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ABSTRACT

We study the galaxy mass-size relation in 15 spectroscopically confirmed clusters at 1.4 < z < 2.8 from the CARLA survey. Our
clusters span a total stellar mass in the range 11.3 < log(Mc

∗/M�) < 12.6 (with an approximate halo mass in the range 13.5 .
log(Mc

h/M�) . 14.5). Our main finding is that cluster passive early-type galaxies (ETGs) at z & 1.5 with a mass log(M/M�) > 10.5
are systematically & 0.2−0.3dex larger (& 3σ) than field ETGs at a similar redshift and mass from the CANDELS survey. The passive
ETG average size evolution with redshift is slower at 1 < z < 2 when compared to the field. This could be explained by early-epoch
differences in the formation and early evolution of galaxies in haloes of a different mass, as predicted by models. It does not exclude
that other physical mechanisms, such as strong compaction and gas dissipation in field galaxies, followed by a sequence of mergers
may have also played a significant role in the field ETG evolution, but not necessarily in the evolution of cluster galaxies. Our passive
ETG mass-size relation shows a tendency to flatten at 9.6 < log(M/M�) < 10.5, where the average size is log(Re/kpc) = 0.05± 0.22,
which is broadly consistent with galaxy sizes in the field and in the local Universe. This implies that galaxies in the low end of the
mass-size relation do not evolve much from z ∼ 2 to the present, and that their sizes evolve in a similar way in clusters and in the
field. Brightest cluster galaxies lie on the same mass-size relation as satellites, suggesting that their size evolution is not different from
satellites at redshift z & 2. Half of the active early-type galaxies, which are 30% of our ETG sample, follow the field passive galaxy
mass-size relation, and the other half follow the field active galaxy mass-size relation. These galaxies likely went through a recent
merger or neighbor galaxy interaction, and would most probably quench at a later epoch and increase the fraction of passive ETGs in
clusters. We do not observe a large population of compact galaxies (only one), as is observed in the field at these redshifts, implying
that the galaxies in our clusters are not observed in an epoch close to their compaction.

Key words. Galaxies: formation, Galaxies: evolution, Galaxies: clusters: general, Galaxies: fundamental parameters, Galaxies:
structure, Galaxies: star formation, Galaxies: elliptical and lenticular, cD, Cosmology: observations

1. Introduction

In the local Universe and up to z = 3, the most massive galax-
ies are also among the largest (Kauffmann et al. 2003; Gadotti
2009; Poggianti et al. 2013; Huertas-Company et al. 2013a; Fer-
nández Lorenzo et al. 2013; Delaye et al. 2014; Belli et al. 2014;
van Dokkum et al. 2015). For example, local elliptical galaxies
follow a rather tight relation with an intrinsic scatter of less than
0.3 dex (Nair et al. 2011; Bernardi et al. 2011a,b, 2014). This
dependence is called the galaxy mass-size relation (MSR), and
provides insight into the past and present evolution of galaxies.

? anton.afanasiev@obspm.fr

The first results on the mass-size and size-luminosity relation
at z = 1 and beyond were reported by Trujillo et al. (2004, 2006)
and McIntosh et al. (2005), who initially did not find strong size
differences for massive (M∗ > 2 − 3 × 1010 M�) galaxies at 2 <
z < 3 compared to z = 0, but they later reported that galaxies at
z = 2.5 are two times smaller on average. Later results (Trujillo
et al. 2011; Mosleh et al. 2011; Dutton et al. 2011; Szomoru et al.
2012) confirm that the stellar MSR was already in place at z = 1,
but its normalization increased at low redshift.

The arrival of the new data, such as the Cosmic Assembly
Near-infrared Deep Extragalactic Legacy Survey (CANDELS;
PI: S. Faber, H. Ferguson; Koekemoer et al. 2011; Grogin et al.
2011), and new observational techniques, such as strong lensing
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(Yang et al. 2021), confirm this view. van der Wel et al. (2012,
2014) measure the MSR redshift evolution for both passive and
star-forming galaxies in the field in the redshift range 0 < z < 3.
They demonstrate that the slope of the MSR does not evolve
for either population. However, galaxies become more compact
with increasing redshift, which is explained by Carollo et al.
(2013) by the fact that the Universe was more dense in earlier
times, and the galaxy density evolves approximately as the den-
sity of the Universe. Dimauro et al. (2019) analyze the MSR of
bulges and disks, and find that they follow different MSRs. Their
MSR weakly depends on the morphology of the host galaxy, and
the sizes of disks do not depend on their star-formation activity.
They conclude that quenching did not affect disk structures.

The shape of the MSR is consistent with a scenario in which
galaxy growth is dominated by star formation due to cold gas
accretion up to a certain mass (which is redshift- and size-
dependent, corresponding to M = 1011M� at z = 2 and Re =
1 kpc approximately) and by galaxy mergers at higher masses
(e.g., Shankar et al. 2013; van Dokkum et al. 2015; Zanisi et al.
2020) In fact, hierarchical models could explain the fast size
growth of giant elliptical galaxies only by sequential minor dry
mergers since z = 2 (Naab et al. 2009; Trujillo et al. 2011; New-
man et al. 2012; van Dokkum et al. 2015). On the other hand,
spiral galaxies do not require minor mergers since their growth
can be attributed to cold gas accretion (Dekel et al. 2009).

It is less clear though if galaxies in clusters and in the field
evolved in the same way. In the local Universe, semi-analytical
models predict a moderate to strong environmental dependence
(Shankar et al. 2014); however most of the observational results
agree that this relation is independent of environment (e.g., Guo
et al. 2009; Weinmann et al. 2009; Cappellari 2013; Huertas-
Company et al. 2013b; Mosleh et al. 2018). Poggianti et al.
(2013) find that cluster early-type galaxies (ETGs) are smaller
than those in the field; however, they included a large fraction
of S0 galaxies which appear to have smaller radii than elliptical
galaxies at a fixed stellar mass (Bernardi et al. 2013; Huertas-
Company et al. 2013a) and different environmental relations
(Erwin et al. 2012; Sil’chenko et al. 2018). In another work,
Huang et al. (2018) find that massive galaxies in clusters are as
much as 20%-40% larger than in the field based on deep ob-
servations with the Hyper Suprime-Cam (see also Yoon et al.
2017). For spiral galaxies, the environmental dependence of the
MSR is more pronounced: its scatter is much larger (Maltby
et al. 2010; Cappellari 2013; Lange et al. 2015) and disks are
smaller in clusters (Kuchner et al. 2017; Demers et al. 2019).
This means that dense environments either destroy disks or in-
hibit their growth, for example through tidal interactions, ram-
pressure, and/or strangulation (Boselli & Gavazzi 2006).

At intermediate redshift, several works have shown that the
average size of the quiescent ETGs at 0.4 . z . 1.5 is the
same for galaxies in the field and dense environments (e.g., Ret-
tura et al. 2010; Huertas-Company et al. 2013a; Kelkar et al.
2015; Saracco et al. 2017), and for stellar mass log(M/M�) ∼
10.5 − 11.8. Instead, smaller galaxy sizes in clusters are found
by Raichoor et al. 2012 for bulge-dominated galaxies in the Lynx
superstructure at z ∼ 1.3, in the galaxy mass range log(M/M�) ∼
10 − 11.5), and by Matharu et al. (2019) at z . 1.5.

