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A B S T R A C T

Studying structural parameters of brightest cluster galaxies (BCGs) provides important clues to understand
their formation and evolution. We present the results of the surface brightness profile fitting of 1685 brightest
cluster galaxies (BCGs) drawn from the Canada-France-Hawaii Telescope Legacy Survey in the redshift range
of 0.1 < 𝑧 < 1.0. We fit 𝑟-band images of BCGs with a single Sérsic profile. The sample is splitted into two
groups based on the host cluster richness to investigate the impact of the environment. Our results suggest that
BCGs in rich clusters are statistically larger than their counterparts in poor clusters. We provide best-fit linear
regressions for the Kormendy, the 𝑙𝑜𝑔 𝑅𝑒 − 𝑙𝑜𝑔 𝑛, and the size-luminosity relations. In addition, we examined
the evolution of the structural parameters, however the BCGs in our sample do not show a significant size
change since z∼1.
1. Introduction

Observations and simulations indicate that the core of galaxy clus-
ters are dominated by the most massive and the most luminous galaxies
in the Universe known as brightest cluster galaxies (BCGs). These
galaxies show unique properties in their sizes, dark matter contents and
the velocity dispersions compared to the normal elliptical galaxies (Von
Der Linden et al., 2007).

Low star formation rates of BCGs imply mass-growth via dry-
mergers (Liu et al., 2009; Ruszkowski and Springel, 2009; Lidman
et al., 2012; Lavoie et al., 2016) which is consistent with the low-
scatter in their luminosity due to the dissipationless processes (Postman
and Lauer, 1995; Aragon-Salamanca et al., 1998; Von Der Linden
t al., 2007). As the BCG continues to grow through merging with
he surrounding satellite galaxies, its size, luminosity, and stellar mass,
s well as the magnitude difference with respect to other nearby
luster members (i.e. dominance), increase (Bernardi et al., 2007).
owever, Scarlata et al. (2007) and Lidman et al. (2013) suggest

hat major mergers, including gas-rich ones, should take place in the
ormation of BCGs in the similar redshift ranges at 𝑧 < 1.

Hierarchical formation of clusters anticipate a strong connection
etween the cluster halo and its BCG. In this scenario, the stellar mass

∗ Corresponding author.
E-mail address: salis@istanbul.edu.tr (S. Alis).

of the BCGs is closely related to the mass of the dark matter halo in
which it is formed. De Lucia and Blaizot (2007) showed that the stellar
masses of BCGs are assembled around z = 0.5 with an evolutionary
path consistent with the hierarchical growth of structures as suggested
by the 𝛬CDM cosmology. Thus, investigating structural properties of
BCGs play an important role in the understanding of their formation,
and especially their evolution.

It has been confirmed that there is a strong correlation between BCG
parameters and the main properties of their host clusters (Nelson et al.,
2002; Ascaso et al., 2011; Lidman et al., 2012). That connection with
their host clusters (e.g. environment) have been extensively studied by
means of stellar mass, size, surface brightness profiles, and the merging
events (Brough et al., 2005; Stott et al., 2008; Brough et al., 2008;
Hansen et al., 2009; Bai et al., 2014; Bellstedt et al., 2016).

Position angle, as a structural parameter of a galaxy, can be used
to investigate the alignment of BCGs with their host clusters (Du-
binski, 1998). Such studies in low (Fasano et al., 2010), intermedi-
ate (Niederste-Ostholt et al., 2010; Chu et al., 2022), and high red-
shifts (West et al., 2017) showed that BCGs are in general well aligned
with their host clusters.
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Although BCGs are predominantly elliptical in morphology, a large
fraction of them exhibit an extended, low-surface-brightness envelope
around the central region (Dressler, 1984; Lauer and Postman, 1992;
Oegerle and Hill, 2001; Zhao et al., 2015) which makes their brightness
rofiles different from those of regular ellipticals. The Sérsic index (𝑛)
easures the concentration of the light profile in galaxies and can

e used to quantify its structure (Peng et al., 2002, 2010). Sizes that
btained from these light profiles have been used to construct size-
uminosity relations and it has been shown that it is different for BCGs
han other early-type galaxies (Bernardi et al., 2007; Samir et al., 2020).
oreover, Tortorelli et al. (2018) examined member galaxies of the

wo intermediate-redshift clusters in the Hubble Frontier Fields and
ompared the Kormendy relations of early-type galaxies. They found
imilar slopes for the Kormendy relations for galaxies classified as early-
ype by Sérsic index, as elliptical by visual inspection and as passive by
pectral properties (e.g. star formation).

Size evolution of BCGs are quite controversial. There have been
tudies showing little or no evolution (Stott et al., 2008; Chu et al.,
022), and significant change in the galaxy size (Bernardi, 2009; Ascaso
t al., 2011). This controversy when coupled with the assembly time
f the BCGs becomes more important. Samples from both observa-
ions and simulations point out to an older stellar population which
ssembled relatively recent epochs (e.g. z ∼ 0.5).

Homogeneity of the BCG properties (Bernardi et al., 2007) makes
hem attractive for using as standard candles, which then can be used
n the cosmological scales as they are the most luminous galaxies in
he Universe.

