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ABSTRACT

We present a detailed analysis of galaxy colours in two galaxy clusters at z ~ 0.4,
MACS J0416.1-2403 and MACS J1206.2-0847, drawn from the CLASH-VLT survey,
to investigate the role of pre-processing in the quenching of star formation. We esti-
mate the fractions of red and blue galaxies within the main cluster and the detected
substructures and study the trends of the colour fractions as a function of the pro-
jected distance from the cluster and substructure centres. Our results show that the
colours of cluster and substructure members have consistent spatial distributions. In
particular, the colour fractions of galaxies inside substructures follow the same spatial
trends observed in the main clusters. Additionally, we find that at large cluster-centric
distances (r > r99) the fraction of blue galaxies in both the main clusters and in the
substructures is always lower than the average fraction of UVJ-selected star-forming
galaxies in the field as measured in the COSMOS/UltraVista data set. We finally es-
timate environmental quenching efficiencies in the clusters and in the substructures
and find that at large distances from the cluster centres, the quenching efficiency of
substructures becomes comparable to the quenching efficiency of clusters. Our results
suggest that pre-processing plays a significant role in the formation and evolution of
passive galaxies in clusters at low redshifts.
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[2006, Bravo-Alfaro et all[2009, [Peng et all [201d, [Jaffé et all
12016, Nantais et al! (2017, [Cerulo et al![2017).

It is well established that the evolution of galaxies is driven
by a combination of internal and external physical mech-
anisms, which are linked to their stellar mass and to the
environment in which they reside, respectively. In particu-
lar, the question: how do the properties of galaxies change
as a function of environment? has motivated many works

in the last decades (e.g. Dresslell m, Couch et all M;
IKauffmann et al 2004, [Postman et. al! 12005, Baldry et all

* Based on data collected by the CLASH-VLT Large Programme
186.A-0.798; [Rosati et all [2014), at the NASA HST, and at the
NASJ SUBARU telescope f : dolave@astro-udec.cl

Galaxy clusters are the most massive gravitationally
bound cosmic structures and an ideal laboratory for the
study of the environmental drivers of galaxy evolution (e.g.
Poggianti et all 2006, [De Lucia et all 2007, [Demarco et all
12010, [Lemaux et. al! 2019, [Cerulo et all [2014). The broad
range of densities available in these systems, ranging from
the dense core to the sparse outskirts, allows one to study the
different physical mechanisms responsible for galaxy trans-
formations (e.g. Boselli et al M)

According to the A cold dark matter (ACDM) hier-
archical paradigm, galaxy clusters are assembled through
the continuous merging of smaller group-like structures

(Press & Schechter 1974, 2010, /Chiang et. al)
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M) Theoretical models show that massive clusters in
the Local Universe, with dark matter halo masses of
the order of 10 — 1015M@E, accreted ~ 40% of their
galaxies from infalling groups with masses of the order
of 10'? — 1013M@|II (McGee et all 2009). For this reason,
the study of the properties of galaxies at large cluster-
centric radii (2 X 1rog0 < T < 3 X Tzo(E; e.g. m m
Valentinuzzi et_all 2011, Lemaux et all 2012, Dmsslﬂr_e:&l]
2014, [Hou et all 2014, Just et all 2015, Haines et all 2013),

where these systems are still in the process of assembling,
is of primary importance to understand the connection
between the evolution of galaxies and the formation of

their hosting large-scale structures dElI&hﬂﬁll.%ﬂ7 [Eke et all
11996, Kravtsov & Borgani [2012).

In particular, some authors (see
Vijayaraghavan & Ricker 12013, [Hou et al! 12014; me
[2015; [Haines et all [ZQlH) find that the infall regions of

galaxy clusters, at cluster-centric distances 2 — 3 X 7200,
host large fractions of quiescent galaxies, with little or no
ongoing star formation. This result cannot be reproduced
by theoretical models in which star-formation, in infalling
field galaxies, is quenched only when the galaxies pass
within 7200 of the galaxy cluster dﬂmwu lZQlH) In
order to reproduce the observational results, it is necessary
that the star formation in those galaxies be quenched in
groups prior to the infall into the cluster. This scenario

is known as pre-processing (Zabludoff & Mulchaey 1998,
[Fujita 2004, Wetzel et all 2 IJL‘i)

Theoretical studies (e.g 11] Ld um McGee et al J
2009, Vijayaraghavan & Ricker 12013, [Wetzel et all 2013,
Bahuitjl“ZQlﬂ Mﬁhﬁm ) suggest that pre-
processing is responsible for the elevated fraction of quies-
cent galaxies observed in the outer regions of galaxy clus-
ters (e.g. [Hou et all 2014, [Haines et all 2015), in compari-
son with the field. In particular, [Vijayaraghavan & Ricker
(IE) performed cosmological N-body simulations and hy-
drodynamic simulations to study the merger between a
galaxy group and a galaxy cluster since z = 0.5. The re-
sults of this analysis predict that pre-processing plays a
fundamental role in quenching star formation because the
gas of infalling group members is removed inside galaxy
groups before these groups fall into a galaxy cluster.
The gas is removed mainly through ram-pressure stripping

(Gunn & Gott 11972) and galaxy-galaxy interactions (e.g.
Hpmnri&Jthrd 11972, Barnes & Hernquist [1996). More-
over, these authors, following the cluster-group merger from
z=0.5 to z =0, show that the infalling group does not
get immediately viralised in the cluster environment: at
z =10.2 it can be seen that there are substructures within
the main body of the cluster containing traces of the kine-
matics of the group. Similarly, [Bahé et all QZQL’*L lZQlH) us-
ing a high-resolution cosmological hydrodynamic simula-
tions found that ~ 50% of galaxies in subhaloes near to a
massive galaxy cluster have been affected by pre-processing.

If the predictions of [Vijayaraghavan & Ricker (lZQlﬁ

are correct then it should be possible to observe galaxy

1 'We converted all the quantities reported in the literature to the
cosmological parameters adopted in this study.

2 rogo is the typical radius of a sphere with a mean density equal
to 200 times the critical density

properties in cluster substructures that are not yet viri-
alised within the main cluster halo. ) stud-
ied the impact of pre-processing through the observed
quenched fraction in a sample of groups and cluster galax-
ies from the Sloan Digital Sky Survey Data Release 7
(SDSS-DR7; |Abazajian et all M) in the redshift range
of 0.01 < z < 0.045. They applied the Dressler-Shectman
statistic (also known as the Dressler-Shectman test or DS-
test, [Dressler & Shgggmaﬂ M) to identify substructures
which are kinematically distinct from the main galaxy clus-
ter (Dressler et all 2013). In particular, [Hou et all )
found that at 2 X rego < r < 3 X r200, the fraction of quies-
cent galaxies is higher in the substructure population than
in the field population. These authors suggest that this en-
hancement is a result of the pre-processing of galaxies within
substructures. In the same context, (2014)
analysed the effects of pre-processing in a sample of 3505
galaxies in the Coma Supercluster. They studied the star
formation (SF) activity of galaxies as a function of the type
of environment (e.g. cluster, group, filament and void) to
quantify the degree of impact of the environment on the
SF activity in galaxies. They found that the pre-processing
plays a fundamental role at low redshift, and that the evolu-
tion driven by the environment affects ~ 50% of the galaxies
in groups.

lJaffé et al! (2011),12016) found that galaxies within sub-

structures are more likely to be deficient in atomic hydrogen
(Hi1) and passive. In addition, [Haines et all (2015) found that
the fraction of star-forming cluster galaxies rises steadily
from the centre to the outskirts of galaxy clusters, but even
at 3 X rogo the values remain 20 - 30% below field values. To
explain these results it is necessary that the star-formation
and the fraction of HI in galaxies decline for the first time
outside the central cluster regions, probably during the infall
of galaxy groups.

In this paper we present a detailed analysis of the prop-
erties of galaxies in two clusters at z ~ 0.4, namely MACS
J0416.1-2403 and MACS J1206.2-0847 (hereafter MAC0416
and MACS1206, respectively), drawn from Dark Matter
Mass Distributions of Hubble Treasury Clusters and the
Foundations of ACDM Structure Formation Models survey
(CLASH—VLT,). These two systems repre-
sent two extreme cases of galaxy clusters, MACS0416 being
an ongoing merger of two clusters (see e.g.
) and the second system, MACS1206, being a relaxed
cluster (Biviano et all [2013). This paper is the first in a
series addressing the study of the properties of galaxies
in the substructures of clusters at intermediate redshifts
(0.2 < 2 < 0.6) in the CLASH-VLT survey. We present here
the method that will be used in the analysis of CLASH-VLT
and apply it to two extreme examples of galaxy clusters.

The paper is organised as follows. In Section [2] we de-
scribe the data sets. In Section [3] we present the measure-
ments and data analysis, while in Section @ we present
the results which we discuss in Section Section [6] sum-
marises our main conclusions. Throughout the paper we
adopt a ACDM cosmology with Qx = 0.7, Q,, = 0.3, and
h = Ho/100 km s~' Mpc™ = 0.7 (Spergel et alll2003). 11
magnitudes in this paper are in the AB-system (@
unless otherwise stated. In this paper we consider r200 as
the physical radius, measured in Mpc, inside which the den-




sity is 200 times the critical density of the Universe at the
redshift of each cluster.

2 DATA

MACS0416 and MACS1206 were drawn from the CLASH-
VLT survey. CLASH-VLT is a spectroscopic follow-up of
the Cluster Lensing and Supernova survey with Hubble
(CLASH, |Postman et all M), which targeted 25 massive
clusters (Mpaio > 1014'5M@) at redshifts 0.2 < z < 0.9 with
the Hubble Space Telescope and other space- and ground-
based facilities to study cosmology and galaxy evolution.
CLASH-VLT targeted the 13 CLASH clusters at redshifts
0.2 < z < 0.6 that are observable from the southern hemi-
sphere. In this paper we use public spectrophotometric data
compiled by the CLASH colaboration]

2.1 Photometric Catalogues

MACS0416 and MACS1206 were observed with the
SuprimeCam dMlmkl_Qt&lJ lZQQﬂ) at the prime focus of
the 8.3m Subaru Telescope, in the B, R. and z’, and
B, V, R., I. and 2’ bands, respectively

m, m) Photometric data from Subaru have an angu-
lar coverage of 34’ x 27" around the centre of each galaxy
cluster. The above observations are available in the Sub-
aru archive, Subaru-Mitaka Okayama-Kiso Archive System
(SMOK A; 2002). In addition, MACS0416 was
observed with the Wide-Field Imager (WFI;
[1999) on the ESO/MPG 2.2m telescope at the La Silla
Observatory in Chile, in the B, V, R and I photomet-
ric bands, covering an area of 34’ x 33’ around the cen-
tre of the cluster m) Subaru images were
reduced by the CLASH team following the techniques de-
scribed in (Nonino et all (2009). WFI images were reduced
by |Gruen et all (2014) using Astro-WISE

). A full description of the reduction of Subaru and WFI
images is given in [Umetsu et all (2012) and |Gruen et all

Jml), respectively.