At higher redshift, z & 1.5, most works find larger quiescent
ETG sizes in clusters at both high (Papovich et al. 2012; Straz-
zullo et al. 2013; Delaye et al. 2014; Chan et al. 2018; Noordeh
et al. 2021, log(M/M�) ∼ 10.5− 11.5) and low (Mei et al. 2015,
log(M/M�) ∼ 9.5 − 10.5) mass. These results are also stable
when using different galaxy mass proxies (Andreon 2020). How-
ever, Allen et al. (2015), find larger cluster star-forming galaxies

and similar cluster quiescent galaxy sizes compared to the field,
in the mass range log(M/M�) ∼ 9 − 11.5. It has to be noticed
that their results are limited by their sample size, and they point
out that they are only sensitive to differences in size of 0.7 kpc or
greater. Strazzullo et al. (2022) also find similar cluster quiescent
galaxy sizes compared to the field, in massive galaxy clusters
from South Pole Telescope Sunyaev-Zeldovich effect survey at
1.4 . z . 1.7 and galaxy stellar masses of log(M/M�) > 10.85.

There is also some evidence that the MSR flattens out at low
masses, log(M/M�) . 10.3, in the local Universe Bernardi et al.
(2011b), and up to z ∼ 1 (Saracco et al. 2017; Nedkova et al.
2021), as predicted by models (Shankar et al. 2014).

Finally, several studies find high percentages of compact
post-starburst (Maltby et al. 2018; Socolovsky et al. 2019; Math-
aru et al. 2020; Wilkinson et al. 2021) and massive compact
galaxies (Lu et al. 2019; Gu et al. 2020; Tadaki et al. 2020) in
dense environments at z = 1.5 − 2.

In this paper, we extended MSR studies in a unique sam-
ple of galaxy clusters at redshift 1.4 . z . 2.8 from the
Clusters Around Radio-Loud AGN (CARLA; Wylezalek et al.
2013, 2014) survey. We find that passive ETGs in clusters are
& 0.2 − 0.3dex larger (& 3σ) than in the field at these redshifts,
while late-type galaxies (LTGs) have similar sizes. Combining
our results with other cluster studies, we demonstrate that clus-
ter passive ETGs have much slower size evolution than their
field counterparts. The brightest bluster galaxies (BCG) lie on
the same MSR as satellites. Half of the ETGs with active star-
formation lie on the LTGs MSR. The MSR flattens at low mass,
and we do not observe large percentages of very compact galax-
ies in our sample.

The structure of this paper is as follows. We describe our
observations in Section 2. The galaxy property measurements
and our sample selection are presented in Section 3. Our results
are presented in Section 4, and discussed in Section 5. Section 6
summarizes the paper.

Throughout this paper, we adopt a Λ - cold dark matter
(ΛCDM) cosmology with ΩM = 0.3, ΩΛ = 0.7, Ωk = 0, and
h = 0.7, and assume a Chabrier initial mass function (IMF)
(Chabrier 2003). The photometry and structural parameters in
this paper were measured adopting the 3D-HST empirical PSF
model 1 for the HST/WFC3 GOODS-S images in the F140W
(H140) band. Hereafter, we call star-forming galaxies "active",
not to confuse with active galactic nuclei.

2. The CARLA survey

2.1. CARLA cluster candidates

CARLA is a 408h Warm Spitzer IRAC survey of galaxy over-
densities around 420 radio-loud AGN (RLAGN). The AGN were
selected across the full sky and in the redshift range of 1.3 < z <
3.2. Approximately half of them are radio-loud quasars (RLQs)
and the other half are high-redshift radio galaxies (HzRGs). With
the aim to detect galaxy cluster candidates, Wylezalek et al.
(2013) selected galaxies at z > 1.3 around the AGN, using a
color selection in the IRAC channel 1 (λ = 3.6 µm; IRAC1,
hereafter) and channel 2 (λ = 4.5 µm; IRAC2, hereafter). They
found that 92% of the selected RLAGN reside in dense envi-
ronments with respect to a field sample in the Spitzer UKIDSS
Ultra Deep Survey (SpUDS, Rieke et al. 2004), with the major-
ity (55%) of them being overdense at a > 2σ level, and 10% of
them at a > 5σ level.

1 https://archive.stsci.edu/prepds/3d-hst/
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From their IRAC luminosity function, Wylezalek et al.
(2014) showed that CARLA overdensity galaxies have prob-
ably quenched faster and earlier than field galaxies. Some of
the CARLA northern overdensities were also observed in either
deep z-band or deep i-band, with Gemini/GMOS, VLT/ISAAC
and WHT/ACAM (P.I. Hatch (see below); Cooke et al. 2015).
These observations permitted them to estimate galaxy star for-
mation rate histories, and to deduce that, on average, the star
formation of galaxies in these targets had been rapidly quenched
(Cooke et al. 2015).

The twenty highest overdensitiy CARLA Spitzer candidates
were followed by a Hubble Space Telescope Wide Field Camera
3 (HST/WFC3) observations (P.I. Stern (see below); Noirot et al.
2016, 2018), and sixteen of them were spectroscopically con-
firmed at 1.4 < z < 2.8, together with seven spectroscopically
confirmed serendipitous structures at 0.9 < z < 2.1 (Noirot et al.
2018). The structure members were confirmed as line-emitters
in Hα, Hβ, [OII], and/or [OIII], depending on the redshift, and
have star formation estimates from the line fluxes (Noirot et al.
2018). The galaxy star-formation (for stellar mass & 1010M�) is
below the star-forming main sequence (MS) of field galaxies at
a similar redshift. Star-forming galaxies are mostly found within
the central regions (Noirot et al. 2018).

Mei et al. (2022, hereafter, M22) performed an in-depth
study of the morphology, quiescence and merger incidence
of CARLA clusters. They found that the galaxy morphology-
density and passive-density relations are already in place at
z ∼ 2. The cluster ETG and passive fractions depend on local
environment and mildly on galaxy mass. Active ETGs are 30%
of the total ETG population. Cluster merger fractions are signif-
icantly higher than in the CANDELS fields, as predicted from
previous studies to explain high quiescent fractions at z . 1.5.
Their findings confirm that all the spectroscopically confirmed
CARLA overdensities have properties consistent with clusters
and proto-clusters.

We describe our observations below. More details on the
Spitzer IRAC, HST/WFC3 and ground-based data reduction and
results can be found in Wylezalek et al. (2013, 2014), Noirot
et al. (2016, 2018), and Cooke et al. (2015), respectively.

2.2. Spitzer observations

All CARLA clusters were observed with Spitzer IRAC1 and
IRAC2 (Cycle 7 and 8 snapshot program; P.I.: D. Stern), with
total exposure times of 800 s/1000 s in IRAC1 and 2000 s/2100
s in IRAC2, for radio galaxies at z < 2/z > 2, which pro-
vided a similar depth in both channels. The IRAC cameras have
256 × 256 InSb detector arrays with a pixel size of 1.22 arcsec
and a field of view of 5.2 × 5.2 arcmin. Wylezalek et al. (2013)
performed the data calibration and mosaicing with the MOPEX
package (Makovoz & Khan 2005) and detected sources with
SExtractor (Bertin & Arnouts 1996), using the IRAC-optimized
SExtractor parameters from Lacy et al. (2005). The final Spitzer
IRAC1 and IRAC2 mosaic has a pixel size of 0.61 arcsec, after
taking into account dithering and subpixelation. The 95% com-
pleteness limit is IRAC1=22.6 mag and IRAC2=22.9 mag.

