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A B S T R A C T 

We characterize the properties and evolution of bright central galaxies (BCGs) and the surrounding intracluster light (ICL) 
in galaxy clusters identified in the Dark Energy Surv e y and Atacama Cosmology Telescope Surv e y (DES-ACT) o v erlapping 

re gions, co v ering the redshift range 0.20 < z < 0.80. Over this redshift range, we measure no change in the ICL’s stellar content 
(between 50 and 300 kpc) in clusters with log 10 ( M 200m,SZ /M �) > 14.4. We also measure the stellar mass–halo mass (SMHM) 
relation for the BCG + ICL system and find that the slope, β, which characterizes the dependence of M 200m,SZ on the BCG + ICL 

stellar mass, increases with radius. The outskirts are more strongly correlated with the halo than the core, which supports that 
the BCG + ICL system follows a two-phase growth, where recent growth ( z < 2) occurs beyond the BCG’s core. Additionally, 
we compare our observed SMHM relation results to the IllustrisTNG300-1 cosmological hydrodynamic simulations and find 

moderate qualitative agreement in the amount of dif fuse light. Ho we ver, the SMHM relation’s slope is steeper in TNG300-1 and 

the intrinsic scatter is lower, likely from the absence of projection effects in TNG300-1. Additionally, we find that the ICL exhibits 
a colour gradient such that the outskirts are bluer than the core. Moreo v er, for the lower halo mass clusters (log 10 ( M 200m,SZ /M �) 
< 14.59), we detect a modest change in the colour gradient’s slope with lookback time, which combined with the absence of 
stellar mass growth may suggest that lower mass clusters have been involved in growth via tidal stripping more recently than 

their higher mass counterparts. 

Key words: galaxies: clusters: general – galaxies: elliptical and lenticular, cD – galaxies: evolution. 
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 I N T RO D U C T I O N  

right central galaxies (BCGs) sit at the centre of galaxy clusters.
his position ties their formation and properties to the cluster’s
nderlying dark matter halo. One key characteristic of BCGs is
hat they are observed to be surrounded by a halo or envelope of
iffuse light (e.g. Zwicky 1951 , 1952 ; Matthews, Morgan & Schmidt
964 ; Morgan & Lesh 1965 ), commonly referred to as intracluster
 E-mail: jessegm@sjtu.edu.cn 

a  

d  

d  

Pub
ight (ICL). Despite early observations of the ICL, it was not until
he advent of CCDs and higher resolution optical observations that
t became possible to characterize and measure the properties of
he ICL. 

Observations using stacked ICL measurements (Zibetti et al. 2005 ;
hang et al. 2019b ; Chen et al. 2022 ) find that this diffuse envelope
xtends out to hundreds of kpc and possibly even out to Mpc scales.
o we ver, although high resolution and large field of view images

llow us to detect the ICL out to large radii, it becomes impossible to
o so observationally at small radii, because it remains exceedingly
ifficult to distinguish between the light and stars associated with
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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he BCG from that of the ICL. Therefore, in this analysis, we do
ot attempt to disentangle these regimes and instead focus on the 
CG + ICL system. Moreo v er, we follow the definition introduced in
illepich et al. ( 2018 ) and used in Zhang et al. ( 2019b ) and Sampaio-
antos et al. ( 2021 ) and define the ICL as all light beyond a fixed
hysical aperture of 50 kpc. 
One benefit of focusing on the BCG + ICL system is that it follows

he general consensus that the formation and evolution of the BCG
nd ICL are intrinsically linked (e.g. Mihos et al. 2005 ; Murante et al.
007 ; Rudick, Mihos & McBride 2011 ; Contini et al. 2014 ; Burke,
ilton & Collins 2015 ). The ICL is composed of unbound stars, many
f which formed within galaxies that have interacted with the BCG
nd become part of the ICL as a result of such interactions through
rocesses including galaxy disruption (Guo et al. 2011 ), tidal or
tellar stripping of satellite galaxies (e.g. Gallagher & Ostriker 1972 ; 
eMaio et al. 2015 , 2018 ; Morishita et al. 2017 ; Montes & Trujillo
018 ), and relaxation following galaxy mergers (Murante et al. 2007 ;
orishita et al. 2017 ). The latter two methods are particularly key to

ur current understanding of BCG formation. Based on observations 
nd simulations, BCGs are thought to form as a result of a two-phase
ormation scenario (Oser et al. 2010 ; van Dokkum et al. 2010 ), where
he core of the BCG forms at high redshifts, z > 2, and the outskirts
f the BCG, which include the ICL, continue to grow as a result of
ajor or minor mergers or stellar stripping. This formation process 
akes the ICL’s formation intrinsically linked to the hierarchical 

rowth of the BCG. 
Since it is challenging to observationally measure the ICL as a 

esult of its diffuse nature and low surface brightness, often near the
ackground level, much work has focused on lower redshift ( z < 0.1)
bservations (e.g. Mihos et al. 2005 , 2017 ). Despite these difficulties,
ome analyses have extended our understanding of the ICL out to 
ntermediate redshifts (0.2 < z < 0.5; DeMaio et al. 2015 ; Montes
 Trujillo 2018 ; Zhang et al. 2019b ; Furnell et al. 2021 ; Sampaio-
antos et al. 2021 ; Chen et al. 2022 ), and even to higher redshifts ( z
1; Burke et al. 2012 , 2015 ; DeMaio et al. 2018 ; Ko & Jee 2018 ).

ince it is viable to study the ICL across redshift, some studies (e.g.
urnell et al. 2021 ) have investigated the redshift evolution of ICL
roperties. F or e xample, Furnell et al. ( 2021 ) use a sample of 18
-ray selected clusters with Hyper Suprime Cam Subaru Strategic 
rogram observations and find that o v er the redshift range 0.1 < z <

.5 the ICL grows by a factor of 2-4 when measured out to R 500 . 
The plethora of recent observations highlight some key char- 

cteristics of the ICL, particularly the stellar content and spatial 
istribution. Since BCG’s account for a significant fraction of the 
luster’s total light (e.g. Schombert 1986 ; Lin & Mohr 2004 ; von der
inden et al. 2007 ; Proctor et al. 2011 ; Harrison et al. 2012 ), it follows

hat the BCG + ICL system does as well, with estimates between 10
nd 50% (Lin & Mohr 2004 ; Zibetti et al. 2005 ; Gonzalez, Zaritsky
 Zabludoff 2007 ; Burke et al. 2015 ; Montes & Trujillo 2018 ).
oreo v er, previous works have included not only the BCG’s core,

ut also the surrounding ICL, to further characterize the galaxy–
ark matter halo connection. F or e xample, prior analyses hav e
etected a stellar mass–halo mass (SMHM) correlation associated 
ith either the outer envelopes of the BCG (Golden-Marx & Miller
019 ; Huang et al. 2018 , 2022 ) or the ICL (e.g. Zibetti et al. 2005 ;
hang et al. 2019b ; Sampaio-Santos et al. 2021 ). The correlation
etween the ICL and the underlying host halo is further supported 
y observational measurements of the velocity dispersion. Many 
bserv ations of massi v e early type galaxies hav e found that in the
utskirts of the BCG + ICL system, the velocity dispersion of the
tars rises to match the underlying velocity dispersion of the cluster, 
uggesting that the ICL may trace the cluster’s gravitational potential 
e.g. Faber, Burstein & Dressler 1977 ; Kelson et al. 2002 ; Bender
t al. 2015 ; Veale et al. 2018 ; Edwards et al. 2020 ). This concept
as been further studied in recent years. Some analyses (e.g. Montes
 Trujillo 2019 ) have found that the spatial distribution of the ICL
atches the shape of the cluster’s underlying dark matter distribution, 
hich underscores that although the ICL surrounds the BCG and may
e tied to the BCG’s formation, the stars in the ICL are not bound
o the BCG, but are instead bound to the cluster’s dark matter halo.
n addition to stellar mass, the colour of the ICL has also been used
o understand the growth history of the ICL. Recent detections of a
olour gradient (DeMaio et al. 2015 , 2018 ; Morishita et al. 2017 ) in
CL observations suggest that the ICL forms primarily through the 
idal stripping of satellite galaxies. 

Here, we present measurements of the stellar content, as well as
he correlation with halo mass and BCG colour as a function of both
adial extent and redshift performed for the first time using a large
ample of high quality observations co v ering a large volume. To
o so, we utilize the Dark Energy Surv e y (DES; The Dark Energy
urv e y Collaboration 2005 ) – Atacama Cosmology Telescope (ACT; 
ilton et al. 2021 ) o v erlap sample of clusters co v ering the redshift

ange 0.2 < z < 0.8 to characterize the colour and stellar mass content
f the ICL. 
The remainder of this paper is outlined as follows. In Section 2 ,

e define our observational sample, the DES-ACT sample, as well 
s our data reduction methodologies. In Section 3 , we present the
easurements of the stellar mass content of the ICL. In Section 4 ,
e present our analysis of the SMHM relation for the BCG + ICL

ystem. In Section 5 , we describe our measurement of the BCG + ICL
MHM relation in the TNG300-1 simulation. In Section 6 , we present
esults relating to the colour and radial aperture of the ICL. Finally,
e conclude in Section 7 . 
Except for the simulated TNG300-1 data, in which the cosmolog- 

cal parameters are pre-defined ( �M 

= 0.3089, �� 

= 0.6911, H 0 =
00 h km s −1 Mpc −1 with h = 0.6774), throughout this analysis, we
ssume a flat Lambda cold dark matter ( � CDM) universe, with �M 

 0.30, �� 

= 0.70, H 0 = 100 h km s −1 Mpc −1 with h = 0.7. 