In this paper we use the photometric catalogues gener-
ated by the CLASH-VLT team. For MACS0416 we comple-
ment those catalogues with the public catalogue published
by |Gruen et all (2014) and available on the author’s web
pag

Aperture magnitudes in Subaru and WFI cata-
logues were obtained using the software SExtractor

Bertin & Arn |L99ﬂ) in conjunction with PSFEx

). Aperture magnitudes were measured within fixed cir-
cular apertures. For MACS0416 aperture diameters of 3"
and 2" are used for Subaru and WFI, respectively, while for
MACS1206 is used a diameter of 5”. Aperture magnitudes
were corrected for zero-point shifts and Galactic extinction
by comparing the galaxy observed colours to the stellar li-
brary of ) and using the Galactic extinctions of
Schlafly & Finkbeiner (2011) and [Schlegel et all (1998) for
Subaru and WFI, respectively. We select galaxies with mag-
nitudes R. < 26.0, which corresponds to the 3¢ limit for an

3 https://archive.stsci.edu/prepds/clash/
4 http://smoka.nao.ac.jp
5 http://www.usm.uni-muenchen.de/~dgruen/download.html
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aperture 2 in diameter (Umetsu et alll2014). A description
of the photometric catalogues from Subaru and WFI can
be found in [Mercurio et al) (IM, M) and |Gruen et all
(m; m), respectively.

2.2 Spectroscopic Catalogues
We use the public spectroscopic redshift cataloguesﬁ (see

Biviano et al J M Balestra et al J |M Caminha et al J
2017) from CLASH-VLT (Rosati ct all 2014).

The VIMOS spectroscopic observations were made in
four separate pointings centred on the core of each clus-
ter. MACS0416 and MACS1206 were observed using a to-
tal of 21 (15 Low-Resolution Blue and 6 Medium Res-
olution) masks and 12 (8 Low-Resolution Blue and 4
Medium Resolution) masks, respectively. Low-Resolution
Blue and Medium-Resolution masks have a spectral cov-
erage of 3760 - 6700A and 4800 - 10000A with a resolving
power of R = 180 and R = 850, respectively. A full descrip-
tion about how the spectroscopic observations of MACS0416
and MACS1206 were made can be found in
(2016) and [Biviano et all (2013), respectively.

The VIMOS spectroscopic observations were reduced,

by the CLASH-VLT team, using the VIMOS Interac-
tive Pipeline Graphical Interface (VIPGI,
M) Redshifts were determined using the software Easy
Redshift (EZ, ) EZ determines the red-
shift by making a cross-correlation between the observed
spectrum and template spectra. In cases in which the red-
shift solution was dubious, the redshift was determined
by visual inspection (Balestra et all 2016). Uncertainties
on the redshifts are in the range of 75— 150 km s~ *
(Annunziatella et al!2014; [Balestra. et all[2016).

Spectroscopic  catalogues, of MACS0416 and
MACS1206, have a magnitude limit of R. = 24.0 mag.
A detailed description of the CLASH-VLT redshift cata-
logues can be found in [Biviano et all (121113), [Mercurio et. all
(2014), [Balestra et all (2016), and [Caminha et all (2017).

The CLASH-VLT data release provides a spectroscopic
sample of 4594 and 2736 galaxies for MACS0416 and
MACS1206, respectively (Biviano et alll2013, Balestra. et all
[2016, |Caminha et al“&ﬂ), over an area of 26’ x 23’ around

the centre of each galaxy cluster.

3 MEASUREMENT AND DATA ANALYSIS
3.1 Spectroscopic Completeness

Due to the strategy used on the selection of spectroscopic
targets in the CLASH-VLT survey (see
m Annunziatella et al IJ)A Balestra et all M
[Caminha et. all [2017 for details on the strategy of spec-
troscopic observations) the spectroscopic completeness of
the CLASH-VLT sample decreases with the distance from
the cluster centre, reducing the statistics in the outskirts
of galaxy clusters This may affect our ability to detect

substructures (Balestra et all[2016).

We estimated the sample spectroscopic completeness

following the APPENDIX A in [Poggianti et al (IM) More

6 https://sites.google.com/site/v1ltclashpublic/
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Figure 1. The top panel shows the completeness as a function
of apparent magnitude in the Rc-band. The bottom panel shows
the completeness as a function of the projected distance from the
centre of the clusters normalised by 7r200. Black points and red
squares represent the spectroscopic completeness for MACS0416
and MACS1206, respectively. We note a lack of completeness in
the brightest magnitude bins. This effect could be a consequence
of the selection criteria for spectroscopic targets, which were se-
lected mainly in a colour-colour space.

precisely, we measured the ratio between the number of
galaxies in the spectroscopic and photometric catalogues
(Nspec and Nphot, respectively) in different bins of apparent
magnitude or projected distance from the cluster centre to
estimate the spectroscopic completeness, C' = Ngpec/Nphot,
which is used to correct our measurements. We stress here
that Nspec corresponds to the number of galaxies with spec-
troscopic redshift (see m and Nppo¢ corresponds to the
number of all galaxies in the photometric catalogue.

In Figure[Il we show the spectroscopic completeness, for
MACS0416 and MACS1206, as a function of galaxy appar-
ent magnitude in the R.-band and projected distance from
the cluster centre normalised by r200 (7200 is 1.82 Mpc and
2.33 Mpc for MACS0416 and MACS1206, respectively; see
Umetsu et alll2014, [Merten et all2015). The central coordi-
nates of each galaxy cluster were taken from
(2016) and [Annunziatella et al. (2014) for MACS0416 and

MACS1206, respectively.

3.2 Photometric Redshifts

With the spectroscopic incompleteness increasing towards
the cluster outskirts, we complemented our spectroscopic
selection of cluster members and substructures with
the photometric redshifts available for the two clusters.
For MACS0416 we used the catalogue of
, released as part of the Hubble Frontier Fields
(HFH, Koekemoer et. all 2014, Lotz et all 2017), while for
MACS1206 we used an internal catalogue produced by the
CLASH-VLT collaboration.
Photometric redshifts (hereafter zpnot) for MACS1206
were estimated using aperture magnitudes (see §2ZT)

7 nttp://www.stsci.edu/hst/campaigns/frontier-fields/

Brescia et al] M), which is an empirical method that
achieves a high accuracy and reduces the number of
catastrophic objects dBrgwamlJ lZQlﬂ) A full descrip-
tion of the derivation of zpno: for MACS1206 is given in
Biviano et all (2013) and Mercurio et all (2014). Photomet-
ric redshifts for MACS0416 were estimated using the pho-
tometrlc template-fitting developed by IBender et al J M)

e Brimioulle et a (lZQ]j and |Gruen et all QZQlﬂ 2Ql_4|)7

for further details on zpnot estimates for MACS0416.

4 RESULTS

4.1 Cluster membership, velocity dispersion and
stellar mass

It is crucial to determine the cluster membership to find
and characterise substructures. In practice, cluster members
are defined as those galaxies with a peculiar velocity (see
equation[I]) lower than the escape velocity (vesc, see equation
[ Diaferid m), of a galaxy cluster.

The peculiar velocity of a galaxy with redshift z in the
rest frame of a galaxy cluster with redshift z.; is given by:

Z = Zcl

1
1+ch ()

ThlS equatlon is valid, to first order, for v <<c

). The escape velocity, estimated for a cluster,
using Mzoo and 7200, 1S computed as (Im @)

M 1/2 . —1/2
oo O 927 200 200 k —1 2
v <1014h1M@ h—1Mpe ms = (2)

The estimates of Magp using strong and weak gravita-
tional lensing span the ranges 1.299 - 1.240 x10'° Mg
(see |[Umetsu et all w, Umetsu et al M) and
1.186 - 1.590 ><1015M@ (see [Biviano et al m
Elmﬂwmﬂ 2014, Merten et all 12015, Barreira et all
) for MACS0416 and MACS1206 , respectively. The
estimates of Moo have a typical uncertainty < 5% de-
pending of the model fitted (typically [Einastd 1965 and
Navarro et al] M) to the mass profile derived from
gravitational lensing. Hereafter the values of Moo assumed
are 1.27 x10"® My and 1.39 x10'° Mg for MACS0416 and
MACS1206, respectively. These values correspond to the
mean value of Msgo for each cluster. Instead the mean value
of r200 to derive vesc was estimated using the equation (7)
presented by (M)

Spectroscopic members were determined similarly to
Cerulo et all (2016), first we removed galaxies from the red-
shift catalogue with a peculiar velocity higher than the ves.
of the galaxy cluster. Then we estimated the velocity disper-
sion for the clean sample of cluster members, following the
biweight estimator described in @), and fi-
nally we removed the field interlopers through a 3o clipping
algorithm (see[Yahil & Vidall1977). Following the above cri-
terion, we found ~ 890 and ~ 640 spectroscopic members
for MACS0416 and MACS1206, respectively. We used the
biweight estimator to estimate the mean cluster redshift and
velocity dispersion of the whole system. We estimated mean
redshifts of z ~ 0.397 and z ~ 0.440, and velocity disper-
sions (o¢) of 1044 + 23 km s™! and 1011 &+ 25 km s~ for
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MACS0416 and MACS1206, respectively. These values are
consistent within 1o and 1.40, respectively, with results re-
ported in the literature (Girardi et all 2015, [Balestra et al
2016). The errors in o, were estimated using a bootstrap
technique. The central positions in Right Ascension (R.A.)
and Declination (Dec.) and the kinematic properties of
MACS0416 and MACS1206 are summarised in Table [

4.2 Detection of Substructures

Once we have selected the spectroscopic members for each
galaxy cluster, we verified whether the clusters contain sub-
structures or not. For this, we used the Dressler-Shectman’s
statistic (Dressler & Shectman [1988), which allows us to
make a test (also known as the Dressler-Shectman test or
DS-test) to verify the existence of regions kinematically dis-
tinct from the main galaxy cluster (Dressler et all[2013).