In this study, we aim to investigate the impact of environment (via
ost cluster richness) on the BCG properties in a wide range of redshift
i.e. 0.1 < 𝑧 < 1.0). Using 𝑟-band images taken from CFHTLS survey,
e apply Sérsic profile fitting to the surface brightness of our sample
alaxies. We examine the evolution of the structural parameters and
he scaling relations for BCGs in different environments.

The paper is organized as follows: in Section 2, we present our data
nd the sample of BCGs. In Section 3, we describe our approach and the
rocedure. In Section 4 we present the results with discussion and we
ive our summary and conclusions in Section 5. Throughout the paper
e use H0 = 70 km s−1 Mpc−1, 𝛺m = 0.3 and 𝛺𝛬 = 0.7.

. Data and sample selection

.1. CFHTLS

The Canada-France-Hawaii Telescope Legacy Survey (CFHTLS) is an
maging survey carried out between 2003–2009 in the four wide and
he four deep fields. The wide survey covers a total area of 171 deg2

ith imaging in 𝑢∗𝑔′𝑟′𝑖′𝑧′ bands. Due to the overlaps between adjacent
ields, the effective area of the CFHTLS-Wide is 155 deg2. Except the
-band, CFHTLS filters are almost identical with those used in the SDSS,
ence we refer these filters as 𝑢𝑔𝑟𝑖𝑧 for the rest of the paper.

CFHTLS made use of MegaCam which is a mosaic CCD camera
onsisting of 36 thinned EEV detectors with each one has 2048 × 4612
ixels. This configuration has approximately 1 deg × 1 deg field of view
or each MegaCam pointing. Processed individual images consisting of
9 354 × 19 354 pixels with a pixel scale of 0.186′′∕pixel.

In this study, we investigated the structural evolution of BCGs in
lusters detected in the W1 field of the CFHTLS. The geometry and
oordinates of the W1 field is given in Fig. 1 which has a 9 × 8
ndividual pointings. Since there are overlaps between the pointings,
he total effective survey area in W1 is 63.75 deg2. The median seeing
f 𝑟-band images is 0.71′′ for the W1 field where the 80% completeness
imit in 𝑟-band is 24 mag for extended sources.

Galaxy clusters, hence their BCGs, were detected from the W1
alaxy catalog where the regions around bright stars, ghosts, spikes,
nd other areas with lower cosmetic quality are masked. Thus, our
bject catalog contains 2,871,455 (𝑟 ≤ 24) galaxies.
2

Table 1
Photometric redshift accuracy and outlier fraction for
different magnitude cuts in i-band (Coupon et al.,
2009).
𝑖𝐴𝐵 𝜎𝛥𝑧∕(1+𝑧𝑠 ) 𝜂 (%)

20.5 0.025 1.12
21.0 0.026 1.57
21.5 0.029 1.39
22.0 0.032 2.25
22.5 0.037 2.81
23.0 0.043 4.91
23.5 0.048 7.63
24.0 0.053 10.13

Data products of CFHTLS are images, mask files, object and photo-
metric redshift catalogs. These products are processed, generated, and
distributed by TERAPIX.1 Since the latest data release that took place
in 2012 (Hudelot et al., 2012), all data is publicly available and can be
accessed via Canadian Astronomy Data Centre (CADC2).

The image processing pipeline of the CFHTLS was optimized for
better object detection with accurate photometry rather than detecting
low surface brightness features. The subtraction of sky background was
likely removed such features from the images which could have impact
on our effective radius determination. Thus, for lower redshifts (e.g. z
< 0.3) the surface brightness profile of BCGs might not be accurate
enough based on the CFHTLS images. A detailed discussion on the
importance of background subtraction can be found in Furnell et al.
(2021).

2.2. Accuracy of photometric redshifts

Photometric redshifts (𝑧𝑝) of the CFHTLS have been computed by
TERAPIX using LePhare. LePhare is a SED fitting tool that finds the
best match with the compared template spectra by means of 𝜒2 min-
imization (Ilbert et al., 2006). Five different template spectra (E, Sbc,
Scd, Irr, and SB) were used for the photometric redshift computation
for the CFHTLS fields (Coupon et al., 2009). These five template are
extrapolated into 66 templates in order to cover redshift ranges up to z
∼ 1.2. Calibration of the templates have been done using spectroscopic
redshifts (𝑧𝑠) obtained by VVDS (Le Fèvre et al., 2005).

Comparison of photometric redshifts computed for CFHTLS with
pectroscopic redshifts available for the W1 field reveals a mean er-
or of 0.03 (Coupon et al., 2009). Table 1 lists photometric redshift
ccuracy for different magnitude limits for CFHTLS-W1. The outlier
raction given in the table computed as the ratio of galaxies with |𝛥𝑧| ≥
.15 × (1 + 𝑧𝑠) where 𝛥𝑧 is the difference between 𝑧𝑠 and 𝑧𝑝.

.3. BCG sample

BCG sample of the present study is derived from the galaxy clusters
etected in CFHTLS-W1. Clusters in the W1 region were determined by
he Wavelet Z-Photometric (WaZP) cluster finder. The (WaZP) cluster
inder is prepared to discover galaxy clusters from multi-wavelength
ptical imaging galaxy surveys where galaxy positions and photometric
edshifts are available. It searches for projected galaxy overdensities in
hotometric redshift space without any assumption on the underlying
alaxy population (e.g. presence of a red sequence). WaZP, in a nut-
hell, slices the galaxy catalog in photometric redshift space and then
enerates smooth wavelet-based density maps for each slice with using
ositions (i.e. RA and Dec) of galaxies. Thus, overdensity peaks are
xtracted and then combined to form a distinct list of cluster candidates
nd associated galaxy members (Aguena et al., 2021).

