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ABSTRACT

The intracluster light (ICL) permeating galaxy clusters is a tracer of the cluster assembly history and potentially a tracer of their dark matter
structure. In this work, we explore the capability of the Euclid Wide Survey to detect ICL using Hg-band mock images. We simulated clusters
across a range of redshifts (0.3-1.8) and halo masses (10'*°~10'° M) using an observationally motivated model of ICL. We identified a 50—
200 kpc circular annulus around the brightest cluster galaxy (BCG) in which the signal-to-noise ratio of the ICL is maximised and used the S/N
within this aperture as our figure of merit for ICL detection. We compared three state-of-the-art methods for ICL detection and found that a method
that performs simple aperture photometry after high-surface brightness source masking is able to detect ICL with minimal bias for clusters more
massive than 102 M. The S/N of the ICL detection is primarily limited by the redshift of the cluster, which is driven by cosmological dimming
rather than the mass of the cluster. Assuming the ICL in each cluster contains 15% of the stellar light, we forecast that Euclid will be able to
measure the presence of ICL in up to ~80 000 clusters of >10'*> M between z = 0.3 and 1.5 with an S/N > 3. Half of these clusters will reside
below z = 0.75, and the majority of those below z = 0.6 will be detected with an S/N > 20. A few thousand clusters at 1.3 < z < 1.5 will have ICL
detectable with an S/N > 3. The surface brightness profile of the ICL model is strongly dependent on both the mass of the cluster and the redshift
at which it is observed so that the outer ICL is best observed in the most massive clusters of >10'*7 M. Euclid will detect the ICL at a distance of

more than 500 kpc from the BCG, up to z = 0.7, in several hundred of these massive clusters over its large survey volume.

Key words. galaxies: clusters: general

1. Introduction

Intracluster light (ICL) is a powerful diagnostic tracer
of the assembly history of galaxy clusters that offers
insight into the hierarchical formation of clusters and
the dynamical evolution of their member galaxies (e.g.
Gonzalez et al. 2000; Feldmeier et al. 2004; Mihos et al. 2005;
Krick & Bernstein 2007; Murante et al. 2007; Watkins et al.
2014; Golden-Marx et al. 2023, 2024). The ICL forms as a result
of hierarchical mergers as well as tidal interactions between
member galaxies and the cluster’s gravitational field. The for-
mation of the brightest cluster galaxy (BCG) and the ICL are
closely linked (Murante et al. 2007; Montes 2022; Chun et al.
2023; Golden-Marx et al. 2024; Contini et al. 2024a), and both
form through hierarchical accretion in similar ways (Amorisco
2017; Pillepich et al. 2018). The quantity, structure, and evolu-
tion of the ICL therefore provides a test of the current models of
galaxy and cluster formation.

The dominant component of galaxy clusters is dark matter,
but this dark matter is challenging to detect observationally, with
the most direct method being gravitational lensing (Massey et al.
2010; Kneib & Natarajan 2011; Hoekstra et al. 2013). In recent
years, however, studies have suggested that ICL can be used as
a dark matter tracer. Jee (2010) suggested that the ICL traces the
gravitational potential of a cluster in a manner similar to dark
matter, while Montes & Trujillo (2019) found the scale radii
and projected shape of the dark matter halo and ICL to be in
agreement. Furthermore, Pulsoni et al. (2021) used simulations
to show that the ICL can be used to infer the intrinsic shape and
principal axes of the dark matter halo. This correlation, which
has been further reinforced in more recent simulations (Yoo et al.
2024; Contreras-Santos et al. 2024), opens up the possibility of
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carrying out detailed studies of the dark matter distribution in
clusters solely using deep photometric observations.
Intracluster light may be useful for confirming that optically
selected clusters are indeed collapsed massive halos. However,
optically identifying a pure sample of galaxy clusters in large
photometric surveys, particularly beyond z > 0.3, becomes chal-
lenging due to projection effects (Zu et al. 2017; Myles et al.
2021; Wu et al. 2022), which can lead to a spurious overdensity
of galaxies along a line of sight being mistakenly identified as
a cluster. While X-ray imaging surveys (Fassbender et al. 2011;
Mehrtens et al. 2012; Mantz et al. 2018) and those based on the
Sunyaev—Zeldovich effect (Carlstrom et al. 2011; Hilton et al.
2021) can efficiently detect clusters at z < 1, only a
few dozen have been identified beyond this redshift (e.g.
Bleem et al. 2015; Hennig et al. 2017; Barrena et al. 2018, 2020;
Aguado-Barahona et al. 2019; Khullar et al. 2019; Huang et al.
2020). This scarcity might suggest either a low space density
of high-redshift clusters or a lack of significant intra-cluster
gas detectable by these methods. Since the formation of ICL is
intrinsically tied to the growth of galaxy clusters, the presence
of ICL can act as confirmation of a collapsed massive dark mat-
ter halo. Thus, ICL observations are useful as a complementary
method to Sunyaev-Zel’dovich and X-ray detection for deter-
mining the purity of photometrically selected cluster catalogues.
Intracluster light can also be used to measure the edge or
physical extent of clusters. A physically motivated definition
of a cluster’s edge is the ‘splashback’ radius, which is identi-
fied by a sharp break in the radial density profile of the dark
matter halo (Diemer & Kravtsov 2014). The splashback radius
is the apocentre of material infalling into a cluster (Gunn et al.
1972; Fillmore & Goldreich 1984; Bertschinger 1985), and it
is closely tied to cluster mass and the accretion rate. Several
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observational studies have successfully measured the splashback
radius for stacked clusters using galaxy surface density profiles
(Bianconi et al. 2021) and weak gravitational lensing profiles
(Giocoli et al. 2024). The discovery by Gonzalez et al. (2021) of
an inflection in the ICL profile of a high-mass cluster at a loca-
tion similar to the expected splashback radius may be the first
evidence that this parameter can be measured in individual clus-
ters by means of deep observations of ICL.

The low surface brightness nature of ICL presents an obser-
vational challenge, necessitating observations that are both deep
and wide to sufficiently resolve the diffuse emission and measure
the background light well beyond the cluster’s edge. Although
some observations of individual clusters have detected ICL at
large radii (Gonzalez et al. 2021), most surveys (e.g. Kluge et al.
2020; Golden-Marx et al. 2023, 2024) have been able to mea-
sure the light profile of ICL in individual clusters only up
to a few hundred kiloparsecs from the BCG. These mea-
surements have been enhanced by stacking the ICL signal
of clusters with similar halo masses to extend the ICL out
to megaparsec scales (Zibetti et al. 2005; Zhang et al. 2019,
2024; Sampaio-Santos et al. 2021; Chen et al. 2022). However,
Euclid’s photometric stability, well-controlled point source func-
tion (PSF), and suppression of scattered light may allow us to
extend the radial range for individual observations of BCG + ICL
profiles for large samples of clusters, thereby enhancing our abil-
ity to understand cluster accretion histories and the connection
between ICL and dark matter.

Euclid (Laureijsetal. 2011; Euclid Collaboration:
Mellier et al. 2025) will image almost a third of the sky
across four photometric bands from the visible (/) to the
near-infrared (Y, J;, H;y). Euclid’s faint detection limit
(Euclid Collaboration: Scaramella et al. 2022; Cuillandre et al.
2025; Hunt et al. 2025) makes it ideally suited to image the low
surface brightness universe (Euclid Collaboration: Borlaff et al.
2022). In combination with the wide-field imaging design of the
telescope, this will bring forth unprecedented levels of detail in
future studies of ICL, as demonstrated in Kluge et al. (2025).

The focus of this paper is the ~14000deg®> Euclid Wide
Survey (EWS; Euclid Collaboration: Scaramella et al. 2022) and
the large sample of clusters that will be able to be studied with
these data. In addition to the EWS, Euclid will observe three
deep fields totalling 53 deg?, which will be six times deeper than
the EWS. The deeper data will allow a small sample of clus-
ters to be studied at increased limiting radii, higher redshift, and
lower limiting ICL fractions. However, the area covered by the
combined deep fields will be significantly reduced compared to
the wide survey.

In this study, we forecast the halo mass and redshift limits
to which the ICL can be explored with Euclid in the EWS. We
restrict the scope of this paper to the H; band with the NISP
instrument only (Euclid Collaboration: Jahnke et al. 2025) since
light at this wavelength is a better tracer of stellar mass compared
to the other wavelengths measured by Euclid. Whilst the I; band
offers a higher spatial resolution and a lower limiting surface
brightness, the effect of Galactic cirrus is higher (Roman et al.
2020), and the cirrus features appear more filamentary at the
wavelength of I;;, rendering them more challenging to correct.

This analysis focuses on the photometric measurements
of the ICL, and we treat the BCG and ICL as a single
component. The stellar population belonging to the ICL can
be separated from the BCG kinematically (Dolag et al. 2010;
Longobardi et al. 2013, 2015; Remus et al. 2017; Hartke et al.
2022). However, these kinetically distinct stellar populations
overlap in space, so it is impossible to separate the BCG and

ICL stellar populations using photometry alone. Nevertheless, it
is possible to define regions in space in which the majority of
the stellar population belong to either the BCG or ICL. Several
methods to photometrically separate the BCG and ICL have been
tested in Brough et al. (2024), and the authors conclude that the
stellar population beyond 100 kpc from the BCG core is typi-
cally dominated by the ICL. Due to the challenge of separating
the BCG and ICL and the uncertainties introduced by attempt-
ing to do so, we have chosen to forecast the detectability of the
total light from the combined BCG and ICL, and we refer to
the combined signal as BCG + ICL, though our interest is in the
detectability of the ICL component, which dominates at larger
radii.

This paper is arranged as follows: Section 2 describes the
creation of mock images of clusters, BCGs, and ICL as observed
by Euclid. Although we do not separate the BCG signal from the
ICL signal in this work, we wish to determine the detectability
of the low surface brightness ICL rather than the high surface
brightness BCG. Therefore, in Sect. 3, we explore the radial pro-
files of the ICL signal-to-noise ratio and select an aperture in
which the S/N of the ICL is maximised. Section 4 presents our
forecasting of the BCG + ICL S/N in clusters across the parame-
ter space of halo mass, redshift, and ICL fraction, as they would
be detected in the EWS. In Sect. 5, we measure the BCG + ICL
flux in a subset of our mock cluster images using the ICL detec-
tion techniques of Kluge & Bender (2023), Ellien et al. (2021),
and Ahad et al. (2023), and then we determine the S/N limit to
which current measurement techniques will reliably detect ICL
in Euclid Hy images. In order to estimate the number of clusters
for which we will be able to measure ICL with Euclid, we com-
bine our results with the cluster halo mass function in Sect. 6.
Section 7 explores the radial detection limit of the ICL within
individual clusters. Finally, Sect. 8 discusses the implications
of our results for studying ICL with Euclid, and we outline the
conclusions of this analysis in Sect. 9. Throughout this paper,
we use a standard ACDM flat cosmology with Q,, = 0.3 and
Hy =70kms™' Mpc~!.

2. Mock observations
2.1. Simulating clusters and ICL in Euclid mock images

In order to forecast Euclid’s capability for detecting ICL we gen-
erated mock Euclid observations of a sample of galaxy clusters
which have a range of halo masses, 13.9 < logo(My/Ms) <
15.0, and redshifts (0.3 < z < 1.8), with various ICL properties,
including the ICL fraction, Sérsic index, and effective radii.

We selected sample clusters from the MAMBO (Mocks
with Abundance Matching in Bologna) lightcone (Girelli 2021)
which has an area of 3.14deg’> and contains 101 clusters
(My/My > 10'3°). The cluster’s halo mass, My, is defined as
the mass within Ry, the radius within which the average den-
sity is 200 times the critical density at the redshift of the cluster
in the MAMBO catalogue, which approximately corresponds to
the virial radius. The MAMBO catalogue uses the halo and sub-
halo distribution from the Millennium simulation (Springel et al.
2005), rescaling the halo properties to the Planck cosmology
using the method described in Angulo & White (2010). Galaxy
properties, such as morphology, size, and observed-frame pho-
tometry, are assigned to the subhalo and halo distribution via
empirical prescriptions using the Empirical Galaxy Generator
(EGG; Schreiber et al. 2017). In order to maintain a uniform
sample and minimise differences in evolutionary stages between
clusters, we chose a sample of five clusters limited to a redshift
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Fig. 1. Components of the simulated cluster: the ICL only (left, and shown as contours in the middle and right panels), ICL combined with the
BCG (middle), and ICL + BCG + satellite galaxies (right). The width of each square frame is 400”. The cluster has a halo mass of 10'*7 M, and
is located at z = 0.3. The ICL is simulated with ficp, = 0.15, n = 0.76 and r. = 300 kpc.

range of z = 0.51-0.77. Our focus of this analysis is on the vari-
ation of ICL properties rather than the differences between clus-
ters. Therefore, we kept the cluster properties similar and con-
centrated on how ICL properties determine the detectability of
ICL.

To produce the mock images we made use of galsim
(Rowe et al. 2015). We selected satellite galaxies from each clus-
ter defined in the MAMBO catalogue as all galaxies with the
same halo ID except for type=0 (defined in the catalogue as
the central galaxy). For each cluster satellite galaxy, we super-
imposed two Sérsic profiles with fixed Sérsic indices of 3.5 and
1.5 for the bulge and disc respectively, taking the half-light radii
for the bulge and disc as well as the bulge-to-disc ratio from
the MAMBO catalogue. The position angle for each galaxy was
randomly assigned.

The central galaxies of massive clusters are a rare and spe-
cial class of galaxy (Von Der Linden et al. 2007). The prescrip-
tion used to assign galaxy properties in the MAMBO catalogue
is therefore unlikely to result in realistic BCG images. Further-
more, we wanted to ensure the close relationship between BCG
and ICL properties was present in our mock images. We there-
fore replaced the original central galaxy (object type = 0) from
the MAMBO catalogue with an empirically defined BCG model
constructed using the observational results presented in Table 4
of Kluge et al. (2020). Both the new BCG and the ICL compo-
nents were drawn as Sérsic profiles. The effective radius and
Sérsic index of the BCG were fixed to be repcg = 22.6kpc
and ngcg = 4.6, respectively. The BCG flux was set at 15% of
the total cluster luminosity from stars at the wavelength of inter-
est, consistent with measurements in the literature (Kluge et al.
2021). The axis ratio of the BCG was fixed at 0.6, within the
range of the values measured by Gonzalez et al. (2005).

We then added ICL to these mock clusters, simulating the
ICL with an elliptical Sersic profile. The effective radius of the
ICL was allowed to vary such that it scaled with the total stel-
lar mass of the cluster. We took the median value of the ICL
effective radius (7. = 189.5 kpc) from Kluge et al. (2020), and
we scaled it using the stellar mass of the cluster according to a
linear scaling relation (Eq. (1)) fit to the stellar masses and ICL
effective radii of the sample of clusters from the same study,

log,q (’j’j;"‘(‘fd) = [0.48 log 0(M. /Mo) — 491] log;, (li—pi) G)

The Sérsic index of the ICL was allowed to vary between
0.38 < nic < 1.52, with the fiducial value at nycr, = 0.76.
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The ranges and fiducial values of n and r are consistent with
ranges of measured double-Sersic and Sersic-exponential fits of
BCGs and ICL in the literature. Seigar et al. (2007) measured
values of (0.8 < n < 4)and (72.3kpe < r < 230kpc) in a sam-
ple of five clusters at low redshift. At higher redshifts, Joo & Jee
(2023) measured similar Sersic indices of (0.7 < n < 3.7) but
lower scale radii (15kpc < r < 75kpc) across ten clusters at
(1sz52).