2.3. HST observations

The HST/WFC3 imaging and grism spectroscopy were obtained
with a dedicated HST follow-up program (Program ID: 13740;
P.I.: D. Stern). The program consisted of F140W band (here-
after H140) imaging with a field of view of 2 × 2.3 arcmin2 at a

resolution of 0.06 arsec pix−1, after taking into account dither-
ing, and G141 grism spectroscopy with a thoughtput > 10% in
the wavelength range of 1.08 µm < λ < 1.70 µm and spec-
tral resolution R = λ/∆λ = 130. This grism was chosen in or-
der to permit the identification of strong emission lines at our
target redshift, such as Hα, Hβ, [OII] and [OIII]. Noirot et al.
(2016, 2018) performed the data reduction using the aXe (Küm-
mel et al. 2009) pipeline, by combining the individual exposures,
and removing cosmic ray and sky signal. They performed the
source detection with SExtractor (Bertin & Arnouts 1996), and
extracted two-dimensional spectra for each field, based on the
positions and sizes of the sources. The redshifts and emission
line fluxes were determined using the python version of mpfit
and are published in Noirot et al. (2018). Our HST image 5σ
magnitude limit within an aperture of radius of 0.17 arcsec is
H140 = 27.1 mag.

2.4. Ground-based optical observations

Ground-based optical imaging in i- or z-band is available for nine
of the CARLA clusters (Cooke et al. 2015). Seven clusters were
observed in September 2013 - December 2014 using ACAM at
4.2m William Hershel telescope (P.I. Hatch). ACAM has a cir-
cular field of view, 8.3 arcmin in diameter with a pixel scale 0.25
arcsec pixel−1. Two other clusters were observed between Febru-
ary and April 2014 with GMOS-S (at the Gemini South tele-
scope) using the EEV detectors. The field of view of GMOS-S is
5.5 × 5.5 arcmin with a pixel scale of 0.146 arcsec pixel−1. Ex-
posure times were calculated depending on the actual seeing, in
order to reach a consistent depth across all fields. The reduction
of the i-band images was performed with the publicly available
THELI software (Erben et al. 2005; Schirmer 2013). For the pho-
tometric calibration we used either available Sloan Digital Sky
Survey photometry or standard stars observed before and after
the cluster observations. More details on these observations and
image reduction can be found in Cooke et al. (2015). CARLA
J2039-2514 has archival imaging observations with VLT/ISAAC
(run ID 69.A-0234) in the z-band with 4800s exposure time (see
also Noirot et al. 2016).

3. Sample selection and galaxy property
measurements

We focus this study on 15 of the 16 CARLA confirmed clus-
ters in Noirot et al. (2018), those that present sufficiently high
overdensities to yield low field galaxy contamination (M22).

3.1. Galaxy sample selection

Details on our cluster and galaxy selection are found in M22,
and we describe below the main steps leading to our cluster and
galaxy sample selection, and the galaxy property measurements.

3.1.1. Galaxy photometry and mass measurement

Our photometry was obtained from a joint analysis of IRAC1,
IRAC2, H140 and, when available, ground-based i-band or z-
band images. For an efficient source deblending, M22 used the
T-PHOT software (Merlin et al. 2015, 2016), with the high-
resolution HST images as priors to derive PSF-matched fluxes
in the lower-resolution bands.

M22 measured our CARLA galaxy stellar masses by
calibrating our PSF-matched Spitzer/IRAC1 magnitudes with
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Table 1. SExtractor parameters used for source detection.

SExtractor Cold Mode Hot Mode
DETECT_MINAREA 5.0 10.0
DETECT_THRESH 0.75 0.7
ANALYSIS_THRESH 5.0 0.8
FILTER_NAME tophat_9.0_9x9 gauss_4.0_7x7
DEBLEND_NTHRESH 16 64
DEBLEND_MINCONT 0.0001 0.001
BACK_SIZE 256 128
BACK_FILTERSIZE 9 5
BACKPHOTO_THICK 100 48

Table 2. Constraints on GALFIT parameters.The constraint on magni-
tude is relative to the measured SExtractor magnitude.

parameter description constraints units
n Sérsic index 0.2 : 8
Re effective radius 0.3 : 400 pixel
Q axis ratio 0.0001 : 1
m magnitude -3 : +3 SExtractor mag

galaxy stellar masses from Santini et al. (2015) derived from
the Guo et al. (2013) multiwavelength catalog in the CANDELS
WIDE GOODS-S field. Hereafter, we use the symbol M for
the galaxy stellar mass. The Spitzer IRAC1 magnitudes corre-
spond to the rest-frame near-infrared in the redshift range of the
CARLA sample, and they expected them not to be biased by ex-
tinction. M22 found a very good correlation between these mag-
nitudes and the Santini et al. (2015) mass measurements, with
scatters of ≈ 0.12 dex at the redshift of the clusters studied in
this paper. Adding in quadrature the scatter of the relation and
uncertainties from Santini et al. (2015), they obtained mass un-
certainties in the range ∼ 0.4 − 0.5 dex, and ≈ 0.2 − 0.3 dex for
9.6 . log10(M/M�) < 10.5 and log10(M/M�) > 10.5, respec-
tively.

3.1.2. Sample selection

M22’s sample selection aims at optimizing completeness and
purity. Observations of most of the CARLA clusters and proto-
clusters include three (H140, IRAC1, IRAC2) to five bandpasses
(ground based i-band and z-band, H140, IRAC1, IRAC2), and
they could not perform a precise photometric redshift analy-
sis from their spectral energy distribution. Instead, they selected
galaxies in color and spatial regions where they expected a low
outlier contamination.

M22 selected galaxies with (IRAC1 − IRAC2) > −0.1,
IRAC1 < 22.6 mag, from which they obtained a sample ∼ 90%
pure and complete for galaxies at z > 1.3. To reduce the contam-
ination from outliers with z > 1.3, but not at the cluster redshift,
they only selected galaxies located in the densest cluster regions,
in circles of radius of 0.5 arcmin (∼ 0.25 Mpc at our redshifts),
in which the background contamination is . 20% in most clus-
ters (M22). The scale of these regions corresponds to the scale
of the dense cluster cores at z ∼ 1 (Postman et al. 2005).

They also select galaxies brighter than H140 = 24.5 mag.
In fact, van der Wel et al. (2012) and Kartaltepe et al. (2015)
showed that morphological classification and the measurement
of galaxy structural parameters are dependable only for mag-
nitudes brighter than the WFC3/F160W magnitude H160 =
24.5 mag in the CANDELS Wide survey (Koekemoer et al.
2011). The CANDELS Wide survey reaches a 5σ magnitude

limit of H160 = 27.4 mag, which is comparable to the CARLA
magnitude limit of H140 = 27.1 mag (both were calculated
within an aperture with 0.17 arcsec radius), when the different
filter response functions are taken into account. For this reason,
in this paper, we did not perform further simulations to assess the
precision and bias of our measurements, and rely on the finding
from van der Wel et al. (2012) for the choice of the magnitude
limit of the galaxy sample chosen for our work. van der Wel et al.
(2014) also pointed out that structural parameters measurements
performed in infrared band-passes at our redshifts do not show
significant differences.

M22’s final sample includes a total of 271 galaxies
in fifteen CARLA confirmed clusters and nineteen over-
dense regions. In fact, three of our clusters are dou-
ble structures (CARLAJ1358+5752, CARLAJ1018+0530, and
CARLAJ2039-2514), as predicted by cosmological models for
clusters assembling at z = 1.5 − 3 (Chiang et al. 2013; Muldrew
et al. 2015). Galaxies that were spectroscopically confirmed at
a redshift different than the clusters by Noirot et al. (2018)
and a recent photo-spectral analysis of CARLAJ1018+0530 by
Werner et al. (MNRAS, submitted) were not included in the final
catalog.