1 A former data processing center at the Institut d’Astrophysique de Paris.
2 https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/cfht/cfhtls.html.

https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/cfht/cfhtls.html
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Fig. 1. Geometry of CFHTLS W1 pointings. There are 9 × 8 individual MegaCam pointings for this field. Solid black line represents the released image area with T0007 release.
Regions outside the black line have been used for the astrometric calibrations. Due to overlaps between different MegaCam pointings total effective area covered with W1 is 63.75
deg2 (Hudelot et al., 2012). The blue rectangle at the center represents the reference field with central coordinates of RA = 02ℎ 18𝑚, Dec = −07◦ 00′.
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Following the detection of an overdensity, the radius and the rich-
ess (𝜆) of the clusters computed jointly. The radius of the clusters is the
adius where the density is 200 times of the local galaxy background
i.e. 𝑅200) and the richness is defined as the sum of membership
robabilities of galaxies within the 𝑅200.

Probabilities for membership for a given cluster is computed based
n the distances of galaxies to the cluster center, their photometric
edshifts and magnitudes (Castignani and Benoist, 2016). Details of the
aZP cluster finder can be found in Aguena et al. (2021) which is also
sed in the Euclid Cluster Finder Challenge (Euclid Collaboration et al.,
019).

Cluster candidates detected by WaZP have a signal-to-noise (SNR)
atio computed by using the density peak relative to the local galaxy
ackground. We have used cluster detections with a SNR > 3 which
ields 3337 detections in the whole W1 region.

We identified BCGs of those galaxy clusters as the brightest elliptical
alaxies when the following criteria have been satisfied: (i) being 0.5
pc around the cluster center, (ii) having a cluster consistent redshift
ith 𝛥𝑧 = 0.03 ∗ (1 + 𝑧𝑐𝑙), (iii) having a (𝑟 − 𝑖) color consistent (within
0.3) with model elliptical galaxy colors for the corresponding redshift.

In order to examine cluster detections we produce true color images
f the cluster cores with STIFF (Bertin, 2012) using g, r, and i-band
FHTLS images. As our cluster sample to identify BCGs is relatively
odest in size, we performed a visual inspection to eliminate any

alse detection. We keep cluster candidates, hence BCGs, in our sample
3

hen there is a clear overdensity of galaxies with consistent colors.
his leaves 3283 BCGs in W1 region. An example of a cluster field
𝑧 = 0.329) is given in Fig. 2.

. Structural analysis of BCGs

We use GALFIT for structural analysis of our sample galaxies.
ALFIT is a 2D image decomposition tool that is used extensively

or morphological studies of galaxies (Peng et al., 2002). It tries to
odel the surface brightness profiles of galaxies by fitting an ana-

ytical function such as de Vaucouleurs, exponential, nuker, gaussian.
mongst all these functions Sérsic is widely used for structural analysis
f galaxies. The Sérsic function introduced by Sérsic (1963) and Sersic
1968) is considered as the generalized function where, for instance,
= 1 and n = 4 corresponds to the exponential and de Vaucouleurs
odels, respectively. Therefore, modeling the light distribution is more

fficient with a single Sérsic function.
The Sérsic profile is given as

(𝑅) = 𝐼𝑒 𝑒𝑥𝑝

(

−𝑏(𝑛)

[

(

𝑅
𝑅𝑒

)1∕𝑛
− 1

])

(1)

where (𝑅𝑒) is the effective radius (i.e., half-light radius), 𝐼𝑒 is the sur-
face brightness at (𝑅𝑒), 𝑛 is the Sérsic index, and 𝑏(𝑛) is a dimensionless
parameter that is coupled to 𝑛 such that half of the total flux (i.e. 𝐼𝑒)
is always within (𝑅𝑒).

In this study, we model 𝑟-band images of each BCG with a single
Sérsic profile in addition to a background (sky) model. We describe the

main steps of the analysis that we performed in the following sections.
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Fig. 2. An example cluster field. The photometric redshift of the BCG is z = 0.329. Cyan colored circle represents the 𝑅200 radius from the cluster center. The cluster center is
denoted with a cross sign.
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3.1. Preparing images

CFHTLS W1 field consists of 72 individual MegaCam pointings
(i.e. regions). For each BCG in our sample, we first determine the
corresponding region by using the position of the galaxy and the corner
coordinates of each region. Then, a cutout image was produced from
the 𝑟-band image using our own CFITSIO routines.

For the sake of the analysis with GALFIT, we produced cutout
images of 300 × 300 pixels wide with BCGs are centered. This image
size corresponds to ∼56 arcseconds when MegaCam pixel scale of
.186′′/pixel is taken into account. At the redshift of 𝑧 ∼ 0.1 this
ngular scale corresponds to a physical scale of ∼100 kpc with the
tandard cosmology. This physical size is more than three times larger
han typical BCG sizes (e.g. 10–30 kpc) and leaves enough area for
ALFIT to determine the background level around the galaxy.