 DATA  

.1 DES-ACT data 

n this analysis, we aim to determine how the ICL (as well as stellar
ontent within galaxy clusters) evolves over cosmic time. As a result
f the difficulties (discussed in Section 2.3 ) with measuring the
iffuse ICL, it is paramount that such an analysis be done on a
ingle sample measured across a large redshift range, rather than a
oint sample, where differences in the surface brightness limits and 

easurement uncertainties need to be accounted for (e.g. Golden- 
arx et al. 2022 ). Therefore, we use the galaxy clusters detected via

he Sun yaev–Zel’do vich (SZ) effect (Sun yaev & Zeldo vich 1970 ,
972 ) from the Atacama Cosmology Telescope Data Release 5 
DR5), presented in Hilton et al. ( 2021 ). Clusters detected via the
hermal SZ effect yield a redshift independent, but mass-limited 
luster sample, unlike samples of optically detected clusters. In total, 
he ACT sample contains 4195 optically confirmed SZ-detected 
lusters, identified using the 98 and 150 GHz channels, co v ering
he redshift range of 0.04 < z < 1.91. For a complete description
f the ACT-SZ cluster catalogue, see Hilton et al. ( 2021 ). Here,
e summarize the necessary details from the ACT-SZ catalogue. 
ach cluster in the sample has an SZ-estimated halo mass, M 200m,SZ ,
nd an associated uncertainty. We note that the median value for
his uncertainty is 0.08 dex. The ACT DR5 cluster catalog contains
MNRAS 521, 478–496 (2023) 
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Figure 1. The spatial distribution of the 1455 clusters in the o v erlap re gion 
between DESY3 and ACT DR5. 
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Table 1. Masking magnitude threshold. 

Redshift range DES i- band M ∗+ 2 masking threshold 

0.05 < z < 0.29 20.191 
0.29 < z < 0.40 21.163 
0.40 < z < 0.50 21.730 
0.50 < z < 0.58 22.229 
0.58 < z < 0.66 22.565 
0.66 < z < 0.80 22.975 
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ass estimates derived from the measured SZ signal for each cluster,
ssuming the Arnaud et al. ( 2010 ) scaling relation. As a sample, the
atalogue is found to be more than 90% complete for halo masses
reater than 3.8 × 10 14 M � (log 10 ( M 500 c , SZ /M �) > 14.58; see fig. 7
n Hilton et al. ( 2021 )) which yields a large sample of the highest

ass clusters in the universe spread across a large redshift range. 
To study the BCG + ICL system and take advantage of the ACT

atalogues, we use the 4566 de g 2 o v erlap between the Dark Energy
urv e y Year 3 (DES Y3) v6.4.22 redMaPPer and the ACT catalogs,
hich includes 1455 clusters. The spatial distribution of these

lusters is shown in Fig. 1 . We note that each DES-ACT cluster has
een confirmed using the redMaPPer optical cluster finder (Rykoff
t al. 2016 ), which relies on o v erdensities in the griz colour space to
dentify clusters (Rykoff et al. 2014 ) out to z = 0.9 in DESY3 data.
s a result of the cross-identification in both DESY3 and ACT each

luster has a redMapper estimated photometric redshift, which we
tilize when we estimate the radial aperture measurements for the
CL. Moreo v er, by using the DES-ACT data, we take advantage of
he deep DES photometry, as done in Golden-Marx et al. ( 2022 ), to

easure the combined BCG + ICL light profiles out to large radii. We
ote that here, we only analyse data out to redshift z = 0.8 instead
f z = 0.9, because beyond z = 0.8, the cluster identification is
ncomplete. This redshift cut reduces the number of clusters from
455 to 1199. 

.2 DES Y6 data 

he Dark Energy Surv e y is a wide-area multiband photometric
urv e y that used the Victor M. Blanco 4-m telescope to observe
5000 square degrees in five bands ( g , r , i , z, and Y ) from 2012

Science Verification) until early 2019 (completing Year 6), co-
dding several layers of single-epoch images into exquisite, deep,
o-add images. DECam, with a large 2.2 degree field of view, a
CD mosaic of 570-me gapix els, and a low-noise electronic readout

ystem, is an ideal instrument to study extended diffuse sources in a
ingle field of view, like the ICL in galaxy clusters. 

The data used here, both images and source catalogues, come
rom the co-addition of all 6 yr of DES data and are available as
art of Data Release 2 (Abbott et al. 2021 ). This includes deeper and
ore uniform co-added images with better background subtraction

han previous data releases. An important consequence to our work
s better masking of faint galaxies close to the diffuse light, which
nhances the ability to distinguish between the diffuse and total light
ithin the cluster, which includes cluster member galaxies and the

CL. 
NRAS 521, 478–496 (2023) 
To achieve the improvements described in Abbott et al. ( 2021 ),
dditional exposures and tilings covering the entire DES footprint
re used to create the final image. For such images, only single-
poch background subtraction is performed, rather than a ‘global’
warp (Bertin 2010 ) background subtraction, which can lead to the
ppearance of artefacts. For this analysis, the detection images are
n average of the riz images and the detection threshold is lower in
he DESY6 data (5 σ ) than what was used in previous releases (10 σ ).

.3 Measuring the ICL 

he BCG and ICL profiles are measured using similar procedures as
hang et al. ( 2019b ), Sampaio-Santos et al. ( 2021 ), and Golden-Marx
t al. ( 2022 ). For each galaxy cluster, centered on the redMaPPer
entral galaxy, we adopt the following procedure, 

(i) We query the DES data base and identify images that co v er
 0.15 deg × 0.15 deg region around the BCG. These images are
tacked (using their mean pixel values) to create a coadd image
o v ering a 0.15 deg × 0.15 deg region centred on the BCG. These
mages have only gone through a global background subtraction
rocess (estimated from the whole field of view, about 2.5 deg 2 

or single exposure images; Bernstein et al. 2017 ). No local sky
ackground subtraction process, either through Source Extractor
Bertin & Arnouts 1996 ) or Swarp (Bertin 2010 ), is applied. 

(ii) If the BCG is surrounded by either a bright star or a bright
oreground galaxy, we remove that cluster from our sample, since we
re unable to adequately measure the ICL in these poor regions. As
 result, this reduces the number of clusters in our analysis sample
rom 1199 to 1137. 

(iii) Centered on the BCG, we query the DES data base for all
bjects co v ering a 0.2 de g × 0.2 de g area of the region surrounding
he central galaxy. We assume the most probable central galaxy from
edMaPPer is the BCG. While miscentering does exist in the redMaP-
er catalogue (see Zhang et al. ( 2019a ) for a complete discussion),
e do not correct for this here and assume that miscentering may
ield added noise within our measurements. Using the Kron radius
Kron 1980 ) measurements as well as ellipticity and orientation
easurements of the redMaPPer BCGs, we mask an elliptical region

o v ering those objects with a semimajor axis of 3.5 Kron radius.
here are exclusions to this masking procedure: the BCG is not
asked, to preserve the measurements of the BCG’s light profile;

alaxies fainter than a magnitude threshold, set according to the
alaxy cluster’s photometric redshift, are also not masked to ensure
imilar masking luminosity ranges for all of the clusters. Here, we
se an M ∗+ 2 masking threshold in the DES i -band, given in Table 1 .
(iv) After masking, we measure the surface brightness profiles

f each galaxy cluster from those unmasked regions. Centred on
he central galaxy, we measure the average galaxy cluster’s surface
rightness values (mean value) in radial annuli, assuming a circular
perture and those measurements become the surface brightness
adial profile for each cluster, containing primarily the light from

art/stad469_f1.eps
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he cluster’s BCG and the intracluster light component as well 
s some background light. Masked regions are excluded from the 
easurement process. These masked measurements are used to 
easure the BCG + ICL system for each galaxy cluster. 
(v) Including the masked regions , we also made another version 

f the surface brightness measurements described in the abo v e 
tep. These measurements contain light coming from all of the 
luster galaxies, background galaxies, as well as the light from the 
luster central galaxies and the intracluster light. These unmasked 
easurements are used to measure the total stellar content of the 

alaxy cluster and referred to as the total light in this analysis. We
ote that we make this measurement on the plane of the sky, so it is
ossible that our measurement of the total light may be impacted by
rojection effects. 
(vi) The abo v e surface brightness measurements also contain the 

ackground residual light as well as light contributions from fore- 
round and background objects. For each of the surface brightness 
adial measurements (each cluster, and each of its unmasked and 
asked measurements), we take their values at the radial range 

eyond 500 kpc as the ‘background’ value, and subtract this ‘back- 
round’ value from the corresponding measurements. The choice of 
00 kpc is discussed in the Appendix. 