In short, the DS-test compares the local velocity and ve-
locity dispersion for each galaxy (7., and ol,.,;) with the
cluster global values (0o and oq; [Jaffé et all 2013). Local
parameters are estimated in a subset of galaxies contain-
ing the galaxy i and its nearest neighbours (Ny»). We used
N,» = 10 in equation B to apply the DS-Test in our clusters.
The §; statistic used in the DS-Test is expressed as:

Ol

Nnn +1 —1 -~ @
512 = (72> [(vlocal - vcl)2 + (Ulocal - 061)2] . (3)

This value quantifies the galaxy’s kinematic deviation
with respect to the mean cluster values of velocity and ve-
locity dispersion (e.g. [Dressler et all(2013, [Jaffé et al! 2013,
Hou et all 2014). The larger the d; value, the greater the
probability that the galaxy belongs to a substructure.

Dressler & Shectman (1988) also define the cumulative
das A= ZZ 0;. A value A/Npem > 1, where Niem is the
number of cluster members, would be an indication that the
cluster hosts substructures. However, it should be stressed
that a high A value may be the result of random spatial
fluctuations in the redshift distribution of cluster members.
In order to assess this effect, we generated 1000 simulated
spectroscopic samples by shuffling the velocities and po-
sitions of each galaxy in the clusters. For each of these
bootstrap samples we estimated A and defined the P-value
P =Y (Ashussie > Dobs/Nohussie) where Agpugpie is the
value of A obtained for each simulated sample and Ngpu fie
is the number of bootstrap iterations. Values of P < 0.01
provide a robust constraint on the presence of substructures
in the clusters. We find that MACS0416 and MACS1206
both have A/Npem > 1 and P < 0.001 (see Table 2)), giv-
ing statistical support to the existence of real substructures.

After applying the DS-test we proceeded to identify and
characterise the substructures. For this purpose we need to
select only galaxies with a §; > diim, which corresponds to
galaxies with a higher probability to be inside a substruc-
ture. To determine 6;;,» Wwe estimated the width o5 of the §;
distribution in each cluster. Following |Girardi et all (1996),
O1im was defined as d;;m = 30s and galaxies were considered
members of substructures if d; > im .

However, the selection §; > d;im may include galaxies
which do not necessarily belong to a substructure due to
their peculiar velocities and positions within the cluster (see
e.g. discussions in [Jaffé et all[2013). Thus we added to the
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selection in §; two consecutive selections in peculiar velocity
and projected position. The two selections were performed
by using python scripts that combined new and pre-existing
modules. The selection in velocity was performed, following
e.g. [Girardi et all (2005) and [Demarco et all (2007) by us-
ing the Gaussian Mixture Model (GMM;Muratov & Gnedin
2010) algorithm. This algorithm assumes that a sample is
described by the sum of two or more Gaussian functions.
GMM estimates the probability that an object belongs to
each identified Gaussian component through an iterative
algorithm (expectation-maximisation, EM, [Dempster et all
19717, [Press et all 12007). The objects are assigned to the
groups for which the likelihood of membership is higher.

For the selection of substructures in projected space, we
tested two clustering algorithms available in python, namely
K-Means (Lloyd 2006) and the Density-Based Spatial Clus-
tering of Applications with Noise (DBSCAN, [Ester et al.
1996), finally preferring the second one. To identify groups
using DBSCAN we must define a minimum number of neigh-
bouring objects separated by a specific distance. When using
this algorithm not all objects in the sample are assigned to
a group (Ester et alll1996) and we can remove the galaxies
that are not spatially grouped with others.

In practice, we defined a substructure as a collection
of at least three neighbouring galaxies with a spatial sep-
aration of ~ 140 kpc, which is a typical maximum spac-
ing between galaxies within compact groups of galaxies
(Sohn et all 2015). Figure 2 shows the substructures iden-
tified for each cluster. Table [3] lists the central position,
central redshift, number of members, velocity dispersion
(osp) and 7200 for each identified substructure. The cen-
tral position of a substructure was defined as the centroid
of the spatial distribution of galaxies in the substructure.
r200 Was estimated from o, using Equation 8 of [Finn et al.
(2005) under the assumption that each substructure is viri-
alised. Uncertainties on the numbers of substructure mem-
bers were estimated as the 90% Poissonian confidence in-
tervals adopting the approximations of [Ebeling (2003). We
note that MACS0416-3, MACS0416_-15, MACS1206_2 and
MACS1206_7 have a narrow velocity range and we cannot
estimate os, and rogo in these substructures. We found 15
substructures in MACS0416 and 11 in MACS1206 (see Fig-
ure 2] and Table B)).

We note that the substructure MACS0416_5 corre-
sponds to the “Sext” substructure previously identified by
Balestra et al! (2016) in MACS0416. For this substructure
we estimate a number of members of 47 + 10 and a ve-
locity dispersion of 354 # 25 km s~ *. These values are con-
sistent within 1o with results reported in the literature
(Balestra et al![2016).

4.3 Colour-Magnitude Diagram

To analyse the relationship between galaxy colour and envi-
ronment we study the colour-magnitude properties of galax-
ies in substructures and in the clusters. For this purpose,
using the photometric catalogues from Subaru (see §2.1),
we performed a match between the spectroscopic members
catalogue (see §4.7)) and the photometric catalogue with the
objective of obtaining (B — R.) colours for the spectroscopic
members. The match was performed using the positions in
R.A. and Dec. listed for each source in both catalogues. We
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Table 1. Main properties of the clusters MACS0416 and MACS1206

Cluster R.A.@ Dec.® Vese z ol
(J2000.) Km s—! Km s—!
MACS0416  04:16:09.14  -24:04:03.1 2375 £ 10 0.397 1044 £ 23
MACS1206  12:06:12.15 -08:48:03.4 2485 + 68 0.440 1011 4+ 25
@ The centre positions were taken from [Balestra et all M) and
Annunziatella et all (@) for MACS0416 and MACS1206, respectively.
MACS0416 MACS1206
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Figure 2. Spatial and radial velocity distribution of cluster me

mbers for MACS0416 (left) and MACS1206 (right). The black dashed

circle indicates the r2go radius of the cluster. Grey points represent all spectroscopic members. Dashed circles of different colours indicate

the rogo of each identified substructure. Galaxies inside substruct
of the galaxies in the rest frame of the cluster.

Table 2. Results from the DS-Test on MACS0416 and

MACS1206
Cluster Nmem  Aobs/Nmem P
MACS0416 890 1.64 <0.001
MACS1206 641 1.22 <0.001

set an aperture of 1”7 as the maximum separation between
the matched galaxies. The corresponding (B — R.) vs R.
colour-magnitude diagram (CMD) is shown in Figure Bl
We used GMM to fit two Gaussians over the colour dis-
tribution to separate galaxy populations (see Figure [) in
different regions of the CMD. The green valley or transition

zone (Cortese & Hugheé M) is defined as the space be-

tween the blue and red components determined by GMM
(e.g Cortese m, Schawinski et all w) In practice, to
separate galaxies according to their colours we fit a Gaus-
sian to the red and blue colour components, separately. Then
we estimated the mean (u) and dispersion (o) of each gaus-
sian. We considered as blue those galaxies that have a colour
(B — Rc) < tblue + 10biue, as red those galaxies that have a
colour (B — Rc.) > pired — 10red, and as green those galax-
ies in the e + 1obiue < (B — Re) < pired — 10red colour
range.

ures are plotted with points whose colours indicate the peculiar velocity

4.4 Photometric Members

As described in §3.1] in Figure [I] we can see that the spec-
troscopic completeness decreases with the projected dis-
tance from the cluster centre, reducing the statistics in the
outer regions of the clusters (r > 1”200) where most substruc-

tures are expected (I&ugmﬂl] , |Jaffé et a ] [ZQl_d
[Vijayaraghavan & Rickexl lZQlﬂ This affects the character-

isation of the properties of infalling galaxies and groups
(Biviano et all[2013; Balestra et all2016). Thus, in addition
to our spectroscopic sample, we built a sample of cluster
members selected according to their photometric redshifts

(see §32)).

4.4.1

Photometric members were defined as those in the range
(zet — 02) < Zphot S (2a + 6z). To determine 4. for each
cluster we used the available spectroscopic redshifts to cal-
ibrate the zpnot. First, we made a match between the
catalogue with spectroscopic members and the catalogue
of objects with zpnot to estimate the redshift discrepancy
A = |zspec - Zphot|/(1 + 2Zspec). The match between photo-
metric and spectroscopic catalogues were made using the
position in R.A. and Dec. listed for each source in both cata-
logues. We set an aperture of 1”7 as the maximum separation
between the matched galaxies. Then we estimated the stan-
dard deviation, oa, of the redshift discrepancy distribution

Cluster Membership
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Table 3. Substructures identified in MACS0416 and MACS1206 and their principal features

Cluster Name of Substructure R.A.® Dec.® 7% No. of members® Tshb 200
(J2000.) Kms~™'  Mpc
1) (2) (3) 4) (5) (6) (7) (8)
MACS0416 MACS0416_1 04:15:39.3 -24:08:50.6 0.404 644 (34+8) 306164 0.612
MACS0416_2 04:16 : 11.8 -24:03:42.5 0.403 1646 (78£12) 402459 0.804
MACS0416_3 04:16 : 17.2 -24:14 :58.9 0.406 343 (3£3) - -
MACS0416_4 04:15:58.7 -24:03:07.4 0.390 443 (10£5) 203458 0.409
MACS0416_5 04:16:204 -24:12:51.2 0.389 47+10 (89+13) 354425 0.714
MACS0416_6 04 :15:20.7 -23:54:18.0 0.399 543 (7£4) 198490 0.396
MACS0416_7 04:16 : 10.5 -24:03 :45.5 0.400 944 (25+7) 172+55 0.344
MACS0416_8 04:15:25.2 -23:53:51.8 0.397 343 (6£4) 12840 0.257
MACS0416_9 04:15:41.6 -24:08:54.1 0.397 443 (40+9) 3324109  0.666
MACS0416_10 04 :15:50.3 -23:56:22.0 0.395 944 (21£7) 197468 0.396
MACS0416_11 04:16 : 13.5 -23:55:54.0 0.396 5+3 (21£7) 248485 0.498
MACS0416_.12 04:16 : 10.2 -24:04:32.9 0.396 844 (45+9) 295436 0.591
MACS0416_13 04:16 : 07.3 -24:08 :43.5 0.394 5+3 (17+6) 250457 0.503
MACS0416_14 04:16:21.4 -24:11:21.3 0.394 T+4 (7T7£12)  476+126  0.956
MACS0416_15 04:16 : 409 -24:04:45.5 0.395 343 (3£3) - -
MACS1206 MACS1206_1 12:05:51.6 -08:41:184 0.440 543 (7£4) 160+17 0.313
MACS1206_2 12:06:17.8 -08:44:01.7 0.440 343 (3£3) - -
MACS1206_3 12:06:31.9 -08:44:56.6 0.440 343 (6£4) 28340 0.553
MACS1206_4 12:06:03.2 -08:48:13.5 0.440 343 (20£6) 32840 0.642
MACS1206_5 12:06:52.5 -08:54:12.3 0.441 543 (9£4) 119441 0.232
MACS1206_6 12:06:20.8 -08:43:56.4 0.437 944 (10£5) 304440 0.597
MACS1206_7 12:06:45.6 -08:37:41.4 0.438 443 (4£3) - -
MACS1206_8 12:05:324 -08:43:08.8 0.447 343 (7£4) 23940 0.465
MACS1206-9 12:05:58.8 -08:47:36.6 0.447 443 (16+6) 344453 0.669
MACS1206_.10 12:06:49.2 -08:54:17.6 0.445 844 (23£7) 242438 0.472
MACS1206_11 12:06:33.2 -08:45:22.5 0.431 543 (5+£3) 125+111  0.245

