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ABSTRACT

We study the radial number density and stellar mass density distributions of satellite galaxies in a sample of 60 massive clusters at
0.04 < z < 0.26 selected from the Multi-Epoch Nearby Cluster Survey (MENeaCS) and the Canadian Cluster Comparison Project
(CCCP). In addition to 10 000 spectroscopically con rmed member galaxies, we useugréfband imaging to estimate photometric
redshifts and stellar masses, and then statistically subtract fore- and background sources using data from the COSMOS survey. We
measure the galaxy number density and stellar mass densitpuligins in logarithmically spaced bins over 2 orders of magnitude

in radial distance from the BCGs. For projected distances in the rafige B/ Ryoo < 2.0, we nd that the stellar mass distribution

is well-described by an NFW pro le with a concentration & 2.03+ 0.20. However, at smaller radii we measure a signi cant
excess in the stellar mass iatsllite galaxés of about 18 M per cluster, compared to these NFW pro les. We do obtain good

ts to generalised NFW pro les with free inner slopes and to Einasto pro les. To examine how clusters assemble their stellar mass
component over cosmic time, we compare this local sample to the GCLASS cluster samplg, athich represents the approximate
progenitor sample of the low<clusters. This allows for a direct comparison, which suggests that the centralipart8.4 Mpc) of

the stellar mass distributions of satellites in local galaxy clusters are already in placelatand contain sucient excess material

for further BCG growth. Evolving towards= 0, clusters appear to assemble their stellar mass primarily onto the outskirts, making
them grow in an inside-out fashion.

Key words. galaxies: clusters: general — galaxies: evolution — galaxies: photometry

1. Introduction the distribution of galaxies is consistent with what we expect
) ) _for the sub-haloes in CDM (e.g.Boylan-Kolchin et al. 201

Our concordance cosmological model describes a Univegsg the scale of our Milky Way, recent hydrodynamical simula-
dominated by dark matter and dark energy, in which strugpns are able to alleviate the tension between the abundance of
tures form hierarchically. Within this Lambda-Cold-Darksyp-haloes imN-body simulations, and the observed distribution
Matter ( CDM) framework,N-body simulations provide clear of satellites, by incorporatingayonic processes such as super-
predictions for the structure and evolution of dark matter haloggya feedback (e.@5een et al. 201;3Sawala et al. 20)3More
(e.9.Du y et al. 2008 Dutton & Maccio 2014, and a con- massive haloes, such as galaxy clusters, have correspondingly
frontation with observations provides an important test of Oiore massive sub-haloes, which is expected to make them more

CDM paradigm. A key open question is how galaxies formig cient at forming stars, less subjective to feedback processes,
this dark—matter—domlnat_ed_Unlverse. _The bqryomc physics igng relatively easy to identify through observations.
volved may also play a signi cant role in altering the total mass  \jeasuring the radial number and stellar mass density dis-
pro les (e.g.van Daalen et al. 201 Melliscig et al. 2013and . tion of satellite galaxies in clusters has been the focus of
therefore complicate a direct mparison with predictions from geyera| studies. These distributions have been observed to be

dark matter simulations. However, as hydrodynamical simul@,—e” described by Navarro-Frenk-White (NFWavarro et al.

tions continue to advance (e §chaye et al. 2030Cen 2014 1997 pro les for group-sized haloes and clusters, from the lo-
Genel et al. 2014Schaye et al. 20)5they provide testable pre- . 2P group ’

| Universe toz 1 (Carlberg et al. 1997Lin et al. 200
dictions of the distribution of baryonic tracers, such as gas aN/a,lzzin et al. 2007Gio$ﬂini et aﬁ ZOOQBud%ynski et al. 20142
stars.

) S ) van der Burg et al. 20)4Each observational study, however, is
An important open question in this context is how well stebased on a dierent data set and analysis and presents results in
lar mass traces the underlying dark matter distribution, andgfdi erent form.Lin et al. (2004 and Budzynski et al(2012
studied the number density of galaxies, but owing to interactions
Appendix A is available in electronic form at between galaxies and, in padiar, the mass-dependence of the
http://www.aanda.org dynamical friction timescale, the number density distribution of
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i i i i i i iti Redshift
galaxies can be derent for galaxies with dierent luminosities o 0.16 0.37 0.65 1.09 19

or stellar masses. Their results are therefore dependent on the
depth of their data seGiodini et al.(2009 measured the number
density distribution of generally lower mass systems from the I +This study
COSMOS eld.Carlberg et al(1997 andMuzzin et al.(2007)
measured the luminosity density distribution in thband and
K-band, respectively, for clusters from the Canadian Netwo
for Observational Cosmology Survey (CNO%e et al. 1995
The advantage of this measurent is that, provided the mea- <
surements extend signi cantly kmv the characteristic luminos- —
ity L , it is almost insensitive to the precise luminosity cut. That
is because the total luminosity each radial bin is dominated §
by galaxies aroundl . However, especially in the-band, itis o
not straightforward to relate the luminosity distribution to a stel2 g |
lar mass distribution due to derences in mass-to-light-ratio be- F
tween di erent galaxy types, and becauthe distributions of
these types vary spatially. Inconsistencies between all these stud-
ies prevent us from drawing rm conclusions on comparisons
between them. 0
In this paper we present a comprehensive measurement of ,
the radial glgoalgxy nun?ber density an% stellar mass density from Lookback Time (Gyr)
a sample of 60 massive clusters in the local Univers@4(& Fig.1. Lines: expected growth curves as a function of cosmic time
z < 0.26), based on deepgri-band photometry and veri ed (or redshift) for massive haloes based on the Millennium simulation
with ample spectroscopic dat@he clusters in this sample are(Springel et al. 2005 in which we followed these haloes at xed cu-
approximate descendants of the Gemini Cluster Astrophys[BQ'atiVe comoving number density. Red: the GCLASS cluster sample

Spectroscopic Survey (GCLASS) cluster sample (by numbdpdied in vdB14. Black triangles: low redshift cluster sample stud-
; P . ; led here. Purple: the CNOCL1 cluster sample studied/liogzin et al.
density), which is a speciroscopic survey of ten rich cluste 07). The cluster samples are linked by the evolutionary growth

atz 1 (seeMuzzin et al. 2012 In Appendix A, we provide ves

more details on the GCLASS sample selection, and illustrate

that the selected clusters make up an approximately represen-

tative sample of the high-mass tail of the underlying halo maganadian Cluster Comparison Project (CCCP). For each clus-

distribution. For the GCLASS clusters, the satellite number defgy we acquired deepgri-band photometry (see Se@.1 for

sity (down to galaxies with stellar mass'#® M ) and stellar getails), to allow for a clean cluster galaxy selection.

mass density distribution have been measuredasyder Burg A supstantial number of spectroscopic redshifts in these

etal.(2014 hereafter vdB14). By performing the measuremenggyster elds are available from the literature, speci cally from

in the present study as consistently as possible with the GCLAgRoC (Yee et al. 199§ the Sloan Digital Sky Survey Data

measurement, we study how the stellar mass distribution in mg@gsjease 10 (SDSS DR1Bhn et al. 2014, and the Hectospec

sive haloes evolves sinze 1. ~ Cluster Survey (HeCSRines et al. 2018 We searched the
The structure of this paper is as follows. In S&ttve give NASA/IPAC Extragalactic Database (NEDJo obtain addi-

an overview of the cluster sample, the available spectroscopigha| spectroscopic information for galaxies that have not been

data setand t_he photometric catalogues basegjorband p_ho— targeted by these surveys, iéon et al.(2015 for details.