3.1.3. Galaxy morphological classification and passive and
active galaxy selection

M22 performed a galaxy visual morphological classification us-
ing two large morphological classes, ETGs and late-type galax-
ies (LTGs). ETGs include spheroid and compact galaxies, and
LTGs include disks and irregular galaxies. These correspond to
the main morphological classes used in the CANDELS survey
(Kartaltepe et al. 2015): (1) disk, these galaxies have a disk even
if they do not show clear spiral arms; (2) spheroid, these galax-
ies are resolved spheroids and do not show a disk; (3) irregular,
all extended galaxies that can be classified neither as a disk nor
as a spheroid; (4) compact and unresolved, these are compact or
unresolved galaxies; (5) unclassifiable. The sample used in this
paper does not include any unclassifiable galaxies.

Nine of our CARLA clusters have been observed in the i or
z-band from the ground (M22), which correspond to a rest-frame
U/NUV band. For these clusters, M22 identified passive and ac-
tive galaxies using color-color diagrams, which correspond to
the UVJ diagrams used in the literature to separate passive from
active dusty galaxies up to a redshift z = 3.5 (e.g., Labbé et al.
2005; Wuyts et al. 2007; Williams et al. 2009; Whitaker et al.
2011; Fang et al. 2018). The fraction of the galaxies that could
not be classified as passive and active (because of the lack of
ground-based observations) corresponds to ∼ 30% of the galax-
ies. They selected passive galaxies as galaxies with specific star
formation rate log(sSFR) < −9.5 yr−1, using the CANDELS
Santini et al. (2015) sSFR as the reference for their selection
calibration. This selection permitted them to obtain passive sam-
ples that are ∼80-85% complete and pure, and includes recently
quenched galaxies at ∼ 3σ below the field star formation main
sequence.

3.2. Measurements of galaxy structural properties

We measured galaxy structural parameters using the software
GALAPAGOS (Barden et al. 2012), using the high-resolution
H140 images. The H140 channel corresponds to the rest-frame
V band in all but the highest redshift cluster in our sample,
CARLA J1017+6116, where H140 instead corresponds to the
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Fig. 1. Two color diagram to separate stars and galaxies. The 3σ exter-
nal locus of the modeled star distribution is shown by a black contour,
the unresolved object from our sample is shown in red, and is most
probably extragalactic.

rest-frame U-band. GALAPAGOS performs the following main
steps: source detection; creation of image and noise cutouts for
each detected source; estimation of the local background; fit of
the surface brightness profile to a Sérsic profile; and compilation
of all objects into a final output catalog.

The source detection is based on SExtractor (Bertin &
Arnouts 1996). Following Barden et al. (2012), we ran SEx-
tractor on the H140 images in the cold and hot modes, which
are optimized to detect bright and faint objects, respectively. We
adopted the same configuration of parameters used for the cat-
alogs released by (CANDELS, Grogin et al. 2011; Koekemoer
et al. 2011), and published by Galametz et al. (2013) and Guo
et al. (2013). More specifically, we created a first catalog includ-
ing all the cold sources; then we compared every source detected
in the hot mode to the first catalog detections, added those whose
central position did not lie inside the Kron ellipse of any cold
source, discarding the others. Table 1 shows the key SExtractor
parameters used in our source detection.

The photometric and structural parameter estimation was
based on GALFIT (Peng et al. 2002), which fits the surface
brightness profile of each detected source to a one-component
Sérsic model (Sersic 1968), defined by the following free pa-
rameters: the total magnitude m, the half-light radius measured
along the major axis (effective radius) Re, the Sérsic index n, the
axis ratio Q (the ratio between the model minor and major axis,
b/a), the position angle P.A., and the central position. The soft-
ware uses the Levenberg-Marquardt algorithm to minimise the
residual between a galaxy image and the PSF-convolved model
by modifying the free parameters.

We used the same GALFIT configuration as van der Wel
et al. (2012, 2014) (Table 2), given that the CANDELS Wide sur-
vey depth is comparable to the CARLA depth (see Sec. 3.2), and
to have homogeneous measurements of cluster and field sizes.
The conversion to physical length-scale in kiloparsec was per-
formed using the angular distance of each cluster, assuming that
all cluster galaxies have the same redshift as the average redshift
of the cluster from Noirot et al. (2018).

We reran GALFIT on the 22 galaxies for which either
GALAPAGOS did not converge or the resulting values had un-
certainties greater than the value itself, or the parameters hit the
constrains set for either Re, n or Q. In those cases, we tried dif-
ferent values of the input parameters to find a stable global min-
imum of the residuals and resolve the problems listed above. We

divided our sample in 3 categories: (i) Galaxies with a good qual-
ity fit; (ii) QSO, whose effective radii are uncertain due to satu-
ration in the HST image (9 objects); (iii) Unresolved galaxies,
where GALFIT converged close to the minimum constraint for
the effective radius. We exclude QSO from our analysis.

The unresolved galaxy category consists of only one object
with an effective radius Re = 0.5 pix, which is close to the
lower limit for the Re estimate used by van der Wel et al. (2012)
(Re,min = 0.018 arcsec or 0.3 pix in WFPC3 image). The ob-
jects with such small effective radii are essentially indistinguish-
able from point sources, so their Re is an upper limit, and they
might be either a bona-fide extragalactic object, or a Milky Way
star. This object is not listed in the Gaia EDR3 catalog as a star
(Gaia Collaboration et al. 2021). Additionally, we used the TRI-
LEGAL code2 (Girardi et al. 2005) to obtain a sample of simu-
lated stars with magnitudes IRAC1< 26 mag at the source RA
and DEC, and with standard settings for the geometry of the thin
disk, the thick disk and the halo of the Milky Way, as well as
for their stellar population parameters. We built a (H140-IRAC1)
vs (IRAC1-IRAC2) diagram (see Fig. 1), to identify the locus of
the synthetic star colors (see Fig. 1). The source does not lie in
the star locus, and we keep it as a bona-fide galaxy.

In Fig. 2, we compare our GALAPAGOS structural parame-
ters with visual morphology from M22. The median Sérsic index
for ETGs and LTGs is ∼3 and ∼1, respectively, consistent with
what is expected for ETG de Vaucouleur and LTG exponential
profiles. The median Q for early, late, asymmetric and symmet-
ric galaxies is ∼ 0.7, 0.55, 0.7, and 0.55, respectively, with early
and symmetric galaxies being rounder, as expected.

4. Results

Fig. 3 shows each cluster passive and active galaxy MSR, com-
pared to CANDELS (van der Wel et al. 2014). We interpo-
lated the van der Wel et al. (2014) relations at each cluster red-
shift. While the active and LTG distributions lie on the same ac-
tive galaxy MSR as van der Wel et al. (2014), the passive and
ETG population systematically lie above the van der Wel et al.
(2014)’s passive galaxy relation. This is also shown in Fig. 4,
where we divide the sample in two redshift bins and observe a
similar behavior. The relation also indicates a tendency to flatten
at log(M/M�) . 10.5.

About ∼ 30% of the cluster ETG are active, and mostly lie
on the LTG galaxy MSR. The bulk of these active ETGs is found
in just two clusters (J1018 and J2039, both around z ∼ 2; M22).

The cluster BCG and the second brightest are shown with
larger symbols, and lie on the same MSR as the satellites.