It is important to keep in mind that GALFIT can fit the sky as a free
arameter. Thus, a reasonable sky area is needed around the object of
nterest.

.2. Masking

For modeling the light distribution of galaxies without the contribu-
ion of nearby sources one needs to mask other sources than the object
f interest. Thus, we created a mask file to be used as an input for the
ALFIT.

Mask images for image defects, stars, spike and ghost like structures
ave been already created by TERAPIX for the whole W1. For each
egion amongst the 72 individual MegaCam pointings there is a mask
ile. As we determine the corresponding region for our target of interest,
e produce cutout mask files for this masking with the same field-of-
iew of our 𝑟-band cutouts. Since this masking is done by using polygon
haped regions, we called this mask file as the polygon masks. However,
his mask file is not enough for a reliable GALFIT solution. We also
asked bright galaxies around our object of interest. This is especially
4

elevant as we study BCGs which are residing at the cores of galaxy
lusters, the most densest place in the Universe. We masked all objects
ther than our target galaxy (i.e. BCG) if they are brighter than 𝑖 < 20.
o determine regions to be masked we make use of the Kron radius,
emi-major and semi-minor axis and the position angle of the sources.
hese parameters are taken from the TERAPIX object catalogs. Mask
iles created in this way called object masks.

Afterwards, we merge these two mask files into a final mask file
o be used by GALFIT. This approach of masking and creating the final
ask files is shown in Fig. 3 and has been done with the similar manner

given in Yelkenci (2015).

3.3. Obtaining the point-spread function model

In order to model galaxy light distributions, GALFIT requires a
point-spread function (PSF) model as an input file. This is especially
becomes crucial for objects residing in crowded area.

We make use of PSFex3 developed by E. Bertin in line with SExtrac-
or. For each W1 region, we created LDAC files with SExtractor and feed
hem into PSFex. We let PSFex choose point-like objects automatically
ith imposing the maximum ellipticity of 𝜖 = 0.3 for an object. Point-

ike sources are selected for the construction of the PSF if they have a
ignal-to-noise ratio of 𝑆∕𝑁 ≥ 20.

As PSF can vary throughout the image and each MegaCam pointing
s quite large (i.e. 1 deg2), we divided each W1 region (19 354 × 19 354
ixels) into 19 × 19 sub-fields with roughly 100 × 100 pixels each.
hus, we obtain 361 PSFs for a given MegaCam pointing. This process

s repeated for the whole 72 regions in W1.
Depending on the target’s coordinates we determine the representa-

ive PSF of that sub-field to be fed into GALFIT. An example of the PSF
mage for a MegaCam pointing is shown in Fig. 4 where we demonstrate
hoosing the relevant sub-field for a target galaxy.

3 https://github.com/astromatic/psfex.

https://github.com/astromatic/psfex
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Fig. 3. Masking strategy used in this study. Polygon mask file (left) consisting of stars and similar structures provided by TERAPIX is used together with the object masks (center)
e produce to create the final mask file (right) used by the GALFIT.
Fig. 4. Point-spread function model obtained with PSFex for a single MegaCam pointing. Inset is the enlarged image of the PSF of a sub-field. PSFs are produced for the each 72
egion of W1 in the similar way.
.4. Running GALFIT

GALFIT requires a number of input information and initial param-
ters for fitting the light distribution. This implies a coordinated input
or running the program, especially for the case of large number of
bjects. Thus, we make use of GALFIT with a wrapper Fortran program
nd some post-processing scripts. This Fortran program enables to ar-
ange input parameters, prepare necessary configuration and auxiliary
iles for the run of the whole BCG sample. Final mask and PSF files
xplained in the previous sections are fed into the process at this step.

The initial values of effective radius (𝑅𝑒), axis ratio (𝑏∕𝑎), position
ngle, and magnitude are taken from the CFHTLS object catalogs
rovided by TERAPIX.

The resulting output of the GALFIT run is a multi-extension FITS file
hich includes the input image (i.e. cutout), produced model image,
nd the residual image of the (𝑖𝑚𝑎𝑔𝑒−𝑚𝑜𝑑𝑒𝑙) subtraction. In Fig. 5 we

present an example of these output images for the BCG ID#7938.
5

Each individual frames shown in Fig. 5 contains the output param-
eters of the fitting process as header information. Once GALFIT run is
completed for an object, our wrapper program extracts these values,
arranges and tabulates in an output file which is the basis of our results.

GALFIT is run in an iterative process and maximum of 100 iterations
are allowed. If the fitting process is converged to a solution before
the last iteration then we have the output values of fitting parameters.
Otherwise, empty values are returned and our wrapper program deals
with those situations to mark such cases in the output file.

Modeling the BCG light distribution requires greater care because
the central regions of galaxy clusters exhibit high galaxy densities.
Thus, we implemented a two-step run for GALFIT to model the sky
background better. In the first run, we keep Sersic and sky components
free. Not only the sky value is kept free but also the possible sky gra-
dients along both axes of the image (i.e. dsky/dx and dsky/dy). When
the first run is converged to a solution, we take the sky background
and gradients and run GALFIT for a second time with those parameters
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Fig. 5. An example GALFIT output for the BCG ID#7938 (zphot = 0.329). Cutout (left), model (middle), and residual (right) images are shown.
ixed. The Sersic parameters of the second run are taken as the final
esults.