tometry. SectiorB presents the measurement of the radial den- "|n aqdition to the determination of cluster membership these

sity pro les, based on a photometric study but compared wityshifts allow us to estimate dynamical massgsoa et al.

the spectroscopic data for robustness tests. The rgsults are PR . In summary, cluster membership and velocity dispersions

sented in Sect4, and put into context against I_owhterature are determined using the shifting gapper appro&euda et al.

measurements by a comparison of their best- tting NFW-pro "i996. To relate the velocity dispersion, to estimates 0Rxqo,

parameters. In Sech. we study the cluster centres in more dege radius at which the mean interior density is 200 times the

tail, examining whether the central excess depends on a clugt@fical density ( ¢t), andMaoo, the mass contained withRogo,

property in particular. In Secé we discuss the observed evoluyhe Eyrard et al(2009 scaling relation is used. We applied the

tion betweerz 1 and ourlocal study by comparing their stellagame scaling relation to the GCLASS cluster sample in vdB14

mass density pro les on the same physical scale, and dlscuss%f@gct_ 2.1). The 60 clusters used in this study are listed in Table

role of build-up of the BCG and ICL components in this context. Figurel suggests that the cluster sample we study covers the

]

1015

200/ a-G)

We summarise and conclude in Sett. , mass regime of the likely descendants from GCLASS in the local
All magnitudes we quote are in the AB_magmtude_s Syste@niverse. Curves in this gure connect haloes selected from the
and we adopt CDM cosmology with , = 0.3, = 0.7 Millennium simulation Springel et al. 200pat xed cumula-

— 1 S1 i . . .
andHo = 70 km s Mpc>'. For stellar mass estimates we asgye comoving number density, and are thus approximate growth
sume the same initial mass function (IMF) as was used in vdBl4yrves. The lines are logarithmically spaced, each successive

namely the one fronChabrier(2003. line changing the density by a factor of 3. We also show that
the CNOCI1 cluster sample, studied Myizzin et al.(2007), are
2. Data overview and processing close to the approximate evolutionary sequence, and we will also

compare our results to theirs in this paper. In Sect. 5.1 of vdB14,
The sample we study consists of 60 massive clusters in @ GCLASS sample is sub-divided to show that SpARCS-1613,
local Universe, drawn from two large X-ray selected surveys:
the Multi-Epoch Nearby Cluster Survey (MENeaCS) and the http:/ned.ipac.caltech.edu/
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Table 1. The 60 clusters selected from MENeaCS and CCCP that foerbdkis of this study, with their dynamical properties.

Name

A85
A115
A119
A133
A223
A399
A401
A520
A521
A545
A553
A586
A644
A646
A655
A780
A795
A961
A990
A1033
A1068
A1132
A1246
A1285
A1361
A1413
A1650
A1651
A1781
A1795
A1835
A1914
A1927
A1942
A1991
A2029
A2033
A2050
A2055
A2064
A2065
A2069
A2104
A2111
A2142
A2163
A2204
A2259
A2261
A2319
A2409
A2440
A2495

Notes.@® Coordinates of the BCGs. For A2163, a merging system, we take the location of a bright galaxy close to the cluster centre, followin
the centre adopted Wyoekstra et al(2012. For A115, which consists of a North and a South component, we take the location of the BCG in the

Zspec

0.055
0.193
0.044
0.056
0.208
0.072
0.074
0.201
0.247
0.158
0.067
0.170
0.070
0.127
0.127
0.055
0.138
0.128
0.142
0.122
0.139
0.135
0.192
0.108
0.116
0.142
0.084
0.085
0.062
0.063
0.251
0.167
0.095
0.226
0.059
0.078
0.080
0.120
0.103
0.073
0.072
0.114
0.155
0.228
0.090
0.200
0.151
0.160
0.226
0.054
0.145
0.091
0.079

RA?
J2000

00:41:50.33
00:55:50.58
00:56:16.04
01:02:41.68
01:37:55.93
02:57:53.06
02:58:57.79
04:54:14.04
04:54:06.86
05:32:25.14
06:12:41.06
07:32:20.43
08:17:25.59
08:22:09.56
08:25:29.02
09:18:05.67
09:24:05.30
10:16:22.93
10:23:39.86
10:31:44.31
10:40:44.46
10:58:23.71
11:23:58.72
11:30:23.79
11:43:39.57
11:55:18.01
12:58:41.52
12:59:22.40
13:44:52.56
13:48:52.58
14:01:02.03
14:25:56.69
14:31:06.74
14:38:21.86
14:54:31.50
15:10:56.12
15:11:26.55
15:16:17.94
15:18:45.75
15:20:52.23
15:22:29.16
15:24:08.44
15:40:07.85
15:39:40.44
15:58:20.08
16:15:48.97
16:32:46.94
17:20:09.22
17:22:27.16
19:21:10.20
22:00:53.51
22:23:56.94
22:50:19.80

Ded
J2000

$09:18:11.20
26:24:38.20
$01:15:18.22
§21:52:55.81
$12:49:11.32
13:01:51.82
13:34:57.29
02:57:09.65
$10:13:26.01
$11:32:39.84
48:35:44.30
31:37:57.03
S$07:30:45.29
47:05:52.62
47:08:00.10
$12:05:44.02
14:10:21.00
33:38:17.98
49:08:38.01
35:02:28.71
39:57:11.41
56:47:42.10
21:28:48.11
$14:34:52.79
46:21:20.20
23:24:17.39
$01:45:40.90
S04:11:47.11
29:46:15.31
26:35:35.81
02:52:42.20
37:48:59.04
25:38:00.60
03:40:13.22
18:38:32.71
05:44:40.81
06:20:56.40
00:05:20.80
06:13:55.88
48:39:38.81
27:42:27.00
29:52:54.59
$03:18:17.03
34:25:27.48
27:14:01.11
$506:08:41.64
05:34:33.64
27:40:10.24
32:07:57.36
43:56:43.80
20:58:41.80
$01:34:59.81
10:54:13.39

b
A
[kits]
96% 55
102808
87% 48
79% 79
91@ 80
10487
9831
10493
1002 95
103& 89
6655
80304
62% 96
966
a7
822 113
689
74042
8296
D52
#4060
289
9664
826 90
5862
8881
72& 48
903 51
4493
A8l
7206
9 54
58
82040
5635
11528
9 69
86480
GoB4
67308
10967
9663
108% 126
86
16881
1272 53
278
2970
8836
1199
8264
766 61
G855

Maoo?
[10% M ]
100+ 1.7
112+ 35
75+ 1.2
55+ 1.7
78+ 2.1
125+ 1.7
89+ 2.3
118+ 25
101+ 29
118+ 3.0
33+ 1.1
B4+ 21
27+ 1.2
38+ 1.1
88+ 1.6
62+ 25
49+ 1.1
44+ 25
61+21
48+ 1.0
43+ 2.8
41+ 15
91+ 24
61+20
22+ 0.7
73+ 2.0
41+ 0.8
80+ 14
08+ 0.5
52+ 1.0
45+ 1.9
79+ 14
42+ 1.0
56+ 29
19+ 05
166+ 2.5
83+ 1.9
67+ 19
37+ 1.0
34+ 16
143+ 2.6
97+19
133+ 4.6
41+ 1.1
139+ 1.2
215+ 2.7
K1+ 54
77+ 1.8
70+ 2.0
147+ 4.0
60+ 20
49+ 1.2
28+ 0.7

Rooo”

[Mpc]