Fig. 5 shows the evolution of the passive ETG mass-size re-
lation in clusters in the redshift range 0.7 < z < 2 compared
to the CANDELS (van der Wel et al. 2014) MSR. We added to
our sample the passive ETG observations from Strazzullo et al.
(2013), Delaye et al. (2014), and Newman et al. (2014), which
used analyses similar to ours. When authors published circular-
ized effective radii, defined as Re,circ = Re

√
(b/a) (e.g., Delaye

et al. 2014), we convert their sizes to the Sérsic profile half-light
radii along the major axis. Fig. 6 shows effective radii normal-
ized to the passive MSR from van der Wel et al. (2014), Rn

e , for
the same observations as Fig. 5. Cluster galaxy sizes are on av-
erage larger.

To better visualize the difference between cluster and field
average sizes and study size evolution, Fig 7 shows the redshift

2 http://stev.oapd.inaf.it/cgi-bin/trilegal

Article number, page 5 of 14



A&A proofs: manuscript no. CARLA_mass-size

Fig. 2. CARLA cluster structural parameter distribution for our main morphological classes: ETG (red solid line) and LTG (blue dashed line).
Left: Sérsic index distribution; Middle: GALFIT Q distribution; Right: GALFIT Q distribution for asymmetric (solid line) and symmetric galaxies
(dash-dotted line). Our parameters are consistent with the visual morphological classification.

evolution of the mass-normalized radius R10.7, defined as (van
der Wel et al. 2014) :

Re (kpc) = R10.7 (kpc)
(

M
5 × 1010M�

)β
. (1)

In the conversion, we use the slope β ∼ 0.74− 0.76 from van der
Wel et al. (2014), interpolated to the redshifts that we are con-
sidering. Here we compute the average log(R10.7/kpc) in each
redshift bin for Delaye et al. (2014) and our data, and in each
cluster for Strazzullo et al. (2013) and Newman et al. (2014).
The Delaye et al. (2014) observations are averaged over the same
redshift bins (0.7 < z < 0.9; 0.9 < z < 1.1; 1.1 < z < 1.3
and 1.3 < z < 1.6) as in Figure 5. Our CARLA cluster obser-
vations are averaged over two redshift bins: 1.35 < z < 1.65,
and 1.9 < z < 2. The uncertainties on R10.7 are calculated us-
ing Monte Carlo simulations. For this figure, we only consider
galaxies with log

(
M/M�

)
> 10.5 for a homogeneous sample

comparison. We select objects from van der Wel et al. (2014)
applying the same color and magnitude cuts in IRAC that we
applied to our sample.

While the MSR of cluster and field passive ETGs is mostly
similar in the local Universe (e.g., Huertas-Company et al.
2013b), cluster ETG sizes are systematically larger than field
passive galaxies for log

(
M/M�

)
> 10.5 and z > 1 and their evo-

lution is slower in the range 1 . z . 2. In fact, while the cluster
and field MSR are superposed within ∼ 1σ (Fig. 5), the average
normalized cluster radii are & 3σ larger than the field (Fig 7).
We quantify this difference also by fitting the redshift evolution
of the cluster R10.7 for galaxy mass log

(
M/M�

)
> 10.5:

log(R10.7/kpc) = (−0.16 ± 0.02) (z − 1) + (0.44 ± 0.01), (2)

compared to the evolution in the field from van der Wel et al.
(2014):

log(R10.7/kpc) = (−0.28 ± 0.04) (z − 1) + (0.33 ± 0.02). (3)

The fit was performed by taking into account the uncertainties
on both axes, and the uncertainties on the fit are quantified with
Monte Carlo simulations. For galaxies with log

(
M/M�

)
> 10.5,

at 1 < z < 2 cluster passive ETG are on average > 0.2 − 0.3dex
(& 3σ) larger than the field. At z = 1.5 the cluster passive ETGs
are ∼40% larger than passive galaxies in the field, and at z = 2

they are larger by ∼120%. The passive ETG fraction in clusters
is ∼ 60 ± 10%, compared to ∼ 28 ± 2% in CANDELS.

At lower mass, log
(
M/M�

)
< 10.5, the MSR is predicted

(Shankar et al. 2013) and observed (Graham et al. 2006; Lange
et al. 2015; Li et al. 2018; Hamadouche et al. 2022) to flat-
ten at least up to z = 2 (Nedkova et al. 2021). In the range
9.6 < log

(
M/M�

)
< 10.5 , we measure an average cluster pas-

sive ETG size of log(Re/kpc) = 0.05 ± 0.22.

5. Discussion

We observe larger passive ETG sizes in CARLA clusters (1.4 ≤
z ≤ 2.8) when compared to CANDELS field passive ETGs (van
der Wel et al. 2014). Larger passive ETG sizes in clusters at
z > 1 are also observed by Strazzullo et al. (2013), Delaye
et al. (2014), Newman et al. (2014), and Andreon (2020) in sim-
ilar galaxy mass ranges. We obtain the evolution of the mass-
normalized radius R10.7 as a function of redshift, which shows
that passive ETGs with log

(
M/M�

)
> 10.5 and z > 1 are sys-

tematically larger in clusters than in field environment. Their
mass growth at 1 . z . 2 is slower than in the field.

5.1. The mass-size relation at z ∼ 1

At the lower redshift range 0.86 < z < 1.34, most of works find
similar ETG/passive galaxy sizes in clusters and in the field (e.g.,
Rettura et al. 2010; Raichoor et al. 2012; Huertas-Company et al.
2013a; Kelkar et al. 2015; Allen et al. 2015; Saracco et al. 2017;
Marsan et al. 2019). Matharu et al. (2019) find that cluster qui-
escent galaxies with log

(
M/M�

)
& 10 are 0.08±0.04 dex (∼ 20

%) more compact than in the field (see also Raichoor et al. 2012),
and are consistent within 1σ of the field MSR, which has an in-
trinsic scatter ∼ 0.13 dex. They used a toy model to show that
these galaxies will in part merge with the BCGs and in part be
tidally destroyed, and new, larger, galaxies will be accreted into
clusters from the field, maintaining a similar MSR in field and
clusters in the redshift range 0 < z . 1. The model consid-
ers that galaxies in groups and filaments constantly fall into the
cluster haloes over cosmic time (van Dokkum & Franx 1996;
Saglia et al. 2010; Shankar et al. 2015). Because of this accre-
tion, new members are added to the original passive population.
The new passive objects can form either through environmen-
tal quenching by ram-pressure (Gunn & Gott 1972), harassment
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Fig. 3. The MSRs for each cluster. Red and blue colors show passive [log(sSFR) < −9.5 yr−1] and active galaxies, respectively. Green symbols show
galaxies for which we could not separate passive from active galaxies. Circles, squares, and diamonds correspond to ETGs, LTGs and irregulars,
respectively. The largest symbols show the BCGs the second largest indicate the second brightest galaxies. The compact galaxy in the J2039-2514
is shown by the smaller symbol. A yellow halo around the galaxy symbol indicates a HzRG. The red and blue solid lines are CANDELS van der
Wel et al. (2014)’s MSRs for passive and active galaxies, respectively, interpolated to the redshift of each cluster. The CANDELS passive galaxy
MSR is shown at log(M/M�) > 10.3 to reflect the fitting range in van der Wel et al. (2014). The dashed lines are 1-σ scatter for these relations.
The average measurement uncertainty is provided on the right-hand side of each box. Cluster active galaxies and LTGs lie on the van der Wel et al.
(2014)’s active galaxy MSR. Cluster passive ETGs have systematically larger sizes than van der Wel et al. (2014)’s passive galaxies.
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Fig. 4. The MSR in two redshift bins. The symbols are the same as in Figure 3. The van der Wel et al. (2014)’s MSRs are shown at the mean
redshift of each bin (z = 1.47 and z = 1.80). The CANDELS passive galaxy MSR is shown at log(M/M�) > 10.3 to reflect the fitting range in van
der Wel et al. (2014). The average measurement uncertainty is provided on the right-hand side of each box. In both redshifts bins, cluster active
and LTG galaxies lie on the van der Wel et al. (2014) active galaxy MSR. Cluster passive ETGs have systematically larger sizes than van der Wel
et al. (2014)’s passive galaxies.