The minor-to-major axis ratio of the ICL was set to 0.6, con-
sistent with the average ICL ellipticities measured in Kluge et al.
(2021) and the dark matter halo ellipticities measured in
Shin et al. (2018). We opted to randomly vary the position angle
of the BCG with respect to the ICL as the literature shows
the alignment between the components can vary significantly;
Gonzalez et al. (2005) used two-component fitting to model the
BCG and ICL in a sample of 24 low-redshift clusters and found
only 40% had an alignment between the BCG and the ICL, with
the remainder exhibiting a strong misalignment. The luminos-
ity of the ICL was selected to contribute a given fraction of
the total cluster luminosity (ficr, a parameter which could be
altered). These profiles of the BCG and ICL are best estimates
based on the low-redshift sample of Kluge et al. (2020), and it
is not known how representative these will be for the true sam-
ple, as Euclid will be the first mission that can fully explore the
near-infrared ICL for the range of redshifts, halo masses and ICL
fractions considered in this analysis.

All the Sérsic profiles were convolved with a model Euclid
PSF and sampled at the appropriate pixel scale and zeropoint
for the H; filter, resulting in a mock image of the isolated clus-
ter at single-exposure depth. An example of the simulated ICL,
BCG and the satellite galaxies constructed from a cluster in the
MAMBO lightcone is shown in Fig. 1. In addition to the simu-
lated sources, we also simulate the Poisson noise associated with
these sources. This noise is added to the simulated sources (not
shown in Fig. 1), and kept as a separate noise image for each
exposure.

The simulated images of the BCG, ICL and satellite galax-
ies were then injected into mock Euclid images of individual
H; exposures produced by Euclid Collaboration: Serrano et al.
(2024) for Science Challenge 8 (SC8). The SC8 mock Euclid
images include simulated galaxies from the Euclid Flagship
Mock Galaxy catalogues (which include gravitational lensing
effects), arealistic distribution of stars using the Besan¢con model
(Robin & Crézé 1986), and cosmic rays that occur during inte-
gration and detector readout. The modelled astronomical sources
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Fig. 2. Examples of the mock EWS H; mosaics centred on a simulated cluster with a halo mass of 107 Mo, fic. = 0.15, n = 0.76, and
r. = 300kpc. Each panel shows the exact same cluster (i.e. the galaxies have not been evolved according to any star-formation history) rescaled
and K-corrected to the redshift in the legend. The width of each square frame is 200”.

are combined with large-scale nuisance sources such as zodiacal
light, thermal irradiance from spacecraft elements, diffuse scat-
tered light, in- and out-of-field stray light, and optical reflections
(ghosts).

Each mock exposure incorporates the filter transmission
curves, geometric distortions, PSF, quantum efficiency, dark cur-
rent, readout noise, and Poisson noise. Two sources that are
important for ICL modelling are not included: charge persis-
tence from the NISP detectors and Galactic cirri. The impact of
charge persistence is greatly reduced by subtraction, as shown
in Cuillandre et al. (2025), and further masking. We discuss the
impact of cirri in Sect. 6.

The simulated clusters were added to all four of the SC8
individual H; exposures within a mock reference observation
sequence (ROS) that simulates the sequence that will be used to
observe the EWS. In this sequence, an image in I;, is taken simul-
taneously with slitless grism spectra by the NISP instrument, fol-
lowed by NIR images taken in Jg, then Hg, and finally Y; all
at the same telescope pointing. The telescope is then dithered
slightly and the full observing sequence is repeated before the
telescope dithers again. In total, four exposures of each field
are taken through each filter and grism before the telescope is
shifted to another field. We therefore added the simulated clus-
ter to exactly the same world coordinates on each data frame of
each exposure while summing in quadrature the simulated noise
exposures with the noise frames of each exposure.

We combined all four H;, exposures from a ROS using SWARP
(Bertin et al. 2002) to produce a mosaic, replicating the equiva-
lent step in the Euclid data processing pipeline. For ICL mea-
surements, the optimal data processing constructs an image with
the smoothest background possible, then removes a background
measured on a scale that is large enough that it does not remove
any ICL. The Euclid data can be processed in a way that pro-

duces flat images without background subtraction, as shown for
the ERO data (Cuillandre et al. 2025). We compared the noise
properties of Euclid images processed using the LSB method
(Cuillandre et al. 2025), to the official Euclid pipeline and found
them to be similar. Therefore, we subtracted the background
determined by the official pipeline from each SC8 exposure
before injecting our clusters and combining the images into the
mosaic. These mosaics contain the uncertainties associated with
correction of all of the background components simulated in
the mocks and have similar noise properties to the images that
would be processed according to the LSB-optimised algorithm
with subsequent background subtraction on a scale that is larger
than (and therefore preserves) the ICL.

Next, we used our noise images to create weight maps from
the inverse variance, using the data quality frame (from the SC8
simulation) to identify bad pixels and set their weights to zero.
We finally used SWARP to create weighted mean H; mosaics
of the four exposures of the ROS. We formatted the results to
replicate the SC8 Euclid mosaics of the ROS and converted the
SWARP output weight map back into a noise image. Examples of
a simulated cluster H; mosaic are shown in Fig. 2.

2.2. Varying cluster and ICL parameters

We explore a multivariate cluster and ICL parameter space in
order to investigate the effects of different cluster masses and
ICL properties, as well as redshift of observation, on our ability
to detect the ICL. Since simultaneously varying each parameter
would produce an impractically large dataset, we varied each
parameter individually, while holding all other parameters fixed
at their fiducial values. In Table 1 we show a summary of the
parameters that were varied and the range of each parameter; the
fiducial values of the simulated clusters are shown in bold font.
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Table 1. Values of halo mass (M},), redshift (z), ICL fraction (ficL),
effective radius (7/7escaed), and Sérsic index (n) that were varied for
each of the mock clusters.

My/Mo < JicL (%) re/Fescaled n

10147 0.3 1 0.5 0.38

1044 0.6 5 0.75 0.5

10'42 0.9 10 1.0 0.76

104! 1.2 15 1.25 1.14

10139 1.5 20 1.5 1.52
1.8 25

Notes. Numbers shown in bold indicate the fiducial values that were
fixed while other parameters were varied. The term 7. scaieq is the scale
radius of the ICL at a given cluster’s stellar mass, defined in Eq. (1).

In order to explore the effect of cluster halo mass on the ICL
detectability, we selected five clusters from the MAMBO cat-
alogue with masses from 10'*° to 10'*7 M. The upper limit
in the mass range corresponds to the most massive cluster in
MAMBO:; there are no more massive clusters due to the lim-
ited volume of the lightcone. We selected the highest mass as
the fiducial value since the large size of the EWS means such
massive clusters will be plentiful in the survey.

The ICL fraction, ficr, was varied for each simulated cluster
across the range of values: 1%, 5%, 10%, 15%, 20%, and 25%
by varying the ICL flux input into galsim. The ICL fraction,
JficL, is defined as ficL = FicL/(FicL + Fpeg + Fsa) Where Ficy,
Fgcg and Fgy, are the total fluxes of the ICL, BCG and cluster
satellite galaxies respectively.

Measurements in the literature display significant scatter
in the ICL fraction at z < 1 (Joo & Jee 2023; Contini et al.
2024a). Ragusa et al. (2023) find an ICL fraction around 15—
25% in clusters with z < 0.05. At higher redshifts, 1 < z < 2,
Joo & Jee (2023) measure the mean ICL fraction to be ~17%,
finding no appreciable evolution with redshift. The ICL frac-
tion has also been found to be linked with halo concentra-
tion in semi-analytic models (Contini et al. 2024b). Since the
concentration-mass relation evolves with redshift, this will have
some impact on the ICL fraction. However, the scatter in these
relations is high, and the effect is smaller than the range of
our modelled ICL fractions. Our selected range of ICL frac-
tions is therefore consistent with the typical range of mea-
sured ICL fractions in both relaxed and unrelaxed clusters in
the literature (Krick & Bernstein 2007; Montes & Trujillo 2018;
Jiménez-Teja et al. 2018), with the fiducial value of 15% cho-
sen to be close to the average ICL fraction measured in clusters
between 0 < z < 2 (Joo & Jee 2023). The shape of the ICL pro-
file was also varied independently, altering the effective radius
by up to 50% of its original value and the Sérsic index from 0.5—
2 times its original value to reflect the ranges of these parameters
measured in Kluge et al. (2020).

The simulated clusters were drawn from a narrow range of
redshifts in the MAMBO catalogue. In order to investigate the
effect of redshift, we reposition each cluster across a range of
redshifts: z = {0.3, 0.6, 0.9, 1.2, 1.5, 1.8}. The fiducial value
was set at z = 0.3. The angular sizes of each satellite galaxy,
the BCG and the ICL were all modified, as was the positional
offset of each galaxy from the BCG, according to the corre-
sponding angular size scale at the new redshift. The observed
fluxes of all cluster galaxies (and hence the BCG and ICL via
the specified fic ) were varied according to the distance modulus
and K-correction of the selected redshift. We do not include any
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evolution corrections to the clusters or their member galaxies.
Instead we are simulating the same clusters observed at differ-
ent cosmological distances. This means that our mock clusters
at higher redshifts do not correspond to the progenitors of the
clusters simulated at lower redshifts. We chose this approach so
that we can evaluate variations in the S/N arising solely from
redshift effects, without the complication of evolution. This also
allowed us to study the detectability of the most massive clusters
at high redshift, even though they are missing from the MAMBO
volume. In our analysis, we account for the probability of actu-
ally observing such massive clusters by considering the redshift-
dependent cluster mass function.

Omitting the effects of evolution does introduce some biases
to the observations. Our simualted ICL at high redshift is older
and therefore redder than it would be in observations. Since older
stars have a higher mass-to-light ratio, the true ICL at z > 0.6
is expected to be slightly brighter than our predictions. The
fraction of ICL does not have a strong dependence on redshift
(Werner et al. 2023; Joo & Jee 2023), so we do not expect this to
bias our results. Since the sample of clusters was drawn from the
MAMBO catalogue at low redshifts, we expect negligible bias
at the low end of our redshift range.

To create the sample of clusters at the desired redshifts,
we shift the apparent magnitudes listed in the MAMBO cat-
alogue from the original redshift (z,) to the new redshift (z).
The correction for the distance modulus is straightforward. How-
ever, a K-correction is also required to account for the fact that
each filter will be observing a different region of the rest-frame
galaxy spectral energy distribution. We used kcorrect (v5.0.1,
Blanton & Roweis 2007) to estimate this correction, using cus-
tom response curves for each of the Euclid filters. Since Y;, J,
and H; will cover bluer wavelengths at high redshifts, we provide
kcorrect with the mock photometry from the MAMBO cata-
logue for the bands closest to Ay, (1 + z,)/(1 + z). We note that
kcorrect fits the coefficients describing each galaxy’s spec-
tral energy distribution, which are then used to apply two K-
corrections: once to calculate the rest-frame absolute magnitudes
and again to obtain the new observed frame apparent magnitude
in the H; band. Examples of a mock cluster transformed to sev-
eral different redshifts are shown in Fig. 2.

3. ICL signal-to-noise ratio profiles

To determine Euclid’s ability to detect the ICL, we required a
measure of the significance of the ICL detection. We opted to
use the total S/N within fixed circular annuli, defining the ‘sig-
nal’ as the flux of our ICL model summed over all the pixels in
the annular aperture. The ‘noise’ is the total uncertainty on that
summed flux, which includes a number of contributions.

Firstly, there is the Poisson noise of the model ICL, BCG,
and cluster galaxies in each pixel. These are added in quadra-
ture with the systematic noise from the SC8 simulated images
into which we inserted our clusters, which itself includes noise
from all other sources including zodiacal light, astronomical and
instrumental background inhomogeneities, as well as instrumen-
tal contributions. To calculate the systematic noise, we measured
the standard deviation of the total flux in 500 randomly placed
annular apertures over the SC8 simulated image (after mask-
ing high surface brightness sources with MTObjects/Sourcerer;
Teeninga et al. 2015; using the default parameters). The effects
of imperfectly masking foreground and background sources are
therefore taken into account in this calculation. We did not
model the effects of satellite masking in this analysis and instead
include the noise contributed by satellite galaxies in the Poission
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Fig. 3. Signal-to-noise ratio per kiloparsec annulus versus radius for
clusters of varying halo mass (fop), ICL effective radius (middle), and
ICL Sérsic index (bottom) measured on the isolated ICL component
(not including BCG) within 2 kpc annuli. The lines and shaded regions
respectively show the median value and standard deviation of the S/N
across nine instances of the same cluster simulated in different regions
of the image. The vertical dotted lines indicate the 50-200 kpc region
we selected for the annulus.

noise component. In reality, most ICL detection methods mask
or model and subtract satellite galaxies before modelling the low

surface brightness diffuse light and will therefore excise these
sources of noise. However, masking adds some uncertainty due
to both the reduction in effective aperture size and the poten-
tial for leaving behind the faint outer regions of masked sources;
there is always a compromise to be struck between these com-
peting issues. We therefore expect our uncertainties to be similar
to those if we had implemented masking of the satellites.

We remind the reader that our mock images include a variety
of observational effects (see Sect. 2.1), but neglect NISP detec-
tor charge persistence and Galactic cirri. The estimated back-
ground uncertainty therefore assumes that persistence has been
accurately modelled and subtracted, and that the cluster is in a
region clear of Galactic cirri.

For each simulated cluster, we measure the total S/N of the
ICL (i.e. not including flux from the BCG) within circular annuli
of width 2kpc, extending from the location of the BCG out to
500 kpc. The S/N of the ICL as a function of radius for varying
halo mass, ICL effective radius and ICL Sérsic index are shown
in Fig. 3. Plots for redshift and ICL fraction are omitted; varying
those parameters changes the height of the peak but not the radial
location.

Figure 3 shows that there is a peak in the ICL S/N which
is generally located in the region 50-200 kpc from the cluster
centre. This is because at large radii, beyond 200-300 kpc, the
ICL flux is diminished and the contribution from satellite galax-
ies and noise from the nuisance sources substantially impacts the
S/N, particularly at higher redshifts, lower halo masses, and ICL
fractions. At small radii, within ~50 kpc, the noise is completely
dominated by the Poisson noise from the bright regions of the
BCG. Furthermore, although the surface brightness of the ICL is
bright in the inner region, there is comparatively little total ICL
flux at small radii due to the small surface area of the innermost
annuli, so the <50 kpc region can be excluded without significant
loss of total ICL S/N.

In the top panel, the lower mass clusters peak closer to the
innermost limit of the 50-200 kpc region. Whilst some param-
eters affect the location of the peak more strongly than others,
the majority of the ICL signal is consistently found within this
region.

This peak in the ICL S/N enables us to define an annulus
of 50-200kpc (marked by the dotted vertical lines in Fig. 3)
within which the total ICL S/N is maximised for a wide variety
of clusters. In principle, we could opt for an aperture that scales
with Ryp9. However, we chose to adopt a fixed aperture to avoid
variations when comparing between methods and across clus-
ter properties. Otherwise, each measurement would correspond
to a different aperture, confounding interpretation. Furthermore,
while we know the ‘true’ properties for our mock clusters, in real
observations these parameters would first need to be estimated
which would add another source of uncertainty. For similar rea-
sons we opt for a circular, rather than an elliptical, annulus, not-
ing that Brough et al. (2024) found little difference in ICL frac-
tions measured when comparing a circular and elliptical profile.