20+ 0.1
20+ 0.2
19+ 0.1
17+0.2
18+ 0.2
22+ 0.1
19+ 0.2
20+ 0.1
19+ 0.2
21+0.2
14+0.2
16+0.2
13+0.2
14+0.1
19+ 0.1
17+0.2
16+0.1
15+ 03
17+0.2
16+0.1
15+ 03
15+ 0.2
19+ 0.2
17+0.2
12+0.1
18+ 0.2
15+ 0.1
19+ 0.1
09+0.2
16+0.1
15+ 0.2
18+ 0.1
15+0.1
16+ 0.3
12+0.1
24+ 0.1
19+ 0.1
17+0.2
14+0.1
14+0.2
23+ 0.1
20+ 0.1
22+0.2
14+0.1
22+0.1
25+ 0.1
16+ 0.6
18+ 0.1
17+0.2
23+0.2
17+0.2
16+0.1
13+0.1

Total

471
125
761
72
95
313
117
278
165
99
104
134
59
618
594
42
330
149
528
496
621
316
494
168
328
410
787
517
176
508
690
700
507
598
613
800
608
519
625
138
608
821
194
780
1869
463
400
527
604
122
341
122
230

Specz

Members
284

73

268

62
64

250
104
153

95

80

54
33

31

259
306

33

166

58

209
170
104
160
207

77

143
124
266
214

54

191
195
257
138

51

175
317
190
164
154

62

219
331

90

256
1052
309
100
158
206

83

101

Northern part of the system (followiridoekstra et al. 2092 ® Dynamical properties estimated Bjfén et al.(2015 .

88
98
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b

Name Zpec RA2 Dec v Maod? Rood? Specz
J2000 J2000  [kis] [10“M ]  [Mpc] Total  Members

A2597 0.083 23:25:19.70 $12:07:27.70 682 131 35+ 2.0 14+03 148 39
A2670 0.076 23:54:13.60 $10:25:07.50 919 46 85+ 1.3 19+£0.1 400 241
A2703 0.114 00:05:23.92 16:13:09.81 6b6B3 31+0.8 14+£0.1 161 75
MKW3S 0.044 15:21:51.85 07:42:31.79 59219 23+ 0.6 12+0.1 457 125
RXJO0736 0.118 07:36:38.17 39:24:51.98 4334 09+ 04 09+ 01 151 62
ZWCL0628 0.081 06:31:22.82 25:01:07.35 8496 66+ 22 18+£0.2 130 72
ZWCL1023 0.142 10:25:57.99 12:41:09.31 62208 26+ 1.3 13+0.2 254 84
ZWCL1215 0.077 12:17:41.12 03:39:21.31 85 80+ 1.7 19+01 385 183

which is the highest mass system, has a similar stellar mass diata. Relative scaling of the photometric zero point between ex-

tribution as the other clusters, and thus does not bias the analysisures is determined by considering objects that are imaged
in a signi cant way. on overlapping parts between exposures. After these steps, we
achieve a systematic uncertainty on ux measurements smaller

than 1% in the two bands.

Because of the excellent image quality and depth in the
Each of these clusters is covered by deep photometric dMggaCanr-band stacks, we use these as our detection images.
taken through theg-, and r- Iters using MegaCam mounted FOr galaxies with redshift 0.4 ther-band lter probes the
on the Canada-France-Hawaii Telescope (CFHT). The data tgét-frame SED redward of the 40B0break, which makes the
pre-processed using thgixir pipeline Magnier & Cuillandre observedr-band ux a reasonable proxy for stellar mass. We
2004. For MENeaCS, photometric data in the two bands havéeasure aperture uxes in the seeing-homogenised images using
been taken for these clusters, with a signi cant dither patterd,Gaussian weight function, which we adjust in size to account
and a cadence of several weeks to allow for the detection of tylge di erent PSF sizes. To estimate errors on these measure-
la supernovae in these clusteBsad et al. 201)1 Data for CCCP ments, we randomly place apertures with the same shape on the
have been taken consecutively under the best seeing conditi®@ging-homogenised images and measure the dispersion in the
to facilitate weak-lensing measuremertogékstra et al. 2092 background. Since the ux measurements of our faint sources
For some clusters we further retrieved archival MegaCam d& background-noise limited, this way we probe the dominant
in theu-, andi-bands (7 and 2 clusters in the respective bandsfomponent of the aperture ux error. For the WF_C data we com-

The approach we take to process these data furtherPR® aperture ux measuremerits each source in the individ-
described invan der Burg et al.(2013 hereafter vdB13, ual exposures and (through sigma-clipping) combine this into a
Appendix A), and leads to deep image stacks to measure acét-measurementand error.
rate and precise colours for the purpose of estimating photomet- To calibrate the ux measurements in the drent lIters
ric redshifts and stellar masses. We homogenise the PSF of e&ih respect to each other, we exploit the universal properties
exposure before stacking, as opposed to homogenising the statihe stellar locus (e.dHigh et al. 2009vdB13 Appendix A).

The former approach leads toral deep image with a cleaner The median limiting magnitudes (Sor point sources measured
PSF, especially given that the MENeaCS data have been takéth a Gaussian weight function, adjusted in size to accommo-
under varying conditions and with substantial dithers. The spdate the worst seeing conditions) in thgri- Iters are 24.3,
tially dependent convolution kernel has been chosen such tR4t8, 24.2 and 23.3, respectively.

the PSF in the nal stack has the shape of a circular Gaussian. We mask stars brighter thah= 15, selected from the Guide
By applying a Gaussian weight function for aperture uxes w8tar Catalog Il (GSC-lIL.asker et al. 2008 and their di raction
then optimise colour measurements in terms of signal-to-notsgikes and haloes in the images, which typically cover a few per-
ratio (see Appendix A in vdB1Xuijken 2008. cent of the area. The ective area from which we can measure

For the clusters that have not been imaged inuheand the properties of satellite galaxies is further reduced around and
i-bands with the CFHT, we acquired photometry in these banligyond the virial radius, since the fractional area with four-band
using the Wide-Field Camera (WFC), mounted on teaac photometry is reduced. This is especially true for massive clus-
NewtonTelescope (INT) in La Palma. Given its eld-of-viewters at lowz, given that they have the largest angular size on the
(FoV) of roughly 30x 30 arcmin, we applied a dithered pointsSky. In the following, we take account of these reducedative
ing strategy to be able to study the distribution and properties@feas.
galaxies that extend up to the clusteRsyo. Since the angular
size of the virial radius depends both on the cluster total mass
and its angular diameter distance (through redshift), we varigd
the number of pointings per cluster. In this way, the area within
at leastRyno is covered to a stacked depth of at least 3 exposu®sr primary method to measure the radial stellar mass distri-
(400 s each). Near the cluster centres there are more overlappjiigon in the ensemble cluster is based on the deep four-band
pointings which further enhance the depth. photometry, and relies on a statistical subtraction of background

After pre-processing the images, we convolve them withalaxies. We compare this result to the stellar mass distribution
a position-dependent kernel to homogenise the PSF to a df-spectroscopically con rmed members as a robustness test.
cular Gaussian, similarly to what is done for the MegaCaBoth approaches are described below.