@ Central values for each identified substructure.

b Number of substructure members estimated from the spectroscopic sample. In parenthesis we show the number of substruc-
ture members estimated from the spectroscopic+photometric sample as described in §44.2)

to exclude catastrophic identifications, defined here as those
with A, > 3 X oa,. Finally, we defined 4, as the standard
deviation of the |zspec - Zphot| distribution in the final clean
sample.

Photometric cluster members were defined as
those galaxies in the range 0.359 < zpnot < 0.433 and
0.395 < zphot < 0.483, for MACS0416 and MACS1206,
respectively. Additionally, we used the spectroscopic
members to clean the sample of photometrically-selected
members from false positives. False positives were defined as
those galaxies that were selected as photometric members
but whose spectroscopic redshift poses them outside the
clusters. In practice, we removed 541 and 275 false positives
from the photometrically-selected member catalogues of
MACS0416 and MACS1206, respectively. We combined the
samples of spectroscopic and photometric members and
obtained a sample of 3523 and 2070 spectrophotometric
members, for MACS0416 and MACS1206, respectively.

4.4.2  Substructure Membership

Substructure member candidates were defined as those
galaxies within rogo of each substructure and in the range
(zsub — 02) S Zphot < (Zsub + 0z). The value of §. is de-

fined for each substructure in the same way as described in

4411 For substructures in which we cannot estimate 7200
we have not added photometric members.

We combined the spectroscopic and photometric sam-
ple for substructure, showing the corresponding number of
members for each substructure within parenthesis in Col-
umn (6) of Table Bl Uncertainties in member counts were
estimated in the same way as described in §4.21 We note
that in some cases (e.g. in MACS1206_4 and MACS1206_9)
there are substructures that are spatially overlapped and
some photometric members are assigned to both substruc-
tures. This could be due to the fact that these substructures
may be in a merger. This fact is taken into account in §4.6.2]
as a source of error due to background contamination.

4.5 Stellar Masses

With only 3 photometric bands available for MACS0416,
it is not possible to obtain reliable stellar masses through
SED fitting. For this reason we estimated stellar masses
in the spectroscopic and spectrophotometric samples with
the calibrations of |Bell et all (2003) for the present-day stel-
lar mass-to-light (M, /L) ratios. These authors used a sam-
ple of 12,085 galaxies from the Two Micron All Sky Sur-
vey (2MASS, |Skrutskie et all [2006) and the Sloan Digital
Sky Survey (SDSS, [York et all 2000) to study the stellar
mass function in the local Universe. To obtain the stel-
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Figure 3. Colour-magnitude diagrams of spectroscopically confirmed cluster members. The colours are measured in the B and R, Subaru
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plotted with black crosses. The diagonal dashed lines represent the 30 completeness limit in the B and R. Subaru images. This figure
illustrates that galaxies in substructures follow the same colour-magnitude relation as the parent galaxy cluster. Left panel: MACS0416.

Right panel: MACS1206.
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Figure 4. Colour histogram that shows the bimodal distribution in (B — R.) colour. Blue and red lines represent the Gaussian fit-
ting of blue and red components determined by GMM. The colour bimodal distribution of galaxies allows us to separate galaxies
in blue, red and green according to their colours. Blue galaxies have a colour (B — R¢) < piye + 10piue, red galaxies have a colour
(B — R¢) > preq — loreq, and green galaxies are in the ppjye + 1opue < (B — Re) < fred — 10peq colour range. Left panel: MACS0416.

Right panel: MACS1206.

lar masses Bell et all (2003) used the correlation found by
Bell & de Jongd (2001) (see equation []) between M, /L and
galaxy colours in the rest-frame. Bell et all (2003) re-fitted
this correlation to find the empirical coefficients (ay and by)
that allows the conversion of the SDSS colours into M, /L.
The scatter found by [Bell et all (2003) in the correlation
between optical colours and M, /L is ~0.1 dex.

log,o(My/L) = ax + (bx x Colour) (4)

The relation of Bell et all (2003) uses as input the rest-

frame photometry. Therefore, to obtain the stellar masses of
the galaxies in our sample using Equation @l we must convert
our observer-frame photometry to rest-frame photometry.
For this, we follow the approach presented in the APPENDIX
B of Mei et all (2009) to convert the (B — R) observer-frame
colour to rest-frame SDSS colour and the B observer-frame
magnitude to rest-frame SDSS magnitude. [Mei et all (2009)
found that there is a correlation between observer-frame
photometry and rest frame photometry given by



Crf:A+BXCobs (5)
M'rf — Mobs = &+ B X Cops (6)

Zero-points (A and «) and slopes (B and ) in equa-
tions [Bl and [6] were estimated using a set of synthetic stellar
population models from |[Bruzual & Charlot (2003; BCO03)
with ten different metallicities from 0.4 to 2.5Z¢, two laws
of star formation rate (instantaneous burst and exponen-
tially decaying with e-folding time 7 = 1 Gyr) and [Salpeter
(1955) IMF. The BCO03 spectral library spans the range in
formation redshift 2.0 < zy < 5.0. The models were gener-
ated with EzGal§ (Mancone & Gonzalez 2012) and for each
one we extracted the observed and rest-frame colours and
magnitudes at the redshift of each cluster and fitted the lin-
ear relation. Zero-points and slopes were derived following
the approach presented by [IDang et al! (2006). In summary
we fit straight lines to all the possible couples of points in
the colour-colour and magnitude-colour planes and obtain
the distributions of slopes and intercepts. Zero-points and
slopes are defined as the median of each distribution, while
their uncertainties are taken as the 1o width of the distri-
butions.

In practice, stellar masses (M.) of the galaxies in our
sample were obtained converting the (B — R) observer-
frame colour to (u’-g’) rest-frame colour and the B
observer-frame magnitude to rest-frame absolute M, mag-
nitude. The values of a; and b, were taken from Table A7
presented by Bell et all (2003). Stellar mass uncertainties
were estimated using a technique based on a Monte Carlo
approach. The observer-frame colour, observer-frame mag-
nitudes, zero-points (A and «), slopes (B and ), rest-frame
colours and rest-frame magnitudes were perturbed by a ran-
dom value, €, in the range -A < ¢ < +A, where A corre-
sponds to the error in each variable. We generate 20 simu-
lated objects for each real object. Finally, we estimated the
uncertainties on stellar mass evaluating the 1o asymmetric
width of the simulated stellar mass distribution. The stellar
masses obtained are in the range 8 < log(M,/My) < 11.5
for both MACS0416 and MACS1206. The uncertainties in
the stellar masses are in the range 0.1 - 0.2dex.

4.6 Colour Fractions

Galaxy colours are related to internal properties. For exam-
ple, red galaxies are more likely passive or quiescent, with-
out star-formation. Blue galaxies, on the contrary, are more
likely star forming. For this reason, we are interested in ex-
amining the relationship between galaxy colours and the lo-
cal environment. We estimated the fraction of blue, green
and red galaxies as a function of projected distance from
the cluster centre or substructure centre, as a function of
R. magnitude, and as a function of stellar mass (M,). Blue,
green and red populations of galaxies were defined using the
colour bimodality described in §431 The colour fraction in
the clusters were estimated in the sample of cluster galaxies
that are not part of a substructure.

8 |http://www.baryons.org/ezgal/
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4.6.1 Spectroscopic Sample

The colour fractions of galaxies in the spectroscopic sample
were estimated taking into account the effect of spectro-
scopic incompleteness (see §3.1)). In practice, we corrected
galaxy counts by weighting each galaxy with W; =1/C,
where C' is the spectroscopic completeness estimated in bins
of distance and magnitude as described in §3.I1 To increase
the statistics in the spectroscopic sample, we merged the
spectroscopic member catalogues for both clusters. We also
merged the catalogue for all identified substructures. We es-
timated the fractions of blue (f;), green (fy) and red (f)
galaxies in the whole cluster sample and in the substruc-
tures. Error-bars on the fractions were computed using a
method based on statistical inference in absence of back-
ground contamination (D’Agostini 2004, |Cameron 2011). In
practice, the uncertainties on the spectroscopic colour frac-
tions were defined as the width of the binomial 68% confi-
dence intervals as discussed in |Cameron (2011).

The optically selected red sequence may be contam-
inated by dust-obscured star-forming galaxies (see e.g.:
Wolf et all 2005, [Haines et all 2008). For this reason our
colour fractions are corrected for contamination by dusty
star-forming galaxies as illustrated in Section

Our results are shown in Figures B [ and [T, in which
we present fy, f; and f. for the clusters and substructures.
The left panel of Figures B and [6] shows f,, fy and f- as a
function of projected distance from the cluster centre nor-
malised by r200.,. The right panel presents f;, f; and f. as
a function of projected distance from the cluster centre and
substructure centre, for cluster and substructure galaxies,
respectively. These projected distances were normalised by
r200 using the values for the galaxy clusters or substructures
accordingly. Instead, the left panel of Figure [7 shows fy, fy
and f. as a function of R. magnitude for cluster and sub-
structure galaxies, and the right panel presents f, f, and f.
as a function of log(M,/Mg).