 MEASUREMENTS  

.1 Stellar mass–halo mass parameter measurements 

long with measuring the ICL associated with each cluster, one 
entral tenant of this analysis is studying the SMHM relation and 
etermining the impact of incorporating the ICL. As such, we require 
n understanding of our stellar and halo mass measurements. As 
iscussed in Section 2.1 , for each cluster, the halo mass is M 200m,SZ 

ith their individually estimated uncertainties. 
As described in Section 2.3 , for each cluster, we determine the

pparent magnitude of the BCG + ICL system within each discrete 
adial regime by measuring the BCG + ICL system’s light profile and
hen integrating that profile over the different physical apertures. 
sing these magnitudes, we estimate the stellar mass using the 
zGal (Mancone & Gonzalez 2012 ) SED modelling software. In this
pproach, we assume a passi vely e volving spectral model because 
ur available photometry limits us from statistically constraining 
dditional parameters, such as burst times and formation epochs. For 
ur mass estimate, we use the same parameters as Golden-Marx & 

iller ( 2019 ) and Golden-Marx et al. ( 2022 ); we assume a Bruzual &
harlot ( 2003 ) stellar population synthesis model, a Salpeter ( 1955 )

nitial mass funtion (IMF), a formation redshift of z = 4.9, and
 metallicity of 0.008 (66% Z �). We note that our stellar mass
stimate is independent of formation redshift. As in Golden-Marx 
t al. ( 2022 ), we assume a subsolar metallicity for each BCG + ICL
ystem since observations find that light from the outskirts of the 
CG envelope, including the ICL are characterized by a subsolar 
etallicity (Montes & Trujillo 2018 ) and that the metallicity of

arly type galaxies decreases radially outward (McDermid et al. 
015 ). Using these assumptions, we estimate the stellar mass of the
CG + ICL system using the DES i -band magnitude. 
We note that this approach differs from what was used in Golden-
arx et al. ( 2022 ), where a colour estimated stellar mass was

alculated. Ho we ver, as discussed in Section 6 , the BCG + ICL
ystem’s colour varies radially, which would add noise to our mass
stimate. Since the magnitudes were estimated in the same manner 
s in Golden-Marx et al. ( 2022 ) and the stellar masses were also
stimated using EzGal, we assume the same uncertainty, 0.06 dex, 
n the BCG + ICL stellar mass as used in Golden-Marx et al. ( 2022 ).
his may be a lower limit on the estimated uncertainty in stellar mass.
o we ver, if this is the case, this would only change the estimated
alue of the intrinsic scatter ( σ int ) in stellar mass at fixed halo
ass, the remaining parameters would remain statistically consistent. 
dditionally, we note that were we to select a Chabrier ( 2003 ) IMF,

his would uniformly shift our stellar mass estimates down by ≈ 0.25
ex. Ho we ver, this would only result in a change to the amplitude of
he SMHM relation, so we do not include it in our uncertainty. 

.2 Volume complete sample 

ne of the primary goals of this analysis is to identify evolution
n the stellar content of the ICL o v er the redshift range 0.2 < z <

.8 as well as the SMHM relation. One approach to answering this
uestion is to look at whether the stellar mass of the ICL changes
ith redshift. We note that we apply a lower redshift limit of z =
.2 to maintain uniform photometric co v erage in the DES i - and r -
ands across our redshfit range. Applying this lower limit reduces 
he number of clusters from 1137 to 1069. 

We aim to first ensure that in each redshift range, we are comparing
imilar populations of galaxy clusters. Since cluster halo masses may 
volve with redshift and the ACT cluster samples have a similar mass
hreshold across the entire redshift range, we apply a selection cut so
hat the volume density of the galaxy clusters remains constant across
he redshift range. For this procedure, we bin the data in 6 redshift bins
rom 0.2 to 0.8 and treat the bin with 0.7 < z < 0.8 as the pivotal bin.

e then determine how much bigger in cosmic volume each of the
ower redshift bins are compared to the pivotal bin. Using this volume
stimate, we determine a new mass threshold for each lower redshift
in so that the volume density of the selected clusters stays the same
cross all redshift bins. As a result of applying this fixed-density
election, we remo v e man y of the lo wer M 200m,SZ clusters at lo wer
edshifts and reduce the available number of clusters in our analysis
rom 1069 to 511. We visually conv e y this in Fig. 2 , where all clusters
elow the red line are remo v ed from our sample. We note that the
esults of our MCMC analysis in Section 4 do not change if we adjust
ur sample to randomly include clusters with a 40–60% probability 
f having M 200m,SZ abo v e our threshold, based on a random sampling
sing each M 200m,SZ and the associated uncertainty (the probability 
ange includes clusters with log 10 (M 200m , SZ / M �) within 0.03 dex of
he threshold). As previously noted, prior to this selection cut, the

ass threshold of clusters shown in Fig. 2 is almost uniform with
edshift, which results from the cluster’s SZ identification. 

.3 Stellar content of the ICL 

or the purposes of this analysis, we treat the radial regime between
0 and 300 kpc from the center of the BCG as the ICL. This radial
ange is similar to the BCG + ICL ‘transitional region’, introduced
y Chen et al. ( 2022 ), which consists of the region beyond the
CG’s core where the gravitational influence of the BCG continues 

o strongly impact growth, making it an ideal regime to study the
CG + ICL stellar content. 
Perhaps the simplest way to estimate the evolution of the stellar
ass of the ICL is to illustrate how it varies with M 200m,SZ across

edshift space for our volume complete sample. Fig. 3 shows the
CL’s stellar mass, based on the M ∗+ 2 masking limit, given in
able 1 , as a function of M 200m,SZ . As a result of strict masking,
e are only able to measure the ICL in 260 clusters. We note that

s shown by the median values (the blue diamonds) in Fig. 3 we
re unable to detect any evolution in the ICL’s median stellar mass
MNRAS 521, 478–496 (2023) 
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Figure 2. The distribution of M 200m,SZ for the 1199 DESY3-ACT clusters 
as a function of redshift. The red line represents the completeness cuts used 
to eliminate halo mass evolution and differences in the volume observed. The 
blue data abo v e the red line is used when studying the evolution of the total 
stellar mass within the ICL and the SMHM relation. 
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ith redshift. Although < M 200m,SZ > decreases with redshift for this
olume complete sample, the median stellar mass remains constant
 v er the redshift range 0.2 < z < 0.8. 
Based on previous results (e.g. Furnell et al. 2021 ), the absence of

edshift evolution is somewhat surprising. However, this result may
e due to the our choice to truncate the ICL at 300 kpc (as opposed to
 500 , which Furnell et al. ( 2021 ) use), because the recent growth of

he ICL may occur at larger radii. We note that using the DESY6 data,
he ICL becomes too noisy beyond 300 kpc to measure for individual
NRAS 521, 478–496 (2023) 

igure 3. The total stellar mass contained within the ICL between 50 and 300 kpc
f the DES-ACT clusters. The blue diamonds and grey error bars represent the med
edian total stellar mass estimate remains relatively constant over this range in red
lusters and can only be measured using a stacking analysis at such
arge radii. Additionally, the limited range in M 200m,SZ of the volume
omplete sample (in each redshift slice) may also contribute to the
ack of evolution. The lack of change in the stellar content of the
CL for this volume complete sample illustrates that we are unable
o detect any noticeable changes in the stellar mass of the ICL within
he radial range of 50 to 300 kpc o v er the redshift range 0.2 < z <

.8. As a result of the absence of redshift evolution, we do not model
he parameters of the SMHM relation to evolve with redshift. 

 T H E  OBSERV ED  S M H M  R E L AT I O N  

he SMHM relation for clusters, compares the stellar mass within the
CG to the host halo mass. This is one of the most commonly used

caling relations to characterize the galaxy–dark matter halo connec-
ion (e.g. Lin & Mohr 2004 ; Behroozi, Wechsler & Conroy 2013 ;

oster, Naab & White 2013 ; Zu & Mandelbaum 2015 ; Golden-Marx
 Miller 2018 , 2019 ; Kravtsov, Vikhlinin & Meshcheryakov 2018 ;
olden-Marx et al. 2022 ). F or clusters, this power-la w relation is
articularly useful because it is characterized by a small intrinsic
catter ( σ int ≈ 0.15dex; e.g. Zu & Mandelbaum 2015 ; Golden-Marx
 Miller 2018 ; Kravtsov et al. 2018 ; Pillepich et al. 2018 ) in stellar
ass at fixed halo mass for both observations and simulations. 
As previously noted, recent observations (e.g. Montes & Trujillo

019 ) suggest that the ICL distribution traces the dark matter
istribution of the underlying host halo and earlier results have
dentified qualitative correlations between the ICL’s stellar mass
nd the halo mass (e.g. Sampaio-Santos et al. 2021 ; Huang et al.
022 ). Since the correlation between ICL stellar mass and halo mass
 as a function of M 200m,SZ for a volume complete halo mass limited sample 
ian and standard deviation of the stellar mass and M 200m,SZ . We see that the 
shift. 
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as not been quantified, it remains unclear how the SMHM relation 
hanges when the light from the ICL is incorporated. As discussed
n Section 1 , the slope of the SMHM relation increases as the outer
adii within which the stellar mass is measured increases as a result
f the BCG + ICL system’s inside-out growth (Oser et al. 2010 ; van
okkum et al. 2010 ). Moreo v er, the outer envelope should be more

ightly correlated with halo mass than the core because the stellar
ontent within the outer envelope reflects the recent merger growth 
f the BCG + ICL system and host dark matter halo. Golden-Marx
 Miller ( 2019 ) find that the slope of the SMHM relation for the
CG + ICL system should increase until at least a radius of ≈50 kpc.
eyond this radius, the authors find that the unstacked SDSS data 
ecomes background limited. Ho we ver, since we use the deeper 
ES data, it is possible that the increasing trend between radius and

lope may extend to radii beyond 50 kpc. 
We also note that in Golden-Marx & Miller ( 2019 ), when the

MHM relation (Equation 1 ) was measured as a function of radius,
he change in slope was modest (0.1 between 20 and 100 kpc).
n contrast, Golden-Marx & Miller ( 2019 ) measure an increase 
n the SMHM relation’s slope of 0.25 o v er the same radial range
hen incorporating the magnitude gap, the difference in brightness 
etween the BCG and 4th brightest member galaxy within 0.5 R 200 , as
 third parameter in the SMHM relation. In both scenarios, the slope
f the SMHM relation asymptotes at a radius around 50–60 kpc. Here,
e choose not to investigate the magnitude gap because doing so may

urther reduce the available sample, since measuring the magnitude 
ap requires three high probability members. Additionally, the 
orrelation between the magnitude gap and ICL remains unclear 
nd will be analysed in a future work. We note that since we are not
ncorporating the magnitude gap, as done in Golden-Marx & Miller 
 2019 ), some of the impact of the change in radial aperture may be
lightly diminished. 