In the following sections, we calculate the S/N of the total
combined BCG + ICL flux within this optimal annulus of 50—
200 kpc since, as discussed in Sect. 1, it is difficult to separate
the BCG and ICL through photometry alone. We therefore quan-
tified how much of the total light in this annulus is contributed
by the BCG rather than the ICL. Our simple BCG model has a
fixed Sérsic index and half-light radius, but varies in total lumi-
nosity in proportion to the cluster’s total stellar mass. Hence, we
created a brighter BCG in the more massive clusters.

Figure 4 displays the fraction of light in the 50-200kpc
annulus that is due to ICL only (not including the BCG),
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Fig. 4. Ratio of the fluxes contributed by the ICL and BCG components
of the model clusters measured within both the 50-200 kpc annulus (red
points) and a 100-200 kpc annulus (blue points) as a function of halo
mass. Each point shows, for a given cluster, the total ICL flux within the
annulus divided by the total BCG flux within the annulus.

relative to the amount of light contributed by the BCG only. We
find that the ICL/BCG light ratio within this annulus is domi-
nated by the ICL component for clusters with log;o(My /M) <
10'47. Although the outer BCG light contributes a significant
proportion of the flux in this annulus for the most massive clus-
ters, we note that we are always probing the low surface bright-
ness halo of the BCG since the 50kpc radius is almost twice
the half-light radius of the modelled BCG. We therefore define
the circular annulus of 50-200 kpc around the BCG as being the
optimal region in which to detect ICL in a cluster for the remain-
der of this paper. The blue points in Fig. 4 indicate that increas-
ing the inner radius of the annulus to 100kpc yields a higher
ICL/BCG fraction in the more massive clusters, but it is clear
from the top panel of Fig. 3 that this annulus is outside the major-
ity of the ICL flux in the least massive cluster in our sample, and
would severely diminish the S/N of the ICL measurements in
clusters with logo(Mp/My) < 14. We further assess the impact
of selecting a smaller annulus of 100-200 kpc within which to
detect ICL in Appendix A.

4. Forecasts of the signal-to-noise ratio of ICL
detections with Euclid

To forecast the detectability of the ICL across different clus-
ter masses and redshifts, we measured the total S/N of the flux
within a fixed annulus of 50-200 kpc (as motivated in Sect. 3)
across our sample of simulated clusters. In this section, and for
the rest of the paper, we do not separate the BCG flux from the
ICL flux as this cannot be reliably done within observations.
Therefore, our measurement of the flux within the 50-200 kpc
annulus includes the flux from the BCG and the ICL, and we
refer to this flux as (BCG + ICL)sg_299 hereafter. The noise in
this annulus was measured as the Poisson noise of the model
ICL, BCG, and satellite cluster galaxies in each pixel, added
in quadrature with the systematic noise from the SC8 simu-
lated images. The systematic noise was calculated as the stan-
dard deviation of the surface brightness in 500 randomly placed
50-200 kpc apertures.

The coloured circles in the left panel of Fig. 5 show the S/N
ratio with which we can detect (BCG + ICL)5¢_»09 for 30 sim-
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ulated clusters across a range of halo masses and redshifts, but
with ficp, and n fixed at the fiducial values of 15% and 0.76,
respectively. To extend our analysis to regions of higher halo
mass not covered by the MAMBO simulations we extrapolate
our individual cluster measurements to higher halo masses using
linear fits to cluster properties as a function of mass. The full
details of how we extrapolate to higher masses are described in
Appendix B.

In addition to extrapolating the results to higher masses,
our method of fitting the cluster parameters, described in
Appendix B, allowed us to homogenise the cluster sample
by smoothing over variations in individual cluster parame-
ters. The clusters we selected from the MAMBO catalogue
exhibit some variation in their luminosities and stellar masses,
due to the well-studied intrinsic scatter in the cluster stel-
lar mass-halo mass relation in observations and simulations
(e.g. Zu & Mandelbaum 2015; Golden-Marx & Miller 2018;
Kravtsov et al. 2018; Pillepich et al. 2018). Combined with the
varying geometry of the bright satellite galaxies in each cluster,
this results in a slight scatter in the measured (BCG + ICL)s0-200
S/N values between individual clusters. Correcting for the scat-
ter in the individual cluster measurements therefore allowed us
to homogenise our ICL properties regardless of individual clus-
ter variation in stellar mass or luminosity.

Finally, for visualising the S/N values which lie between
those measured in the discrete sample of homogenised, extrap-
olated clusters, we apply a 2D cubic interpolation to the
(BCG +ICL)s9-200 S/N measurements from the model clus-
ters in order to produce the continuous map of S/N across
the logio(Mn/Ms), z space shown in the left panel of Fig. 5.
This figure illustrates that with an optimal detection method
one could detect (with S/N > 3) the ICL in most clus-
ters with logjo(Mp/Ms) > 144 at z < 1.5. Similarly,
the (BCG +1ICL)59_200 flux can be measured with an accu-
racy of ~10% (S/N ~ 10) for logio(Mn/My) > 144
and z < 1.0.

The above results assume a fixed ICL fraction of 15%. How-
ever, the ICL fraction is known to be distributed over a wide
range of values (Montes & Trujillo 2018; Jiménez-Teja et al.
2018). Measuring this distribution in ICL fraction over a range
of redshifts and halo masses is a goal of ICL studies with Euclid.
We therefore explored the effect of the ICL fraction on the mea-
sured (BCG + ICL)s¢_200 S/N.

For this experiment, we fix the halo mass of the cluster to
be logio(My/Mg) = 10'*7, and n is fixed to the fiducial value of
0.76. We simulate 36 clusters at different redshifts and with dif-
ferent ICL fractions. The circles in the right panel of Fig. 5 dis-
play the S/N of (BCG + ICL)50-209 as a function of ICL fraction
and redshift for each of the 36 simulated clusters. Since a single
cluster was used for this analysis and only ficp, was varied, the
measurements are not subject to differences in individual cluster
properties as was the case with the left panel of Fig. 5, and we
therefore do not need to use the extrapolated, homogenised clus-
ter measurements. We applied a 2D cubic interpolation between
the (BCG + ICL)s0-200 S/N measurements of each cluster to pro-
duce the continuous map of (BCG +ICL)sp_200 S/N across the
ficL, z parameter space.

At redshifts z < 0.75, we expect to be able to observe the
(BCG + ICL)s0-200 to a theoretical S/N of 10, even if the ICL
fractions are only 1% of the total cluster luminosity. However,
above z = 1, the minimum ICL fraction we can observe increases
sharply: ICL present at a 1% fic can only be detected with
S/N > 3 at z < 1.3, for clusters with a mass greater than
loglo(Mh/Mo) =14.7.
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Fig. 5. Left: Hy-band S/N of the ICL + BCG measured within a 50-200 kpc annulus, interpolated across halo mass and redshift space, using
‘smoothed’ ICL parameters calculated as described in Appendix B and assuming a fixed ICL fraction of 15%. Coloured circles indicate the S/N
values from the individual model clusters for comparison. Contours indicate the lines corresponding to a S/N = 3, 10 and 20 as labelled. Dashed
contours indicate the threshold halo mass above which the total number of clusters in a redshift bin of Az = 0.1 is expected to be 10, 100, and
1000, across the footprint of the EWS, calculated as described in Sect. 6. By the same estimates, the grey shaded region to the upper-right indicates
the parameter space in which we expect to find no clusters according to the halo mass function. Right: Hgz-band S/N of the BCG + ICL measured
within a 50-200 kpc annulus, interpolated across ICL fraction and redshift space, for a cluster with M}, = 10'*7 M, The term ficy. is defined as
the total flux of the ICL across its entire radial extent divided by the combined total fluxes of the ICL, BCG, and cluster galaxies. Circles indicate
the locations at which the ICL S/N has been measured to produce the interpolated map.

The S/N of (BCG + ICL)s0-29 appears to vary more strongly
with redshift than with the ficp. This is the result of two effects.
Firstly, the BCG contributes some of the light within the 50—
200 kpc aperture, and this BCG contribution does not depend on
ficL. This means the flux within the 50-200 kpc is only partially
dependent on ficr. The effect of the BCG contribution on the S/N
can be visualised by comparing the right panel of Fig. 5 with the
right panel of Fig. A.1. The S/N in Fig. A.1 is calculated from a
100-200 kpc annulus which reduces the contribution of the BCG
to the derived S/N; as a result, we see that the S/N in the right
panel of Fig. A.1 exhibits more variation with the fjcr. Secondly,
the variation across the redshift axis has a much larger effect on
the flux of the ICL. The redshift evolution varies the ICL flux by
the square of the distance, whereas the ICL fraction varies the
flux by a factor of 25 at the most.

The S/N values shown here correspond to ideal detection
limits, assuming optimised isolation of the BCG + ICL from the
background. In practice the S/N measurements will be some-
what lower due to measurement uncertainties which is explored
below.

5. Comparison of idealised signal-to-noise ratios
with those from state-of-the-art ICL measurement
techniques

The S/N values calculated in the previous section indicate the
maximum theoretical S/N attainable assuming optimal mask-
ing of satellite galaxies and removal of the background, here-
after referred to as S/Nj4..- We now consider how these expec-
tations compare with state-of-the-art ICL detection methods, by
applying these ICL measurement techniques to our mock cluster
images.

We created several mock images by injecting the same clus-
ter at nine well-separated positions within each H; image. Anal-
ysis of all nine realisations of the same cluster allowed us to
quantify the uncertainties arising from variations in the back-
ground, as well as different realisations of the Poisson noise.

We apply three state-of-the-art methods to measure the
BCG + ICL flux within each of our simulated images: the masking
and isophotal fitting method ISOPY (Kluge & Bender 2023), a
method utilising SEXTRACTOR (Bertin & Arnouts 1996) to mask
satellites and measure the BCG + ICL light in circular apertures
(Ahad et al. 2023), and a wavelet method: DAWIS (Ellien et al.
2021) which decomposes an image into multiple 2D light com-
ponents at various spatial scales. Each of these methods has dif-
ferent advantages with respect to characterising the details of the
ICL (e.g. ellipticity, colour profile, and asymmetry). For the pur-
poses of this paper we focus only on the detection of the ICL. The
different methods also make different choices regarding masking
of high surface brightness sources, which could introduce system-
atic biases. In Appendix C we present brief overviews of the differ-
ent BCG + ICL measurement methods. Each method isolates the
BCG + ICL flux, and (BCG + ICL)s0_2¢ is then measured from
the resulting 1D (Ahad et al. 2023) or 2D (isopy and DAWIS)
BCG + ICL profiles. For each batch of nine identical clusters we
calculate the mean of the detected flux in (BCG + ICL)50_200,
F easured, and the standard deviation of the nine clusters, 0" measured-
These are then compared to the input flux in (BCG + ICL)s0-200
Fi, (equivalent to the signal component in our S/N measure-
ments), in Figs. 6 and 7, and the ideal noise estimated in Sect. 4,
oin (equivalent to the noise component in our S/N measurements),
in Fig. 8.

In early tests of the ICL measurements, the methods were
tuned using the ‘true’ ICL fluxes in similar data in order to opti-
mise their masking algorithms for the Euclid images. However,
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Fig. 6. Ratio of the (BCG + ICL)sg_200 flux (Fpeasurea) measured by each fitting method to the (BCG + ICL)s¢_00 flux of the input model (Fi,,
equivalent to the signal component in our S/N measurements) for varying M, and a fixed ICL fraction of 15%. Points are coloured by redshift.
The error bars show the standard deviation of all successful measurements of the (BCG + ICL)s¢_z¢ flux divided by the (BCG + ICL)5_200 flux of
the input model. Alternating points at each mass and fic. value have been offset to the right for clarity.
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Fig. 7. Ratio of the (BCG +ICL)s5p_200 flux (Fpeasurea) measured by each fitting method to the (BCG + ICL)s¢_00 flux of the input model (Fiy,,
equivalent to the signal component in our S/N measurements) for varying fic, at a fixed halo mass of M, = 10'*7 M. Points are coloured by
redshift. The error bars show the standard deviation of all successful measurements of the (BCG + ICL)54_20 flux divided by the (BCG + ICL)s0_200
flux of the input model. Alternating points at each mass and fic;, value have been offset to the right for clarity.

for the final measurements presented here, the analysis was car-
ried out ‘blindly’ with no knowledge of the input BCG + ICL
fluxes.

The left panels of Figs. 6 and 7 show that the isopy
(Kluge & Bender 2023) method tends to measure a higher
(BCG + ICL)50-200 flux than that of the input model. This overes-
timation can be due to a number of reasons, including incomplete
masking of high surface brightness sources and underestimation
of the background. The bias is greater for clusters at higher red-
shifts compared to lower redshifts: a factor of ~1.5 at z = 1.8
compared to a factor of 1.1 at z = 0.3 in the case of the fidu-
cial cluster. There is a small trend with ficp in which clusters
with lower ficr, have a higher bias than clusters with higher ficr.
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For clusters with masses log;o(Mp/Mg) > 14.2 the bias does not
depend on mass, but the bias is higher in the lowest mass clusters
in our simulations.

The middle panels of Figs. 6 and 7 show that the
(BCG +ICL)50-200 flux measured by the Ahadetal. (2023)
method exhibits little bias at all redshifts for clusters with masses
logio(Mn/Mgy) > 14.2. The results also have fairly low scatter
between the measurements of the nine instances of the clus-
ter, and are consistent across the redshift range. Similar to the
isopy results, the method overestimates the (BCG + ICL)s0_200
flux for clusters of log;o(My/Mg) = 13.9. This is likely driven
by Eddington bias, with very large scatter between the mea-
surements especially at higher redshifts. The middle panel of
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Fig. 8. Ratio of the (BCG + ICL)s0_59p uncertainty (0 peasurea) Of each fitting method to the (BCG + ICL)s0_500 noise (o, equivalent to the noise
component in our S/N measurements) of the input model for varying fic at a fixed halo mass of M, = 10'*” M,,. Points are coloured by redshift.
The horizontal lines show the mean value at each redshift and are coloured to match the corresponding redshift.

Fig. 7 reveals that there is no detectable trend in bias with ICL
fraction.

The results from DAWIS (Ellien et al. 2021), in the right panel
of Fig. 6, show that for low redshifts and higher cluster masses,
the bias is minimal, and the method retrieves close to the input
(BCG +ICL)50-200 flux. At higher redshifts, the method slightly
underestimates the (BCG + ICL)5¢_»qo flux. For lower-mass clus-
ters, whilst all of the instances of the cluster yielded a mea-
surement, the uncertainty in the results across each of the nine
measurements is significantly higher, and the measured fluxes
at each redshift show significant scatter around the input value,
ranging from ~80% of the measured (BCG + ICL)sp_z00 flux at
z = 0.3, to ~160% at z = 1.8. The right panel of Fig. 7 shows
that there is very little dependence of the bias on the ICL frac-
tion, with the measurements at all fic; values underestimating
the (BCG + ICL)sg-20p flux at high redshifts. This underestima-
tion may be due to the fixed wavelet separation used to extract
the ICL regardless of mass and redshift, and may be corrected
by fine tuning.

This systematic bias is consistent with the findings of
Brough et al. (2024) who investigated a larger variety of ICL
detection methods, which included the Ahad et al. (2023) and
Ellien et al. (2021) methods tested here. The systematic bias of
the detection methods can be estimated and removed when the
bias is driven by incomplete or overzealous masking of high sur-
face brightness sources and under/overestimation of the back-
ground. This can be done by performing a set of simulations of
clusters with ICL, as we have done here, and determining the
flux correction factors that must be applied; this task will be per-
formed in a future work when analysing the on-sky data releases
of Euclid. Systematic biases are much harder to fix when the
root cause is Eddington bias as this cannot be done for individ-
ual clusters, but only on large samples of clusters. This suggests
that individual ICL measurements made in the EWS of clusters
with logo(Mp/My) < 14.2 at z > 0.6 should be treated with
caution. In terms of the main goal of this paper, which is to fore-
cast the detectability of ICL in clusters with Euclid, this result
suggests that we cannot reliably detect ICL in clusters with halo
masses of logo(My/My) < 14.2 at z > 0.6 because of the signif-

icant impact of Eddington bias. We note that Fig. 3 shows that
our 50-200 kpc aperture is not optimised for the S/N of clusters
with logio(My/My) < 14.2, and a smaller, more compact aper-
ture of 30—100 kpc may avoid the Eddington bias issue for these
low mass clusters.