In Figures Bl [l and [7] we have added the observed frac-
tions of field galaxies for comparison purposes. The dot-
ted line represents the fraction of blue, green and red field
galaxies. These fractions were estimated using the colour
bimodality, as for the spectroscopic sample. The counts in
the red and blue fractions were corrected by the contamina-
tion in the red sequence due to dusty star-forming galaxies.
The dash-dotted line represents the fraction of star-forming
(fsr) and passive (fp) galaxies in the field, accordingly.
The fsr and fp were estimated using the UV J-diagram
(Wuyts et all 2007, [Patel et all 2011, INantais et all |2016).
The selection of the field sample is described in §4.6.21 These
results will be discussed in §5l

4.6.2  Spectrophotometric Sample

We determine the number of blue, green and red galaxies,
in the spectrophotometric sample, using the same approach
as for the spectroscopic sample (see §4.3). However, when
using photometric redshifts to select cluster members, we
are likely to include field interlopers as a result of the uncer-
tainties on zphot, which are larger than those of spectroscopic
redshifts. Nevertheless, we can statistically estimate the ex-
pected contribution of field interlopers at the cluster redshift
and correct our colour fractions by the field contamination.
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Figure 5. Left panel: Fraction of blue (f3), green (fy) and red (f,) galaxies as a function of projected distance from the cluster centre.
Right panel: fp, fg and fr as a function of projected distance from cluster or substructure centre. The dotted horizontal black lines
represent fp, fg and fr in the field. The dash-dotted horizontal black lines represent the fractions of star-forming (fsr) and passive
galaxies (fp) in the field. Galaxy fractions in the field correspond to a mean value. Galaxy clusters and substructures have lower fractions
of blue galaxies than the fraction of star-forming galaxies observed in the field, indicating that cluster and substructures are more efficient

in producing red galaxies.

To estimate the contribution of field galaxies in our es-
timated colour fractions we use the COSMOS/UltraVISTA
catalogue published by [Muzzin et al! (2013) to build a
subsample of 3,166 field galaxies at 0.36 < z < 0.46. The
COSMOS/UltraVISTA field sample covers 1.62 deg? of the
Cosmic Evolution Survey (COSMOS, [Scoville et all 2007)
and the sources in the catalogue have been selected from
the UltraVISTA K, survey (McCracken et all [2012) reach-
ing a depth of Ks ot = 23.4 mag (90% completeness). The
UltraVISTA survey was carried out with the VISTA In-
fraRed CAMera (VIRCAM, [Dalton et all|l2006) on the Vis-
ible and Infrared Survey Telescope for Astronomy (VISTA,
Emerson et all[2006) at the ESO/Paranal Observatory. The
COSMOS/UltraVISTA sample is available in the UltraV-
ISTA web repositoryﬁ and provides a point-spread function
(PSF) matched photometry in 30 photometric bands cov-
ering the wavelength range of 0.15 - 24 pum, 2phot, stellar
masses and rest-frame U, V', and J photometry of 262,615
sources, as discussed in [Muzzin et all (2013).

The blue, green and red populations of our sample of
3,166 field galaxies at 0.36 < z < 0.46 were defined in the
same way as it was done with the clusters, using the colour

9 http://www.strw.leidenuniv.nl/galaxyevolution/
ULTRAVISTA/Ultravista/K-selected.html

bimodality described in §43] The colour fractions (fs, f; and
fr) of field galaxies were used to infer the contamination in
the colour fractions in clusters/substructures due to field
background and foreground sources. To correct our colour
fractions in the spectrophotometric sample for background
contamination we use an approach based on statistical infer-
ence. In practice we build a posterior probability distribution
in which the colour fractions from clusters/substructures
are considered as signal and the colour fractions from field
are considered as noise. The full mathematical derivation
of this approach is presented in [D’Agostini (2004) (see also
Cameron [2011). In the same way as|Cerulo et all (20117) we
defined our background-corrected colour fractions in galaxy
clusters/substructures as the median of the posterior prob-
ability distribution. The uncertainty in our background cor-
rected colour fractions was defined as the 68% credible in-
terval of the distribution.

Our blue and red galaxy fractions in cluster, substruc-
tures and the field were further corrected for contamina-
tion of dusty star-forming galaxies on the red sequence us-
ing the UV J-diagram as a diagnostic tool to distinguish
young, star-forming and dusty from old and passive galaxies
(Wuyts et all 2007, [Patel et all 2011, INantais et all [2016).
We used the UV J selection proposed by [Williams et al
(2009) to select quiescent galaxies and clean the red sequence
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Right panel: fy, fy and fr as a function of projected distance from cluster or substructure centre. The dotted horizontal black lines
represent fp, fg and fr in the field. The dash-dotted horizontal black lines represent the fractions of star-forming (fsr) and passive
galaxies (fp) in the field. Galaxy fractions as a function of projected distance in all environments were estimated by separating galaxies
in two bins of stellar mass in massive (M, > 10195 Mg) and less massive galaxies (M, < 10'0-5Mg). The fraction of red galaxies is
higher for massive galaxies independent of the environment. However, in dense environments the fraction of red galaxies is higher than
in the field, indicating that cluster and substructures are more efficient in producing red galaxies.

in the clusters, substructures and field from dusty star-
forming contaminants. In our sample of 3,166 field galax-
iesat 0.36 < z < 0.46 from COSMOS /UltraVISTA we found
that 40% of the galaxies selected on the field red sequence
are dusty-star forming galaxies. To estimate the contamina-
tion of dusty star-forming galaxies in the red sequence in the
cluster centres (r < 7200) we matched, using R.A. and Dec.,
the spectrophotometric member catalogue with the photo-
metric catalogue from HST. We set an aperture of 17 as
the maximum separation between the matched galaxies. We
found that 5% of the selected galaxies in the red sequence
of the clusters in the inner regions (r < rg0) are dusty
star-forming galaxies. Finally, to estimate the contamina-
tion in the substructures and in outer regions of the clusters
(r > 7200) we used the groups catalogue from COSMOS
published by |George et all (2011) limited to the redshift of
the clusters (0.36 < z < 0.46). The COSMOS groups in this
redshift range are similar, in terms of mass and size, to the
selected substructures. We found that 17% of the galaxies
selected on the red sequence of the COSMOS groups are
dusty star-forming. Our results will be discussed in §5l

Figures [8 @ and [I0] show the fy, f; and f. as a function
of distance from the overdensity centre, R. magnitude and
stellar mass for cluster and substructure galaxies. These re-
sults will be discussed in §5l In the figures we have added
the fractions of blue, green and red field galaxies. These frac-
tions were estimated in our sample of 3,166 field galaxies at

0.36 < z < 0.46 after removing group members according to
the catalogue of (George et al! (2011)).

Since we found that 40% of the galaxies selected on
the field red sequence are dusty-star forming galaxies, we

use the UV J-diagram (Wuyts et all 2007, [Patel et _all 2011,
[Nantais et alll2016) to estimate the fraction of star-forming
(fsr) and passive (fp) galaxies in the field. In the clus-
ters/substructures we cannot use the UV J-diagram to esti-
mate the fsr and fp because there are not data in the UV J-
bands that cover the outer regions of the clusters (r > r200).
However, we correct the colour fractions for cluster and
substructure members, in both the spectroscopic and spec-
trophotometric samples, for the contamination from dusty
star-forming galaxies derived from the CLASH HST data
and the COSMOS groups. The fractions shown in Figures
—[Q are all corrected for contamination from dusty star-
forming galaxies.

4.7 Substructure Quenching Efficiency

In our analysis, we assume that the colour change of galax-
ies in clusters/substructures is associated with the migra-
tion of galaxies from the blue cloud to the red sequence
in the CMD. This migration is caused by the quenching of
star-formation (e.g M) To quantify the role of
the substructures in the star formation quenching, or pre-
processmg, we estimated the environmental quenchmg effi-

ciency (eq; [Peng et all 2010, [Peng et al! 2012,
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Figure 7. Left panel: Fractions of blue (fp), green (fy) and red (fr) galaxies in galaxy clusters and substructures as a function of
R. apparent magnitude. Right panel: f;, f; and f. as a function of log(My./Mg). The dash-dotted black lines represent the fractions
of star-forming (fsp) and passive galaxies (fp) in the field. The fraction of blue galaxies increases with increasing R. magnitude and
decreasing stellar mass in all environments, but the fraction of star-forming galaxies in the field is higher than the fraction of blue galaxies

in cluster or substructures.

2016), or conversion fraction, because it quantifies the frac-
tion of galaxies that would be blue in the field but are
red in a denser environment (e.g cluster or substructures;
Peng et all 2010). The environmental quenching efficiency
is defined as follows:

_ (fr,dense - f'r,field) (7)

€, =
! fo,pield

where in this equation, ¢, is the environmental quenching
efficiency, frdense is the red fraction in a dense environ-
ment (cluster or substructure), and f ficia and fu, ficia are
the red and blue fractions in the field, respectively. In our
sample, we estimated e, in clusters and substructures as a
function of projected distance from the cluster centre, nor-
malised by r200. Besides, we estimated the ¢4 in cluster and
substructure as a function of projected distance from cluster
or substructure centre normalised by 7200 of the cluster or
substructure, accordingly. €, is calculated in the same bins
used to derive colour fractions. The uncertainty on the en-
vironmental quenching efficiency was defined, in each bin of
projected distance, as the 68% width of the distribution of
€q after 100,000 Monte-Carlo iterations performed by ran-
domly perturbing the values of the colour fractions within
their error bars. In Table [l we summarise our mean environ-
mental quenching efficiency in clusters and substructures,
estimated using the spectroscopic and spectrophotometric
samples. Our results are presented in Figures [I1] and [I3]
and will be discussed in 5l

5 DISCUSSION

5.1 Substructure detections

The first difficulty to overcome in studies of preprocessing is
the accurate detection of substructures and infalling groups.
This is due mainly to the limitations given by the amount
of data available, the dynamical state of the clusters and
the methods used in the search and characterisation of the
substructures (e.g|Cohn 2012, [Tempel et all[2017).