.1 The BCG + ICL and total cluster light SMHM relations 

he SMHM relation is quantified using equation ( 1 ), 

og 10 ( M ∗/ M �) = N 

(
α + β ∗ log 10 ( M 200m , SZ / M �) , σ 2 

int 

)
, (1) 

here α is the offset, β is the slope of the SMHM relation, and σ int is
he intrinsic scatter in stellar mass at fixed M 200m,SZ . We then measure
ow the correlation between β, σ int , and radius evolves out to the
CL, using fixed physical radii to define the outer boundary. For this
nalysis, we use the regions of 0–10, 0–30, 0–50, 0–100, 0–200, and
–300 kpc. 
In Figs 4 and 5 , we illustrate the underlying stellar mass and
 200m,SZ distributions for each of the unique annular regimes. In 

ig. 4 , we are using the total stellar light, while in Fig. 5 , we show
he light from the BCG + ICL based on the M ∗+ 2 masking. For
oth measurements, we use the volume complete cluster sample. For 
he total light measurements we have ≈500 clusters, while for the 
CG + ICL profiles we have ≈200 clusters as a result of the strict
asking. Figs 4 and 5 , visually demonstrate that the intrinsic scatter

n aperture stellar mass at fixed M 200m,SZ increases as we extend the
CG + ICL system out to larger radii. As as result of the uncertainty
ssociated with M 200m,SZ and the stellar mass estimates, we take 
dvantage of our Bayesian infrastructure, described in Section 4.2 to 
easure the parameters associated with the SMHM relation. Figs 4 

nd 5 show the median and standard deviation of a bootstrap sampling
f the underlying distribution in stellar and halo mass constructed 
sing the posterior distribution for each parameter from our Bayesian 
nalysis. 
.2 Statistical modelling of the SMHM relation 

e use a nearly identical hierarchical Bayesian MCMC approach 
o what is described in Golden-Marx & Miller ( 2019 ) to measure
he parameters of the SMHM relation; α, the mathematical offset; 
, the slope; and σ int , the intrinsic scatter in stellar mass at fixed
alo mass, as given in Equation ( 1 ). The Bayesian formalism
orks by convolving prior information associated with a selected 
odel with the likelihood of the observations given that model, 

ielding the posterior distribution of the parameters. To determine 
he posterior distributions for each SMHM parameter, our MCMC 

odel generates values for the observed aperture stellar masses and 
 200m,SZ at each step in our likelihood analysis, which are directly

ompared to our observed measurements. 
We model the log 10 aperture stellar masses ( y ) and

og 10 ( M 200m , SZ /M �) ( x ) as normal distributions with mean values
ased on our measurements. The standard deviations associated 
ith each cluster’s stellar mass and M 200m,SZ are taken from the
ncertainties on each measurement. Since we use DES photometry, 
he estimate for the stellar mass uncertainty is based on the Golden-

arx et al. ( 2022 ) analysis, and the uncertainty for M 200m,SZ comes
rom the Hilton et al. ( 2021 ) ACT-SZ catalogue. Additionally, as
one in Golden-Marx & Miller ( 2019 ), and Golden-Marx et al.
 2022 ), to reduce the covariance between α and β we subtract off the
edian values of the upper and lower limits in both log 10 ( M ∗/M �)

nd log 10 ( M 200m,SZ /M �), 11.5 and 14.80, respectively, from the
alues used in our analysis. Lastly, as introduced in Golden-Marx 
 Miller ( 2018 ), our total uncertainty also includes an estimate of

he observational uncertainty ( σx 0 and σy 0 ) as well as a stochastic
omponent from a beta function, β(0.5, 100), which allows us 
o account for the uncertainty associated with our observational 
rror measurements. Statistically, we treat these as free nuisance 
arameters, σ x and σ y in our model. 
Our goal is to constrain the offset ( α), slope ( β), and intrinsic

catter ( σ int ) in the SMHM relation. Based on the lack of detected
volution in the stellar mass of the ICL, and the results from Golden-
arx et al. ( 2022 ) when the magnitude gap is not incorporated,
e do not study redshift evolution in this analysis. The parameters

ssociated with our Bayesian analysis are given in Table 2 . 
As in Golden-Marx & Miller ( 2018 ), we model the underlying

MHM relation for each aperture as 

 i = α + β ∗ x i , (2) 

here x i and y i are the underlying log 10 ( M 200m,SZ ) and BCG + ICL
perture stellar masses, respectively. We also assume a Gaussian 
ikelihood form for σ int . 

We express the entire posterior as: 

( α, β, σint , x i , σy i , σx i | x, y) 

∝ 

∑ 

i 

P ( y 0 i | α, β, σy i , σint , x i ) P ( x 0 i | x i , σx i ) 

︸ ︷︷ ︸ 
likelihood 

× p ( x i ) p ( σx i ) p ( σy i ) p ( α) p ( β) p ( σint ) ︸ ︷︷ ︸ 
priors 

(3) 

here each i th cluster is a component in the summed log likelihood
nd the terms marked 0 i are representative of the observed data, which
s previously described is modelled as a Gaussian distribution. 
MNRAS 521, 478–496 (2023) 
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Figure 4. The total stellar mass contained within different radial regions of the BCG + ICL system, centred on the BCG, as a function of M 200m,SZ for the 
DES-ACT clusters. This version of the analysis uses the unmasked data, representative of the cluster’s total stellar mass within each aperture centered on the 
BCG. In magenta, we o v erlay the underlying distribution based on the posterior distributions provided in Table 3 for each radial bin. These figures highlight the 
qualitative correlation between the total stellar mass and M 200m,SZ and highlight that as we move to larger radii, the intrinsic scatter grows. 
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.3 Statistical analysis of the BCG + ICL and total stellar light 
MHM relations 

o better understand the impact of aperture on our SMHM relation
arameters, in Fig. 6 we illustrate how β and σ int vary with
uter radius. The values of the three parameters of our posterior
istributions are provided in Table 3 . Additionally, although these
arameters are related ( β and σ int ), they are not covariant in our model
the covariance between α and β is reduced by median subtraction).

e note that in an idealized model we desire a large β and a small
NRAS 521, 478–496 (2023) 
int . So, these are the criteria we compare the SMHM relation for
he total stellar light within the cluster to the version measuring the
ight associated within only the BCG + ICL system. 

In Fig. 6 , we include our measurements performed for the total
luster light and the BCG + ICL system (in blue and red, respectively).
he masking process, which yields the BCG + ICL system’s light,

emo v es light associated with neighboring galaxies, therefore, it is
nsurprising that the BCG + ICL measurements have a significantly
ower σ int ( > 5 σ ) at larger radii than the total stellar light versions.

art/stad469_f4.eps
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Figure 5. The BCG + ICL stellar mass contained within different physical radii as a function of M 200m,SZ for the DES-ACT clusters. In this version of the 
analysis, we use the M ∗+ 2 masking limit, given in Table 1 , which is representative of just the BCG + ICL. In magenta, we o v erlay the underlying distribution 
measured from the posterior distributions provided in Table 3 for each radial bin. These figures highlight the correlation between the BCG + ICL stellar mass 
and M 200m,SZ . Both the strength of and scatter within this correlation appear to grow as the outer radius increases. 
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he difference in slope measurements is slightly more nuanced. At 
maller radii, the slope is steeper when measured using the total 
tellar light of the cluster. Ho we v er, as we e xtend out to the largest
adii, we are more heavily influenced by bright background and 
oreground galaxies as well as infalling satellites, which since they 
re unconnected to the underlying dark matter halo, may weaken the 
orrelation and increase σ int . Based on the results shown in Fig. 6 ,
t is clear that using the total stellar mass within 100 kpc may yield
he strongest correlation. Ho we ver, because we are interested in the
mpact of the ICL (between 50 and 300 kpc), the total stellar mass
ersions are not as useful. At large radii, the slopes are within 1 σ
f one another while σ int is significantly lower using the BCG + ICL
easurement. Therefore, going forward, we focus our analysis on the 
CG + ICL system rather than further studying the SMHM relation

or the total cluster light. 
For the BCG + ICL SMHM relation measurement, we see that

he slope continues to increase out to radii of 200 kpc. Ho we ver,
he value measured between 0–200 and 0–300 kpc are within 1 σ
MNRAS 521, 478–496 (2023) 
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Table 2. Bayesian analysis parameters for the DES-ACT Sample. 