2.1. Photometry and catalogues in the ugri-bands

Analysis
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3.1. Statistical background subtraction reference COSMOS eld (after applying the redshift cut). We
) ) ) ) then use the SED- tting code FASK(iek et al. 2009 to esti-

The rst approach is to estimate a photometric redshift for eypate the stellar-mass-to-light ratio (I (in ther-band) for each
ery galaxy in the cluster images, apply a cut in redshift spagg|axy. For this we again assume the same redshift and distance
(z < 0.3) and statistically subtract galaxies in the fore-, anghoqulus (corresponding to the cluster) for each galaxy. Then in
background by applying the same redshift cut to the referenggch of the radial bins (which are scaled by the Bzg of each
COSMOS eld. We useigri photometric data in both our clusterc|yster) we measure the area (in angular size) that is covered
elds and the COSMOS eld to estimate photometric redshiftg;ith four-band photometry, but is not masked by bright stars,
using the EAZY Brammer et al. 2008photometric redshift 544 estimate the expected number of sources in this area (which
code. We use an-band selected catalogue from the COSMOg giso di erent for each cluster through their angular diame-
eld which has been constructed in the same way agtf®and ter distance) in the COSMOS eld. We estimate the total stellar
selected catalogue duzzin et al.(2013h. The eld has an ef- 355 and corresponding error for those sources by performing
fective area of 1.62 dégand we only use data in theyri- lters 3 series of 10000 Monte-Carlo realisations of the background,
to provide a fair reference to our cluster sample. by randomly drawing sources from the COSMOS catalogue. We

Because our bluest band is théband, it is challenging to subtract the estimated eld values from the raw number counts
constrain the location of the 4008-break for galaxies at low to obtain the cluster stellar mass density pro le.
(z 0.15) redshift, since the break is then located in this lter. It is important to distinguish and account for the dient
Like many redshift codes, EAZY applies a ux-, and redshiftsources of statistical uncertainties that enter our analysis. In the
based prior, which gives the redshift probability distribution fostacked radial pro les, we bootstrap the galaxies in each bin to
a galaxy of a givem-band ux P(zr). This prior has a strong estimate a statistical error on each data point. We show these
e ectin estimating the most probable redshift of a galaxy wheror bars in the plots, after including the Poisson uncertainty
theu S g colour loses its constraining power (as is the case fof the background galaxy counts. We use these errors when t-
redshiftsz < 0.15). In the low redshift regimez(  0.3), the ting pro les, since they are independent between bins, and hence
comoving volume element\W/dz/d is a strong function of provide a goodness-of-t test. However, since galaxy clusters
redshift (e.gHogg 1999, but the luminosity function does notare complex systems which are individually not necessarily de-
evolve strongly in this redshift range (eMuzzin et al. 2013p  scribed by the same pro le, we also provide an uncertainty due
Therefore the prior in this regienis decreasing rapidly towardsto sample-to-sample variance. For example, if we would have
P(z r) = 0 with decreasing redshift, independently of theand studied 60 di erent clusters drawn from the same parent sample
ux. Consequently, according tdné prior, itis much more likely (thatis, X-ray selected clusterssamilar masses and redshifts as
to nd a galaxy atz= 0.2 compared to e.@= 0.1. Once a eld the current sample), the resulting stack would have beeerdi
is centred on a massive cluster at low redshift, this prior is mt. By performing 100 bootstraps (drawing with replacement)
longer applicable since the prdiikity of nding a galaxy to be of the cluster sample we show that, when stacking a number of
at the cluster redshift is signtantly increased. &ides the gen- 60 clusters with deep photometric data, this sample-to-sample
eral redshift and ux-depender®f the prior, one should there-uncertainty dominates over the foemstatistical error, especially
fore also include information on e.g. the galaxy’s distance to tifigr bins that contain many galaxies and thus have a small sta-
cluster centre. This however, is beyond our requirements, sinigtical error. To estimate this saue-to-sample uncertainty on
we subtract the eld statistically, and the volume (and therefothe best- tting parameters that describe the stellar mass distri-
the number of contaminating galaxies) in the eld is small fobution of the stacked cluster, we perform the tting procedure
redshiftz < 0.3. A correction on the prior will only aect lower on each of the 100 realisations, and combine the range of dif-
redshifts, and will therefore not change which galaxies surviverent best- tting parameters into an uncertainty. We do not ex-
the redshift cut. For galaxies with a photometric redshift beloplicitly account for uncertainties oRxqo, but we checked that
Zenzy = 0.16 we apply a simple correction of the form photothese have an ect on the data points that is comparable in size
z = 0.16- (zeazv S 0.10Y 0.06 to the EAZY output, which we to the Poisson uncertainty on the galaxies, and is thus negligible
nd to lower the scatter between spectroscopic and photometgempared to the sample-sample uncertainty.
redshifts for this photometric setupgfi- Iters). We apply the In addition to these statistical uncertainties, and the Poisson
same correction to the EAZY output on the COSMOS catalogugsise term in the reference eld estimated with the Monte-Carlo
A comparison between speis-and photozs is shown in Fig2.  realisations, cosmic variance (e$omerville et al. 2004also
The axes are truncated at 1.0, but we veri ed that the con- contributes to the error in the background. Both the eld com-
fusion between Lyman-break and Balmer-break identi catiorjsonent that is included in the cluster raw number counts, and
happens only for 0.3% of the total spectroscopic sample, anghe reference eld sample fron COSMOS, which we subtract
has a negligible eect on our analysis. from the raw counts, contain this type of uncertainty. However,

Since the distance modulus is a strong function of redshifhen several tens of independent cluster elds are stacked, the
in this regime, a small uncertainty in photometric redshift wiklominant cosmic variance error arises from the COSMOS refer-
result in a relatively large uncertainty in luminosity (or stellaence catalogue. Our analysis, in which we assign the same dis-
mass) of a galaxy. For example, a simple test shows that, fance modulus to all galaxies with, < 0.3 complicates an
a hypothetical cluster at = 0.10, a photoz bias of +0.005 estimate of this cosmic variance, since the basic recipes by e.g.
(S0.005) would result in an inferred luminosity bias that igrenti & Stiavelli(2008, Moster et al(2011) cannot be applied.
+11% (510%). For a scatter in the estimated phasasf , = We do however make an empirical estimate based on catalogues
0.035 (and no bias), we nd that the inferred total luminosity ifrom the 4 spatially independent CFHT Legacy Survey Deep
this cluster would be biased high by 19%. Given that the clustetds (Erben et al. 2009Hildebrandt et al. 2009 which each
redshift is well-known, we therefore assign the distance modesver an un-masked area of about 0.8%dégter applying the
lus of the cluster to every galaxy in the cluster elds. In ordesame photometric redshift selection, and masking bright stars,
to properly subtract contaminating fore- and background galaxe study the dierence between the 4 elds for the following
ies, we also assign this distance modulus to each galaxy in gaaxy selections. Assuming a distance modulus corresponding
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Fig. 2. Left panei spectroscopic versus photetric redshifts for the 60 cluster eldis this study. Outliers, objects for which? > 0.15, are
marked in red. The outlier fraction is less than 3%, the scattey{inof the remaining objects is, = 0.035.Right panel same for the COSMOS

eld, also using only theugri- Iters. The outlier fraction and scatter are slightly larger as a result of deeper spectroscopic data (in particular at
higher redshift where thegri- Iters lose their constraining power).

to a redshift ofz = 0.15, the di erences in number density ofdi erence of 0.0016 in the slope, compared to the general equa-
galaxies with stellar mass & M /M < 109 is 14% among tion. In the following we refer to red galaxies as galaxies above
the 4 elds, while the di erences for galaxies with stellar masshe dividing line (which thus lie on the red sequence), and blue
M > 10M is about 16%. When we sum théband uxes of galaxies as anything bluer thamig dividing line. For each of the

all galaxies withzynot < 0.3, as a proxy for the total stellar massglusters we again subtract the eld statistically for each of the
we nddi erences between the 4 elds of about 23% in the totalopulations by applying the same colour cut to the COSMOS
r-band ux. Although these elds are a factor o2 smaller than catalogue.