In order to find the substructures in MACS0416
and MACS1206 we used the DS-test [Dressler & Shectman
(1988) along with clustering algorithms (K-means and DB-
SCAN; [Lloyd 12006, [Ester et all[1996). As shown in §4.2] we
found more substructures in MACS0416 than in MASC1206.
This result could be a consequence of the dynamical state
of the clusters. |Cohn (2012) shows that the presence of
galaxy substructures is correlated with the dynamical state
of a cluster. While MACS0416 is a merger between two
large structures (Balestra et all [2016), MACS1206 is a re-
laxed cluster (Biviano et all 2013). However, according to
Tempel et all (2017) the ability to detect substructures de-
pends on the data available regardless of the method used. In
our study, as shown in §2.2] we have more spectroscopic data
for MACS0416 than MACS1206 and this could be the rea-
son why we have more spectroscopic members in MACS0416
than in MACS1206 (see [1]), and thus more substructures
in MACS0416 than MACS1206. This idea is supported by
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Figure 8. Background-corrected colour fractions for clusters and substructures as a function of projected distance normalised by 7200.
Left panel: Fractions of blue (fy), green (fy) and red (f,-) galaxies as a function of projected distance from the cluster centre. Right
panel: f, fg and f as a function of projected distance from cluster or substructure centre, accordingly. The dotted horizontal black line
represents the f,, fg and f. of field galaxies, while the dash-dotted horizontal black lines represent the fractions of star-forming (fsr)
and passive galaxies (fp) in the field. Galaxy fractions in the field are mean values. In general, galaxies in overdensities (clusters and
substructures) have higher f,. than in the field.

Table 4. Mean environmental quenching efficiency in clusters and substructures.

Environment Clusters Substructures
eq (%) eq (%)
All Galaxies Massive Galaxies Less Massive Galaxies All Galaxies Massive Galaxies Less Massive Galaxies

Tel/T200,;

Spectroscopic Sample 31 + 22 47 + 32 17+ 5 25 + 18 28 4+ 18 18 + 11

Spectrophotometric Sample 26 £ 5 39 + 26 24 + 12 28 + 17 59 + 25 28 £+ 18

/7200

Spectroscopic Sample 70 £ 7 73 £ 11 55 £ 7 35 £ 11 55 + 19 21 + 4

Spectrophotometric Sample 73+ 5 92 + 5 64 + 29 40 £ 5 54 + 8 38 + 4
a simple test that we have done in which we have ran- the identifiable substructures are located in the outer-
domly selected the same number of spectroscopic members most regions of galaxy clusters (at r > 7200). In addition,
in MACS0416 and in MACS1206. In this new sample for Vijayaraghavan & Ricker (2013) suggest that when a group
MACS0416 we only find 10 substructures. Futhermore, the falls into a cluster and is at a distance of ~ 2 X 7rag9 from
fall of spectroscopic completeness spectroscopic complete- the cluster centre, the group is stretched out along the di-
ness at 7 > 2 X 7200 (shown in §37)) may affect our ability of rection of infall, due to the effect of the cluster gravitational
detecting substructures (Biviano et all 2013, [Balestra et all potential on the group. In our case, using visual inspection
2016). (see §4.2)), we found that substructures in the outer regions

of the clusters, especially in MACS0416, even at 2 X 7200,
tend to be less elongated than substructures in the inner re-
gions of the clusters. Interestingly, we notice that the inner
(r < r200) elongated substructures found in MACS0416 are
elongated along the NE-SW direction, the same in which this
cluster is elongated (Balestra et all[2016). This supports the

We note that the ~ 40% of our identified substructures
are in the inner (r < rqgo) regions of the clusters, whereas
the ~ 60% are in the outer (r > r200) regions (see §4.2)). Our
results are in agreement with observational and theoreti-
cal studies (e.g |Jaffé et all 12016, [Vijayaraghavan & Ricker
2013, respectively) in which it is shown that most of
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Figure 9. Background-corrected colour fractions for clusters and substructures as a function of projected distance normalised by r290.
Left panel: Fractions of blue (fy), green (fy) and red (f;-) galaxies as a function of projected distance from the cluster centre. Right
panel: f, f; and f;- as a function of projected distance from cluster or substructure centre, accordingly. The dotted horizontal black line
represents the f,, fg and f;- of field galaxies, while the dash-dotted horizontal black lines represent the fractions of star-forming (fsr) and
passive galaxies (fp) in the field. Galaxy fractions in the field are mean values. Galaxy fractions as a function of projected distance in all

environments were estimated by separating galaxies in two bins of stellar mass in massive (M, > 1010-5M) and less massive galaxies
(M, < 1019°Mg). In general, independent of the stellar mass, galaxies in dense environments such as clusters and substructures tend

to be redder than galaxies in the field.

notion that the inner substructures are more susceptible to
the gravitational effects of the overall cluster potential.

5.2 Colour fractions in substructures and galaxy
clusters

Figure [Blshows that galaxies in substructures show the same
bimodality in colours observed in the entire clusters. We
note the absence of very bright red and blue galaxies in
substructures. This could be a consequence of the selection
criteria for the spectroscopic targets since the spectroscopic
target selection was mostly done in a colour-colour space.
The well established morphology-density relation
1Dressleﬂ MQ, Postman et al] M) can be trans-
lated to a morphology-clustercentric radius relation (e.g
Whitmore et al“Mﬂ, Goto et al“M). That is, early-type
galaxies are more frequent in the cluster core while late-
type galaxies are more frequent in the outer regions of clus-
ters. Moreover, the morphology of galaxies is related with
other physical properties such as their stellar masses, colours
and star-formation rates. In this sense, the morphology of
galaxies can also be inferred from their colours, for example:
early-type galaxies tend to be red, whereas late-type galax-
ies tend to be blue. In this context, the relation between
the morphology of galaxies and the environment can be

explained by a colour-environment relation (Blanton et al
12003, [Skibba. et all 2009, (Griitzbauch et all[2011).

In the case of MACS0416 and MACS1206, the spectro-
scopic colour fractions as a function of projected distance
from the cluster centre obtained in §LG.1] (see left panel
of Figure [l show that galaxies in clusters and substruc-
tures follow a colour-clustercentric radius relation. Galax-
ies within 7200,,, independent of whether they are part of
a cluster or substructure, tend to be redder than galax-
ies beyond r200,,. This suggests that this result is likely a
consequence of the effect of the cluster environment over
the properties of galaxies traced by their colours (e.g
Mﬂ, Byrd & y"altoneﬂ M, Boselli et al“M). Moreover,
studying the colour fraction of galaxies as a function of
the distance from the cluster or substructure centre (see
right panel of Figure Bl), we note that the total colour-
clustercentric radius relation in substructures follows sim-
ilar trends observed in the main clusters. According to this,
substructures may be considered as down-scaled versions of
clusters in which galaxy properties, traced by their colours,
have been sculpted by the gravitational potential and phys-
ical processes within the substructures (e.g. ram-pressure
stripping and galaxy-galaxy interactions), which can stop
star-formation and turn galaxies red.

Figure [6] shows the spectroscopic colour fractions as a
function of projected distance by separating galaxies in all
environments according to their stellar masses in massive
(M, > 10*°5Mg) and less massive (M, < 10'%°Mg). We
note that fraction of green galaxies is constant in all envi-
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Figure 10. Left panel: Background-corrected colour fractions for clusters and substructures as a function of R. apparent magnitude.
Right panel: Background-corrected colour fractions for clusters and substructures as a function of log(My /Mg ). The dashed black curve
represents the f;, fg and f;- of field galaxies, while the dash-dotted black lines represent the fractions of star-forming (fsr) and passive
galaxies (fp) in the field. Galaxy fractions in the field were estimated in bins of R.-band magnitude or stellar mass. The fraction of red
or quiescent galaxies increases towards bright magnitudes and massive galaxies in all environments.
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Figure 11. Environmental quenching efficiency in clusters and substructures calculated with equation [7] (Peng et al.[2010) as a function
of projected distance from the cluster centre normalised by r200_, . The solid brown and dashed yellow lines represent the ¢, in the clusters
for the spectroscopic (see §4.1]) and spectrophotometric (see §4.4]) samples, respectively. The dotted indigo and dash-dotted magenta
lines represent the €4 in the substructures for the spectroscopic and spectrophotometric samples, respectively. In the outskirts of clusters
(r> 7"20001) the €4 of substructures becomes comparable to the €4 of clusters.
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Figure 12. Environmental quenching efficiency separated by mass in massive (M, > 10105Mg) and less massive galaxies
(M, < 10'9-°Mg) in clusters and substructures calculated with equation [ (Peng et all2010) as a function of projected distance from the
cluster centre normalised by 7200,,. The solid orange and dashed gold lines represent the €4 in the clusters for massive and less massive
galaxies, respectively. The green dotted and dash-dotted lines represent the €4 in substructures. Left panel: spectroscopic sample. Right
panel: spectrophotometric sample. The environmental quenching efficiency is higher in massive galaxies.
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Figure 13. Environmental quenching efficiency in clusters and substructures calculated with equation [7] (Peng et all[2010) as a function
of projected distance from the cluster centre or substructure centre normalised by r200 of the cluster or substructure, accordingly. The
solid brown and dashed yellow lines represent the €4 in the clusters for the spectroscopic (see §€1) and spectrophotometric (see §4.4)
samples, respectively. The dotted indigo and dash-dotted magenta lines represent the €4 in the substructures for the spectroscopic and
spectrophotometric samples, respectively. In the innermost regions (r < rp0) of the overdensity (either cluster or substructure) clusters

are more efficient than substructures in quenching star formation.

ronments, independent of the stellar mass of the galaxies
and that massive galaxies tend to be red independent of the
environment in which they are located. Besides, the frac-
tion of red galaxies (fr) in clusters and substructures at
r < 1.5 X ra00,, is higher than the f, in the field, indepen-
dent of the stellar mass. This result is in agreement with
the result presented in the left panel of Figure 5, in which
the cluster environment models galaxy properties traced by
their colours at least within 1.5 X r200,_,. Beyond 1.5 X 7200,
fr in all environments become comparable. The f, of mas-
sive galaxies in substructures is slightly higher than in the
clusters. Moreover, right panel of Figure [6] shows that the
fr in dense environments tend to be higher than the frac-
tion of red galaxies in the field. This suggest that denser

environments are more effective in producing red galaxies
independent of the stellar masses of the galaxies. Figure
shows that the results for the spectroscopic sample are re-
produced by the spectrophotometric sample.