(Moore et al. 1996) or strangulation (van den Bosch et al. 2008),
or they can infall already quenched, by group preprocessing (Fu-
jita 2004). In the first case, predominantly late-type disky galax-
ies are mostly transformed into lenticulars and dwarf ellipticals.
In the second case, galaxies preprocessed in the group environ-
ment are larger. A part of the size growth in the clusters can be
attributed to the addition of group elliptical and lenticular galax-
ies that mix with the native cluster ETG population and homog-
enize the size distribution to that of the field (see also Matteuzzi
et al. 2022). This is further compounded by results by Matharu
et al. (2020), that can be explained by the accretion of old com-
pact ETGs onto BCGs or their disruption into the intracluster
light. The Matharu et al. (2019) results at 1 < z < 1.34 show
larger sizes, and are consistent with this paper.

5.2. The mass-size relation at z ∼ 2: Galaxy sizes are larger
in clusters than in the field

Field galaxies at 2 . z . 3 (van der Wel et al. 2014; Patel et al.
2017; Marsan et al. 2019) show larger sizes than the extrapo-
lation of the field size evolution at lower redshift (e.g., see the
highest redshift field point in Fig 7). This is explained by the
transition from the epoch in which galaxy growth is dominated
by gas accretion and the epoch in which minor mergers become
dominant (Naab et al. 2009). On the other end, cluster galaxies
are already larger than field galaxies at z ∼ 2, then grow more
slowly than field galaxies, to reach the same average sizes by
z = 1 and then evolve to z ∼ 0 on average in the same way as

field galaxies, mainly because of accretion of field larger galax-
ies and disruption of the cluster more compact galaxies (Matharu
et al. 2019).

Our work has highlighted a clear dichotomy in the evolution
of the mean passive ETG sizes of similar stellar mass: galaxies in
clusters tend to be larger at z & 1 − 1.5 than their counterparts in
the field, and evolve slower since z ∼ 2 (see also Andreon et al.
2016). Passive ETGs in the field are more compact at high red-
shift, show a faster growth, and eventually show a similar MSR
to cluster galaxies at z ∼ 0, as shown in the works cited above.
In other words, passive ETGs of similar stellar mass appear to
have a significant environmental (halo) dependence which tends
to progressively disappear when approaching the local Universe.

5.2.1. Model predictions

This nontrivial evolution in the size evolution is not easily recon-
ciled with theoretical models (see also Andreon (2020)). Merg-
ers, especially dry mergers, have traditionally been invoked as
the main driver behind the (strong) size evolution of massive
galaxies, and in general of all ETGs, as confirmed by a num-
ber of cosmological theoretical (e.g., Guo et al. 2011; Shankar
et al. 2013, 2014) and numerical (e.g., Naab et al. 2009; Genel
et al. 2018; Furlong et al. 2017) studies.

Therefore, one could hypothesize that galaxies in clusters
may have undergone a more rapid size increase via mergers
before infall into a larger halo. To investigate this hypothesis,
Fig 8 shows the predicted cumulative number of expected merg-
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Fig. 5. Cluster passive ETG MSRs compared to the field MSRs (van der Wel et al. 2014) in different redshift bins. The red circles are the CARLA
sample (this paper). The brown triangles, gray squares, and orange diamonds are observations from Delaye et al. (2014), Strazzullo et al. (2013),
and Newman et al. (2014), respectively. The red continuous line is the van der Wel et al. (2014) CANDELS passive galaxy relation, and the dashed
lines show the 1 σ uncertainty. The vertical black dashed line shows the lower limit of our high mass sample. The average data uncertainties are
shown in their corresponding color in the bottom-right corner of each subplot. Cluster passive ETG are systematically larger than CANDELS
passive galaxies.

ers that a central galaxy of log
(
M/M�

)
> 10.5 undergoes as a

function of host dark matter halo mass from z = 4 to present
(as labeled) from the DECODE semi-empirical model (Fu et al.
2022). DECODE can flexibly compute the (mean) number of
mergers of any central galaxy at any given redshift and host halo
(cluster or field) without limits of mass or volume resolution
and for any given input stellar mass-halo mass relation. Fig 8
shows that the number of both major and minor mergers under-
gone by central galaxies (dashed and solid lines, with thresholds
as labeled) steadily increases as a function of host halo mass
at all redshifts. It is interesting to observe that the model pre-
dicts that major mergers become more common in halos of mass
log

(
Mh/M�

)
∼ 14 at z ∼ 3, and minor mergers in halos of mass

log
(
Mh/M�

)
∼ 14.5 at z ∼ 2, exactly as it is observed for our

CARLA sample in M22.
On the assumption that satellite galaxies with stellar

mass log
(
M/M�

)
> 10.5 in cluster environments with

log
(
Mh/M�

)
∼ 14, were, before infall, “typical” central galax-

ies in host haloes of lower mass, then they should have experi-
enced a merger history as the one reported in Fig 8. In particular,
central galaxies with stellar mass log

(
M/M�

)
> 10.5 typically

reside in host haloes of log
(
Mh/M�

)
& 12.5 with a weak de-

pendence on redshift (e.g., Moster et al. 2018; Grylls et al. 2019,
Fu et al. 2022). These haloes hardly go through any major or
minor merger at z & 2, according to our predictions shown in
Fig 8. Even allowing for more massive host haloes for more
massive galaxies, the models do not predict mergers at z & 2
up to log

(
Mh/M�

)
∼ 13.7, thus disfavoring early size growth

via a sequence of minor or major mergers in moderately massive
satellite galaxies in clusters, as long as the latter share similar
properties and assembly histories to their field counterparts be-
fore infall.

Alternatively, progenitor bias could explain the difference
between older, more compact and younger, more extended
galaxies (e.g., Shankar & Bernardi 2009; Lilly & Carollo 2016),
or simply the time a galaxy spends in the main sequence could
make them larger (e.g., Genel et al. 2018). In our data though,
this will imply that the larger cluster galaxies are younger and
more extended and spent more time on the main sequence. We
cannot measure the age distributions for our galaxies compared
to the field, but we expect our cluster galaxies to be older and
quenched (Thomas et al. 2005; Mei et al. 2022), and therefore to
be smaller and not larger than field galaxies if their size would
be different due to the progenitor bias.
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Fig. 6. Effective radii normalized to the passive MSR from van der Wel et al. (2014), Rn
e , for the same observations as Fig. 5. The symbols are the

same as in Figure 5. The average data uncertainties are shown in their corresponding color on the right-hand side of each subplot.

AGN feedback could induce a rapid puffing up of the host
galaxy, if a proportionally significant gas mass is expelled from
the central regions (Fan et al. 2008, 2010). However, it is not
clear why strong AGN feedback should act only in those galax-
ies destined to become satellites in larger haloes and not in all
galaxies of similar stellar mass at a given epoch. In addition, we
inspected the central surface brightness within 2 kpc of galax-
ies of similar stellar mass in the field and in clusters, finding no
signs of a reduced central density in cluster galaxies (see Fig. 9),
which would be expected if AGN feedback had been expand-
ing the central regions thus decreasing the central densities (Fan
et al. 2010).