Symbol Description Prior 

α The offset of the SMHM relation U( −20,20) 
β The high-mass power-law slope Linear regression prior 
σ int The uncertainty in the intrinsic stellar mass at fixed M 200m,SZ U(0 . 0 , 0 . 5) 
y i The underlying distribution in stellar mass Equation ( 2 ) 
x i The underlying M 200m,SZ distribution N (14 . 23 , 0 . 18 2 ) 
σy 0 i The uncertainty between the observed stellar mass and intrinsic stellar mass distribution 0.06 dex 
σx 0 i The uncertainty associated with log 10 ( M 200m,SZ ) < σx 0 i > ≈ 0.08 

Note. U( a, b) refers to a uniform distribution where a and b are the upper and lower limits. The linear regression prior is of the form −1.5 × log (1 + β2 ). N ( a, b) refers to 
a Normal distribution with mean and variance of a and b and that for x i , the means and widths given in this table are example v alues. The v alue used for σx 0 i is determined 
individually for each cluster, so the median value is provided. 
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f the value measured out to 50 and 100 kpc so, any continued
volution does not appear to be statistically significant. Additionally,
he general trend we measure agrees with those found in Golden-

arx & Miller ( 2019 ) and Moster, Naab & White ( 2018 ). Moreo v er,
he asymptoting SMHM slope of ≈ 0.3-0.4, is in excellent agreement
ith the asymptoting values measured in both Zhang et al. ( 2016 )

nd Golden-Marx & Miller ( 2019 ). 

.4 The impact of the BCG’s core on the SMHM relation 

s a result of the two-phase formation scenario, the increase in the
lope of the SMHM relation with radius results from the growth of the
utskirts of the BCG. Therefore, it is possible that this correlation
ay increase if the stellar mass contained within the core of the
CG + ICL system, or rather the BCG itself, is excluded, leaving
nly the diffuse ICL. This idea is supported by the results from
uang et al. ( 2022 ), who measure a stronger correlation between an

nnular stellar mass (between 50 and 100 kpc) and halo mass than
hen the BCG’s core is included. 
Using our masked photometry o v er the radial regimes 0–10, 10–

0, 30–50, 50–100, 100–300 kpc, as well as 50–300 kpc, which
or the purpose of this paper is representative of the entire ICL
shown in Fig. 3 ), we measure the SMHM relation in discrete bins.
dditionally, for comparison to measurements from the Illustris
NG300-1 simulation (Pillepich et al. 2018 ), we measure the stellar
ass between annular rings of 15–50, 50–150, and 150–300 kpc.

n Fig. 7 , we illustrate the underlying annular stellar masses and
 200m,SZ distributions for each of the unique annular regimes.
ecause of the o v erlap in the radial regimes, we do not include

he bins used in the TNG comparison. For this analysis, we again
se the volume complete cluster sample. Additionally, unlike with
he measurements centered at 0.0, because not every cluster has each
adial measurement (i.e. some clusters lack the core measurements
s a result of our masking procedure), the number of clusters in each
nnular bin generally increases from ≈200 clusters to ≈300 clusters
s we mo v e from the core to the ICL. 

Fig. 7 , visually demonstrates that the intrinsic scatter in aperture
tellar mass at fixed M 200m,SZ increases as we extend our analysis
ut to annuli that extend into the ICL. Moreover, it suggests that the
catter is larger than what is shown in Fig. 5 . Using our Bayesian
nfrastructure, we measure the SMHM relation parameters for each
perture. Based on the 1D posterior distributions associated with
he three parameters of the SMHM relation ( α, β, and σ int ) we
uantify how these parameters change as we extend our analy-
is from the core to the ICL. The underlying correlation deter-
ined from these posterior distributions are o v erlayed in Fig. 7 in
agenta. 
NRAS 521, 478–496 (2023) 
Moreo v er, in Fig. 8 , we sho w ho w the slope, β, and intrinsic scatter,
int v ary, respecti vely, by comparing the measurements taken for the
CG + ICL system (in blue), shown in Fig. 6 , to the versions when the
ore is not included, shown in orange. In both sets of measurements,
hen using only the stellar content of the core, particularly the

nnermost 10 kpc, the slope of the SMHM relation is small, offering
lmost no correlation with M 200m,SZ . Similarly, σ int is also small. Such
easurements support the early concept of BCG cores as standard

andles (Sandage 1972a , b ; Gunn & Oke 1975 ). Ho we ver, when the
tellar profile is e xtended be yond the innermost 10 kpc (even when
he core continues to be included), the SMHM relation’s slope is no
onger consistent with zero and thus beyond the BCG’s core BCG’s
re no longer strong standard candles. 

In agreement with Golden-Marx & Miller ( 2019 ), Moster et al.
 2018 ), and Huang et al. ( 2022 ), as we extend out to larger radii,
he slope of the SMHM relation increases when the core is included
nd does so (though within errors), until the outer aperture reaches
100 kpc, where the slope flattens, likely because as Huang et al.

 2018 ) find, the majority of the light within the BCG + ICL system is
ontained within 100 kpc. Moreo v er, we note that for the apertures
hat exclude the core (the orange points), we see a similar trend,
here the slope reaches an asymptote value when the outer edge

xtends to 50 kpc. 
Fig. 8 illustrates that the slope of the BCG + ICL SMHM relation

symptotes at a value of ≈0.30. In comparison, when measuring the
MHM relation without light from the core, we find a slightly steeper
lope that asymptotes at a value of ≈0.40. So, to first order, our
esults support the trend identified in Huang et al. ( 2022 ); excluding
he BCG’s core yields a stronger correlation with M 200m,SZ than when
he core is incorporated. As discussed in Huang et al. ( 2022 ), this
orrelation likely results from the stellar mass in the outskirts/ICL
eing representative of the ex situ stellar mass, which grows via
ergers and tidal stripping, making it more representative of the

ecent merger growth of the underlying host halo than the core.
o we ver, we note that the values measured when the core is excluded

re within 1 σ of those measured when using the entire BCG + ICL
ystem. Therefore, we require additional precision, through the
ncorporation of more clusters, to verify the results found in Huang
t al. ( 2022 ). 

We see a similar trend for σ int , such that as more light at larger
adii is incorporated, we measure a larger σ int . Given that the outer
nvelopes are where we see divergence in BCG formation/growth,
his increased scatter is unsurprising. Additionally, we note that
hile the slope of the SMHM relation is shallower when the core is

ncluded, the core’s ‘standard candle’ nature leads to a much smaller
int . F or e xample when comparing the radial range between 0 and
00 kpc and the similar range of 50–150 kpc the difference in σ int 
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Table 3. Posterior distribution results. 

Data Inner radius Outer radius α β σ int 

Total 0 10 − 0.040 ± 0.007 0.074 ± 0.048 0.111 ± 0.004 
Total 10 30 0.105 ± 0.010 0.442 ± 0.077 0.185 ± 0.007 
Total 15 50 0.270 ± 0.010 0.526 ± 0.081 0.178 ± 0.007 
Total 30 50 − 0.049 ± 0.014 0.772 ± 0.112 0.259 ± 0.010 
Total 50 100 0.340 ± 0.021 0.572 ± 0.154 0.384 ± 0.013 
Total 50 150 0.680 ± 0.020 0.562 ± 0.150 0.368 ± 0.013 
Total 100 300 1.086 ± 0.028 0.312 ± 0.191 0.491 ± 0.017 
Total 50 300 1.176 ± 0.023 0.299 ± 0.171 0.439 ± 0.015 
Total 150 300 0.952 ± 0.025 0.193 ± 0.186 0.465 ± 0.017 

BCG + ICL 0 10 − 0.059 ± 0.014 0.051 ± 0.096 0.133 ± 0.009 
No Core 10 30 0.023 ± 0.019 0.235 ± 0.127 0.186 ± 0.011 
No Core 15 50 0.088 ± 0.017 0.211 ± 0.115 0.153 ± 0.010 
No Core 30 50 − 0.366 ± 0.023 0.463 ± 0.148 0.268 ± 0.013 
No Core 50 100 − 0.206 ± 0.019 0.297 ± 0.136 0.256 ± 0.012 
No Core 50 150 0.101 ± 0.019 0.442 ± 0.136 0.251 ± 0.012 
No Core 100 300 0.417 ± 0.019 0.384 ± 0.133 0.289 ± 0.013 
No Core 50 300 0.507 ± 0.022 0.372 ± 0.156 0.285 ± 0.014 
No Core 150 300 0.317 ± 0.017 0.489 ± 0.126 0.296 ± 0.011 

Total 0 10 − 0.040 ± 0.007 0.080 ± 0.050 0.111 ± 0.005 
Total 0 30 0.343 ± 0.008 0.268 ± 0.058 0.136 ± 0.005 
Total 0 50 0.507 ± 0.009 0.424 ± 0.068 0.150 ± 0.006 
Total 0 100 0.736 ± 0.010 0.478 ± 0.076 0.176 ± 0.007 
Total 0 200 1.053 ± 0.016 0.489 ± 0.118 0.286 ± 0.010 
Total 0 300 1.280 ± 0.019 0.241 ± 0.138 0.348 ± 0.012 