the COSMOS eld, we will use these derences as a conser-

vative estimate of the cosmic rance error. A measurement of ) ) )

the intrinsic scatter in the pro les of individual clusters requires-2- Comparison with spectroscopic data

a more sophisticated investigation of the cosmic variance in f-the method described above, we subtract the galaxies in the
nuli c_:entred on individual cluster elds, and is beyond the SCORBre-, and background statistically based only on the photomet-
of this paper. ric data. However, as discussed in S€cive can use a substan-

We perform a consistency check between the COSMOS efal number of spectroscopic redshifts in the cluster elds from
and eld galaxies that are probed far away from the clusteiie literature. In this second approach we measure the stellar
centres in the love cluster data. Although the COSMOS datanass contained in spectroscopically con rmed cluster members
are signi cantly deeper, we nd no systematic @irence in the to provide a lower limit to the full stellar mass distribution.
galaxy stellar mass function between_the eld p_robed around the Since the spectroscopic data Eebbtained after combining
cluster and reference COSMOS eld in the regime we are intefeveral di erent surveys, the way the spectroscopic targets have
ested in (stellar masses exceedig> 10° M ). been selected is not easily reconstructed. Figighows the

To investigate the spatial distribution of individual galaxyppectroscopic completeness for all galaxies with a photometric
types, we locate the red sequence in th&()-colour versus redshiftz< 0.3 as a function of stellar mass (assuming the same
r-band total magnitude in each of the clusters to distinguish kaistance modulus as the cluster redshift), and foedént radial
tween red and blue galaxies. We nd that the slope, and partluins. For stellar massé8 > 10*M , the completeness is high
ularly the intersect, of the red sequence vary smoothly with re@70%) in each of the radial bins. Since these objects constitute
shift. The dividing line that we use to separate the galaxy typewst of the total stellar mass distribution (see vdB14 Fig. 2 for
lies just below the red sequence, and is described®rjq, = this argument), we can get a fairly complete census of stellar
[0.475+ 2.459- 7 S[0.036+ 0.024- 7] x (it S 18.0), wherez mass by just considering the galaxies for which we have a spec-
is the cluster redshift, andy; is the totalr-band apparent mag- troscopic redshift. We estimate the fraction of the stellar mass
nitude. As expected, the intersect becomes redder with redshtigt is in spectroscopically cormed members, for each of the
wheras the slope becomes steepJsing the location of spec-four radial bins. For this we assume a stellar mass distribution
troscopically con rmed cluster members in colour-magnitud®llowing a Schechte(1976 function with characteristic mass
space we netune the intersect and slope on a cluster-by-clugtér = 10 M , and low-mass slope = S1.3. These choices
basis by hand. This leads to small adjustments with a median abe motivated by the love-bin of the eld stellar mass function
solute di erence of 0.017 in the intersect, and a median absolate measured biluzzin et al.(20133. When we multiply this
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o[ ' ' ' ] contextwith measurements in the literature, both at low and high
L e 0.0<R/R200<0.3 . redshift.
n L g . -
€ 0.8] —nm0.7<R/Rpgg<1.0 ,) 1
z I A “e | 4.1. Galaxy number density proble
aQ L Rt J
§ o6} A 7 - Ignoring baryonic physics, the galaxy number density distribu-
o [ s 1 tion in cluster haloes can be compared to the distribution of
I} i -/ ] sub-haloes irN-body simulations as a test ofCDM. Due to
Q0.4 s 4 < mergers and interactions between galaxies, and in particular the
2 [ s ] mass-dependence of the dynamical friction timescale, the num-
2 : B P { ber density distribution of galaxies may be drent for galaxies
g 0.2 g 7 withdi erentstellar masses.
- [ ',,.r_';./ ] Figure4 shows the projected galaxy number density distri-
N T o . . {1 bution for galaxies with stellar masses®1@ M /M < 10'°
8 == 9 0 ” 1, (left panel), andM > 10'°M (right panel) in the ensemble
log[M./Mo) cluster. Before stacking the 60 clusters, their radial distances to

the BCGs are scaled g, but the BCGs themselves are not

Fig. 3. Spectroscopic completeness for sources with a photometric rédeluded in the data points. Error bars re ect bootstrapped er-

shift z < 0.3 as a function of stellar mass (assuming the same distanegs arising from both the cluster galaxy counts and the eld

modulus as the cluster redshift). The four lines showedént radial ya|ye that is subtracted. The shaded area around the data points

o o o Pl e systemaic et due 0 cosmic variance n the back

of the radial bins, the completeness is larger than 70% for stellar ma und,_ which we estimated in Se8tl The numbe_r (.)f Spec'.

M > 104 M . roscopically con rmed cluster members follow a similar distri-
bution but have a dierent normalisation due to spectroscopic
incompleteness.

S ) o We t projected NFW proles to the data points, and
distribution with the Completeness curves as shown InZEIgI.e show those Corresponding to the minimurﬁ values with

nd a spectroscopic completeness for the total stellar masstife dashed lines in Fig4. For the lower-mass galaxies

Sate"lte gala)_(ies of 59%, 57%, 52%, and 43% for the four rad|@[o9 < M/M < 1010), we nd an overall goodness-of- t of

bins, respectively. ?/d.of. = 1.19, with a concentration af= 1.85;518:09% Both

a sample-to-sample variance ( rst) and systematic (second) error

are quoted. For the higher-mass galaxiss ¢ 10'°M ), the

overall goodness-of- tis ?/d.o.f. = 3.00 with a concentration

In order to measure the number density and stellar mass deneftg = 2.315522:932 |n both stellar mass bins, we nd that the

pro les of the satellites close to the cluster centres, we subtrdagst- tting NFW function gives a reasonable description of the

the primary component of the BCGs’ ux-pro les witbALFIT data for most of the clusteR(  0.10- Rxop), but that the centre

(Peng et al. 2002rior to source extraction and satellite photomhas an excess in the number of galaxies compared to the NFW

etry. We nd that this step has a signi cant impact on the medro le. In the next section we provide a more detailed investiga-

sured number density of faint satellitéd ( < 10'°M ) near the tion of this excess; in this section we continue working with the
cluster centres, which was also mentionedBudzynski et al. standard NFW pro le in order to compare with previous work.

(2012. In the next section we mask the inner two bins (for which  The number density and luminosity density pro les of group

R < 0.02- Rygo) given that their values change by more than twand cluster sized haloes in the literature have generally been

times their statistical error. We nd that the ect on the number measured on smaller samples, and do not focus on the smallest

density distribution of more massive satellitdg (> 10*°M ) radial scales around the BCGs. On the scales these studies have
is negligible. The eect is largest in the rst logarithmic bin (for focussed on, NFW pro les have been shown to be an adequate
whichR  0.015- Rygp), but even here the results change by to the data over the whole radial range. We therefore compare
less than the size of the statistical error. Theets on the stel- the concentration parameters tted by the NFW pro le with the

lar mass density distribution are also smaller than the statistivalues presented in the literature.

error. The reason for this is that the stellar mass density distribu- Lin et al. (2004 studied the average number density pro-

tion is primarily composed of more massive satellites which arfe of a sample of 93 clusters at.01 < z < 0.09 with

relatively unobscured by the BCG. We therefore conclude th@iMASS K-band data. They were able to measure down to a

although we remove the BCG pro le prior to satellite detectiomagnitude limit (Vega) oKsjim = 13.5, which corresponds to

and photometry, doing so has a negligibleet on the measuredM ~ 10'°°M atz= 0.05 Bell & de Jong 200} Although they
stellar mass density pro le. studied clusters with a lower mass range than we probe, they
found a number density concentrationcof 2.90332, which is
comparable to the value that wad for the high mass galaxies

(M >10°M ).