Kravtsov (2013) find evidence of a close linear relation be-
tween the effective radii of galaxies and their host haloes of the
form Re = k×R200c, where R200c is the host halo radius3, and the
constant of proportionality k equal to a few percent, depending
on the exact definition of host halo mass. This relation is also
measured at higher redshifts (e.g., Somerville et al. 2018), con-
firmed in hydrodynamic simulations (e.g., Rohr et al. 2022), and
it is used in analytic models to show that the size evolution and
local size functions of intermediate and massive galaxies can be
reproduced (e.g., Stringer et al. 2014; Zanisi et al. 2020, 2021b),

3 Defined as the region containing a mass density equal to two hundred
times the critical density of the Universe at a given redshift

along with the environmental halo dependence in the local Uni-
verse Zanisi et al. (2021a).

By using DECODE, we have assigned an effective radius
to all centrals and satellite galaxies at different epochs living
in the field and in clusters as those in our sample (13.5 .
log

(
Mh/M�

)
. 14.5), assuming throughout a constant Re =

k × R200c
4. We found that indeed cluster galaxies have a weaker

evolution than field galaxies of similar stellar mass, which catch
up with their cluster counterparts at z < 0.5. However, for both
predicted cluster and field galaxy radii we find an evolution of
the type H[z]2/3, that is as R200c(z) (e.g., Stringer et al. 2014),
which is a weaker evolution than the one observed for ETGs
(Figure 6) which is closer to ∼ 1/(1 + z)α, with α & 1 in the
field. This apparent discrepancy could be a sign that the Kravtsov
relation is more appropriate to describe the bulk of the popula-
tion for a given halo/stellar mass, which is represented by star-
forming galaxies with log

(
M/M�

)
∼ 10.5. We conclude that

possibly an imprint in the formation/early evolution of cluster
galaxies, as mirrored in the Kravtsov relation, could explain at
least in part the systematic difference observed in our sample for
cluster and field ETGs, but other factors, such as strong com-
paction/gas dissipation in field galaxies, followed by a sequence

4 The exact value of the constant k assumed in this exercise is irrelevant
as we are only interested in the relative difference between the mean
sizes of field and cluster galaxies.
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Fig. 7. The evolution of the passive ETG mass-normalized radius R10.7 (see text) with redshift. The red circles are the CARLA sample (this paper).
The brown triangles, gray squares, and orange diamonds show observations from Delaye et al. (2014), Strazzullo et al. (2013), and Newman et al.
(2014), respectively. The black circles are field ETG sizes taken from Bernardi et al. (2014) and Huertas-Company et al. (2013b) for z = 0, and
from van der Wel et al. (2014) for the other redshifts.
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dergoes as a function of host halo mass at different redshifts, as labeled.
The curves are derived from the DECODE semi-empirical model (Fu
et al. 2022).

of mergers (e.g., Dekel et al. 2009; Lapi et al. 2018) may have
also played a significant role in shaping field, but not necessarily
cluster, ETGs.

5.2.2. Galaxy size proxy and possible bias

The difference in the average galaxy size evolution might also
be due to the choice of the galaxy size proxy that we use. In
fact, the half-light radii Re can be biased by the way the galaxy
light is distributed, and, for example, might not correspond to
the galaxy sizes measured using mass distribution or other mass
proxies (Miller et al. 2019; Suess et al. 2019; Miller et al. 2022),
and might bias the quantification of size evolution if galaxies
change concentration while changing size (Andreon 2020).

Mass-to–light ratio gradients in galaxies could have a non-
negligible impact in the calibration and interpretation of the ap-
parent size evolution of galaxies across cosmic time (e.g., Hop-
kins et al. 2009a, and references therein). Mass-to-light ratio gra-
dients can be physically caused by gradients in the galaxy stellar
populations, with older, more metal-poor, or dustier stellar pop-
ulations having higher mass-to-light ratios than younger or more
metal-rich ones. Suess et al. (2019) measure CANDELS galaxy
half-mass radii and find that the redshift evolution of galaxy half-
mass radii is much slower than that of half-light radii, as also
pointed out by Miller et al. (2022). They showed that mass-to-
light gradients are stronger for more massive, larger and redder
galaxies. Bernardi et al. (2022) also discuss that stellar Initial
Mass Function (IMF)-driven gradients might be even stronger
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Fig. 9. Galaxy average surface brightness in clusters and in the field.
Top: Histogram of the galaxy average surface brightness within 2 kpc,
normalized to the total number of galaxies in each sample. The continu-
ous red and blue lines show cluster and field galaxies, respectively. Bot-
tom: Dependence of 2 kpc average surface brightness on galaxy mass
in mass bins as shown in the labels. More massive galaxies have on av-
erage brighter inner regions. In both cases, the figures show that cluster
and field galaxies have similar surface brighness distributions.

than those driven by age and metallicity, and have a larger im-
pact in galaxy size measurement, especially in ETGs.

While Fig.9 shows that our cluster and field samples cover a
similar range in galaxy stellar mass, and similar central surface
brightness, unfortunately we cannot measure half-mass radii for
our cluster sample and study in depth possible bias due to the
choice of our mass proxy. However, if galaxies in clusters ex-
perienced a different formation and assembly history than their
field counterparts, then they could have generated nontrivial
mass-to-light or IMF gradients that could induce an apparently
weaker size evolution than field galaxies. In particular, our clus-
ter half-light radii seem to better trace mass because they show
a slower size evolution that is also observed for field half-mass
radii (Suess et al. 2019). This suggests that our cluster galaxies
might possess less pronounced mass-to-light ratio gradients than
galaxies in the field.

Another way to understand bias due to the choice of using
Re as a size proxy is to measure R80 (a radius enclosing 80 %
of the galaxy luminosity (see Miller et al. 2019; Mowla et al.
2019a; Andreon 2020), which relates to the galaxy stellar mass
in the same way as the dark matter halo mass (e.g., Mowla et al.
2019b). For a best-fitting Sérsic profile of each galaxy, the R80
value can be calculated analytically (Miller et al. 2019). Fig-
ure 10 shows the mass-normalized R80,10.7 evolution with red-
shift. The cluster passive ETG sizes are still ∼ 0.3 dex larger
(& 2σ) than the field at z & 1.5. This is confirmed by An-
dreon (2020) in the redshift range 0.17 < z < 1.8 for a sample
of cluster ETG more massive than those selected in our work
(log

(
M/M�

)
> 10.7)). This result also shows a clear depen-

dence of galaxy size on the host halo mass (Kravtsov 2013), in-
dependently of which light radius proxy is used.

Fig. 10. The redshift evolution of the passive ETG size R80, normalized
at log

(
M/M�

)
= 10.7. The symbols are the same as in Fig. 7.

5.3. BCG sizes

Our cluster BCGs and the second brightest cluster galaxies lie on
the same MSR as the satellite galaxies. Our observations would
suggest that the size evolution of BCGs should be similar to other
ETG galaxies of similar stellar mass, and quite modest (≈ 0.15
dex) at z < 1 (see also Andreon 2018). Cosmological models
that include size evolution tend to predict, on average, a slightly
larger increase (≈0.15-0.3 dex) since z ∼ 1, depending on the ex-
act model, the selection, and the physical assumptions made dur-
ing the merger (e.g., Hopkins et al. 2009b; Shankar et al. 2013,
2015; Zoldan et al. 2019). Some models also predict that BCGs
evolve from normal galaxies at z = 2, which then become larger
due to different merger histories (Zhao et al. 2017). This latter
work also finds that the most massive cluster galaxy at z = 2 is
a true progenitor of a local BCG less than 50% of the time. Our
observations agree with this last scenario, and suggest that BCG
sizes evolved as those of the other cluster galaxies at z & 2.