For clusters with log;o(My/Ms) = 14.2, the systematic bias
will be measured and corrected in the EWS. Therefore, the S/N
of the (BCG + ICL)s0-00 measurements by each of the methods
iS Fin/O measured- Hence, Fig. 8 shows the ratio of S/Ncasured tO
S/Nigeqr- For instance, a ratio of 2 in 0" measured/Tin means that the
detection method would measure a S/N that is half of the ide-
alised S/N shown in Fig. 5. We note that the values in Fig. 8
are sometimes less than one, which implies that the results of
the measurement methods have, in some cases, lower uncertain-
ties than the noise in the data. This is because the total simu-
lated noise o, incorporates the systematic noise due to vari-
ation of the background flux on 50-200kpc scales across the
image, which varies due to fluctuations on both small and large
(>500kpc) scales. Each of the measurement methods performs
an estimation and removal of the large-scale background around
each cluster in the nine pointings, which therefore removes the
scatter caused by large-scale fluctiations and thus reduces the
scatter between the measured fluxes. Since ICL will be measured
from the Euclid images using similar methods, S/N casured Will
be more representative of the uncertainty of the ICL measure-
ments.

The left panel of Fig. 8 shows that the S/N; 44y, is between
3times lower and 2times higher than S/N;4.,, with a strong
dependence on the redshift of the cluster. There is very lit-
tle dependence on ficp at z > 0.6, and the mean change in
S/Nisopy below S/Njgeqy is a factor of 1.2, 1.0, 0.8, 0.7 and 0.5
atz = 0.6, 0.9, 1.2, 1.5, and 1.8 respectively. We also find that
there is minimal difference in these factors for clusters of dif-
ferent halo masses logjo(Mp/My) > 14.2 and therefore do not
show results for halo masses other than logo(My/My) = 14.7 in
Fig. 8. The situation is different for nearby clusters at z = 0.3:
there is a strong dependency on ficp with the decrease in S/Njqpy
below S/N;4.q ranging from a factor of 2 at ficp = 0.05 to 3 at
SficL = 0.25. Whilst this indicates a decrease in S/N, the right
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panel of Fig. 5 shows that S/N; 4., for all of these clusters ranges
from 50 at ficp = 0.05 to ~100 at ficp = 0.25. Hence, even
with a reduction in the S/N by factors of two to three, we will
still reliably detect all clusters at these masses at z ~ 0.3 with a
S/N > 16.

In the middle panel of Fig. 8, the o neasured Of the 1D profile
method is low for redshifts z > 0.3, ranging from a factor of 0.5
to 0.8 times the noise of the input model. This means that in the
best cases, the ICL measurement introduces no discernable addi-
tional uncertainty over the sources of noise we have included in
the theoretical model and due to the local background estima-
tion, performs better than the total calculated noise across the
modelled clusters. The results at z = 0.3 exhibit more uncer-
tainty compared with the input model, likely resulting from a
combination of the higher flux of the ICL, an increased num-
ber of interloping sources across the cluster’s larger angular size,
and the increased challenge of masking satellite galaxies at lower
redshifts (the larger angular size of the satellite galaxies at low
redshifts means that the measured fluxes are more sensitive to
over/undermasking). The z = 0.3 results also follow a similar
trend with ficp to that observed in the results from isopy.

The right panel of Fig. 8 shows that S/Np,u1s ranges from
0.4 to 2times the S/Njq4,, With a dependence on ficr, at z =
0.3 which disappears, or is indistinguishable due to the scatter
between points, for z > 0.6. The mean factor in S/Np,u1s ranges
from 2times lower at z = 0.6 to 1.6times higher at z = 1.8.
Similarly to isopy, we see little variation in these values for dif-
ferent halo masses. These results show that the uncertainties on
the measurements yielded using wavelet fitting are higher than
those for the other methods. However, a benefit of wavelet fit-
ting is that it is able to detect features and substructures within
the ICL, since it does not assume a symmetrical isophotal model.

In summary, any of the state-of-the-art ICL measure-
ment algorithms discussed here are able to measure the
(BCG +1ICL)50-200 flux to a S/N that is comparable to or even
better than S/Ni4., for clusters with logio(My/My) = 14.2 at
z > 0.6. At lower redshifts, the difference in the S/N is larger, but
since S/Njgcq 1 s0 high for these clusters, Euclid will still be able
to detect the ICL in z ~ 0.3 clusters with log;o(My/Mg) > 14.2
at a typical S/N > 10. Wavelet-fitting and isophotal-fitting tech-
niques are able to retrieve the ICL with a slightly lower S/N ratio,
but their versatility is better suited to measuring the shape and
distribution of the ICL, rather than the initial detection.

In the left panel of Fig. 5, the S/Nj4.. contours do not have
a strong dependency on halo mass for logo(My/My) > 14.2 and
are almost aligned perpendicular to the redshift axis'. Therefore,
the S/N contours achieved by state-of-the-art methods are very
close to S/Ngeal-

6. The expected number of clusters with detectable
ICL within the Euclid Wide Survey

The above sections describe the (BCG +ICL)sg_»99 detection
limits of clusters with various halo mass, redshift and ICL frac-
tion within the EWS. We now use this information to predict the
total number of clusters from which Euclid will be able to mea-
sure ICL by combining our results with an analytical estimate

I Regardless of the S/N,y, in Fig. 5, state-of-the-art ICL detection
methods cannot measure the ICL in clusters at log;o(My/My) > 14.2 at
z > 0.6 reliably using (BCG + ICL)s0_509 since their detection is greatly
influenced by Eddington bias, which cannot be corrected for in individ-
ual clusters.
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of the cluster mass function across the ~14 000 deg® footprint of
the EWS.

We wuse the semi-analytical approach described in
Euclid Collaboration: Sereno et al. (2024) to devise an estimate
for the number of clusters with logo(Mn/My) > 14.2 in which
we expect to measure the ICL above a given S/Nj4..;. We choose
to limit our sample to log;o(My /M) > 14.2 because of Edding-
ton bias affecting measurements of (BCG + ICL)so-»09 at lower
cluster masses. We note that in this analysis we do not take into
account the cluster selection function of Euclid cluster-finding
algorithm, which is predicted to have a completeness of ~80%
at all redshifts z < 2 (Sartoris et al. 2016). Hence, we derived
the maximum possible number of clusters at various redshifts
that will host detectable levels of ICL.

We take our estimates for the expected S/Njg.. at a
given halo mass and redshift calculated in Sect. 4 and com-
bine these with the halo mass function from Tinker et al.
(2008), using the cosmological parameters listed in Sect. 1
(Qn = 03, H) = 70kms™'Mpc™') and a og of 0.8. We
note that all the numbers we quote below will depend on
this assumed cosmology. For details on the semi-analytical
approach we refer to Euclid Collaboration: Sereno et al. (2024)
and Euclid Collaboration: Ingoglia et al. (2025).

By integrating the halo mass function we obtain predictions
for the number of clusters we expect to find above a given
S/Nigear 0f 3, 5, 10 and 20 as a function of redshift, the results
of which are shown in Fig. 9. The EWS will detect ICL in ~10*
clusters per Az = 0.1 across 0.3 < z < 0.6. All of these detec-
tions will have a S/Ngea; > 20 (and comparable realistic S/N).
For clusters between z = 0.6 and z = 0.9, the EWS will detect
ICL in 7000-10 000 clusters per Az = 0.1, most of which will
have a S/N > 10. At the edge of the ICL detection limit with an
ideal S/N = 3, the EWS will detect ICL in a rapidly declining
number of clusters at z > 1.0: several thousand at z = 1.0 but
less than one hundred at z ~ 1.5. The rapid drop in the number
of clusters with detectable ICL at higher redshifts is driven by
the scarcity of massive clusters at these redshifts. ICL will only
be detected in less than one hundred clusters at z > 1.5 with a
S/N ~ 3. We note that these numbers, and the distribution shown
in Fig. 9, do not take into account the cluster-selection function
of the Euclid data and only determine whether the ICL can be
detected above a certain S/N. Depending on the parameters of
the cluster detection algorithm, it is possible that ICL could be
detected in clusters that were not selected by the cluster-finding
algorithm. Moreover, features in our Galaxy, such as cirrus and
bright stars, may overlap along the line of sight with clusters,
effectively making it impossible to isolate and study the ICL.
We did not take these features into account in the quoted num-
bers. Therefore the quoted numbers should be considered upper
limits of the number of clusters in which ICL can be studied.

In total, approximately 80000 clusters in the EWS region
will have detectable ICL within a 50-200 kpc annulus around
the BCG. More than 90% (50%) of these clusters lie within
0.3 <z<1.2(0.3 <z<0.75). Our results indicate that the opti-
mal redshift range for ICL studies that investigate the relation
between ICL properties with cluster properties is 0.3 < z < 0.75,
whilst the evolution of ICL properties will be measurable out to
z = 1.5. Although our predictions assume an ICL fraction of
15%, Fig. 8 shows that the ICL fraction has little discernible
effect on the detectability of the ICL.

One of the primary sources of background contamination
mentioned in Sect. 2.1 is Galactic cirrus. Galactic cirrus can be
modelled and subtracted from the observations if high-resolution
far-infrared data is available (Mihos et al. 2017), but this is not
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Fig. 9. Predicted number of clusters above a given (BCG + ICL)s¢_200
S/N threshold within the footprint of EWS as a function of redshift.
Solid bars indicate the number of clusters within a (Az = 0.1) redshift
bin. The lines indicate the cumulative number of clusters above a given
redshift. Values are shown for S/Nj4., = 3, 10, and 20, calculated using
the Tinker et al. (2008) halo mass function modelling via the methodol-
ogy presented in Euclid Collaboration: Sereno et al. (2024).

available for much of the EWS. Alternatively, cirrus has recently
been successfully modelled based on its morphology and using
multi-wavelength colour information, as shown by Liu et al.
(2024) and in the ERO observations of A2390 (Ellien et al.
2025).

We cannot estimate the fraction of EWS area that is com-
pletely free of cirri, since we do not yet have high resolution
images of the entire area. Instead, we estimate the effect of cirrus
on our total number estimates by comparing the cirrus present in
a “worst-case” scenario with the cirrus level across the footprint
of DRI1. For the upper limit on the acceptable level of cirrus,
we take the ERO observations of A2390 (Ellien et al. 2025) as
an example. The level of cirrus present in the field of A2390 is
high, but measurements of the ICL are still achievable by care-
ful modelling and subtraction of the cirrus component. Taking
11581 random pointings across the footprint of the Euclid DR1
coverage, we measured the WISE 12 um flux within an aperture
of 30 arcminutes (due to the fractal nature of the cirrus, the vari-
ation on a 200 kpc scale, which is the main factor of concern, is
expected to be proportional to the large-scale flux of the cirrus).
The results are shown in Fig. 10. We found that 248 of the ran-
dom pointings had a flux equal to or higher than that present in
the field of A2390. We therefore estimated that approximately
2% of the coverage of DR1 will be so greatly impacted by cirrus
that it precludes a measurement of the ICL. The regions strongly
affected by cirrus are also the regions where the source density
of foreground stars is likely to increase to an extent which may
also impact our ability to measure ICL.

7. Characterising ICL at large radii

In this section, we explore the S/N of the BCG + ICL as a func-
tion of radius from the BCG centre. This will be evaluative of

cirrus level at A2390

-18 —-16 -14 -12 -1.0

logip (WISE 12 pm flux)

Fig. 10. Measurements of WISE 12um flux (Mly/sr) within a
30 arcminute aperture around 5870 randomly selected pointings within
the footprint of the DR1 survey. Values greater than that measured
within the field of A2390 are shown in red and correspond to around
2% of the coverage.

Euclid’s potential for measuring key characteristics of the ICL,
for example the ICL fraction and BCG offset, and identifying
interesting features, such as the splashback radius, all of which
require accurate measurements of the ICL flux out to large radii.

We measure the radial profile of the BCG +ICL surface
brightness in a series of circular annuli. Since the surface bright-
ness of the ICL decreases rapidly with radius, it is common to
choose annular bins that increase in width at larger radii. Typ-
ically, this width is chosen to be a fixed fraction of the radius,
or in other words, a constant in the logarithm of the radius (we
note that for the purposes of Fig. 3 we used a fixed, linear, annu-
lar width). We chose a radial spacing of 0.1 dex for our mock
images.

The radial profile of the noise includes contributions from
the Poisson noise of the BCG, ICL, and all other astrophysical
sources in each annulus, as well as the systematic uncertainty of
the background level which dominates the noise profile at large
radii. The systematic uncertainty of the background within each
annulus was measured as the standard deviation of the flux mea-
sured in 500 annuli (of the same size) placed in random positions
on the SC8 mosaic where all high surface brightness sources
were masked. We multiply the final radial profile of the noise
by three to obtain the 30 background level, and show the result-
ing surface brightness profiles of the noise by the dashed lines in
Fig. 11. These lines should be interpreted as the surface bright-
ness limit to which BCG + ICL can be detected with a S/N = 3
at a given radius. Given the steep drop off in ICL surface bright-
ness at large radii (see Fig. 11) there is only a small difference
in the maximum radial extent to which we can detect ICL for a
S/N in the range 3-5.

The surface brightness profiles of the BCG + ICL clusters are
derived from the mean of the nine simulated clusters per set of
parameters. In Fig. 11, we show the impact of varying ficL, red-
shift, and M}, on the surface brightness profile, but choose to keep
the ICL profile shape fixed to n = 0.76 and limit its size (r.) to
vary according to Eq. (1); see Sect. 2.2 for details. Varying n and
re significantly affects the ICL S/N at large radii, as shown in
the lower two panels of Fig. 3. Therefore, the surface brightness
profiles are only indicative of the average for a population of
clusters. Nevertheless, they allowed us to roughly estimate the
region of parameter space (z, My, ficr) where we will be able
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Fig. 11. Expected surface brightness profile of the BCG + ICL (solid
coloured lines) and 30 noise level (dashed lines) for a range of redshifts
(z; upper panel), ICL fractions, (ficL; central panel), and halo masses
(My; lower panel) varying with respect to our fiducial model where z =
0.3, fic. = 0.15, and log;o(My/Ms) = 14.7. Profiles are shown up to
redshift 1.2, above which a cluster of this mass is not expected to exist
within the area of the EWS (see Fig. 5, grey shaded region). The fiducial
model is indicated by a thick line in each panel. Moreover, the black
dotted line in each sub-figure is representative of the background noise
level for the fiducial model. The noise level depends on the redshift of
the cluster (see upper panel), but varies little for z > 1.0. The radius to
which ICL can be detected increases with ficr. and M, while decreasing
with redshift.

to explore ICL properties to appreciable fractions of the cluster
radius. From this, we can estimate — to an order of magnitude —
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the number of clusters in the EWS with which we will be able to
perform such studies.