To test the colour fractions estimated using the spectro-
scopic sample and motivated by the low spectroscopic com-
pleteness beyond r > 1.5 X 7200, wWe increased the statistics
in the sample by adding to the spectroscopic sample z-phot
selected galaxies at all radii from the cluster centres (see
§4.4)). For substructures, following |George et all (2011), we
added zpnot selected galaxies only within rago from the sub-
structure centres (see §4.4.2]). Figure [§ (left panel) shows
that the colour fractions as a function of the projected dis-
tance from the cluster centre obtained with the spectropho-
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Figure 14. Environmental quenching efficiency separated by mass in massive (M, > 10105Mg) and less massive galaxies
(M, < 10'9-°Mg) in clusters and substructures calculated with equation [ (Peng et all2010) as a function of projected distance from the
cluster centre or substructure centre normalised by r200 of the cluster or substructure, accordingly. The solid orange and gold dashed lines
represent the €4 in the clusters for massive and less massive galaxies, respectively. The solid orange and dashed gold lines represent the ¢4
in the substructures for massive and less massive galaxies, respectively. Left panel: spectroscopic sample. Right panel: spectrophotometric
sample. The environmental quenching efficiency is higher in massive galaxies.

tometric sample reproduce those of the spectroscopic sam-
ple. Figure [{ (right panel) shows that the results for the
spectroscopic sample are reproduced by the spectrophoto-
metric sample.

In the spectroscopic and background-corrected colour
fractions as a function of distance (see Figures [l and [§) we
see that the fraction of blue galaxies is larger in substruc-
tures than in the cluster, at all distances. Substructures
host, on average, less dense environments than the entire
cluster, thus allowing for a higher star formation activity
(e.g. [Dressler (1980, lvan der Wel et all [2007). Interestingly,
as noted in [Perez et alil2011),|Jaffé et alll2016, galaxy-galaxy
interactions, especially those involving gas-rich galaxies, can
induce bursts of star formation. This may also contribute to
the enhanced blue fraction in substructures. The fraction of
red galaxies in clusters and substructures is higher for mas-
sive galaxies than for less massive galaxies. This suggests
that at such stellar masses internal processes play a signifi-
cant role in quenching star formation.

The uncertainties in the colour fractions, in the spectro-
scopic sample, as a function of projected distance from the
centre of the overdensity (either cluster or substructure) are
of the order of ~ 10%. We note here that our cluster sample
does not include substructure members; the results of this
paper, however, do not change if we consider substructure
members in the cluster sample.

With only 3 photometric bands available for
MACS0416, it is not possible to obtain reliable stellar
masses through SED fitting. For this reason we decided to
estimate the stellar mass of galaxies using the empirical
approach proposed by [Bell et all (2003) (see §4T)). Since
the two clusters are almost at the same redshift, we used
the R-band apparent magnitude as a proxy for galaxy
luminosity. The colour fractions as a function of R-band
luminosity and stellar mass are shown in Figures [7] and
for the spectroscopic and “spectrophotometric” samples,
respectively. We see that the colour fractions follow the

same trends with luminosity or stellar masses regardless of
the galaxies being in the cluster or the substructures.
These results support the notion that internal physi-
cal mechanisms, related to galaxy stellar mass, act indepen-
dently from the environment in quenching star formation in
galaxies. Interestingly, when considering the spectrophoto-
metric sample, the red fraction is higher in substructures
than in the clusters. Although still consistent within the
errors, this result seems to be at odd with what we see in
the spectroscopic sample, where the red fraction in substruc-
tures is slightly lower than in the clusters. We argue that this
could be a consequence of the small statistics in the spectro-
scopic sample as we go towards the cluster outskirts, which
results in the loss of substructure members. As a result, the
substructure red fraction in the spectroscopic sample may
be slightly underestimated. If the effect that we see in the
spectrophotometric sample is real, then this suggests that
the environment of substructures favours the quenching of
star formation and thus pre-processing is significant in the
overall quenching of star formation in clusters of galaxies.

5.3 Evidence for pre-processing from the colour
fractions in substructures

An easy way to detect the existence of pre-processing in
galaxy clusters consists in comparing the fractions of quies-
cent or star-forming galaxies in cluster outskirts and in the
field. For example, [Wetzel et all (2013) find that galaxies in
groups or satellite groups have lower SFR than in the field.
Hou et all (2014) find that the fraction of quiescent galaxies
in the outer (2 — 3xr200) substructures of galaxy clusters is
higher than in the field. Similarly, [Haines et all (2015) show
that the fraction of star-forming galaxies in clusters is lower
than in the field out to 3x7200 from the cluster centre. All
these results point towards the existence of pre-processing.

In this work we compare the fractions of blue and red
galaxies in the clusters with the fractions of star-forming
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and quiescent galaxies in the COSMOS/UltraVISTA field.
As discussed in Section [£4] we selected quiescent ans star-
forming galaxies in the field with the UV'J diagram. This
selection cannot be done in the two clusters analysed in this
work as the available photometry does not cover the rest-
frame J band at the redshifts of the clusters. We there-
fore compare the fractions of blue and red galaxies in clus-
ters and substructures with the fractions of quiescent and
star-forming galaxies in the field. This comparison can be
done as the fractions of blue and red galaxies in clusters
and substructures are corrected for contamination of dusty
star-forming galaxies as discussed in Section §4.6.21

Figure Bl shows that in the spectroscopic sample the
fractions of red galaxies remain higher than the field in the
cluster and substructures out to 2xrag0,, from the cluster
centres and 1Xr200 from the overdensity centre. At larger
distances from the cluster centre (r > 2 X raoo,,) the frac-
tion of quiescent galaxies in the field becomes slightly higher
than in substructures. We remind here that the spectro-
scopic completeness of the sample is a decreasing function
of cluster-centric radius (Figure [), implying that results
at projected distances greater than 2xXr200 may be affected
by sample incompleteness even after weighting the observed
colour fractions. However, considering the uncertainties on
colour fractions, the fraction of red galaxies in substructures
is at least comparable to that in the field out to 2.5Xr200,,
from the cluster centre. Figure [§ shows, indeed, that when
considering also zpnot-selected members the fraction of red
galaxies in substructures is higher or at least comparable to
that in the field out to 2.5xr200,, from the cluster centre.
In the case of colour fractions as a function of projected dis-
tance from the centre of an overdensity, the right panel of
Figures Bl and [§ show that the fraction of red galaxies in
substructures is higher than that in the field.

We conclude from this that the trends of the colour
fractions with projected distance for cluster and substruc-
ture galaxies agree with the existence of pre-processing in
galaxy clusters.

Bianconi et all (2017) studied the star formation
in infalling substructures for a sample of clusters at
0.15 < 2z < 0.3 selected from the Local Cluster Substruc-
ture Survey (LoCuSS, [Smith et all [2010). They find that
the fraction of star-forming galaxies in the substructures is
always lower than in the clusters, interpreting this as evi-
dence of pre-processing. Although this result appears in dis-
agreement with our Figures Bl and [§] we can reconcile our
findings with those of |Bianconi et all (2017) by noting that
those authors identified substructures using the X-ray lumi-
nosity distributions of the clusters. Such a method privileges
the selection of the most massive and dense substructures,
where the environmental quenching effects are stronger. We
also point out that the clusters in [Bianconi et all (2017) are
at lower redshifts than ours and thus their substructures
are likely to host larger fractions of passive galaxies (see
e.g. [Li et all [2009). Finally, these authors restricted them-
selves only to massive galaxies (M > 2 x 10'°Mg), which
may be more affected by internal quenching processes (see
e.g. IMuzzin et all 2019, |Gavazzi et al! 2015, also Figures [7
and [[0lin this paper). Our results (see Figures [l and @) show
that, considering the uncertainties, the fraction of red mas-
sive (M, > 10*%5 M) galaxies in substructures is higher or
at least comparable to the fraction of red massive galaxies in

the clusters as a function of projected distance from the clus-
ter centre. This result is in agreement with [Bianconi et al.
(2017). These results are in agreement with some authors
(e.g |Griitzbauch et all [2011) that find that the effects of
stellar mass and environments in producing red galaxies are
not independent and that massive galaxies are preferentially
located in denser environments.

Figure [Tl shows that the environmental quenching effi-
ciency in substructures is lower than in the main cluster and
begins to be comparable to the main cluster at » > 1xrz90,,-
Figure[I3lshows that the environmental quenching efficiency
in clusters is always higher than in the substructures. In
particular, we note that while €, increases towards the clus-
ter centre, it remains approximately constant with the dis-
tance from the centre of the substructures. Despite these
differences in the spatial distribution of the quenching ef-
ficiency, we find that on average €; has similar values in
the main cluster and in the substructures (see Table d). All
these results can be explained by the fact that environmen-
tal quenching processes are stronger in cluster cores than in
substructures. Interestingly, we note that the ¢, of massive
galaxies (M, > 10'%°Mg) in substructures is higher than
€q of the massive galaxies in the cluster (see right panel of
Figure [[2). Our results could be explain by the fact that
in lower-mass environments such as galaxy groups or sub-
structures is more likely to produce red massive galaxies
by galaxy mergers than in clusters Mihod (2003). This fact
could be indicating that internal and external mechanisms
act together in producing red galaxies in substructures.

We note in Figure [4] that the values of ¢, for mas-
sive and less massive galaxies in the inner regions (< r200)
of clusters and substructures are consistent between them.
However, ¢, appears larger for massive galaxies in both the
cluster and substructure samples. We need a larger sample
to test such a result, which will be addressed in a forthcom-
ing paper.

Kawinwanichakij et al!  (2017), using galaxies at
0.5 < z < 2.0 from the FourStar Galaxy Evolution Survey
(ZFOURGE [Straatman et all 2016), found that in the
mass range of 8.8 < log(M/Mg) < 10.0 the environmental
quenching efficiency is ~ 30% at z < 1. These authors
suggest that, at z < 1, environmental quenching plays a key
role in suppressing the star-formation in low mass galaxies.
In our case, using only the spectroscopic sample, we
estimate a mean quenching efficiency of ¢, = (31 + 22)%
and ¢q = (25 £ 18)% for clusters and substructures,
respectively (see Table [). When we use the spectropho-
tometric sample we obtain a mean quenching efficiency
of €g = (26 &+ 16)% for clusters, and a ¢, = (28 + 17)%
for substructures (see Table M]). Our values are close to
those obtained by [Kawinwanichakij et all (2017). Besides,
we note that for less massive galaxies (M, < 10'°°My) in
substructures we found a mean environmental quenching
efficiency of the order of (18 + 11)% and (25 + 18)%
for the spectroscopic and spectrophotometric samples,
respectively. Our mean values are slightly lower than the
value found by I[Kawinwanichakij et all (2017). However, in
the case of massive galaxies (M, > 10'°Mg) we found a
mean environmental quenching efficiency in substructures
of ¢g = (59 £ 25)% for the spectrophotometric sample, this
value is higher than the environmental quenching efficiency
of massive galaxies in the cluster (see Table[)). This suggest



that in our studied clusters the environmental quenching
plays a role in producing red galaxies in all stellar mass
ranges.