.5. Goodness of fit

Assessment of the quality of the model image produced by GALFIT
s measured by means of 𝜒2 via Levenberg–Marquardt algorithm. Al-
hough initial values of the free parameters is given as meaningful as
ossible, a large range of values is inspected during the fitting process
nd Levenberg–Marquardt algorithm is the optimal way for searching
he best values. GALFIT continues fitting with an iterative approach
ntil the 𝜒2 does not change significantly.

The goodness of the light profile fitting is then given as the reduced
2
𝜈 (Peng et al., 2010):

2
𝜈 = 1

𝑁𝑑𝑜𝑓

𝑛𝑥
∑

𝑥=1

𝑛𝑦
∑

𝑦=1

(𝑓𝑑𝑎𝑡𝑎(𝑥, 𝑦) − 𝑓𝑚𝑜𝑑𝑒𝑙(𝑥, 𝑦))2

𝜎(𝑥, 𝑦)2
(2)

where (𝑁𝑑𝑜𝑓 ) is the number of degrees of freedom, 𝑓𝑑𝑎𝑡𝑎(𝑥, 𝑦) and
𝑚𝑜𝑑𝑒𝑙(𝑥, 𝑦) are the input and the model images, respectively. 𝜎(𝑥, 𝑦) is

the 2D data for the uncertainty on the flux either created internally or
given as an input. In our case, we let GALFIT to produce the relevant
𝜎-image by using the GAIN and the READ NOISE parameters.

𝑓𝑚𝑜𝑑𝑒𝑙(𝑥, 𝑦) is the sum of analytical functions that are the product
of a number of free parameters. In this study, we used only Sérsic
function to model the data and we let centroid position, integrated
(total) magnitude, effective radius, Sérsic index, axis ratio, and position
angle as free parameters.

4. Results and discussion

Our pipeline followed the procedures explained in the previous sec-
tion and could converge to a solution for 2721 BCGs. Before continuing
with analysis we wanted to remove nonphysical or unreliable solutions
from our results. Thus, we applied the following criteria for the GALFIT
outputs; 𝜒2 < 5, 𝑛 < 8, and 𝑅𝑒 < 50 kpc. Larger Sérsic indices are
ot reliable hence we omit the ones larger than eight. For the effective
adius of BCGs, larger values than 50 kpc are also not easily motivated
hysically, therefore we also omit those cases.

One final cut has been applied to the redshift range. As we have
few BCGs at lower (𝑧 < 0.1) and higher (𝑧 > 1.0) redshifts, we did

ot include them for the following analysis of the scaling relations.
hus, 1685 BCGs are left after this elimination within the redshift range
f 0.1 < 𝑧 ≤ 1.0. The distributions of 𝑟-band magnitudes and the
hotometric redshifts for the final sample are given in Fig. 6.

In the following sections, we analyzed the structural parameters
ccording to the host cluster richness (𝜆 > 30 and 𝜆 ≤ 30) and the

redshift of the BCG (0.1 < 𝑧 ≤ 0.4, 0.4 < 𝑧 ≤ 0.7, and 0.7 < 𝑧 ≤ 1.0).
Statistics of the structural parameters (i.e. 𝑅𝑒 and 𝑛) are given in Table 2
6

for different richness and redshift bins.
Fig. 6. Normalized distributions of 𝑟-band apparent magnitude (top) and photometric
redshift (bottom) of BCGs. In each histogram the whole sample divided into two
subsamples as for the lower richness (𝜆 ≤ 30) and higher richness (𝜆 > 30) clusters.

We provide relations for parameter pairs of the ‘‘photometric plane’’
(PP) of early-type galaxies in which velocity dispersion is replaced
with Sérsic index. The PP links 𝑙𝑜𝑔(𝑅𝑒), 𝜇𝑒, and 𝑙𝑜𝑔(𝑛) to constitute a
three-dimensional relation for early-type galaxies (La Barbera et al.,
2004).

4.1. Distribution of structural parameters

We compared the structural parameters of BCGs according to the
host cluster richness in Fig. 7. The effective radius distribution of
rich clusters is skewed towards higher radii which implies that BCGs
residing in richer clusters tend to have larger effective radius. This
behavior exists at all redshift bins and can be seen from the median
values of effective radius given in Table 2. However, this difference
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Table 2
Statistical properties (number of objects, mean, standard deviation (𝜎) and median) of effective radius (𝑅𝑒) (in kpc) and Sérsic index of the BCGs for different richness and redshift
bins.

Effective radius (R𝑒) (kpc)

0.1 < 𝑧 ≤ 0.4 0.4 < 𝑧 ≤ 0.7 0.7 < 𝑧 ≤ 1.0

Richness N Mean 𝜎 Median N Mean 𝜎 Median N Mean 𝜎 Median

𝜆 ≤ 30 535 13.074 8.489 10.896 803 13.745 9.321 10.985 231 11.376 7.606 9.084
𝜆 > 30 37 15.399 7.520 13.910 55 17.057 10.669 12.767 22 14.923 10.525 11.946

Sérsic index (n)

0.1 < 𝑧 ≤ 0.4 0.4 < 𝑧 ≤ 0.7 0.7 < 𝑧 ≤ 1.0

Richness N Mean 𝜎 Median N Mean 𝜎 Median N Mean 𝜎 Median

𝜆 ≤ 30 535 3.968 2.011 4.070 803 3.847 1.959 3.830 231 2.857 1.775 2.590
𝜆 > 30 37 4.480 1.494 4.490 55 3.596 1.973 3.940 22 2.511 1.282 2.550
Table 3
Best-fit parameters for the relation between 𝑙𝑜𝑔(𝑅𝑒) − 𝑙𝑜𝑔(𝑛) for different redshift and
ichness bins where a is the slope, and b is the intercept.