We determine the maximum radius at which we can detect
ICL, Ry, from where the BCG + ICL surface brightness pro-
file intersects the radially dependent detection limit. In Fig. 11
we have only varied one parameter at a time, but the trends are
consistent across the parameter space. To visualise this more
thoroughly, we show R,.x as a smooth function of z, My, and
ficL in Fig. 12. Both panels of the figure express the limiting
radial extent in physical units measured for our model clusters
by the solid contours. The dashed contours show the same val-
ues as a ratio of the typical Ry for a typical cluster at the
same mass and redshift, calculated using the python package
cluster-lensing (Ford & VanderPlas 2016).

The BCG +ICL of our fiducial cluster (logio(My/My) =
14.7, ficL = 0.15, and z = 0.3) is detected with a S/N > 3 out to
~T770kpc, which is ~0.5 Ryo9. However, Rn,x declines strongly
with redshift. At z = 1.2, the BCG + ICL of a cluster with the
same properties can only be detected to ~220kpc. We note that
this cluster is detected with a S/N of 7 in (BCG + ICL)50_200.
The corresponding limiting surface brightness of the detec-
tion, assuming an ICL fraction of 15% and a halo mass of
logio(Mn/My) = 14.7 ranges from ~29 mag arcsec 2 at z = 0.3
to ~28 mag arcsec ™ at z = 1.2.

The left panel of Fig. 12 also shows that R,,x depends on the
cluster mass such that we can detect the ICL out to significantly
greater distances for more massive clusters. Assuming our fidu-
cial values of ficr, and redshift, but for an logo(Mp/My) = 13.9
cluster, we can only detect the ICL out to 150kpc. Although
lower mass clusters have a smaller Ry, this Ry« corresponds
to only 15% of Ryy. Recall that, for our fiducial halo with
logio(Mn/Mg) = 14.7, Rnax ~ 0.5 Ragp. Thus, for more massive
haloes, even at a fixed ficL, we can detect the ICL not only at
larger physical radii but also out to a greater fraction of the size
of the cluster. This behaviour is a consequence of our assumed,
but observationally motivated, dependence of ICL luminosity
and size on stellar mass, and the stellar mass — halo mass relation
implicit in the MAMBO lightcones, so we expect it to translate
to real observations. This bodes well for studies of the most mas-
sive clusters with logo(Mn/My) > 15.

The right panel of Fig. 12 shows that Ry« increases as ficL
increases. Ry« for the fiducial cluster (logo(My/My) = 14.7,
ficL = 0.15, and z = 0.3) decreases to only 550 kpc if ficp, = 5%,
whereas we can measure the ICL out to over 900 kpc if ficL =
25%.

8. Discussion

In this analysis, we have produced a set of mock Euclid obser-
vations of clusters across a range of halo masses from 10" to
10'%7 My, at redshifts 0.3 < z < 1.8, and with ICL fractions
ranging from 1% to 25%. In Sect. 3 we study the radial profile
of the ICL S/N and motivate the adoption of a standard aperture
(50-200 kpc around the BCG) for comparing BCG + ICL fluxes
between different clusters and different measurement methods.
We measured the total flux of the BCG + ICL in the Euclid
H; band, and its uncertainty, using a straightforward aperture-
photometry method and built up a grid of expected S/N for the
(BCG +ICL)50_200 as a function of redshift, halo mass and ICL
fraction. We explored the limits of this parameter space that we
expect to be able to explore with Euclid, considering both ICL
S/N and the number of clusters of a given halo mass expected
within the footprint of the entire EWS. We also tested several
ICL modelling techniques to compare the resulting uncertainties
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Fig. 12. Maximum radius to which the ICL can be detected, R, interpolated across halo mass, logio(My, /M), and redshift, z, for a fixed
ficL = 0.15 in the left panel and across ICL fraction, ficy, and redshift, z, for a fixed halo mass, logo(M,/My) = 14.7, in the right panel. Coloured
circles indicate the measured Ry« values from individual mock clusters. Contours show the limiting radial extent expressed in physical units by
the solid lines and in terms of R,y by the dashed lines, where the value of R,y corresponds to a typical cluster at the corresponding location in the

parameter space.

with our theoretical limits. Finally, we investigated the outermost
radial limits at which we expect to be able to detect ICL across
the parameter space.

In summary, we expect that ICL will be detectable by Euclid
in clusters with My > 10'*2 M, up to z ~ 1.3-1.6, depending
on measurement uncertainties and assuming an optimal detec-
tion method. Euclid will be able to detect ICL fractions down to
~1% of the total light in clusters with log;o(My/My) = 14.7
up to z = 1.2 (SN ~ 3). These results are of importance
to studies of ICL evolution: since simulations suggest that the
ICL builds up over time, particularly in the later stages from
z = 0.4 to z = 0.1 (Contini 2021), the expected limiting ICL
fraction will give a realistic estimate of our ability to probe
the important early stages of ICL formation. Currently, different
studies show a large scatter (up to ~30%) in their predictions
for the assembly of the ICL over time (Contini et al. 2024a).
In Furnell et al. (2021), the ICL fraction was found to increase
from ~10% at z = 0.5 to ~30% at z = 0.3. In Burke et al.
(2015), a similar trend with redshift was found; however, they
measured significantly lower ICL fractions from ~2% at z = 0.4
to ~10% at z = 0.3. In contrast, Zhang et al. (2024) found no
evolution of the ICL across the redshift range 0.2 < z < 0.5.
Our expected sample sizes show that we can anticipate excel-
lent coverage within this range of redshifts. Fuclid will be able
to resolve the discrepancies between studies of the ICL frac-
tion, exploring the growth of the ICL across a larger sample
(up to ~19000 clusters at 0.3 < z < 0.5, see Fig. 9) and to
higher redshifts, in order to constrain the growth of the ICL with
cosmic time.

Whilst our results show that it will be challenging to detect
ICL in clusters with z > 1 with Euclid, it will be a large improve-
ment over other cosmological surveys with LSB capabilities
(e.g. KiDS, DES, LSST), since these do not observe the NIR,
and the optical bands only cover the rest-frame UV. Since ICL
is very faint in the UV, the observations by Euclid will make
significant progress in this range.

In Sect. 7, we examined the ability of Euclid to answer a vari-
ety of questions that can only be addressed by measurements of
ICL at large radii. These questions include the detection of the
splashback feature (Gonzalez et al. 2021), the characterisation
of ICL spatial offsets from the BCG, and evolution in the ICL
fraction. Here, we present a brief description of what parameter
space can be used to address each question.

In both simulations (Deason et al. 2021) and extremely deep
observations (Gonzalez et al. 2021), a splashback feature has
been identified within the ICL. Gonzalez et al. (2021) identified
a splashback feature in MACS J1149.5+2223, a massive cluster
with logo(My/My) = 15.53 at z = 0.544, at a radius of 1.2—
1.7 Mpc, which is far beyond the parameter space (both radial
range and My) that we investigate in this paper. However, as
the splashback radius is a characteristic of the cluster, it likely
scales with Rygo rather than lying at a fixed physical distance.
In simulations, Deason et al. (2021) estimate that this feature is
at 0.7-1 Ryo. This means that the splashback feature will only
be observable in ICL with Euclid in clusters more massive than
logio(Mn/Mg) > 14.7 at z < 0.3, or through stacking the ICL
from many clusters with a certain richness or lensing mass.

Recent observations of 170 clusters (Kluge et al. 2020) have
found that when the ICL is measured out to ~200kpc, we are
able to detect a moderate offset (~30kpc) between the centre of
the distribution of the ICL and the core of the BCG. Such an off-
set was detected in the recent Euclid ERO Perseus observations
(Kluge et al. 2025). Assuming that the sample of Kluge et al.
(2020), z < 0.08; 14.3 < logjo(Mn/My) < 15.1, is represen-
tative of the population to be detected in the EWS, and based
on our sampled parameter space, we find that using Euclid we
should be able to characterise such offsets for all clusters with
log1o(My/My) > 14.2 at z < 0.9 and some more massive clus-
ters up to z = 1.2. Thus, this measurement should be attainable
for the vast majority of clusters.

Lastly, the ICL fraction is also commonly used to charac-
terise how important a contributor the ICL is to the cluster’s
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overall baryon budget. Recent observations (done using stacked
measurements) from Zhang et al. (2024) have found that the ICL
fraction varies depending on the selected radial aperture over
which it is measured, decreasing by a factor of two when com-
paring the fraction in 30-80kpc to 300-600kpc. Thus, accu-
rately measuring the ICL fraction requires measurements to
be made out to several hundred kiloparsecs. We estimate that
such measurements could be made for all Euclid-detected clus-
ters with logio(Mp/Mz) > 14.5 at z < 0.3 or all clusters
logio(My/Mg) > 14.7 at 7 < 0.6.

In Sect. 6, we estimated the number of clusters in which we
can measure the ICL across the extent of the EWS. We find that
ICL can be detected in 80 000 clusters of log;o(Mp/My) > 14.2,
half of which lie between z = 0.3 and z = 0.75, but only ~2000
at z > 1.3. These result indicate the expected sample size of the
forthcoming Euclid ICL survey. Making the most of these large
predicted samples, stacking clusters will be an effective way of
performing detailed studies using samples with lower individ-
ual S/N, as well as extending ICL measurements to higher red-
shifts. By stacking 50 individual clusters each with S/N > 3,
a combined S/N > 20 can theoretically be achieved. Since we
expect to observe ~2000 clusters beyond z = 1.3, most of which
only have a S/N ~ 3, stacking clusters will be an effective way
of studying the behaviour of the ICL fraction at significantly
higher redshifts than individual observations would permit. We
note that these numbers can increase tenfold if ICL can be reli-
ably detected in clusters of logo(My/My) < 14.2, without being
affected by Eddington bias. On the other hand, the cluster detec-
tion algorithm of Euclid may not be able to identify all the clus-
ters in which we are able to measure ICL, which would reduce
the number of Euclid clusters in which we can study the ICL.

Prior to Euclid, the Dark Energy Survey (DES;
DES Collaboration 2005) has been the only large cosmo-
logical survey with the capability of characterising the ICL
in individual or stacked clusters (Zhangetal. 2019, 2024;
Sampaio-Santos et al. 2021; Golden-Marx et al. 2023, 2024).
However, DES’s photometry only allows the ICL to be measured
out to as far as z = 0.8. Therefore, the large sample sizes and
expanded parameter space of Euclid will be transformative for
cluster evolution studies, particularly for tracing the build-up of
the ICL over time.

9. Conclusions

In this paper, we have produced mock Hg-band images of
galaxy clusters and ICL across a range of halo masses (13.9 <
logio(My/My) < 15.0), redshifts (0.3 < z < 1.8), and ICL
fractions (0.01 < fic < 0.25). We measured the radial profile
of the ICL S/N, varying the aforementioned cluster properties,
and we defined a standardised aperture between 50-200 kpc in
which we score the success of an ICL detection. We explored
how the total S/N within the 50-200 kpc annulus varies across
the parameter spaces of halo mass, redshift, and ICL fraction:
ICL will be detectable in Euclid images with current methods in
clusters with log;o(My/Mg) ~ 14.2 at z < 1.3. In clusters with
logio(My/My) > 14.4, the ICL will be detectable up to z = 1.5.
We investigated how these results translate to radial limits
of ICL detection, both in terms of the limiting physical radius
as well as the surface brightness limit. At z = 0.3, we obtained
a limiting radius of around 350 kpc for a logo(Mn/My) ~ 14
cluster, which increases to ~800 kpc for a log o(My/My) ~ 14.7
cluster. We found that the limiting surface brightness for an ICL
fraction of 15% and a halo mass of logo(My/My) = 14.8 ranges
from 29 mag arcsec 2 at z = 0.3 to ~28 mag arcsec 2 at 7 = 1.2.
Given the above predictions, we estimated the sample sizes of
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clusters with detectable ICL that will be attainable across the
entirety of the EWS. Assuming an ICL fraction of 15% and an
S/N of three, there exists ~80 000 clusters fromz = 0.3toz = 1.6
in which we could measure ICL, of which a couple thousand
will be at z > 1.3. This number will likely be reduced due to
Euclid’s cluster selection function as well as regions contami-
nated by Galactic cirrus and bright stars, through which the ICL
will not be visible. In summary, we find that the EWS will pro-
vide opportunities to study the buildup of the ICL with cosmic
time and its formation mechanisms with an unprecedented sam-
ple of massive clusters.

Acknowledgements. NAH and JBGM gratefully acknowledge support from the
Leverhulme Trust through a Research Leadership Award. CB, NAH, and SB
acknowledge support from the UK Science and Technology Facilities Council
(STFC) under grant ST/X000982/1. FD acknowledges support from CNES. This
research was supported by the International Space Science Institute (ISSI) in
Bern, through ISSI International Team project #23-577. The Euclid Consortium
acknowledges the European Space Agency and a number of agencies and insti-
tutes that have supported the development of Euclid, in particular the Agen-
zia Spaziale Italiana, the Austrian Forschungsforderungsgesellschaft, funded
through BMK, the Belgian Science Policy, the Canadian Euclid Consortium,
the Deutsches Zentrum fiir Luft- und Raumfahrt, the DTU Space and the Niels
Bohr Institute in Denmark, the French Centre National d’Etudes Spatiales, the
Fundacdo para a Ciéncia e a Tecnologia, the Hungarian Academy of Sciences,
the Ministerio de Ciencia, Innovacién y Universidades, the National Aeronautics
and Space Administration, the National Astronomical Observatory of Japan, the
Netherlandse Onderzoekschool Voor Astronomie, the Norwegian Space Agency,
the Research Council of Finland, the Romanian Space Agency, the State Secre-
tariat for Education, Research, and Innovation (SERI) at the Swiss Space Office
(SSO), and the United Kingdom Space Agency. A complete and detailed list is
available on the Euclid web site (http://www.euclid-ec.org).