BCG + ICL 0 10 − 0.058 ± 0.014 0.044 ± 0.095 0.134 ± 0.009 
BCG + ICL 0 30 0.289 ± 0.017 0.135 ± 0.110 0.160 ± 0.010 
BCG + ICL 0 50 0.388 ± 0.018 0.225 ± 0.110 0.165 ± 0.010 
BCG + ICL 0 100 0.496 ± 0.014 0.262 ± 0.093 0.156 ± 0.010 
BCG + ICL 0 200 0.642 ± 0.018 0.354 ± 0.121 0.170 ± 0.011 
BCG + ICL 0 300 0.749 ± 0.023 0.329 ± 0.153 0.215 ± 0.014 

TNG Gas SN79 15 50 0.917 ± 0.032 0.707 ± 0.034 0.110 ± 0.005 
TNG Gas SN79 50 150 1.736 ± 0.027 0.700 ± 0.028 0.092 ± 0.005 
TNG Gas SN79 150 300 2.013 ± 0.023 0.641 ± 0.023 0.077 ± 0.004 
TNG Gas SN71 15 50 0.884 ± 0.035 0.686 ± 0.036 0.097 ± 0.006 
TNG Gas SN71 50 150 1.720 ± 0.030 0.692 ± 0.031 0.082 ± 0.005 
TNG Gas SN71 150 300 2.003 ± 0.026 0.627 ± 0.026 0.070 ± 0.004 
TNG Gas SN64 15 50 0.981 ± 0.040 0.612 ± 0.041 0.092 ± 0.006 
TNG Gas SN64 50 150 1.800 ± 0.032 0.629 ± 0.033 0.073 ± 0.005 
TNG Gas SN64 150 300 2.061 ± 0.031 0.568 ± 0.032 0.072 ± 0.005 

TNG Diffuse SN79 15 50 0.505 ± 0.048 0.661 ± 0.049 0.160 ± 0.008 
TNG Diffuse SN79 50 150 0.648 ± 0.046 0.800 ± 0.047 0.158 ± 0.008 
TNG Diffuse SN79 150 300 0.668 ± 0.063 1.024 ± 0.065 0.212 ± 0.011 
TNG Diffuse SN71 15 50 0.473 ± 0.061 0.624 ± 0.063 0.170 ± 0.010 
TNG Diffuse SN71 50 150 0.630 ± 0.057 0.787 ± 0.059 0.160 ± 0.009 
TNG Diffuse SN71 150 300 0.631 ± 0.078 0.943 ± 0.081 0.216 ± 0.013 
TNG Diffuse SN64 15 50 0.459 ± 0.079 0.582 ± 0.080 0.180 ± 0.012 
TNG Diffuse SN64 50 150 0.704 ± 0.063 0.843 ± 0.065 0.145 ± 0.010 
TNG Diffuse SN64 150 300 0.710 ± 0.089 0.993 ± 0.091 0.205 ± 0.014 

TNG Total SN79 15 50 0.545 ± 0.047 0.658 ± 0.049 0.162 ± 0.008 
TNG Total SN79 50 150 0.758 ± 0.050 0.735 ± 0.052 0.171 ± 0.009 
TNG Total SN79 150 300 0.842 ± 0.066 0.861 ± 0.068 0.224 ± 0.011 
TNG Total SN71 15 50 0.524 ± 0.062 0.628 ± 0.064 0.171 ± 0.010 
TNG Total SN71 50 150 0.716 ± 0.067 0.694 ± 0.069 0.187 ± 0.011 
TNG Total SN71 150 300 0.833 ± 0.083 0.811 ± 0.085 0.227 ± 0.013 
TNG Total SN64 15 50 0.491 ± 0.078 0.549 ± 0.080 0.183 ± 0.012 
TNG Total SN64 50 150 0.819 ± 0.069 0.765 ± 0.070 0.162 ± 0.011 
TNG Total SN64 150 300 0.867 ± 0.100 0.755 ± 0.101 0.230 ± 0.016 

Note. Although we do not include the unmasked measurements when the core is not included in Fig. 8 , we include these 
measurements here in the first 9 rows of this table. 
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Figure 6. The slope and scatter of the SMHM relation measured for each of 
the six different aperture radial bins plotted as a function of the mean radius 
for both the total cluster light and BCG + ICL measurements. The slopes and 
scatters are estimated using the posterior distribution of our Bayesian MCMC 

analysis. The errorbars in the radius represent the radial range o v er which 
this measurement w as tak en. We measure a significantly smaller scatter and 
a comparable slope for the BCG + ICL measurement. 
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s approximately 0.08 dex and the values differ by more than 3.5 σ .
imilarly, if we compare the radial range 0–300 kpc to 50–300 kpc,

he σ int values differ by 0.07 dex or 2.5 σ . However, as a caveat,
e note that to model the underlying halo mass distribution using

he SMHM relation, as described in Huang et al. ( 2022 ), the goal is
oth a large slope and low scatter in halo mass at fixed stellar mass.
he σ int measured in our Bayesian formalism is the intrinsic scatter

n stellar mass at fixed halo mass. As given by equation (6) from
uang et al. ( 2022 ), the scatter in halo mass at fixed stellar mass is
ependent on both β and σ int , such that a higher β and larger σ int 
NRAS 521, 478–496 (2023) 
an yield a smaller scatter in halo mass at fixed stellar mass than
 lower β and lower σ int . Therefore, in agreement we find that for
ome of our larger radial bins, excluding the BCG’s core, does yield
 tighter constraint on the halo mass, but greater precision is needed
o strengthen this argument. 

 T H E  B C G  + I C L  S M H M  RELATI ON  IN  T H E  

LLUSTRIS  T N G 3 0 0 - 1  SI MULATI ON  

bservationally, we have shown that the correlation between the
tellar mass contained within the ICL and M 200m,SZ is stronger
han what is measured for the core of the BCG + ICL system. To
urther these results, we compare our measurements to measurements
f high-resolution haloes from the Illustris TNG300-1 1 magneto-
ydrodynamical cosmological simulation (Pillepich et al. 2018 ). For
his analysis, we use a sample of 205 clusters, with a halo mass greater
han log 10 ( M 200 m 

/ M � h 

−1 ) = 13 . 8 (though we only show results for
og 10 ( M 200 m 

/ M � h 

−1 ) > 14 . 4 to match the observed measurements)
n Fig. 9 , and exclude those haloes within 20 Mpch −1 of the edge
f the simulation, observed at a redshift of z = 0.27, 0.42, and 0.58.
ince we do not detect observational evidence of evolution, in Fig. 9 ,
e only display data from the z = 0.58 snapshot, which is the median

edshift of our observ ational sample. Ho we ver, the posteriors for each
edshift bin are provided in Table 3 . 

Following the analysis in Sampaio-Santos et al. ( 2021 ), we look
t three radial ranges: 15–50, 50–150, and 150–300 kpc of the
CG + ICL system. We measure the correlation between M 200 m 

nd the gas mass, the diffuse stellar component (the ICL), and
he total stellar light using our Bayesian MCMC infrastructure.
or the TNG300 measurements, the total stellar light includes all

ight from the BCG, ICL, and satellite galaxies, while the diffuse
tellar component includes all light within a given radius that is
ot bound to satellites, which is the BCG + ICL (Pillepich et al.
018 ). To create a fair comparison, we subtract off the same offset
s for our observational sample. Moreo v er, we chose the diffuse and
otal light because these measurements parallel our measurements
f the observational total stellar mass and stellar mass excluding the
CG core. We note that while prior studies (Pillepich et al. 2014 ;
ontes & Trujillo 2018 ; Pillepich et al. 2018 ; Sampaio-Santos et al.

021 ) have shown strong correlations between the diffuse light (ICL)
omponent and halo mass in simulations, those studies do not use a
imilar hierarchical Bayesian MCMC approach to what we use here
described in Section 4.2 ). 

In Fig. 9 , we show a similarly strong correlation between the TNG
easurements as what exists within our observational measurements.

n the upper row of Fig. 9 , we plot the SMHM relation for the three
adial bins. To make this figure accessible, we use the same colours
or the data we compare. Our observed sample is from clusters that
re more massive than those in TNG, so we only look at the highest
ass end of the TNG sample. Moreo v er, although the total stellar
asses are similar, since TNG300-1 is not a light cone, we cannot

ccount for the projection effects that exist within observational data,
articularly with regards to the total stellar mass estimate. 
In the central region (panel 1), we see strong agreement between

ur measurements for the estimated stellar masses and scatter.
o we ver, we note that the slopes of the TNG300-1 SMHM relation’s

re steeper. Interestingly, these results diverge as we move to larger
adii. We see that at larger radial apertures, the scatter associated
ith the total M ∗ observed becomes significantly greater than what
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Figure 7. The stellar mass contained within different apertures of the BCG + ICL system as a function of M 200m,SZ for the DES-ACT clusters. In this version of 
the analysis, we used the M ∗+ 2 masking limit, like in Fig. 7 . The magenta line and band are representative of the underlying distribution based on the posterior 
distributions provided in Table 3 for each radial bin. This figure highlights that the slope of the SMHM relation is higher for apertures that exclude the core, but 
that the intrinsic scatter is much larger. 
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s measured within TNG and the amount of diffuse light though in
oderate agreement appears to be greater in TNG. The discrepancy 

particularly at larger radii) in the intrinsic scatter is likely caused 
y the presence of foreground and background galaxies, which 
re included in our observational measurements, but not in the 
NG snapshots. We also note that a consistently steeper SMHM 

elation slope is found in the TNG300-1 data than in observations, in
greement with similar results found in Golden-Marx et al. ( 2022 ). 