Budzynski et al.(2012 measured the radial distribution of

In this section we present the galaxy number and stellar masdellite galaxies in groups and clusters in the rand® G<

density distributions of the 60 clusters we study, based on the< 0.40 from the SDSS DR7. For the satellite galaxies they

two independent analyses described in S&dtVe discuss these applied a magnitude limit oM, = S20.5. This corresponds
results by considering the NFWNévarro et al. 199y tting to aboutM = 10'"°M for galaxies with a high ML. The
function, since that is the parameterisation generally usedhast- tting concentration parameter of 2.6 they found is
previous studies. We can therefore compare the results in thiso consistent with our measurement for the high-mass sample.

3.3. The presence of the BCG

4. Results in the context of the NFW proble
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Fig. 4. Galaxy number density distributions for masse$4 /M < 10'° (left pane), andM > 10'°°M (right pane) for the ensemble cluster

atz 0.15. Black points with the best- tting projected NFW (dashed) and gNFW (solid) functions are our best estimates for the cluster numbe
counts. The inner two points in the left panel are masked due to obscuration from the BCG, which is more severe for low-mass galaxies, and
excluded from the tting. Purple points indicate the number of spectroscopically con rmed cluster members.

1.00

They found that the concentratiof the satellite distributionde- 10" " =
creases slightly as their brightness increases, but note that they  E ‘ ]
compared satellites in a higher luminosity range with respect to
our study. - - -
vdB14 measured the number density distribution of the- N
GCLASS cluster ensemble at 1 down to a stellar mass of ', 107F R E
M =10°2M . They measured an NFW concentration params" ]
eter ofc = 5.14523, which is signi cantly higher than the value
we nd for the low-z sample, indicating that there is a substart=; [ ___ Cpew=2.037020
tial evolution with redshift. A comparison between the number '
density distribution and the stellar mass density distribution pre- 10'2
sented in vdB14 suggests that the more massive galaxies are situ- Conrw=0.641075
ated closer towards the cluster centres than lower mass galaxies, [~ oyq,=1.6335
which is qualitatively consistent with the trend we nd here. [

® All cluster satellites

-------- incl BCG+ICL
Cosmic variance error]

0.01 0.10 1.00
4.2. Stellar mass density proble _ o R/Ru
Fig. 5. Stellar mass density distribution of the ensemble cluster at

Whereas the number density distition of galaxies depends0.15. Black points: cluster stellar mass distribution, with best- tting
sensitively on the stellar mass range considered (or the depttP@jected NFW (dashed) and gNFW (solid) functions. Purple points:
the data set), the stellar mass density distribution is less sensiEﬁﬁ’é‘ar mass distribution in spectroscopically con rmed cluster mem-
to this, because it is primarily seylthe distribution of galaxies ers. Dotted line: tota_l stellar mass density pro I_e on the images (back-

L ; .~ ground subtracted, with the 68% con dence region around these values
around the charaqterls_tlclma.sl‘d 0. Flgure.5 ShOWS.the. radial shown by the thinner dotted lines), including the BCG and part of the
stellar mass density distribution of satellite galaxies in the et component.
semble cluster. Radial distances are normalised by the clusters’
Rz00. Black data points give the background-subtracted clusfEine spectroscopic completeness in terms of total stellar mass is
stellar mass distribution, with errors estimated by bootstrappiagout 50%, and does not signi cantly depend on radial distance
the galaxies in the stack. Ignoring systematic uncertainties suych Fig. 3).
as the shape of the IMF, stellar mass errors of individual galaxies As for the number density pro les, we t a projected NFW
are negligible compared to this bootstrap error. We do, howevpro le to the black data points, minimizing the? value. Again
show a systematic uncertainty of 23% in the background dueve nd that the best- tting NFW function gives a reasonable de-
cosmic variance by the shaded region around the data poistsiption (dashed curve in the gure) of the data for most of the
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cluster R 0.10- Roog), but that the central parts show a sig-  '2f" Observations Simulations (Duffy+08)
ni cant excess of stellar mass in satellites near the centre com- ¢ . Maoo=10]2 Mg g
pared to this function. To provide a consistent comparison with or == T - Myp=10" Mg ]

[ + This study Evolving Halo

previous studies, we consider the best- tting NFW concentr&
tion parameterg = 2.0353:20:060 here and present a more de€ 8|
tailed investigation of the central excess in the next section. A5 [ ]
before, sample-to-sample variance ( rst) and systematic errégs 6 .
(from cosmic variance in the background, second) are quotesl.
We again limit a comparison with literature studies to the NFWg 4 |- 077 .
concentration parametersnse the NFW pro le has been used § e —
as an adequate description of previous measurements. © Y e — = ==—==
Muzzin et al.(2007) measure th&-band luminosity pro les [ ]
for a stack of 15 CNOC1¥ee et al. 1995clusters in the redshift ot , ,
range 02 < z < 0.5. In this redshift range, the luminosity in the 0.0 0.5 1.0 1.5
K-band is expected to be a good proxy for stellar mass. They Redshift
nd a concentration of the luminosity density of= 4.28+ 0.70.

These clusters are only slightly more massive than the progelﬂg' 6. Black points: stellar mass density concentration for the clusters
tors of the sample we study (see Fli used in this study, split in two redshift bins. Purpkeband luminosity

At higher redshift ¢ 1), vdB14 present the stellar mas%znsity concentration in CNOC1 froluzzin et al.(2007). Red: stellar

- ass density concentration in GCLASS from vdB14. The horizontal
density distribution of the GCLASS cluster sample, and nd thaf < ingicate the redshift range for each sample. Black lines: the NFW

an NFW pro le with a high concentration af = 7.12543% tS  concentration in the sample of relaxed haloes fdmy et al. (2008
the data. These systems are likely to grow into the fmhiisters  as a function of redshift. Dotted and dashed: haloes of a given mass as a
studied in this paper. function of redshift. Solid: NFW concentration of a halo that is evolving
Together, these studies span an interval of about 8 Gyrinimass, with scatter given by the shaded region.
cosmic time, and comparisons among these results indicate that
the stellar mass distribution in clusters evolves signi cantly. Thisre more concentrated by about 30% in our mass and redshift
trend is visualised by the four data points in Fégwhich repre- regime. The concentration shown in Fgmight therefore be
sent the studies discussed above. The black points represenBtté higher, but the evolution in the concentration parameters is
present study, divided over two redshift bins (see Sedj. qualitatively independent of the cosmology.
Therefore, the evolution of the simulated dark matter distri-
bution is signi cantly di erent than the observed evolution of
the stellar mass distribution. Note again that, at low redshift we