All redshift 0.1 < 𝑧 ≤ 0.4 0.4 < 𝑧 ≤ 0.7 0.7 < 𝑧 ≤ 1.0

a b a b a b a b

All 0.231 0.291 0.187 0.373 0.241 0.295 0.235 0.162
𝜆 ≤ 30 0.236 0.288 0.178 0.377 0.256 0.284 0.248 0.156
𝜆 > 30 0.155 0.348 0.155 0.475 0.162 0.308 0.101 0.260

between relatively poor and rich clusters become more evident in the
lowest redshift bin which can be an implication of the more merging
events in denser environments. On the other hand, Sérsic index of our
BCGs both in poor and rich clusters show a similar distribution.

We performed statistical tests to check whether BCGs from poor and
rich clusters are drawn from the same sample. For the Sersic index,
Kolmogorov–Smirnov (KS) and ANOVA tests reveal the p-values as
0.8 and 0.7, respectively. These results suggest that it is difficult to
distinguish these two samples by their Sérsic index.

On the other hand, effective radii of BCGs in poor and rich clusters
are statistically different based on their p-values of 6.6 × 10−4 and
6.7 × 10−4 for KS and ANOVA tests, respectively. The latter result is
consistent with the results of Ascaso et al. (2011) which shows signifi-
cant correlations between the X-ray luminosity of the host cluster and
the absolute magnitude of the BCG. The X-ray luminosity, hence the
mass of the cluster (Vikhlinin et al., 2006) is indicated with the cluster
richness in our study. Since BCGs follow a size-luminosity relation as
the other early-type galaxies (Ulgen et al., 2022; Samir et al., 2020),
absolute magnitude of the BCGs can be correlated with the effective
radius determined in this study.

In Fig. 8 we show the relation between effective radius (𝑅𝑒) and
Sérsic index (n). With a large scatter, the trend is that larger BCGs have
larger Sérsic indices which is also shown by Chu et al. (2022). Eq. (3)
provides the best-fit relation that is obtained from the whole sample.

𝑙𝑜𝑔(𝑛) = 0.231 × 𝑙𝑜𝑔(𝑅𝑒) + 0.291 (3)

Table 3 lists results for individual redshift bins and for different
host cluster richnesses. The slope of the whole sample, irrespective of
redshift or richness, is consistent with those of Ascaso et al. (2011)
where they provided the best-fit relations for BCG samples at 𝑧 ∼ 0
and 𝑧 ∼ 0.5.

𝑙𝑜𝑔𝑅𝑒−𝑙𝑜𝑔(𝑛) relation shows a common behavior for all redshift bins
with slopes between 0.2–0.3. However, the slopes for the BCGs in rich
clusters are less steep.

4.2. The Kormendy relation

The Kormendy relation correlates the effective radius of an early-
type galaxy with its mean surface brightness within the same ra-
dius (Kormendy, 1977). The relation has the form of ⟨𝜇⟩𝑒 = 𝑎× 𝑙𝑜𝑔(𝑅𝑒)+
𝑏 where a and b are the slope and the intercept, respectively.
7

Fig. 7. Normalized distribution of the effective radius (top) and Sérsic index (bottom)
for the whole redshift range but for different richness cuts.

Since the Kormendy relation is a projection of the Fundamental
Plane (FP) of early-type galaxies (Dressler et al., 1987), it provides
information on the size evolution of galaxies (Longhetti et al., 2007;
Tortorelli et al., 2018) and clues about their formation (Kormendy
et al., 2009).

To obtain Kormendy relation we computed the mean surface bright-
ness within the effective radius as given by Graham and Driver (2005):

⟨𝜇⟩𝑒 = 𝑀𝑡𝑜𝑡 + 2.5 𝑙𝑜𝑔(2𝜋𝑅2
𝑒 ) + 2.5 𝑙𝑜𝑔(𝑏∕𝑎) (4)

where 𝑀𝑡𝑜𝑡 is the integrated (total) magnitude, 𝑅𝑒 is the effective ra-
dius, and (b/a) is the axis ratio with a and b are semimajor and semimi-
nor axis, respectively. In Fig. 9 we present the Kormendy relation for
our BCGs both in poor and rich clusters in different redshift bins.
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Fig. 8. Relation between logRe-logn for poor (top) and rich (bottom) clusters. Blue, red, and gray points and associated linear fits represent different redshift bins. For each fit
2𝜎 confidence intervals are also displayed.
Table 4
Best-fit parameters for the relation between 𝑙𝑜𝑔(𝑅𝑒) − ⟨𝜇𝑒⟩ (i.e. Kormendy) for different
redshift and richness bins where a is the slope, and b is the intercept.