References

Aguado-Barahona, A., Barrena, R., Streblyanska, A., et al. 2019, A&A, 631,
A148

Ahad, S. L., Bahé, Y. M., & Hoekstra, H. 2023, MNRAS, 518, 3685

Amorisco, N. C. 2017, MNRAS, 464, 2882

Angulo, R. E., & White, S. D. M. 2010, MNRAS, 405, 143

Barrena, R., Streblyanska, A., Ferragamo, A., et al. 2018, A&A, 616, A42

Barrena, R., Ferragamo, A., Rubifo-Martin, J. A., et al. 2020, A&A, 638, A146

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393

Bertin, E., Mellier, Y., Radovich, M., et al. 2002, in Astronomical Data Analysis
Software and Systems XI, eds. D. A. Bohlender, D. Durand, & T. H. Handley,
ASP Conf. Ser., 281, 228

Bertschinger, E. 1985, ApJS, 58, 39

Bianconi, M., Buscicchio, R., Smith, G. P, et al. 2021, ApJ, 911, 136

Blanton, M. R., & Roweis, S. 2007, AJ, 133, 734

Bleem, L. E., Stalder, B., de Haan, T., et al. 2015, ApJS, 216, 27

Bradley, L., SipScz, B., Robitaille, T., et al. 2023, https://doi.org/10.
5281/zenodo.8248020

Brough, S., Ahad, S. L., Bahé, Y. M., et al. 2024, MNRAS, 528, 771

Burke, C., Hilton, M., & Collins, C. 2015, MNRAS, 449, 2353

Carlstrom, J. E., Ade, P. A. R., Aird, K. A., et al. 2011, PASP, 123, 568

Chen, X., Zu, Y., Shao, Z., & Shan, H. 2022, MNRAS, 514, 2692

Chun, K., Shin, J., Smith, R., Ko, J., & Yoo, J. 2023, ApJ, 943, 148

Contini, E. 2021, Galaxies, 9, 60

Contini, E., Rhee, J., Han, S., Jeon, S., & Yi, S. K. 2024a, AJ, 167, 7

Contini, E., Yi, S. K., & Jeon, S. 2024b, ArXiv e-prints [arXiv:2404.01560]

Contreras-Santos, A., Knebe, A., Cui, W., et al. 2024, A&A, 683, A59

Cuillandre, J.-C., Bertin, E., Bolzonella, M., et al. 2025, A&A, 697, A6

Deason, A. J., Oman, K. A., Fattahi, A., et al. 2021, MNRAS, 500, 4181

DES Collaboration. 2005, ArXiv e-prints [arXiv:astro-ph/0510346]

Diemer, B., & Kravtsov, A. V. 2014, ApJ, 789, 1

Dolag, K., Murante, G., & Borgani, S. 2010, MNRAS, 405, 1544

Ellien, A., Slezak, E., Martinet, N., et al. 2021, A&A, 649, A38

Ellien, A., Montes, M., Ahad, S. L., et al. 2025, A&A, in press, https://doi.
org/10.1051/0004-6361/202554460

Euclid Collaboration (Borlaff, A. S., et al.) 2022, A&A, 657, A92

Euclid Collaboration (Scaramella, R., et al.) 2022, A&A, 662, A112

Euclid Collaboration (Sereno, M., et al.) 2024, A&A, 689, A252

Euclid Collaboration (Serrano, S., et al.) 2024, A&A, 690, A103

Euclid Collaboration (Ingoglia, L., et al.) 2025, A&A, 695, A280


http://www.euclid-ec.org
http://linker.aanda.org/10.1051/0004-6361/202553887/1
http://linker.aanda.org/10.1051/0004-6361/202553887/1
http://linker.aanda.org/10.1051/0004-6361/202553887/2
http://linker.aanda.org/10.1051/0004-6361/202553887/3
http://linker.aanda.org/10.1051/0004-6361/202553887/4
http://linker.aanda.org/10.1051/0004-6361/202553887/5
http://linker.aanda.org/10.1051/0004-6361/202553887/6
http://linker.aanda.org/10.1051/0004-6361/202553887/7
http://linker.aanda.org/10.1051/0004-6361/202553887/8
http://linker.aanda.org/10.1051/0004-6361/202553887/9
http://linker.aanda.org/10.1051/0004-6361/202553887/10
http://linker.aanda.org/10.1051/0004-6361/202553887/11
http://linker.aanda.org/10.1051/0004-6361/202553887/12
https://doi.org/10.5281/zenodo.8248020
https://doi.org/10.5281/zenodo.8248020
http://linker.aanda.org/10.1051/0004-6361/202553887/14
http://linker.aanda.org/10.1051/0004-6361/202553887/15
http://linker.aanda.org/10.1051/0004-6361/202553887/16
http://linker.aanda.org/10.1051/0004-6361/202553887/17
http://linker.aanda.org/10.1051/0004-6361/202553887/18
http://linker.aanda.org/10.1051/0004-6361/202553887/19
http://linker.aanda.org/10.1051/0004-6361/202553887/20
https://arxiv.org/abs/2404.01560
http://linker.aanda.org/10.1051/0004-6361/202553887/22
http://linker.aanda.org/10.1051/0004-6361/202553887/23
http://linker.aanda.org/10.1051/0004-6361/202553887/24
https://arxiv.org/abs/astro-ph/0510346
http://linker.aanda.org/10.1051/0004-6361/202553887/26
http://linker.aanda.org/10.1051/0004-6361/202553887/27
http://linker.aanda.org/10.1051/0004-6361/202553887/28
https://doi.org/10.1051/0004-6361/202554460
https://doi.org/10.1051/0004-6361/202554460
http://linker.aanda.org/10.1051/0004-6361/202553887/30
http://linker.aanda.org/10.1051/0004-6361/202553887/31
http://linker.aanda.org/10.1051/0004-6361/202553887/32
http://linker.aanda.org/10.1051/0004-6361/202553887/33
http://linker.aanda.org/10.1051/0004-6361/202553887/34

Euclid Collaboration: Bellhouse, C., et al.: A&A, 698, A14 (2025)

Euclid Collaboration (Jahnke, K., et al.) 2025, A&A, 697, A3

Euclid Collaboration (Mellier, Y., et al.) 2025, A&A, 697, Al

Fassbender, R., Bohringer, H., Nastasi, A., et al. 2011, New J. Phys., 13, 125014

Feldmeier, J. J., Mihos, J. C., Morrison, H. L., et al. 2004, ApJ, 609, 617

Fillmore, J. A., & Goldreich, P. 1984, ApJ, 281, 1

Ford, J., & VanderPlas, J. 2016, AJ, 152, 228

Furnell, K. E., Collins, C. A., Kelvin, L. S., et al. 2021, MNRAS, 502, 2419

Giocoli, C., Palmucci, L., Lesci, G. F,, et al. 2024, A&A, 687, A79

Girelli, G. 2021, Ph.D. Thesis, Alma Mater Studiorum Universita di Bologna,
Italy

Golden-Marx, J. B., & Miller, C. J. 2018, ApJ, 860, 2

Golden-Marx, J. B., Zhang, Y., Ogando, R. L. C., et al. 2023, MNRAS, 521, 478

Golden-Marx, J. B., Zhang, Y., Ogando, R. L. C., et al. 2024, MNRAS, 538, 622

Gonzalez, A. H., Zabludoff, A. 1., Zaritsky, D., & Dalcanton, J. J. 2000, ApJ,
536, 561

Gonzalez, A. H., Zabludoft, A. 1., & Zaritsky, D. 2005, ApJ, 618, 195

Gonzalez, A. H., George, T., Connor, T., et al. 2021, MNRAS, 507, 963

Gunn, J. E., Gott, J., & Richard, I. 1972, ApJ, 176, 1

Hartke, J., Arnaboldi, M., Gerhard, O., et al. 2022, A&A, 663, A12

Hennig, C., Mohr, J. J., Zenteno, A., et al. 2017, MNRAS, 467, 4015

Hilton, M., Sifon, C., Naess, S., et al. 2021, VizieR Online Data Catalog:
Sunyaev-Zel’dovich galaxy clusters surveyed by ACT (Hilton+, 2021),
VizieR On-line Data Catalog: J/ApJS/253/3. Originally published. In:
2021ApJS.253..3H

Hoekstra, H., Bartelmann, M., Dahle, H., et al. 2013, Space Sci. Rev., 177, 75

Huang, N., Bleem, L. E., Stalder, B., et al. 2020, AJ, 159, 110

Hunt, L. K., Annibali, F., Cuillandre, J.-C., et al. 2025, A&A, 697, A9

Jee, M. J. 2010, ApJ, 717, 420

Jiménez-Teja, Y., Dupke, R., Benitez, N., et al. 2018, ApJ, 857, 79

Joo, H., & Jee, M. J. 2023, Nature, 613, 37

Khullar, G., Bleem, L. E., Bayliss, M. B., et al. 2019, ApJ, 870, 7

Kluge, M., & Bender, R. 2023, ApJS, 267, 41

Kluge, M., Neureiter, B., Riffeser, A., et al. 2020, ApJS, 247, 43

Kluge, M., Bender, R., Riffeser, A., et al. 2021, AplS, 252, 27

Kluge, M., Hatch, N. A., Montes, M., et al. 2025, A&A, 697, A13

Kneib, J.-P., & Natarajan, P. 2011, A&ARy, 19, 47

Kravtsov, A. V., Vikhlinin, A. A., & Meshcheryakov, A. V. 2018, Astron. Lett.,
44,8

Krick, J. E., & Bernstein, R. A. 2007, AJ, 134, 466

Laureijs, R., Amiaux, J., Arduini, S., et al
[arXiv:1110.3193]

Liu, Q., Abraham, R., Martin, P. G, et al. 2024, ApJ, 979, 175

Longobardi, A., Arnaboldi, M., Gerhard, O., et al. 2013, A&A, 558, A42

Longobardi, A., Arnaboldi, M., Gerhard, O., & Mihos, J. C. 2015, A&A, 579,
L3

Mantz, A. B., Abdulla, Z., Allen, S. W., et al. 2018, A&A, 620, A2

Massey, R., Kitching, T., & Richard, J. 2010, Rep. Prog. Phys., 73, 086901

Mehrtens, N., Romer, A. K., Hilton, M., et al. 2012, MNRAS, 423, 1024

Mihos, J. C., Harding, P., Feldmeier, J., & Morrison, H. 2005, ApJ, 631, L41

Mihos, J. C., Harding, P., Feldmeier, J. J., et al. 2017, ApJ, 834, 16

Montes, M. 2022, Nat. Astron., 6, 308

Montes, M., & Trujillo, I. 2018, MNRAS, 474, 917

Montes, M., & Trujillo, I. 2019, MNRAS, 482, 2838

Murante, G., Giovalli, M., Gerhard, O., et al. 2007, MNRAS, 377, 2

Myles, J., Gruen, D., Mantz, A. B., et al. 2021, MNRAS, 505, 33

Pillepich, A., Nelson, D., Hernquist, L., et al. 2018, MNRAS, 475, 648

Pulsoni, C., Gerhard, O., Arnaboldi, M., et al. 2021, A&A, 647, A95

Ragusa, R., Todice, E., Spavone, M., et al. 2023, A&A, 670, L20

Remus, R.-S., Dolag, K., & Hoffmann, T. L. 2017, Galaxies, 5, 49

Robin, A., & Crézé, M. 1986, A&A, 157,71

Roman, J., Trujillo, 1., & Montes, M. 2020, ArXiv e-prints [arXiv:2012.01465]

Rowe, B. T. P, Jarvis, M., Mandelbaum, R., et al. 2015, Astron. Comput., 10,
121

Sampaio-Santos, H., Zhang, Y., Ogando, R. L. C., et al. 2021, MNRAS, 501,
1300

Sartoris, B., Biviano, A., Fedeli, C., et al. 2016, MNRAS, 459, 1764

Schreiber, C., Elbaz, D., Pannella, M., et al. 2017, A&A, 602, A96

Seigar, M. S., Graham, A. W., & Jerjen, H. 2007, MNRAS, 378, 1575

Shin, T.-H., Clampitt, J., Jain, B., et al. 2018, MNRAS, 475, 2421

Springel, V., White, S. D. M., Jenkins, A., et al. 2005, Nature, 435, 629

Teeninga, P., Moschini, U., Trager, S. C., & Wilkinson, M. H. 2015, International
Symposium on Mathematical Morphology and Its Applications to Signal and
Image Processing (Springer), 157

Tinker, J., Kravtsov, A. V., Klypin, A., et al. 2008, ApJ, 688, 709

Von Der Linden, A., Best, P. N., Kauffmann, G., & White, S. D. M. 2007,
MNRAS, 379, 867

Watkins, A. E., Mihos, J. C., Harding, P., & Feldmeier, J. J. 2014, ApJ, 791, 38

Werner, S. V., Hatch, N. A., Matharu, J., et al. 2023, MNRAS, 523, 91

2011, ArXiv e-prints

Wu, H.-Y., Costanzi, M., To, C.-H., et al. 2022, MNRAS, 515, 4471

Yoo, J., Park, C., Sabiu, C. G., et al. 2024, ApJ, 965, 145

Zhang, Y., Yanny, B., Palmese, A., et al. 2019, ApJ, 874, 165

Zhang, Y., Golden-Marx, J. B., Ogando, R. L. C., et al. 2024, MNRAS, 531, 510

Zibetti, S., White, S. D. M., Schneider, D. P., & Brinkmann, J. 2005, MNRAS,
358,949

Zu, Y., & Mandelbaum, R. 2015, MNRAS, 454, 1161

Zu, Y., Mandelbaum, R., Simet, M., Rozo, E., & Rykoff, E. S. 2017, MNRAS,
470, 551

School of Physics and Astronomy, University of Nottingham, Uni-
versity Park, Nottingham NG7 2RD, UK
Max Planck Institute for Extraterrestrial Physics, Giessenbachstr.
1, 85748 Garching, Germany
3 OCA, PH.C Boulevard de 1’Observatoire CS 34229, 06304 Nice
Cedex 4, France
Waterloo Centre for Astrophysics, University of Waterloo, Water-
loo, Ontario N2L 3G1, Canada
Department of Physics and Astronomy, University of Waterloo,
Waterloo, Ontario N2L 3G1, Canada
6 INAF-Osservatorio Astronomico di Roma, Via Frascati 33, 00078
Monteporzio Catone, Italy
Observatorio Nacional, Rua General Jose Cristino, 77-Bairro
Imperial de Sao Cristovao, Rio de Janeiro, 20921-400, Brazil
8 Institut d’ Astrophysique de Paris, 98bis Boulevard Arago, 75014,
Paris, France
Department of Astronomy, University of Florida, Bryant Space
Science Center, Gainesville, FL 32611, USA
10 Tngtituto de Astrofisica de Andalucia, CSIC, Glorieta de la
Astronomia, 18080, Granada, Spain
1" TInstitute of Space Sciences (ICE, CSIC), Campus UAB, Carrer de
Can Magrans, s/n, 08193 Barcelona, Spain
12 Instituto de Astrofisica de Canarias, Calle Via Lactea s/n, 38204,
San Cristdébal de La Laguna, Tenerife, Spain
Departamento de Astrofisica, Universidad de La Laguna, 38206,
La Laguna, Tenerife, Spain
INAF-Osservatorio di Astrofisica e Scienza dello Spazio di
Bologna, Via Piero Gobetti 93/3, 40129 Bologna, Italy
15 INFN-Sezione di Bologna, Viale Berti Pichat 6/2, 40127 Bologna,
Italy
16 Université Cote d’Azur, Observatoire de la Cote d’ Azur, CNRS,
Laboratoire Lagrange, Bd de 1I’Observatoire, CS 34229, 06304
Nice cedex 4, France
17 INAF-Osservatorio Astronomico di Trieste, Via G. B. Tiepolo 11,
34143 Trieste, Italy
8 IFPU, Institute for Fundamental Physics of the Universe, Via
Beirut 2, 34151 Trieste, Italy
Dipartimento di Fisica e Astronomia “Augusto Righi” — Alma
Mater Studiorum Universita di Bologna, Via Piero Gobetti 93/2,
40129 Bologna, Italy
20 Aix-Marseille Université, CNRS, CNES, LAM, Marseille, France
21 Université de Strasbourg, CNRS, Observatoire Astronomique de
Strasbourg, UMR 7550, 67000 Strasbourg, France
22 NASA Ames Research Center, Moffett Field, CA 94035, USA
23 Bay Area Environmental Research Institute, Moffett Field, Califor-
nia 94035, USA
Université Paris-Saclay, CNRS, Institut d’astrophysique spatiale,
91405, Orsay, France
25 ESAC/ESA, Camino Bajo del Castillo, s/n., Urb. Villafranca del
Castillo, 28692 Villanueva de la Cafiada, Madrid, Spain
School of Mathematics and Physics, University of Surrey, Guild-
ford, Surrey, GU2 7XH, UK
27 INAF-Osservatorio Astronomico di Brera, Via Brera 28, 20122
Milano, Italy
28 INFN, Sezione di Trieste, Via Valerio 2, 34127 Trieste TS, Italy
29 SISSA, International School for Advanced Studies, Via Bonomea
265, 34136 Trieste TS, Italy
Dipartimento di Fisica e Astronomia, Universita di Bologna, Via
Gobetti 93/2, 40129 Bologna, Italy
Centre National d’Etudes Spatiales — Centre spatial de Toulouse,
18 Avenue Edouard Belin, 31401 Toulouse Cedex 9, France

