 
MNRAS 531, 510–529 (2024) 
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018 ), which finds little redshift evolution in diffuse light stellar mass
nce the cluster’s halo mass is fixed. 
(4) We have measured additional properties of ICL: the colour

rofile of diffuse light has a radial gradient, which becomes bluer
t a larger radius, and also bluer in less rich/massive clusters. In
ddition, the diffuse light SB profiles appear to be ‘self-similar’ after
caling by the cluster radius, and that ICL fraction in the total cluster
tellar light appears to be dropping at a larger radius. 

Moving forward, there are multiple follow-up opportunities from
ur measurements. For example, in this paper, we have only studied
he average properties of galaxy clusters in richness-redshift subsam-
les using a ‘stacking’ method. As demonstrated in Golden-Marx
t al. ( 2023a ), it is possible to acquire diffuse light measurements
f individual galaxy clusters, especially within the 300 kpcs radial
ange. This would allow us to study how diffuse light properties
ay change with cluster ellipticity, dynamical state, or with CG

roperties. It may also be interesting to compare the diffuse light
o other galaxy cluster measurements, such as their weak lensing
ignals as done in Sampaio-Santos et al. ( 2021 ). 

That said, there are also limitations in this study, especially related
o the masking depth as discussed in Section 5 . The redshift evolution
esults reported here are limited by the masking depth of cluster
alaxies detected by DES. Faint or undetected cluster galaxies below
he masking magnitude limit would have blended into our diffuse
ight measurements. In this analysis, we use the luminosity function
nd a test with a deeper magnitude limit to argue that the contribution
rom those faint galaxies does not affect our redshift evolution
onclusions. Ho we ver, this masking issue can be largely a v oided
y using a much deeper photometric catalogue to more thoroughly
ask the contribution of cluster galaxies. Future cosmic surv e ys like

he Le gac y Surv e y of Space and Time (LSST) from the Vera C. Rubin
bservatory will be able to provide such a photometric catalogue. 
On a different note, those future surv e ys will also provide many
ore photons, and a much larger cluster sample for this ‘stack-

ng’ (averaging) method, significantly improving the accuracy of
iffuse light measurements. Meanwhile, space-based cosmic surv e y
rograms like Euclid and the Nancy Grace Roman Telescope can
rovide imaging data that are less affected by sky background. We
ook forward to using those data in the coming years. 
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