6 SUMMARY AND CONCLUSIONS

We have studied the effect of the local environment on the
colour of galaxies in two clusters at z ~ 0.4 drawn from the
CLASH-VLT survey (Rosati et all[2014). In these clusters,
we have identified several substructures using a combina-
tion of statistical methods (DS-test) and clustering algo-
rithms (DBSCAN). Most of the identified substructures are
located in the cluster outskirts (r > r200), in agreement with
literature results.

We have investigated the spectroscopic and
background-corrected colour fraction as a function of
projected distance from the cluster centre for galaxies in
cluster and substructures, and as a function of projected
distance from the centre of the overdensity (either cluster
or substructure) for clusters and substructures, accordingly.
We found that the colour-clustercentric radius relation
is well established both in clusters and substructures. In
addition we found that the colour-clustercentric radius
relation in the clusters can be reproduced by the colour-
clustercentric radius relation in substructures. This suggests
that substructures may be considered as down-scaled ver-
sions of clusters, in which the internal physical properties of
the substructures sculpt galaxy properties such as colours,
SFR and morphologies.

We find that the fraction of blue galaxies in both clus-
ters and substructures is lower than the fraction of star-
forming galaxies in the field. The fractions of red and blue
galaxies in substructures are intermediate between that of
the main cluster and the fractions of quiescent and star-
forming galaxies in the field. This result supports the notion
of the existence of pre-processing in galaxy clusters.

The environmental quenching efficiency in the centres
of substructures is lower than in the centres of clusters and
becomes comparable to that of the clusters when the dis-
tance from the centre of the overdensity increases. We also
find that the environmental quenching efficiency of external
substructures (r > roo0 from the cluster centres) is compa-
rable to that of the main cluster. The average environmental
quenching efficiencies of cluster and substructures are simi-
lar.

We find that massive galaxies (M, > 10'°5Mg) tend
to be redder than less massive galaxies (M, < 10'°°Mgy) in
all environments. However the environmental quenching ef-
ficiency of massive galaxies in substructures is higher than
the environmental quenching efficiency of galaxies in clus-
ters. This fact suggests that stellar mass and environment
play a combined role in producing red galaxies in substruc-
tures.

The analysis of MACS0416 and MACS1206 shows that
the study of substructures in clusters is fundamental to un-
derstand the evolution of galaxies in dense environments.
Clusters assembled a significant part of their mass through
the accretion of smaller groups, and the properties of galax-
ies in clusters bear the imprint of this assembly history as we
show in this paper. The analysis developed in this work will
be extended to the entire CLASH-VLT sample; this work
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is already ongoing and will allow us to study galaxy pre-
processing with high statistical significance in a large sample
of clusters.
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APPENDIX A: DATA TABLES

Here we present the data use to plot the colour fractions
and quenching efficiency in spectroscopic and spectropho-
tometric samples. Tables [AT] — show the spectroscopic
colour fractions as a function of projected distance, mag-
nitude and stellar masses for substructures and clusters.
Tables [AT — Tables [A13] — show the mean en-
vironmental quenching efficiency as a function of distance
for spectroscopic and spectrophotometric samples.



Galazy pre-processing in clusters at z2~0.4

Table A1l. Spectroscopic colour fraction as a function of distance from the

cluster centre.
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Table A2. Spectroscopic colour fraction as a function of distance from the overdensity centre
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Table A3. Spectroscopic colour fraction as a function of distance from the
cluster centre for massive and less massive galaxies

et /7200,
0.5 1.5 2.5 3.5
Cluster
M, > 10105 Mg
o LTI 02T 02 hET ozths
7o 005078888 01057888 035 BEE 1997818
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Ir 08785012 06335035 039115545  0.723757 79
M* < 101045M®
+0.011 +0.014 +0.021 +0.203
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fq 0.1975y 000 0.167F 07015 0109707078 0.500%0505
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Ir 0.5017g 7512 0.150%575;7  0.067757074  0.107Z5 696
Substructures
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f'r 0'72270.043 0'62370.117 0‘587704309 -
M, < 10105 Mg
Fy 0.420%0056  0.606F 0956 0.98270:0:3 -
fq 0.205% 01000 0.195% 01050 0.021%0:07 -
+0.040 +0.020 +0.034
Ir 0.36275 539  0-105Z5 016  0.01755 016 -

Table A4. Spectroscopic colour fraction as a function of distance from the overdensity centre
for massive and less massive galaxies

/7200
0.1 0.3 0.5 0.7 0.9
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Galazy pre-processing in clusters at z2~0.4

Table A5. Spectroscopic colour fraction as a function of R,

19.5 20.5 21.5 22.5 23.5
Cluster
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Table A6. Spectroscopic colour fraction as a function of log(My/Mg)
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Table A7. Spectrophotometric colour fraction as a function of distance from

the cluster centre.
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Table AS8. Spectrophotometric colour fraction as a function of distance from the overdensity

centre
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0.1 0.3 0.5 0.7 0.9
Cluster

+0.022 +0.029 +0.032 +0.034 +0.032
" hrors 1L ot = B B 1 RO
o 002 00 OO ams 010 e 00ogory O115ig0me
I 089270707  0.T61150030 064275055  0.59270055 045470705,
Substructures

+0.134 +0.060 +0.045 +0.039 +0.038
S 0048 00e D07l noey  OSTdiegu  05%ogios 0980 gug

Uo LUC . . .
” ponce 1 ottt IRt 1. B ete 1 et ¢

. LUO . LUCS .
fr 0'46070.098 0‘349704055 0'35470.043 0‘334704038 0'35970,037

Table A9. Spectrophotometric colour fraction as a function of distance from
the cluster centre for massive and less massive galaxies
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Galazy pre-processing in clusters at z2~0.4

Table A10. Spectrophotometric colour fraction as a function of distance from the overdensity
centre for massive and less massive galaxies
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Table A1ll. Spectrophotometric colour fraction as a function of R.
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Table A12. Spectrophotometric colour fraction as a function of log(My /M)
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Table A13. Mean environmental quenching efficiency as a function of distance from the cluster centre
for the spectroscopic sample.

Tcl/TQOOCL 0.5 1.5 2.5 3.5
€q

. +0.008 +0.011 +0.019 +0.150
Cluster Galaxies 0.7097 ' gos  0.1517 77 0.012T 5070 0.3827 577
Massive Cluster Galaxies 0.76870-0%%  0.02115-072 o.sosjg;ggg 0.26615-300
Less Massive Cluster Galaxies 0.54070 010 0.078T0010  0.03115015  0.02370 059
Substructure Galaxies 0.59310-020  0.086100%0  0.06670 5% -
Massive Substructure Galaxies 0.600f8:8;§ 0.056t81§8$ 0.171f8:gﬁ -
Less Massive Substructure Galaxies 0.426f8:8§g 0.020t8‘_88§ 0.096f8:8§i -

Table Al4. Mean environmental quenching efficiency as a function of distance from the overdensity centre for the
spectroscopic sample.

r /7200 0.1 0.3 0.5 0.7 0.9
€q
: +0.014 +0.015 +0.025 +0.028 +0.028
Cluster Galaxies 0.87518'8% 082518'8%8 0.72818838 0.593jr8_822 0.474189(2)3
. . . . . .Uo .
Massive Cluster Galaxies 0.90318'83% 0.83618'8%2 068518‘8%411 0.80018'8% 0.42018‘(1)8(1)
Less Massive Cluster Galaxies 0.7417 057 0.635705,  0.558T.05, 040775 0.3867 057
: +0.053 +0.044 +0.048 +0.041 +0.018
Substructure Galaxies 0.3617 ooy 0.4187 g,  0.5207 0, 0445750 0.0067 5 1g
Massive Substructure Galaxies 0.387$§;é§i 0.772$§;é§§ 0.659;%:%% 0.721%%%25 0.2341%%%
: : Uo . LUO . .
Less Massive Substructure Galaxies  0.239755z5  0.19470%s  0.2987 o=y 0.2227 70,5 0.1067 577

Table A15. Mean environmental quenching efficiency as a function of distance from the cluster centre
for the spectrophotometric sample.

Te1/T200, 0.5 1.5 2.5 3.5
€q
Cluster Galaxies 0.676£§:§§ 0.136%%% O'OQ%E’:% 0.147%@(%%
Massive Cluster Galaxies 0'84418:8%(13 0-1021818?15 0'18018:888 0.4501818I?
Less Massive Cluster Galaxies 0.54870:016 0.12270‘_011 0.09770:009 0.17670‘_017
: +0.030 +0.023 +0.069

Substructure Galaxies 0.570" ) 930 0.1887 755 0'071*0‘05‘} -
Massive Substructure Galaxies 0.9307:8:82; 0.185f81}2451 0.6707:8:;3; -

: . +0.030 +0.022 +0.081
Less Massive Substructure Galaxies  0.5357 )55  0.20475357  0.0067 7 -9 -

Table A16. Mean environmental quenching efficiency as a function of distance from the overdensity centre for the
spectrophotometric sample.

r /7200 0.1 0.3 0.5 0.7 0.9
€q

. +0.023 +0.029 +0.032 +0.031 +0.029
Clust.er Galaxies . 0-99918'8% 0-8494:8'8:2’)'2 0'69818‘8?38 0-62818'82% 0'04418‘(1)%2
Massive Cluster Galaxies 0.97270‘_0'25 0.963 5034  0.9057 7 g9 0.95170‘_0'42 0.78970:1‘23
Less Massive Cluster Galaxies 0.99970-03%  0.73310°03%  0.58470 015 0.504T0 055 0.359700%1
Substructure Galaxies 0.537$§1§§§ 0.361:{%5;; 0.368£§:§j§ 0.336:{%5?5 0.377}%@%%
Massive Substructure Galaxies 0.29875qs  0.7407 757, 0.323T 5775 0.718T5%5;  0.6387( 547

; ; +0.094 +0.050 +0.040 +0.034 +0.034
Less Massive Substructure Galaxies  0.468" % 0.3247 20 0.3737 540 0.33507 050 0.3837 755
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