24

26

30

31

Al4, page 17 of 21


http://linker.aanda.org/10.1051/0004-6361/202553887/35
http://linker.aanda.org/10.1051/0004-6361/202553887/36
http://linker.aanda.org/10.1051/0004-6361/202553887/37
http://linker.aanda.org/10.1051/0004-6361/202553887/38
http://linker.aanda.org/10.1051/0004-6361/202553887/39
http://linker.aanda.org/10.1051/0004-6361/202553887/40
http://linker.aanda.org/10.1051/0004-6361/202553887/41
http://linker.aanda.org/10.1051/0004-6361/202553887/42
http://linker.aanda.org/10.1051/0004-6361/202553887/44
http://linker.aanda.org/10.1051/0004-6361/202553887/45
http://linker.aanda.org/10.1051/0004-6361/202553887/46
http://linker.aanda.org/10.1051/0004-6361/202553887/47
http://linker.aanda.org/10.1051/0004-6361/202553887/47
http://linker.aanda.org/10.1051/0004-6361/202553887/48
http://linker.aanda.org/10.1051/0004-6361/202553887/49
http://linker.aanda.org/10.1051/0004-6361/202553887/50
http://linker.aanda.org/10.1051/0004-6361/202553887/51
http://linker.aanda.org/10.1051/0004-6361/202553887/52
http://linker.aanda.org/10.1051/0004-6361/202553887/54
http://linker.aanda.org/10.1051/0004-6361/202553887/55
http://linker.aanda.org/10.1051/0004-6361/202553887/56
http://linker.aanda.org/10.1051/0004-6361/202553887/57
http://linker.aanda.org/10.1051/0004-6361/202553887/58
http://linker.aanda.org/10.1051/0004-6361/202553887/59
http://linker.aanda.org/10.1051/0004-6361/202553887/60
http://linker.aanda.org/10.1051/0004-6361/202553887/61
http://linker.aanda.org/10.1051/0004-6361/202553887/62
http://linker.aanda.org/10.1051/0004-6361/202553887/63
http://linker.aanda.org/10.1051/0004-6361/202553887/64
http://linker.aanda.org/10.1051/0004-6361/202553887/65
http://linker.aanda.org/10.1051/0004-6361/202553887/66
http://linker.aanda.org/10.1051/0004-6361/202553887/66
http://linker.aanda.org/10.1051/0004-6361/202553887/67
https://arxiv.org/abs/1110.3193
http://linker.aanda.org/10.1051/0004-6361/202553887/69
http://linker.aanda.org/10.1051/0004-6361/202553887/70
http://linker.aanda.org/10.1051/0004-6361/202553887/71
http://linker.aanda.org/10.1051/0004-6361/202553887/71
http://linker.aanda.org/10.1051/0004-6361/202553887/72
http://linker.aanda.org/10.1051/0004-6361/202553887/73
http://linker.aanda.org/10.1051/0004-6361/202553887/74
http://linker.aanda.org/10.1051/0004-6361/202553887/75
http://linker.aanda.org/10.1051/0004-6361/202553887/76
http://linker.aanda.org/10.1051/0004-6361/202553887/77
http://linker.aanda.org/10.1051/0004-6361/202553887/78
http://linker.aanda.org/10.1051/0004-6361/202553887/79
http://linker.aanda.org/10.1051/0004-6361/202553887/80
http://linker.aanda.org/10.1051/0004-6361/202553887/81
http://linker.aanda.org/10.1051/0004-6361/202553887/82
http://linker.aanda.org/10.1051/0004-6361/202553887/83
http://linker.aanda.org/10.1051/0004-6361/202553887/84
http://linker.aanda.org/10.1051/0004-6361/202553887/85
http://linker.aanda.org/10.1051/0004-6361/202553887/86
https://arxiv.org/abs/2012.01465
http://linker.aanda.org/10.1051/0004-6361/202553887/88
http://linker.aanda.org/10.1051/0004-6361/202553887/88
http://linker.aanda.org/10.1051/0004-6361/202553887/89
http://linker.aanda.org/10.1051/0004-6361/202553887/89
http://linker.aanda.org/10.1051/0004-6361/202553887/90
http://linker.aanda.org/10.1051/0004-6361/202553887/91
http://linker.aanda.org/10.1051/0004-6361/202553887/92
http://linker.aanda.org/10.1051/0004-6361/202553887/93
http://linker.aanda.org/10.1051/0004-6361/202553887/94
http://linker.aanda.org/10.1051/0004-6361/202553887/95
http://linker.aanda.org/10.1051/0004-6361/202553887/95
http://linker.aanda.org/10.1051/0004-6361/202553887/95
http://linker.aanda.org/10.1051/0004-6361/202553887/96
http://linker.aanda.org/10.1051/0004-6361/202553887/97
http://linker.aanda.org/10.1051/0004-6361/202553887/98
http://linker.aanda.org/10.1051/0004-6361/202553887/99
http://linker.aanda.org/10.1051/0004-6361/202553887/100
http://linker.aanda.org/10.1051/0004-6361/202553887/101
http://linker.aanda.org/10.1051/0004-6361/202553887/102
http://linker.aanda.org/10.1051/0004-6361/202553887/103
http://linker.aanda.org/10.1051/0004-6361/202553887/104
http://linker.aanda.org/10.1051/0004-6361/202553887/104
http://linker.aanda.org/10.1051/0004-6361/202553887/105
http://linker.aanda.org/10.1051/0004-6361/202553887/106
http://linker.aanda.org/10.1051/0004-6361/202553887/106

32

33

34

35

36

37

38
39

40
41
42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
61

62

63

64

65

66

Euclid Collaboration: Bellhouse, C., et al.: A&A, 698, A14 (2025)

Universitéts-Sternwarte Miinchen, Fakultét fiir Physik, Ludwig-
Maximilians-Universitdt Miinchen, Scheinerstrasse 1, 81679
Miinchen, Germany
INAF-Osservatorio Astrofisico di Torino, Via Osservatorio 20,
10025 Pino Torinese (TO), Italy

Dipartimento di Fisica, Universita di Genova, Via Dodecaneso 33,
16146, Genova, Italy

INFN-Sezione di Genova, Via Dodecaneso 33, 16146, Genova,
Italy

Department of Physics “E. Pancini”, University Federico II, Via
Cinthia 6, 80126, Napoli, Italy

INAF-Osservatorio Astronomico di Capodimonte, Via Moiariello
16, 80131 Napoli, Italy

INFEN Section of Naples, Via Cinthia 6, 80126, Napoli, Italy
Dipartimento di Fisica, Universita degli Studi di Torino, Via P.
Giuria 1, 10125 Torino, Italy

INEN-Sezione di Torino, Via P. Giuria 1, 10125 Torino, Italy
INAF-IASF Milano, Via Alfonso Corti 12, 20133 Milano, Italy
INFN-Sezione di Roma, Piazzale Aldo Moro, 2 — c/o Dipartimento
di Fisica, Edificio G. Marconi, 00185 Roma, Italy

Centro de Investigaciones Energéticas, Medioambientales y Tec-
nolégicas (CIEMAT), Avenida Complutense 40, 28040 Madrid,
Spain

Port d’Informacié Cientifica, Campus UAB, C. Albareda s/n,
08193 Bellaterra (Barcelona), Spain

Institute for Theoretical Particle Physics and Cosmology (TTK),
RWTH Aachen University, 52056 Aachen, Germany
Institute of Cosmology and Gravitation, University of Portsmouth,
Portsmouth PO1 3FX, UK
Dipartimento di Fisica e Astronomia “Augusto Righi” — Alma
Mater Studiorum Universita di Bologna, Viale Berti Pichat 6/2,
40127 Bologna, Italy
Institute for Astronomy, University of Edinburgh, Royal Observa-
tory, Blackford Hill, Edinburgh EH9 3HJ, UK
Jodrell Bank Centre for Astrophysics, Department of Physics and
Astronomy, University of Manchester, Oxford Road, Manchester
M13 9PL, UK
European Space Agency/ESRIN, Largo Galileo Galilei 1, 00044
Frascati, Roma, Italy
Université Claude Bernard Lyon 1, CNRS/IN2P3, IP2I Lyon, UMR
5822, Villeurbanne, F-69100, France
Institut de Ciencies del Cosmos (ICCUB), Universitat de Barcelona
(IEEC-UB), Marti i Franques 1, 08028 Barcelona, Spain
Institucié Catalana de Recerca i Estudis Avancats (ICREA), Pas-
seig de Lluis Companys 23, 08010 Barcelona, Spain
UCB Lyon 1, CNRS/IN2P3, IUF, IP2I Lyon, 4 rue Enrico Fermi,
69622 Villeurbanne, France
Université Paris-Saclay, Université Paris Cité, CEA, CNRS, AIM,
91191, Gif-sur-Yvette, France
Departamento de Fisica, Faculdade de Ciéncias, Universidade de
Lisboa, Edificio C8, Campo Grande, PT1749-016 Lisboa, Portugal
Instituto de Astrofisica e Ciéncias do Espaco, Faculdade de Cién-
cias, Universidade de Lisboa, Campo Grande, 1749-016 Lisboa,
Portugal
Department of Astronomy, University of Geneva, ch. d’Ecogia 16,
1290 Versoix, Switzerland
INAF-Istituto di Astrofisica e Planetologia Spaziali, Via del Fosso
del Cavaliere, 100, 00100 Roma, Italy
INFN-Padova, Via Marzolo 8, 35131 Padova, Italy
Space Science Data Center, Italian Space Agency, Via del Politec-
nico snc, 00133 Roma, Italy
School of Physics, HH Wills Physics Laboratory, University of
Bristol, Tyndall Avenue, Bristol, BS8 1TL, UK
FRACTAL S.L.N.E., calle Tulipan 2, Portal 13 1A, 28231, Las
Rozas de Madrid, Spain
INAF-Osservatorio Astronomico di Padova, Via dell’ Osservatorio
5, 35122 Padova, Italy
Institute of Theoretical Astrophysics, University of Oslo, P.O. Box
1029 Blindern, 0315 Oslo, Norway
Leiden Observatory, Leiden University, Einsteinweg 55, 2333 CC
Leiden, The Netherlands

Al4, page 18 of 21

67

68

69

70

71
72

73

74
75

76

71

78

79

80

81

82

83

84
85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

Jet Propulsion Laboratory, California Institute of Technology, 4800
Oak Grove Drive, Pasadena, CA, 91109, USA

Department of Physics, Lancaster University, Lancaster, LAl
4YB, UK

Felix Hormuth Engineering, Goethestr. 17, 69181 Leimen, Ger-
many

Technical University of Denmark, Elektrovej 327, 2800 Kgs. Lyn-
gby, Denmark

Cosmic Dawn Center (DAWN), Copenhagen, Denmark

Institut d’Astrophysique de Paris, UMR 7095, CNRS, and Sor-
bonne Université, 98 bis boulevard Arago, 75014 Paris, France
Max-Planck-Institut fiir Astronomie, Konigstuhl 17, 69117 Hei-
delberg, Germany

NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
Department of Physics and Helsinki Institute of Physics, Gustaf
Hallstromin katu 2, 00014 University of Helsinki, Finland
Aix-Marseille Université, CNRS/IN2P3, CPPM, Marseille, France
Université de Geneve, Département de Physique Théorique and
Centre for Astroparticle Physics, 24 quai Ernest-Ansermet, CH-
1211 Geneve 4, Switzerland

Department of Physics, P.O. Box 64, 00014 University of Helsinki,
Finland

Helsinki Institute of Physics, Gustaf Héllstromin katu 2, University
of Helsinki, Helsinki, Finland

Mullard Space Science Laboratory, University College London,
Holmbury St Mary, Dorking, Surrey RHS 6NT, UK

NOVA Optical Infrared Instrumentation Group at ASTRON, Oude
Hoogeveensedijk 4, 7991PD, Dwingeloo, The Netherlands

Centre de Calcul de I'IN2P3/CNRS, 21 Avenue Pierre de Cou-
bertin 69627 Villeurbanne Cedex, France

Dipartimento di Fisica “Aldo Pontremoli”, Universita degli Studi
di Milano, Via Celoria 16, 20133 Milano, Italy

INFN-Sezione di Milano, Via Celoria 16, 20133 Milano, Italy
Universitdt Bonn, Argelander-Institut fiir Astronomie, Auf dem
Hiigel 71, 53121 Bonn, Germany

Department of Physics, Institute for Computational Cosmology,
Durham University, South Road, Durham, DH1 3LE, UK
Université Paris Cité, CNRS, Astroparticule et Cosmologie, 75013
Paris, France

University of Applied Sciences and Arts of Northwestern Switzer-
land, School of Engineering, 5210 Windisch, Switzerland
Institute of Physics, Laboratory of Astrophysics, Ecole Polytech-
nique Fédérale de Lausanne (EPFL), Observatoire de Sauverny,
1290 Versoix, Switzerland

Institut de Fisica d’Altes Energies (IFAE), The Barcelona Insti-
tute of Science and Technology, Campus UAB, 08193 Bellaterra
(Barcelona), Spain

European Space Agency/ESTEC, Keplerlaan 1, 2201 AZ Noord-
wijk, The Netherlands

DARK, Niels Bohr Institute, University of Copenhagen, Jagtvej
155, 2200 Copenhagen, Denmark

Institute of Space Science, Str. Atomistilor, nr. 409 Mégurele, Ilfov,
077125, Romania

Dipartimento di Fisica e Astronomia “G. Galilei”, Universita di
Padova, Via Marzolo 8, 35131 Padova, Italy

Institut fiir Theoretische Physik, University of Heidelberg,
Philosophenweg 16, 69120 Heidelberg, Germany

Institut de Recherche en Astrophysique et Planétologie (IRAP),
Université de Toulouse, CNRS, UPS, CNES, 14 Av. Edouard Belin,
31400 Toulouse, France

Université St Joseph; Faculty of Sciences, Beirut, Lebanon
Departamento de Fisica, FCFM, Universidad de Chile, Blanco
Encalada 2008, Santiago, Chile

Universitdt Innsbruck, Institut fiir Astro- und Teilchenphysik,
Technikerstr. 25/8, 6020 Innsbruck, Austria

Institut d’Estudis Espacials de Catalunya (IEEC), Edifici RDIT,
Campus UPC, 08860 Castelldefels, Barcelona, Spain

Satlantis, University Science Park, Sede Bld 48940, Leioa-Bilbao,
Spain
Instituto de Astrofisica e Ciéncias do Espaco, Faculdade de Cién-
cias, Universidade de Lisboa, Tapada da Ajuda, 1349-018 Lisboa,
Portugal



103

104

105
106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

Euclid Collaboration: Bellhouse, C., et al.: A&A, 698, A14 (2025)

Universidad Politécnica de Cartagena, Departamento de Elec-
trénica y Tecnologia de Computadoras, Plaza del Hospital 1, 30202
Cartagena, Spain

Centre for Information Technology, University of Groningen, P.O.
Box 11044, 9700 CA Groningen, The Netherlands
INFN-Bologna, Via Irnerio 46, 40126 Bologna, Italy

Kapteyn Astronomical Institute, University of Groningen, PO Box
800, 9700 AV Groningen, The Netherlands

Infrared Processing and Analysis Center, California Institute of
Technology, Pasadena, CA 91125, USA

INAF, Istituto di Radioastronomia, Via Piero Gobetti 101, 40129
Bologna, Italy

Astronomical Observatory of the Autonomous Region of the Aosta
Valley (OAVdA), Loc. Lignan 39, 1-11020, Nus (Aosta Valley),
Italy

Department of Physics, Oxford University, Keble Road, Oxford
OX1 3RH, UK

Aurora Technology for European Space Agency (ESA), Camino
bajo del Castillo, s/n, Urbanizacion Villafranca del Castillo, Vil-
lanueva de la Cafada, 28692 Madrid, Spain