All redshift 0.1 < 𝑧 ≤ 0.4 0.4 < 𝑧 ≤ 0.7 0.7 < 𝑧 ≤ 1.0

a b a b a b a b

All 3.941 18.955 4.005 17.933 4.062 19.141 3.863 20.222
𝜆 ≤ 30 3.958 18.940 4.035 17.907 4.075 19.135 3.972 20.122
𝜆 > 30 3.546 19.381 3.000 18.951 4.055 19.089 3.203 20.822

We obtain a Kormendy relation irrespective of the redshift and the
ichness bins as given below:

𝑒 = 3.941 × 𝑙𝑜𝑔(𝑅𝑒) + 18.955 (5)

The coefficients of the Kormendy relations for different redshift and
ichness bins are given in Table 4.

.3. Size-luminosity relation

We present the absolute magnitude versus effective radius relation
8

n Fig. 10. The correlation of 𝑟-band absolute magnitude (M𝑟) with
Table 5
Best-fit parameters for the size-luminosity relation for different redshift and richness
bins where a is the slope, and b is the intercept.

All redshift 0.1 < 𝑧 ≤ 0.4 0.4 < 𝑧 ≤ 0.7 0.7 < 𝑧 ≤ 1.0

a b a b a b a b

All −0.240 −4.481 −0.263 −4.961 −0.290 −5.629 −0.256 −4.990
𝜆 ≤ 30 −0.242 −4.519 −0.265 −5.022 −0.290 −5.631 −0.259 −5.060
𝜆 > 30 −0.196 −3.422 −0.236 −4.311 −0.274 −5.213 −0.261 −5.110

effective radius seems very similar in all redshift bins. Results of the
linear fits are also displayed in Fig. 10.

We obtain a size-luminosity relation for the whole sample as given
below:

𝑙𝑜𝑔(𝑅𝑒) = −0.240 × 𝑀𝑟 − 4.481 (6)

The coefficients for best-fits of the other bins are given in Table 5.
The slope of the size-luminosity relation in the highest redshift bin is
slightly larger for both poor and rich clusters. However, the difference
in slopes of the redshift bins is not very significant.
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Samir et al. (2020) also showed a linear relation between the
CG sizes and their luminosities from the sample they drawn from
DSS. While we prefer to present absolute magnitudes, we convert our
agnitudes to luminosities to obtain 𝑙𝑜𝑔 𝐿𝑟 − 𝑙𝑜𝑔 𝑅𝑒 similar to them.

ince they do not present their results with a similar fashion of our
tudy, for this comparison we did not separate BCGs of poor and rich
lusters. The slope of our best-fit linear relation for the whole sample
s a = 0.33 ± 0.02 whereas Samir et al. (2020) found the slope as a =
.72 ± 0.02. The different redshift ranges of the two studies might be
he reason for the slope difference.

.4. Evolution of structural parameters

We plot the Sérsic index and the effective radius of BCGs as a
unction of redshift in Fig. 11. In both plots, we show BCGs in poor
𝜆 ≤ 30) and rich (𝜆 > 30) clusters separately. To better show the trends
e plotted the median values corresponding to redshifts of 0.25, 0.55,
nd 0.75 which are the central redshifts of the bins used in this study.

There is an increase in the Sérsic index towards lower redshifts.
owever, our measurements of effective radius do not suggest any
9

ignificant evolution with redshift. The trends in both parameters are r
onsistent for poor and rich clusters as shown in Fig. 11. The mean
ifference of the median values of Sérsic index for poor and rich
lusters is ⟨𝛥𝑛⟩ = 0.19. Similarly, the mean difference of effective radius
𝛥𝑙𝑜𝑔(𝑅𝑒)⟩ ≃ 0.10. These findings suggest a similar evolution for the
tructural parameters of BCGs both in poor and rich clusters.

In the recent study of Chu et al. (2022), they show the similar trends
or the effective radius which is suggesting the no-evolution of the BCG
izes since z = 0.7. Stott et al. (2011) also found little change in size

when they compared a sample of high redshift (i.e. 0.8 < 𝑧 < 1.3) BCGs,
where HST imaging is available, with a local sample of BCGs at z ∼
0.25.

Our results for Sérsic index and effective radius evolution are in
contrary to Ascaso et al. (2011). They show similar Sérsic indices
or their samples at low and intermediate redshifts whereas their low
edshift BCGs are almost two times larger than their counterparts at
ntermediate redshifts. In our study, we do not see a similar size
volution and this is consistent even we split our cluster sample into
oor and rich. However, our BCGs in rich clusters have larger effective
adii compared to their counterparts in poor clusters. Bai et al. (2014)
howed a correlation with the stellar masses of BCGs with cluster
ichness and they also pointed out that the mass of BCGs increases
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Fig. 10. Size-luminosity for poor (top) and rich (bottom) clusters. Points, lines, and shaded areas have the same meaning as in Fig. 8.
Table 6
Coefficients of the Kormendy relation obtained in our study are compared with previous studies of different redshift ranges. Slope of the relation
is denoted as 𝑎 and the intercept is denoted as 𝑏.