At lower redshift, observations show different results, even in
the local Universe. For example, in the local Universe, Bernardi
(2009) find that BCGs are systematically larger than satellite
galaxies, while Weinmann et al. (2009) do not find any size dif-
ference between central and satellite ETGs.

5.4. Active ETGs that lie on the passive MSR

We observe active ETGs that follow the passive ETG MSR in
four of our five clusters at z = 1.5 − 2 (M22). The presence of
active ETGs in clusters has been observed at z ∼ 0 (e.g., Sheen
et al. 2016) and up to z ∼ 2 (Ferreras & Silk 2000; Mei et al.
2006, 2015; Jaffé et al. 2011; Mansheim et al. 2017).

At 1.35 < z < 1.65 the CARLA active ETGs that lie on
the passive MSR are 21+7

−5% of all ETGs, of which 45 ± 18%
lie within 1σ of the van der Wel et al. (2014)’s passive MSR
(64+16
−20% for 2.5σ). At 1.65 < z < 2.05 active ETG are 59 ± 14%

of all ETG, of which 42±17% lie within 1σ of the passive MSR
(58 ± 17% for 2.5σ). About half of the active ETGs are mergers
or asymmetric (M22).

The active ETGs that are not mergers and interactions mostly
lie on the van der Wel et al. (2014)’s passive galaxy MSR as we
would expect if their star formation activity did not change their
size. Instead, the active ETGs that are mergers or asymmetric lie
on the van der Wel et al. (2014)’s active galaxy MSR. For these
last galaxies, the interactions with other galaxies might have trig-
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gered star formation. This might mean that their interactions or
asymmetric shapes might have lead to our larger size measure-
ments or that they are misclassified.

In the local Universe (z < 1), active ETGs are thought to
have gone through recent gas-rich minor merger events or inter-
actions with neighboring gas-rich galaxies, and are to become
passive when their gas would be exhausted (e.g., Lee et al. 2006;
Huertas-Company et al. 2010; George & Zingade 2015; George
2017). Half of our active ETGs are experiencing (M22), and the
others very likely have experienced, a recent merger or galaxy
interaction, and would most probably quench at a later epoch,
thereby increasing the fraction of passive ETGs in the cluster
population. Since the higher redshift end of our sample shows
high percentage of active ETG that lie within 2.5σ of the passive
MSR, this suggests that the incidence of recent mergers or neigh-
bor galaxy interactions might have been higher in higher redshift
clusters. Since M22 do not observe higher merger fractions in the
redshift range that we probe with the CARLA sample, observa-
tions at higher redshift are needed to test this hypothesis.

5.5. The MSR flattening for log(M/M�) . 10.5

Our MSR indicates a tendency to flatten at log
(
M/M�

)
. 10.5.

In the range 9.6 < log
(
M/M�

)
< 10.5, we measure an average

cluster passive ETG size of log(Re/kpc) = 0.05 ± 0.22. This
is a trend observed in passive ETGs in clusters and in the field
in the local Universe (e.g., Bernardi et al. 2014; Nedkova et al.
2021) and at z . 2 (e.g., Nedkova et al. 2021) for galaxies in
the mass range 7 . log(M/M�) . 10.5. It is predicted in semi-
analytical models (e.g., Shankar et al. 2013), where it occurs at
the transitional mass log(M/M�) ∼ 10.5, below which galaxy
growth is dominated by both disk instabilities and mergers, and
above which galaxy growth is dominated by minor mergers. Our
average cluster passive ETG size is ∼ 0.2 dex smaller than the
average size from Nedkova et al. (2021), and consistent within
∼ 1σ. This suggests that the low mass end of the MSR does not
evolve much from z ∼ 2 to present.

6. Summary

We studied the MSR of galaxies in a sample of 15 spectroscop-
ically confirmed clusters from the CARLA survey (Wylezalek
et al. 2013, 2014; Noirot et al. 2018). Our cluster total stel-
lar mass spans ithe range 11.3 < log(Mc

∗/M�) < 12.6, which
corresponds to an approximate halo mass in the range 13.5 .
log(Mc

h/M�) . 14.5 (M22).

Our main results are:

– Cluster LTGs at 1.4 < z < 2.8 lie on the same MSR as active
field galaxies from CANDELS (van der Wel et al. 2014).

– Cluster ETGs at 1.4 < z < 2.8 show sizes that are ∼ 0.3 dex
(& 3σ) systematically larger than passive field galaxies from
CANDELS (van der Wel et al. 2014). The evolution of clus-
ter passive ETG sizes is slower at 1 < z < 2 when com-
pared to the field. We fit the average evolution for the mass-
normalized radius as:

log(R10.7/kpc) = (−0.16 ± 0.02) (z − 1) + (0.44 ± 0.01), (4)

compared to the evolution in the field from van der Wel et al.
(2014):

log(R10.7/kpc) = (−0.28 ± 0.04) (z − 1) + (0.33 ± 0.02). (5)

– BCGs lie on the same MSR as the satellites.

– Half of the active ETGs follow the field passive galaxy MSR,
and the other half the active galaxy MSR.

– In the range 9.6 < log
(
M/M�

)
< 10.5, our passive

ETG MSR is consistent with flattening, with an average
log(Re/kpc) = 0.05 ± 0.22. It is ∼ 0.2 dex smaller than the
field studies in the similar mass range at z = 0 − 2 (Nedkova
et al. 2021), but the two results are consistent within 1σ.

– We do not observe a large population of compact galaxies
(only one), in contrast with field studies at these redshifts
(e.g., Barro et al. 2013), and studies that found high per-
centages of compact post-starburst (Maltby et al. 2018; So-
colovsky et al. 2019; Matharu et al. 2020; Wilkinson et al.
2021).

In conclusion, the systematic difference in size that we ob-
serve between cluster and field passive ETG galaxies could most
probably be explained by early-epoch differences in the forma-
tion and early evolution of galaxies in haloes of different mass, as
predicted by models (Kravtsov 2013). However, other physical
mechanisms, such as strong compaction/gas dissipation in field
galaxies, followed by a sequence of mergers (e.g., Hopkins et al.
2009b; Lapi et al. 2018) could play a role in field ETG galaxy
evolution, but not necessarily in the evolution of cluster galaxies.
The low-mass end of the MSR (9.6 < log

(
M/M�

)
< 10.5) did

not evolve much from z ∼ 2 to the present and does not show sig-
nificant environmental dependence. This suggests that the phys-
ical mechanisms that govern these low-mass galaxies are similar
in clusters and in the field. We also find that the BCGs lie on the
same MSR as the other cluster galaxies, implying that their size
evolution is not very different from the other cluster galaxies at
z & 2.

Our active ETGs that are not mergers and interactions mostly
lie on the van der Wel et al. (2014)’s passive galaxy MSR as we
would expect if their star formation activity did not change their
size. Instead, the active ETGs that lie on the van der Wel et al.
(2014)’s active galaxy MSR are mostly mergers and asymmetric,
where the interactions with other galaxies might have triggered
star formation. This might mean that their interactions or asym-
metric shapes might have lead to our larger size measurements or
that they were misclassified. These ETGs would most probably
quench at a later epoch thereby increasing the fraction of passive
ETGs in the cluster. Our sample also shows a lack of compact
galaxies. This implies that the galaxies in our clusters are not
observed at an epoch close to their compaction (e.g., Dekel et al.
2009; Barro et al. 2013), which might have happened at higher
redshift in the rich cluster environments (e.g., Lustig et al. 2021).
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