ICL, Junia, Université Catholique de Lille, LITL, 59000 Lille,
France

ICSC - Centro Nazionale di Ricerca in High Performance Comput-
ing, Big Data e Quantum Computing, Via Magnanelli 2, Bologna,
Italy

Instituto de Fisica Teérica UAM-CSIC, Campus de Cantoblanco,
28049 Madrid, Spain

CERCA/ISO, Department of Physics, Case Western Reserve Uni-
versity, 10900 Euclid Avenue, Cleveland, OH 44106, USA
Technical University of Munich, TUM School of Natural Sciences,
Physics Department, James-Franck-Str. 1, 85748 Garching, Ger-
many

Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1,
85748 Garching, Germany

Laboratoire Univers et Théorie, Observatoire de Paris, Université
PSL, Université Paris Cité, CNRS, 92190 Meudon, France
Departamento de Fisica Fundamental. Universidad de Salamanca.
Plaza de la Merced s/n. 37008 Salamanca, Spain

Dipartimento di Fisica e Scienze della Terra, Universita degli Studi
di Ferrara, Via Giuseppe Saragat 1, 44122 Ferrara, Italy

Istituto Nazionale di Fisica Nucleare, Sezione di Ferrara, Via
Giuseppe Saragat 1, 44122 Ferrara, Italy

Center for Data-Driven Discovery, Kavli IPMU (WPI), UTIAS,
The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
Ludwig-Maximilians-University, —Schellingstrasse 4,
Munich, Germany

Max-Planck-Institut fiir Physik, Boltzmannstr. 8, 85748 Garching,
Germany

Dipartimento di Fisica — Sezione di Astronomia, Universita di Tri-
este, Via Tiepolo 11, 34131 Trieste, Italy

California Institute of Technology, 1200 E California Blvd,
Pasadena, CA 91125, USA

Institute Lorentz, Leiden University, Niels Bohrweg 2, 2333 CA
Leiden, The Netherlands

Institute for Astronomy, University of Hawaii, 2680 Woodlawn
Drive, Honolulu, HI 96822, USA

Department of Physics & Astronomy, University of California
Irvine, Irvine CA 92697, USA

Department of Mathematics and Physics E. De Giorgi, University
of Salento, Via per Arnesano, CP-193, 73100, Lecce, Italy

INFN, Sezione di Lecce, Via per Arnesano, CP-193, 73100, Lecce,
Italy

INAF-Sezione di Lecce, c/o Dipartimento Matematica e Fisica, Via
per Arnesano, 73100, Lecce, Italy

Departamento Fisica Aplicada, Universidad Politécnica de Carta-
gena, Campus Muralla del Mar, 30202 Cartagena, Murcia, Spain
Instituto de Astrofisica de Canarias (IAC); Departamento de
Astrofisica, Universidad de La Laguna (ULL), 38200, La Laguna,
Tenerife, Spain

80799

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163
164

165

Instituto de Fisica de Cantabria, Edificio Juan Jorda, Avenida de los
Castros, 39005 Santander, Spain

Department of Computer Science, Aalto University, PO Box
15400, Espoo, FI-00 076, Finland

Instituto de Astrofisica de Canarias, ¢/ Via Lactea s/n, La Laguna
E-38200, Spain. Departamento de Astrofisica de la Universidad de
La Laguna, Avda. Francisco Sanchez, La Laguna, E-38200, Spain
Caltech/IPAC, 1200 E. California Blvd., Pasadena, CA 91125,
USA

Ruhr University Bochum, Faculty of Physics and Astronomy,
Astronomical Institute (AIRUB), German Centre for Cosmological
Lensing (GCCL), 44780 Bochum, Germany

Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3, 53,
Avenue des Martyrs, 38000, Grenoble, France

Department of Physics and Astronomy, Vesilinnantie 5, 20014 Uni-
versity of Turku, Finland

Serco for European Space Agency (ESA), Camino bajo del
Castillo, s/n, Urbanizacion Villafranca del Castillo, Villanueva de
la Canada, 28692 Madrid, Spain

ARC Centre of Excellence for Dark Matter Particle Physics, Mel-
bourne, Australia

Centre for Astrophysics & Supercomputing, Swinburne University
of Technology, Hawthorn, Victoria 3122, Australia

Department of Physics and Astronomy, University of the Western
Cape, Bellville, Cape Town, 7535, South Africa

DAMTP, Centre for Mathematical Sciences, Wilberforce Road,
Cambridge CB3 OWA, UK

Kavli Institute for Cosmology Cambridge, Madingley Road, Cam-
bridge, CB3 OHA, UK

IRFU, CEA, Université Paris-Saclay 91191 Gif-sur-Yvette Cedex,
France

Oskar Klein Centre for Cosmoparticle Physics, Department of
Physics, Stockholm University, Stockholm, SE-106 91, Sweden
Astrophysics Group, Blackett Laboratory, Imperial College Lon-
don, London SW7 2AZ, UK

INAF-Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, 50125,
Firenze, Italy

Dipartimento di Fisica, Sapienza Universita di Roma, Piazzale
Aldo Moro 2, 00185 Roma, Italy

Centro de Astrofisica da Universidade do Porto, Rua das Estrelas,
4150-762 Porto, Portugal

Instituto de Astrofisica e Ciéncias do Espago, Universidade do
Porto, CAUP, Rua das Estrelas, PT4150-762 Porto, Portugal

HE Space for European Space Agency (ESA), Camino bajo del
Castillo, s/n, Urbanizacion Villafranca del Castillo, Villanueva de
la Cafada, 28692 Madrid, Spain

Department of Astrophysical Sciences, Peyton Hall, Princeton Uni-
versity, Princeton, NJ 08544, USA

Department of Astrophysics, University of Zurich, Winterthur-
erstrasse 190, 8057 Zurich, Switzerland

INAF-Osservatorio Astronomico di Brera, Via Brera 28, 20122
Milano, Italy, and INFN-Sezione di Genova, Via Dodecaneso 33,
16146, Genova, Italy

Theoretical Astrophysics, Department of Physics and Astronomy,
Uppsala University, Box 515, 751 20 Uppsala, Sweden
Mathematical Institute, University of Leiden, Niels Bohrweg 1,
2333 CA Leiden, The Netherlands

Institute of Astronomy, University of Cambridge, Madingley Road,
Cambridge CB3 OHA, UK

Department of Physics and Astronomy, University of California,
Davis, CA 95616, USA

Cosmic Dawn Center (DAWN), Copenhagen, Denmark

Niels Bohr Institute, University of Copenhagen, Jagtvej 128, 2200
Copenhagen, Denmark

Center for Computational Astrophysics, Flatiron Institute, 162 5th
Avenue, 10010, New York, NY, USA

Al4, page 19 of 21



Euclid Collaboration: Bellhouse, C., et al.: A&A, 698, A14 (2025)

Appendix A: Impact of possible BCG contamination on ICL in the 50-100 kpc region

As discussed in Sects. 1 and 3, separation of the BCG and ICL is challenging to do with only photometric information, and therefore
we treated the two as a continuous two-component profile in our S/N measurements. But this means that significant amounts of BCG
light may fall in the 50-200 kpc aperture we defined to measure the ICL S/N. In this section, we quantify the effect of the inner
radius of the annulus on the ICL S/N measurements, since the inner radius dictates the contribution of the BCG to our ICL ‘signal’.

With the aim of measuring the ICL in the lower mass clusters, this radius was set at 50 kpc, as discussed in Sect. 3. However,
this does introduce some contribution of the BCG to the total signal in the larger mass clusters. Figure 4 shows that almost half of
the light in this aperture may come from the BCG for the most massive clusters. We therefore explored using a narrower aperture
of 100-200 kpc around the BCG. In Fig. 4, we also plot the ICL/BCG ratio in the 100-200 kpc aperture. In the lowest mass cluster,
there is relatively less flux from the ICL component than the BCG (which has n = 4.6) in the 100-200 kpc annulus compared to the
50-200 kpc annulus, but for more massive clusters, the ICL contribution is at least twice that of the BCG light contribution in this
100-200 kpc annulus. This tells us that the S/N measured in this narrower aperture would be a purer measure of the S/N in the ICL
for clusters with masses logo(Mn/My) > 14.2.

In Fig. A.1, we show the S/N measured within the 100-200 kpc annulus as a function of redshift, halo mass and fjcr, which can
be directly compared to the same results from the 50-100 kpc annulus shown in Fig. 5. As expected, the overall S/N is lower, since
there is less signal contributed by both the BCG and ICL in the narrower annulus. Clusters that were detected with a S/N = 10 (5) in
the 50-200 kpc annulus would only be detected with a S/N = 5 (3) in the 100-200 kpc annulus. Thus, while a 100-200 kpc annulus
may provide a purer measure of the ICL, using this annulus for the ICL detection would reduce the number of detectable clusters to
the quantities shown by the S/N > 5 line in Fig. 9, thereby reducing the redshift range over which ICL properties can be explored.
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Fig. A.1. Hg-band S/N of the ICL + BCG interpolated across halo mass, redshift space for a fixed ICL fraction of 15% (left) and ICL fraction,
redshift space at a fixed halo mass M, = 107 M, (right). The figures are produced as described in Fig. 5, but for the S/N measured within a
100-200 kpc annulus. All points and lines are coloured and drawn as described in Fig. 5, with the addition of two dotted lines showing the S/N=10
(left-most) and 3 (right-most) lines from the 50-200 kpc annulus, for ease of comparison.

Appendix B: Modelling smooth variations in signal-to-noise ratios and R,,x versus My, ficL, and z

The cluster properties which dictate the flux and scale radius of our model ICL are the total cluster flux (fx,) and the cluster stellar
mass (M,) respectively. These values are dependent upon the individual clusters and have some inherent variation. We therefore
modelled the total cluster flux and stellar mass as a function of halo mass across the sample of five clusters from MAMBO, in order
to smooth out cluster-to-cluster variations.

For each cluster, we fit a linear function to the sum of the total H; flux of all member galaxies as a function of total halo
mass, fu, = aMy where the best-fit values of a are shown for each redshift in Table B.1. Then, at the mass of each cluster, we
simulated ICL images using the interpolated value of the flux from this function rather than the measured value for the specific
cluster, effectively smoothing out any differences between the clusters. The same process was carried out for the stellar mass of
each cluster, for which we found the best-fit equation: M, = 8.5 x 10~> Mj, for all redshifts. We then used the interpolated values of
cluster flux and stellar mass to set the flux of the ICL and BCG as well as the scale radius of the ICL.

Differences in the luminosity and geometry of satellite galaxies introduce cluster-to-cluster variations in the noise. To account
for this, we calculated the total noise contributed by cluster members within the 50-200 kpc annulus (0 gslaxies). We found that the
total satellite noise within this region is well modelled by a function of the square root of the halo mass. This is expected given the
total luminosity of the satellites scales approximately linearly with halo mass, and the Poisson noise scales with the square root of
the flux. We modelled the galaxy noise as a function of the halo mass using the equation: o gajaxies = b VMn/Mo, with the best-fit
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Table B.1. Best-fit slopes for the cluster flux (a) and galaxy noise (b) as a function of cluster halo mass (M), for each value of z.

z | al1072 M5 Wiyl | b[1078 M5! wly]
03 57 31
0.6 11 15
0.9 42 8.8
1.2 1.9 5.8
1.5 1.0 4.0
1.8 0.60 2.7

values of the slope b shown in Table B.1. We used this relation to regenerate the noise images, omitting the individual satellite
galaxies, and measured the total noise of the remaining components (the BCG, ICL and mock observation noise) within the 50—
200 kpc annulus. When calculating the S/N, the interpolated value of the total satellite galaxy noise was added in quadrature to the
total noise of the other components.

This method allowed us to extrapolate the flux, stellar mass, and satellite galaxy noise, in order to ascertain the values of those
parameters at higher halo masses than our original sample of clusters permitted. We extended the upper end of the mass range by
simulating a cluster with halo mass 10'> M approximately corresponding to the upper limit in halo mass of the sample used to
derive Eq. 1. Since the equation was modelled on a sample of galaxies ranging from 10'“~10'>! My (Kluge et al. 2021), extending
significantly beyond these limits would likely introduce inaccuracies in our ICL model.

Appendix C: Descriptions of ICL fitting methods
Method 1: Isophotal fitting of the BCG+ICL

BCG+ICL models were created using the methodology described in Kluge & Bender (2023) and Kluge et al. (2025). In brief, we
first measured the isophotal shapes and fluxes, and subsequently converted these parameters into 2D image models. The isophotal
shapes were measured by fitting ellipses to the lines of constant surface flux (isophotes) using the python package photutils
(Bradley et al. 2023). The median surface flux was then measured in elliptical annuli around these ellipses. This was done on
masked images. The masks were generated by applying surface brightness thresholds on various spatial scales after modeling and
removing larger spatial scales using 2D splines. The procedure is detailed in Kluge et al. (2020) and the masking parameters were
optimised for the simulated Euclid images. Central sources near the BCG nucleus were masked by removing a first-estimate model
for the BCG+ICL and remasking the residual image. The residual background constant was determined as the median surface flux
of the five outermost data points after iteratively clipping data points that deviate by more than two median absolute deviations from
the median. The outermost possible semimajor axis radius of 1.5Mpc was defined by the image cutout size of 3 Mpc X 3 Mpc.
Finally, a 2D image model of the BCG+ICL was generated by evaluating the interpolated surface flux profiles and isophotal shape
profiles on a pixel grid.

Method 2: One-dimensional profile with satellite galaxy masking

In this method, we first masked all the sources in the mock image field at each redshift with the nine cluster instances by running
SEXTRACTOR (Bertin & Arnouts 1996). The SEXTRACTOR segmentation maps were radially extended by 10 kpc before creating
the masks to ensure that most parts of the diffuse light in the outskirts of the galaxies are excluded in our measurement. Then, we
measured the overall background level for the field by taking the average value of the unmasked pixels with a 30 clipping applied
to the pixel values. To measure the BCG+ICL, we made cutouts of size 500 kpc x 500 kpc centred on each cluster. In each cutout,
all the sources except for the BCG and the extended diffuse light are masked, and the azimuthally averaged BCG+ICL surface
brightness (SB) profile is measured in logarithmic circular apertures centred on the BCG. More details on the masking and SB
profile measurement can be found in Ahad et al. (2023).

Method 3: Wavelet fitting (DAWIS)

DAWIS (Ellien et al. 2021) is a prior-free multiscale de-noising algorithm that uses wavelet transforms to iteratively decompose
an astronomical image into sets of 2D light components, denoted ‘atoms’. The sum of all atoms of an image results in a complete
recovered astronomical field of all sources that have been detected, from bright foreground Milky Way stars to faint and extended
sources such as the ICL. Complementary to this global modelling, one can separate the atoms based on their properties (such as
spatial position and wavelet scale) to recompose the individual light profile of individual objects. Here DAWIS is used in such a
way to produce BCG+ICL models of each mock cluster. First, smaller images of size 1500 x 1500 pix* centred on each cluster
BCG were extracted from all tiles to speed up computations (9 per tile). DAWIS is run on each cluster image individually with the
same standard input parameters (see Ellien et al. 2021 for a description). Upon finishing iterating, the atoms with light distribution
centred on the BCG are summed for each image to produce a first estimate of the BCG+ICL light profile. A cut on the wavelet
scale at which the rest of the atoms have been detected is applied (wavelet scale > 5) to extract the leftover large-scale ICL signal,
which is added to the BCG+ICL profile. This final 2D BCG+ICL light distribution is used to compute the fluxes in the 50-200 kpc
apertures as indicated in the main text.
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