When we examine the σ int measurements for the simulation, we 
ee that the gas mass, a well known low-scatter halo mass indicator,
as the smallest scatter (Voit 2005 ; Kravtsov, Vikhlinin & Nagai
006 ). Moreo v er, we find that in TNG300-1, the scatter between the
iffuse stellar and the total stellar components are nearly indistin- 
uishable, ho v ering around 0.20 dex. Our inner aperture, 15–50 kpc,
s in excellent agreement with the observations. Unfortunately, as we 
o v e to larger radii, the observationally measured scatter increases

ramatically to ∼0.25–0.3 dex for the diffuse light and to ∼0.5
ex for the total light. Ho we ver, as pre viously noted, the TNG300-1
easurements were taken using the 3D information of the simulation, 

s opposed to the 2D projected measurements for our observations, 
MNRAS 521, 478–496 (2023) 
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Figure 8. β and σ int measured for each of the different radial aperture bins 
shown as a function of the mean radius. We plot the versions representative 
of the BCG + ICL system, in blue, and the versions measured excluding the 
core in orange. Here, the values are estimated as the mean and standard 
deviations of the posterior distributions of our Bayesian MCMC analysis. 
The errorbars in the radius are representative of the radial range o v er which 
this measurement was taken. For both versions, we find a slightly steeper 
slope (though within 1 σ ) and a higher scatter in the outer portion of the 
BCG + ICL system than in the core. 
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Figure 9. The posterior distribution of the SMHM relation measured in 
different physical apertures for the TNG300-1 data and our observational 
data. In the lower panels, we compare the differences in the σ int for the same 
mass measurements for both the observational and TNG300-1 data. 
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hich are also impacted by foreground and background galaxies.
herefore, it is likely that this disagreement may result from these
bservational uncertainties. 
Though not directly observed from Fig. 9 , we comment on how

he slope and scatter vary with radius for the TNG300-1 data. For the
iffuse light (and total light), we see that as we mo v e to apertures that
xtend to larger radii, the slope of the SMHM relation significantly
NRAS 521, 478–496 (2023) 
ncreases. We also see that the scatter similarly increases, though
uch less than in observations. The similarity between these trends

o what we detect in our observed data highlights that the outskirts
f the BCG + ICL system are more strongly correlated with the halo
ass of the cluster than the core of the BCG. Howeo v er, because

his slope is significantly steeper, this correlation is even stronger in
he TNG300-1 universe than what we observe using the DES-ACT
ata. This combination of a similarity and discrepancy suggests that
rowth of the ICL is similar to what is observed in the real universe,
ut that the underlying correlation between these two parameters is
uch stronger in the underlying models of the TNG300-1 simulation.

 T H E  C O L O U R  O F  T H E  I C L  

s discussed in Section 1 , the ICL is thought to grow as a result of
ither major/minor mergers and/or the stripping of satellite galaxies.
olour provides a key insight into the stellar population and growth
f the BCG + ICL system. Therefore, it is unsurprising that prior
bservations and simulations have measured BCG + ICL colours
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Figure 10. For each range in lookback time, we plot the colour as a function of radius (in grey). The median colour as a function of radius for the three bins in 
M 200m,SZ is o v erplotted. 
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e.g. DeMaio et al. 2015 , 2018 ; Morishita et al. 2017 ; Contini, Yi &
ang 2019 ; Zhang et al. 2019b ; Chen et al. 2022 ). If the ICL growth

s dominated by g alaxy–g alaxy mergers then no colour gradient 
ould be expected since such mergers would mix stellar populations, 
attening an y pre-e xisting colour gradient (Contini et al. 2019 ), as
ound in some recent model-dependent observational results (Burke 
t al. 2015 ; Groenewald et al. 2017 ). However, some observations
etect a ne gativ e colour gradient, such that the colour in the ICL is
luer than the colour in the BCG’s core (DeMaio et al. 2015 , 2018 ;
orishita et al. 2017 ; Huang et al. 2018 ; Zhang et al. 2019b ; Chen

t al. 2022 ), which would result if instead the ICL forms as a result of
he tidal stripping of metal-poor satellite galaxies (Montes & Trujillo 
018 ; Contini et al. 2019 ) or minor mergers with those same galaxies
Huang et al. 2018 ). Although the purely observational analyses 
a v our the presence of a gradient, there exists some uncertainty about
hich of these methods dominate ICL growth. 
In Fig. 10 , using the M ∗+ 2 masked data, described in Section 2.3 ,

e examine how the k-corrected colour of the BCG + ICL system
hanges with both radius and lookback time. The data used in this
ortion of the analysis come from a different subsample than what 
as described in Section 3 . Instead of using the volume complete

ample, here we utilize a sample of 287 clusters that we measure
oth an r -band and i -band magnitude for within each of the 5 distinct
adial bins (0–10, 10–30, 30–50, 50–100, and 100–300 kpc). As 
reviously noted, for certain clusters, we are unable to measure a 
entral magnitude as a result of masking due to a crowded central
egion, which results in the exclusion of a large portion of the DES-
CT clusters. In Fig. 10 , we plot the colour gradient (along with the
ootstrapped medians) for 6 bins divided by lookback time. Fig. 10 
hows a moderately ne gativ e colour gradient, such that the colours
re bluer at large radii than in the BCG’s core. This detection follows
rom the expectation that the stars found in the ICL are likely younger
han those found in the canonical ‘red and dead’ core of the BCG.
herefore, our ICL colours agree with the results that support that 
he ICL’s formation is dominated by the tidal stripping of satellite
alaxies (DeMaio et al. 2015 , 2018 ; Morishita et al. 2017 ; Montes &
rujillo 2018 ). Moreo v er, the difference between the median colour
f the BCG’s core and the median colour of the ICL is small, on
he order of ≈0.1–0.2 magnitudes, which is in agreement with the

odest colour gradient that Contini et al. ( 2019 ) measure in their
CL simulations. 

Although an underlying trend is observed within Fig. 10 , a large
mount of scatter exists within our colour measurements (shown 
y the noisy grey lines). To determine if this noise is statistical or
aused by a latent parameter, in Fig. 10 , we show whether any trends
xist between the colour and M 200m,SZ . As represented by the points
hown in Fig. 10 , we divide our sample into 3 M 200m,SZ bins with
he same number of clusters. For the sample as a whole, we apply
 bootstrapping technique and randomly select 287 clusters from 

ur sample 1000 times. For each bootstrap sample, we calculate the
edian colour and standard deviation based on the draws from all

000 bootstrapped samples, which we illustrate in Fig. 10 . Therefore,
ach point is representative of the median and standard deviation of
he bootstrapped median values, not the black distribution (the grey 
ines are what the bootstrap is drawn from). Moreover, We note that
or each bootstrap sample, the divisions in M 200m,SZ are based on
he draw of clusters for that bootstrap resampling, as shown by the
ncertainty in the M 200m,SZ measurement in Fig. 11 . Moreo v er, while
he radial bins and lookback time bins are fixed, we do not require the
ookback time distribution to be identical in each bootstrap sampling; 
s a result, there is uncertainty in the lookback time measurement
n Fig. 11 . For each bin, we determine the median colour measured
ithin each of the 5 radial regimes. Based on this analysis, there is no

dentifiable trend between M 200m,SZ and the colour of each BCG + ICL
ystem. Ho we ver, it is possible that we are examining too small a
egime in M 200m,SZ parameter space to detect any such differences. 

Using the median colours we estimate the slope of the colour
radient at each of the different M 200m,SZ bins for each bin in lookback
MNRAS 521, 478–496 (2023) 
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Figure 11. For the samples shown in Fig. 10 , in the upper plot, we show 

how the colour gradient in each M 200m,SZ bin changes with lookback time. In 
the lower figure, we show how the change in the slope of the colour gradient 
as a function of lookback time evolves with M 200m,SZ . 

t  

u  

g  

a  

M  

c  

m  

v  

fi  

s  

T  

b  

M  

w  

m  

r  

a  

m  

g  

a
 

c  

M  

a  

f  

f  

o  

d  

s  

r  

b  

g
 

s  

n  

c  

0  

w  

a  

n  

a  

t  

s  

0  

l  

I  

a  

s  

r  

o  

i  

i  

h  

f  

i  

w  

e  

h  

t  

g  

i  

c  

r  

a  

c  

w  

M  

f  

a  

w  

w  

r

7

I  

w  

t  

0  

t  

i  

t  

w  

t  

W

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/478/7044781 by U
niversity of Southam

pton user on 15 June 2023
ime between 1 and 7 Gyrs using a χ2 optimization fitting. In the
pper panel of Fig. 11 , we illustrate how the slope of the colour
radient changes across the radial extent of the BCG + ICL system
s a function of lookback time for the three different M 200m,SZ bins.
athematically, this is d( R−I ) 

dr ICL 
, where a value of zero means that the

olour is constant across the entire radial re gime. A ne gativ e value
eans that the colour is bluer in the outskirts of the ICL and a positive

alue means that it is redder in the ICL than in the BCG. In this
gure, the error bars represent the 1 σ values for the colour gradient
lope based on our previously described bootstrap measurements.
he shaded region is representative of the 1 σ distribution of the fit
etween the colour gradient slope and lookback time for each of the
 200m,SZ bins. We note that the colour gradients are either consistent
ith zero or ne gativ e and that the slopes appear to be slightly
ore ne gativ e at earlier lookback times. While the quantitative

esults support that the ICL grows through tidal stripping (because
 ne gativ e, blue, gradient is detected), they also suggest that other
echanisms of growth may occur. Since these are the median colour

radients, it is possible that both tidal stripping and mergers occur
nd that stripping may dominate such growth at earlier times. 