Although satellite galaxies are expected to mark the location &l that the NFW pro le does not give a proper representation
dark matter sub-haloes, a comparison with theoretical pred@-the data at the inner parts of the cluster. In the next section we
tions has limitations. Most studies are based on ladgeody focus on the excess of stellar mass in more detail, and expand
simulations Springel et al. 2005 and dark matter haloes fallingthe discussion in Seds.
into larger haloes experience didforces leading to the strip-
ping of their constituent particle&higna et al. 200Binney &
Tremaine 2008 also seeNatarajan et al(2002), Gillis et al.
(2013 for observational studies. As a sub-halo falls into thi the previous section we discussed the number density and stel-
main halo, it will continuously lose mass through the process lefr mass density pro les of the ensemble cluster, and found that
tidal stripping, and it may eventually fall below the mass resoltihhese are well-described by NFW pro les, except for the inner
tion of the simulation. The sub-halo is then no longer identi edegions R 0.10 - Rygg). The central parts show a signi cant
as such, its mass is deposited on the central galaxy or dispersed substantial excess, both in galaxy numbers and their stellar
between the galaxies, and its orbit is no longer de ned. For thisass density distribution. Per cluster this excess within the inner
reason, the radial distribution of sub-haloes is less concentratedions is on averagel galaxy with 1§ < M /M < 10, and
than the dark matter ilN-body simulationsNagai & Kravtsov 2 galaxies withM > 10'*°M , and a total stellar mass excess
2005. While the sub-haloes in these dissipationless simulatiomssatellite galaxies of 10'* M per cluster, compared to the
are eventually destroyed, the galaxies that have formed insideNHW pro les.
them are expected to be more resistive to tidal forces. The ob- The purple points in Figgl and5 show the numbers of spec-
served distribution of satellite galaxies may therefore be ma@scopically con rmed member galaxies. Although these data
similar to the distribution of dark matter i-body simulations. points are o-set with respect to the full photometric measure-
In Fig. 6, the evolution of the NFW concentration paramement as a result of specincompleteness, they are consistent
ter in N-body simulations is showrDu vy et al. 2008, for re-  with the central excess of galaxumbers and stellar mass den-
laxed haloes with masses similar to the massive galaxy cligity compared to the standard NFW pro le.
ters studied here. The grey area indicates the intrinsic scatterTo study the central parts of our cluster-sized haloes further,
around the solid line. For the full sample of haloes (includinge revisit the ts to the number density and stellar mass density
non-relaxed), the average concentration is slightly lower, but tistributions by allowing the inner slope of the density pro les to
intrinsic scatter is slightly larger. But note that these results avary. We hence t so-called gemalised NFW (gNFW) pro les
based on a WMAPS5 cosmology, and eMgaccio et al.(2008 (e.g.Zhao 1996 Wyithe et al. 200] to the data points. These
have shown that the shapes of dark matter halo pro les depgn@ les are described by
sensitively on the cosmological parameters. Indéagton &
Maccio (2014 base their study on Blanckcosmology, which () = 0 < Q)

is characterised by a larger, and g, and nd that the haloes ng 1+ ng %

4.2.1. Discussion

5. A closer investigation of the cluster cores
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Table 2. Parameters describing the best- tting NFW (wheres xed to 1) and gNFW (where is a free parameter) pro les to the radial density
distributions.

Stellar mass Number density Number density
density 16<M /M <10% M > 10°M
Sample CgnFw aNFW d.oz.f. CanrFw gNFW d.oz.f. ConFw gNFW d.oz.f.
All (NFW) 20352009 1(xed) 251 1857809  1(xed)  1.19 2317032 1(xed)  3.00
Al 064505805 1630001y 1.24  LALg5ets 1200575000 104 0728565 16450000 1.19
z<0.114 0.36%00ek00s 16650368001 1.06 07053500,  1.38oioor 109 071855506 16305500, 0.83
z 0114 0975500,  L50msoar 171 147555051 1280701 106 L09%Gesges 1506535017  1.97
Moo < 86x 10 M 03157305 168050, 106 064050000 14550555001 0.64 0.19%q5ek00  184g5isoos 163
Moo 86x10“M 1305358 14205805 167 21057505 10055es0s  2.08  1145aisas)  1480an]; 084
M sco <91x10"M  109%g35ise 1405505 217 230505  10L03et 131 086ight 15750585015 212
M sce 91x10MM 0537105 16191601, 082 0830550y 1340000 104 06653%0l; 164515850, 056
Mupem >100m <87 0.890acsoss 1300300y  0.87 091035015 1.35Gakoos 070 0545350Ts 15205705 0.80
Mupew >10m 87 09200500, 1565055 151 1965gmg051  LOSGRoce 175 L02goness 1625580  1.18
Ko < 70 keVent 16455e8040 1015550010 146 L705055¢010  088goen0s 190 08950357031 15055560500 071
Ko 70keVent 057gsiosr  L72056017 1.06 21958050 0980300, 200 08053%55 16780000  0.97

Notes.Both random (due to sample-to-sample variance) and systematic (due to cosmic variance) uncertainties are quoted. Thevaddesed
show that the gNFW pro les give signi cantly better descriptions of the data. The sample is split according to several criteria to investigate the
dependence of these parameters on cluster properties.

where the concentration is de ned, as in the case of the standprd le. Parameters andc ( R;‘JSO, as before), and reduced

NFW pro le, to becnrw = RF§°S°. For = 1,theinnerslope equalsvalues are presented in Tal3e

S1, corresponding to the standard NFW pro le. We project the A signi cant part of the total stellar mass distribution is the

generalised NFW pro le numerically along the line-of-sight.  stellar mass contained in the BCG and ICL. Although a full
For the number density proles we nd that, for galax-accounting of the ICL component is beyond the scope of the

ies with 10 < M /M < 109 a prole with = current paper, we assess their contribution by measuring the dis-
1205035505 and ¢ = 1.415342375 gives a good descrip- tribution of the stellar mass including the BCG. To measure this
tion of the data (¥d.o.f. = 1.04). For the more mas- total, we directly sum all measured ux around the BCG loca-

sive galaxies M > 10'°M ), the best- tting parameters aretions of the originar-band images (i.e. without rst removing

= 1.6409908 andc = 0.72553%031 with goodness-of-t the BCGs’' main pro les withGALFIT. To estimate the stel-

2/d.0f. = 1.19. Again, both a sample-to-sample variance ( rstigr mass distribution, we multiply this with the stellar-mass-to-
and systematic (due to cosmic variance in the background, sé@bt ratio (M/L) of the BCG under the assumption that there
ond) error are quoted. The signi cantly steeper inner slope vi&no M/L-gradient. We mask the locations of bright stars, sum
nd for the high mass sample compared to the lower mass safi€ ux in annuli that are logarithmically spaced, and statisti-
ple indicates that the more massive galaxies are more strongily subtract the eld by considering a large annulus far away
Concentrated in the cm'Er ensemb'e_ The ect of dynamica' rom the cluster centres. The baCkground-SUbtraCted central stel-

friction, which is more e cient for massive galaxies, can be théar mass density pro le is shown as a thick dotted line in Fig.

cause of this mass segregation. with thinner dotted lines marking the 68% uncertainty region as
For the stellar mass density we also nd a better t over-alestimated from cluster-bootstrapping. At a projected radius of

with % d.of. = 1.24 instead of 2.51. The best- tting pro le is 0.02 - Ryqo, the contribution of stellar mass in satellites is

givenby = 1-6358'2555823 andc = 0-64§8'391§8';§- The shape of roughly similar to that of the BCG component. As a good con-
the stellar mass density pro le closely agrees with the numbgigtency check we note that the dotted line, which by de nition

density pro le for the massive galaxies, which is expected sin@dso mclud_es stellar mass in satellites, and t_he black data points
these dominate in total stellar mass over the less massive gaf3€ consistent values in the outermost region where they over-

ies. In Figs4 and5, the gNFW pro les are shown by the solid!ap (&tR 0.08- Raoo). By construction, part of the ICL is also

lines. included in this total pro le. However, because of the way the
For reference we also consid&inasto (1965 pro les background is subtracted from our images, the larger scale com-
which are described by " ponentofthe ICL is not taken iataccount. A more sophisticated

data reduction is required to measure this component down to
su ciently low surface brightnesses (ekgrrarese et al. 20)2

2 r -
(N= oexp S R S1 , (2) and we leave this to a future study.
S

and have been found to provide good ts to the dark matter deg pependence on cluster physical properties

sity distribution of massive haloes M-body simulations (e.g.