This study Previous studies

Redshift range a b Redshift range a b Reference

0.1 < 𝑧 < 0.4 4.005 18.955 0.076 < 𝑧 < 0.394 3.75 16.40 Samir et al. (2020)
0.15 < 𝑧 < 0.55 3.44 – Bildfell et al. (2008)

0.4 < 𝑧 < 0.7 4.062 19.141 0.3 < 𝑧 < 0.6 3.346 18.33 Ascaso et al. (2011)

0.7 < 𝑧 < 1.0 3.863 20.222 0.8 < 𝑧 < 1.3 2.7 20.3 Stott et al. (2011)

0.1 < 𝑧 < 1.0 3.941 18.955 0.3 < 𝑧 < 0.9 3.50 18.01 Bai et al. (2014)

0.1 < 𝑧 < 1.0 3.941 18.955 0.187 < 𝑧 < 1.8 3.33 – Chu et al. (2021)
0.1 < 𝑧 < 0.7 3.34 18.65 Chu et al. (2022)
about 1.5 times from z = 0.5 to z = 0. Since we do not have stellar
masses for this sample of BCGs we are not able to make a direct
comparison. Nevertheless, we do not see an increase of the BCG sizes
in the same redshift range which could be used as an indicator for the
stellar mass.
10
5. Summary and conclusions

We present the results of the structural analysis of a BCG sample in
the redshift range of 0.1 < 𝑧 ≤ 1.0. This is the largest sample that is used
for this kind of study. The initial galaxy cluster catalog that we employ
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Fig. 11. Evolution of the Sérsic index (top) and the effective radius (bottom) for
oor and rich clusters. Blue and red points represent BCGs in poor and rich clusters,
espectively. Median values of the each redshift bin are also shown separately for poor
nd rich clusters.

ontains 3283 clusters from the CFHTLS-W1. However, after the surface
rightness profile fitting procedure, we keep only reliable results for
he 1685 galaxies as we described in Section 4. For the procedure, we

used the 𝑟-band images obtained within the framework of CFHTLS in
the field of 72 deg2. Making use of the GALFIT, a surface brightness
profile fitting tool, we obtained Sérsic indices and effective radii as the
structural parameters of BCGs.

To investigate any possible environmental effect, we split the cluster
sample into two sub-samples based on the host cluster richness such
as poor (𝜆 ≤ 30) and rich (𝜆 > 30). The distribution of effective
radii seen in Fig. 7 indicates that the impact of environment on the
11
BCG evolution can be different. As BCGs reside in the center of the
potential well of galaxy clusters, cannibalism and galaxy merging might
be more frequent in richer clusters. Ascaso et al. (2011) also showed
the correlation of the host cluster properties with the BCG structural
parameters for a BCG sample at 𝑧 ∼ 0. However, our Sérsic index
distributions for poor and rich clusters are almost identical as the K-S
test suggests.

We present the relation between the mean effective surface bright-
ness and the effective radius which is well-known as the Kormendy
relation. A comparison of our results with the literature is given in
Table 6 and it can be seen that our results are in good agreement
with other studies in similar redshift ranges. A detailed study of local
BCGs (𝑧 ≤ 0.08) by Kluge et al. (2020) also revealed a similar slope for
the Kormendy relation as 3.61 ± 0.13. Chu et al. (2022) also examined
BCGs from the CFHTLS but including all the Wide fields whereas we
used a cluster catalog obtained solely from the W1. Because the BCG
catalog for Chu et al. (2022) had not yet been released at the time when
his manuscript was submitted, it was not possible to cross-match the
alaxies. However, we may expect some fraction of overlaps between
he clusters, hence BCGs. Keeping that overlap in mind, it seems the
esults of both studies are well consistent both in the slope and in the
ntercept of the Kormendy relation. It is also worth noting that our BCG
ample is almost two-times of the Chu et al. (2022) despite their study

including all the CFHTLS-Wide imaging which covers approximately
155 deg2.

In order to see any evolutionary effect, we binned our BCGs into
three redshift bins (i.e. 0.1 < 𝑧 ≤ 0.4, 0.4 < 𝑧 ≤ 0.7 and, 0.7 < 𝑧 ≤ 1.0).
The offsets in the Kormendy relation for different redshift bins are
mainly due to the cosmological dimming. Besides the offsets, slopes
of the individual relations are consistent with each other. In Table 6
we compare our results with previous studies where we see a general
agreement for the corresponding redshift range of our study.

For the size-luminosity relation we see very similar trends for all
redshift ranges except the relations are slightly offset for the highest
redshift bin for poor and rich clusters. However, we should note that
the less number of BCGs in rich clusters, and thus in the highest redshift
bin.

The little or no evolution in the BCG sizes since 𝑧 ∼ 1 also seen
in other studies (Stott et al., 2011; Chu et al., 2021, 2022) requires
urther investigation as some observational studies showed an increase
n size (Bernardi, 2009; Ascaso et al., 2011; Lidman et al., 2013;
ai et al., 2014; Lavoie et al., 2016) similarly to some theoretical

studies (De Lucia and Blaizot, 2007; Ruszkowski and Springel, 2009;
Naab et al., 2009). High-resolution imaging of BCGs in different epochs
could provide important clues on this controversy. Such images could
be obtained within the surveys of Euclid which will be launched soon.

As pointed out in Section 2.1, the background subtraction of CFHTLS
images might have removed some of the light from the BCG outskirts.
Therefore, our results should be taken into account with caution for
lower redshifts (i.e. 𝑧 < 0.3). An independent reduction of the raw
survey images might be useful to investigate the size evolution of BCGs
at low redshifts.
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