In the lower panel of Fig. 11 , we illustrate how the slope of the
olour gradient evolves with lookback time as a function of M 200m,SZ .

athematically, this is d 
2 ( R−I ) 

d r ICL d t 
. The error bars in both lookback time

nd the slope evolution are representative of the 1 σ distribution
NRAS 521, 478–496 (2023) 
rom the bootstrap measurements. In this context, a value of zero
or d 2 ( R−I ) 

d r ICL d t 
would mean that the colour gradient does not change

 v er lookback time. A positiv e value is representative of both first
eri v ati ves, with respect to time and radial extent, having the same
ign, for example, that the colour gradient becomes bluer o v er both
adial extent and time. In contrast, a negative value would occur when
oth first deri v ati v es hav e different signs, for e xample the colour
radient becomes bluer o v er radial extent, but redder over time. 
The upper panel of Fig. 11 shows that as M 200m,SZ increases, the

lope of the gradient across cosmic time becomes slightly more
e gativ e. Interestingly, the lower panel shows that the change in
olour with respect to both radius and time, d 

2 ( R−I ) 
d r ICL d t 

, becomes closer to
 as M 200m,SZ increases. While this trend is not statistically significant,
e note that to first order, such a trend suggests that o v er cosmic time

nd radial extent, the colour gradient, out to a radius of ≈300 kpc, is
ot changing for the most massive clusters, and consistently shows
 ne gativ e blue colour gradient across cosmic time. In contrast, for
he lowest mass haloes, we detect a change in the colour gradient,
uch that the second deri v ati ve of the colour is more than 1 σ below
.0. As such, the colour gradient is ne gativ e, with bluer colours at
arger radial extents and larger lookback times (higher redshifts).
f, as expected, the colour gradient results from the tidal stripping
nd accretion of stars from less massive satellites, this result would
uggest that the ICL’s stellar content is changing o v er this redshift
ange. Ho we ver, as sho wn in Fig. 3 , we do not find the stellar content
f the ICL to be increasing o v er cosmic time. Therefore, we limit our
nterpretation to just an ICL, truncated at 300 kpc, that is not growing
n stellar mass. In this scenario, it is likely that for the more massive
aloes, there has been no recent accretion within 300 kpc. In contrast,
or the lower mass clusters we measure a d 

2 ( R−I ) 
d r ICL d t 

, such that the value
s ne gativ e for higher redshifts, and positiv e for lower redshifts,
hich may suggest that those lower mass clusters experienced recent

nough tidal stripping that we only see the presence of bluer stars at
igher lookback times. Alternatively, our results may suggest that for
he most massive clusters (in green), tidal stripping is the dominant
rowth mechanism, whereas for the less massive haloes, the change
n the gradient may be caused by mergers, which wash out the existing
olour gradient, but do not increase the stellar mass within the radial
egime of 50–300 kpc. Of additional interest, Fig. 11 shows that
round a lookback time of ≈4Gyr for all clusters, the slope of the
olour gradients seems to increase slightly, becoming more consistent
ith 0.0, which would suggest that in the last 4 Gys, regardless of
 200m,SZ the colour of the ICL has been relatively fixed, serving as

urther evidence for a lack of recent growth in the ICL between 50
nd 300 kpc. As a caveat, we note that these results are less significant
hen DESY3 richness is used to bin the clusters in lieu of M 200m,SZ ,
hich may result from the larger scatter associated with the scaling

elation estimated halo masses. 

 C O N C L U S I O N  

n this analysis, we focus on characterizing the properties associated
ith the stellar content of the BCG + ICL across redshift space using

he DES-ACT sample observed over the redshift range 0.2 < z <

.8. Since it is difficult to disentangle the outskirts of the BCG from
he underlying ICL, we do not attempt to distinguish the two and
nstead treat the inner 50 kpc as being associated with the BCG and
he region between 50 and 300 kpc as being the ICL. In this analysis,
e study the stellar content of the BCG + ICL system in three ways,

he total stellar mass, the SMHM relation, and the BCG + ICL colour.
e summarize the primary results of our analysis as follows: 
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(i) We are unable to detect noticeable evolution in the stellar mass
ontained within the ICL (between 50 and 300 kpc) when we bin the
ata evenly in redshift space over the redshift range 0.2 < z < 0.8. 
(ii) We find that β and σ int , the slope and intrinsic scatter for

he SMHM relation, increase as we incorporate BCG + ICL stellar
ass information at larger radii. This trend agrees with the results

rom Golden-Marx & Miller ( 2019 ), but extends beyond the 100 kpc
tudied in that analysis. 

(iii) By comparing the posteriors for the SMHM relation when 
he BCG’s core is and is not included, we find that when the core
s excluded, we measure a slightly steeper slope. This stronger 
orrelation between the stellar outskirts and M 200m,SZ supports that 
he ICL, like the BCG, grows via the two-phase formation scenario 
either through tidal stripping of satellites or mergers). Additionally, 
lthough we find a stronger correlation with M 200m,SZ , the associated 
ntrinsic scatter is much larger when the BCG is not included. This
rend results from the absence of the stellar information from the 
CG, which has a smaller intrinsic scatter. 
(iv) By comparing our observational results to those from Illustris 

NG300-1, we find a similar amount of diffuse light within each 
adial bin. Ho we ver, both β and σ int dif fer. σ int is likely larger in our
bservational data due to projection effects. However, the steeper β
ay highlight that the underlying correlation between the BCG + ICL

ystem and host halo is much tighter in the simulated universe than
hat we observe, which would suggest further areas for impro v ement

n simulated clusters. 
(v) We detect a modest colour gradient in the ICL in each of

he lookback time bins, such that the colour of the ICL on average
ecomes bluer as we mo v e out to larger radii in agreement with prior
bservational results (e.g. DeMaio et al. 2015 , 2018 ; Morishita et al.
017 ; Montes & Trujillo 2018 ) that support the tidal stripping of
atellites as the primary mechanism for ICL gro wth. Ho we ver, we
easure a rather modest non-zero gradient, therefore it is possible 

hat both processes occur and are responsible for ICL growth. 
(vi) When we measure the slope of the colour gradient, averaged 

 v er bins in M 200m,SZ , we find that the change in this slope with
ookback time is more than 1 σ from zero for the lowest M 200m,SZ 

in, while statistically equi v alent to zero for the highest M 200m,SZ 

in. This may suggest that the clusters within the lowest M 200m,SZ 

ins show evidence of more recent merger accretion, the presence 
f bluer stars at the earlier lookback times, while the clusters in the
igher M 200m,SZ bins show no such evidence of recent growth or that
he lowest mass haloes experience recent growth from mergers. 

Going forward, there are many avenues of research we aim to 
xplore to improve our observational understanding and character- 
sation of the ICL. In future analyses, we plan to further examine
he trend between the colour, halo mass, and lookback time to see
f this trend persists at lower halo masses, potentially using the full
ESY6 redMaPPer sample, which extends to lower halo masses 

han the DES-ACT o v erlap. Additionally, using the DES-redMaPPer 
atalogs, we aim to build on this work and work presented in Golden-
arx et al. ( 2022 ) to determine whether any trends exist between the

roperties of the ICL and the magnitude gap, including determining 
hether the trends found in Golden-Marx et al. ( 2022 ) persist when

he ICL is incorporated. Moreo v er, we plan to investigate whether
lusters characterized by large ICL fractions correlate with those 
haracterized by large magnitude gaps, since both properties are 
sed as observational tracers of relaxed clusters. Following Huang 
t al. ( 2022 ), we also plan to investigate the impact of projection
ffects on cluster selection by comparing the measurements between 
 sample of ICL selected and redMaPPer richness selected clusters. 
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PPENDI X:  B  AC K G R  O U N D  

or our measurement of the ICL profiles, we chose to estimate the
ackground level based on the amount of light beyond 500 kpc,
s done in Golden-Marx et al. ( 2022 ). We chose this inner radial
imit based on a comparison of background measurements starting
etween 500 and 1500 kpc. Fig. A1 highlights that as we change the
nner limit of the background to larger radii, we continue to measure
he same median background le vel. Ho we ver, when the background
tarts at larger radii, there is a significantly larger scatter in the
ackground measurements, likely a result of the underlying noise
resent at large radii. Additionally, while Zhang et al. ( 2019b ) have
easured the ICL out to radii of the order of 1 Mpc, that was done

sing a stacked analysis, while this analysis looks at each cluster
ndividually and we are thus unable to measure the ICL beyond
00 kpc. 
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Figure A1. The difference in the background flux measurements (units of flux/kpc 2 ) for 11 unique radial ranges starting between 500 and 1500 kpc and the 
500 kpc background spaced 100 kpc apart. The points represent the median value in the difference and the error bars the 1 σ standard deviation. We see that 
the median value remains fixed while the scatter increases with radius. Additionally, for our measurements, we use the DES selected zero point magnitude 
of 30.0. 
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