Dutton & Maccid 2014 Klypin et al. 2014. We project these Given our sample of 60 clusters over a range of redshifts and
pro les numerically along the line-of-sight, and nd that theyhalo masses, we investigate if the excess of stellar mass in
give a similarly good representation of the data as the gNF¥¥tellite galaxies is related to any specic cluster (or BCG)
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Table 3. Similar to Table2, but showing the parameters correspowgdio the best- tting Einasto pro les.

Stellar Mass Number density Number density

density 16<M /M <10° M >10°M
Sample Cein EIN d_ozlf_ Cein EIN d_ozlf_ Cein EIN d_ozlf_
Al 1960707 0110000 140 173pi0d5e 02150000 103 231035033 01059055607  1.16
2<0114 10307503 007008000 123 L1450 0160000 117 220503507 0110008001 0.97
z 0114 207505807  Ol40osaos 173 2045030507, 018000 109 23703000 0130000 189
Moo < 86x 104 M 08%%70¢s  0.07g00z005 100 1209075017 014500300 069 152500808  0.055000%00s 147
Mao  86x 104 M 236504m0ss  O-17s00m00s 177 194507700y 0.26%0eko0: 174 2320305  0-1500esa0;  0-94
M sce < 91x10MM 190536070 O0.1607%005 223 2160700 02450000, 122 220505805  0.12%00%00 211
M sce 91x10MM  LA%GG0e 01005500 085 12790700 Ol7s0som 113 2110305035 01000800  0-52
Mupen >1o0m <87 13207000 01907000 098 L45ge0i) 017500500 073 11603505 0120500 082
Mupen >100m 87 23203660% 01200000, 152 1965 3ikoce  0.24%00c500, 160 30603505 01200800 111
Ko < 70 keV cnt 160503502,  0-30k00es00s 138 14655&00s 03100001 177 189535057 0185005005 077
Ko  70keVcnt 238505102 008000005 101 2005037008 0.2550z%00, 175 284G05105)  0.10K538005  0.93

Table 4. Excess of stellar mass in satellites in each of the subsample$,the cluster Pratt et al. 201)) and correlates (by de nition)

with respect to the overall best- tting NFW pro le. with the inner slope of the gas density distribution. We there-
fore investigate if the inner part of the stellar mass distribution
Stell mass density also depends on this propemahdavi et al(2013 found a hint
Central excess of bimodality in the distribution of the central entropy, on either
Cluster Carw Relative log( M /M ) side ofKg = 70 ke\/_ crﬁ._FoIIowing that Wo_rk, we split our sam-
Al 2030201060 5¢006 10,95:009 ple be_tween galaxies with central entropies smaller (13 clusters)
0205099 oo o1 and higher (24 clusters) than this value. Again, the stellar mass
z< 0114 1'56%3-;)3%8-%3 0'5553-(1)3 11'2053&3 excess is signi cant in both subsamples (Tafjle
z 0114 2145050047 018009 1083555 In each subsample, the gNFW pro le provides a better t
Mzoo < 8.6 x 10 M 15%030502 039%p1; 1093938 to the data than a standard NFW pro le. Note that the gNFW
Maoo 86 104 M 23875006 0155007 1087558 pro le parameters andc are degenerate, but none of the splits
M gce < 9.1x 10" M 204033572 0.3391% 110207 results in a best- tting pro le that is signi cantly¥2 )di erent
M gce 91x10"M 18035538 0.285% 11005312 from the over-all stack (Tabl2). Note that the splits themselves
Nivpem 100w < 87 1.43096:044 0, 2gt012 1075915 are not md_ependent of each othdue to relations between, for
Mvpent 100w 87 2380441059 0 23t007 17 (7:012 example, richness and halo mass (&gdreon & Hurn 2019,
K. < 70 keV cr? 1.65%0:”%0:34 0.35018 11_05%@18 and a slight covariance between mass and redshift in this sample
0 0.4050.23 0.17 0.28
Ko 70 keVcn? 2.45:058:064 () 27+009 11.09:012 (Fig. 1). Alth_ough thg st_ellar mass excess with respect to the
0425042 S0.08 S0.16 NFW pro le is thus signi cant in each subsample, we cannot

Notes.Both the relative contribution, and the absolute excess are givélf@W m conclusions regardingre dependence of the stellar
both with respect to the stellar mass included in that NFW pro le in th@1ass pro le shape on cluster properties with the current data
radial regimeR < 0.10 - Rygo. set.

property. The properties we consider are cluster redshift afdDiscussion: the evolving stellar mass

cluster halo mass (see Taldlg BCG stellar mass (based on esti- distribution

mated ML and integrated-band luminosity withGALFIT), and _ )

cluster richness If we split the sample on the medians of thes#! this study we found that the NFW pro le provides a good
properties, we measure for each subset a signi cant central gescription of the stellar mass density distribution of satellites
cess in the stellar mass distribution with respect to the best- ttifg clusters in the local (04 < z < 0.26) Universe, but only
NFW pro le, see Tabled. This excess is 10t M per cluster, & radiiR  0.10Ryo. Eollowmg studles on the evolution of
comprising about 30% of the stellar mass contained in the NF{g dark matter pro les ilN-body simulations (e.cou y et al.

pro le for R < 0.10- Rago. 2008 Dutton & Maccio 2014, we discussed the evolution of the

A thermodynamical property that is measured for 37 of iratellar mass distribution by considering an evolution in the NFW
clusters in our sample is the central entrops,(presented in concentration pameter in Sectd.2.1 However, since Secb
Bildfell 2013; Mahdavi et al. 2018 which is de ned as the de- shows that there is a signi cant excess in the stellar mass density
projected entropy pro le evaluated at a radius of 20 kpc from tﬁgs'.mbutlon of sapelllte galaxies compared to this NFW pro le,
cluster centre. This observable is related to the dynamical stg%g'rr;ple comparison of these parameters does not cover the full

2 De ned here as the number of background-subtracted cluster galax- Furthermore, note that the concentration parameters we are
ies withM > 10 M within a projected radius of 1 Mpc from the comparing are de ned with respect to the clusteRsy. Since
BCG. the critical density ¢, with respect to which these radii are
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Fig. 7. Left panel red points: average stellar mass density pro le of GCLASS, in physical units. Black points: stellar mass density pro le at low-
at the same physical scale. The orange region marks the part of tlepro le that is in excess of the 0.15 pro le, and comprises a stellar
mass of about ¥ 10'* M . Black dotted: stellar mass at 0.15, including BCG-ICL. Dashed purple and solid blue: stellar mass in blue galaxies
atz 1landz 0.15, respectivelyRight panel dark matter pro les fromN-body simulations, using the average pro le parameters fiumy

et al.(2008 andDutton & Maccio(2014), but with the pro les plotted on the same physical scale. Shown are pro les at redshifts 00 (red)

andz = 0.15 (black), with masses dfl,oo = 3 x 10 M andM,go = 9 x 10** M , respectively.

de ned, evolves, the measured concentrations will change, ewdngce 3 x 10**M  (vdB14, Table 2), and that the median

if the physical prole remains constant over time (pseudcstellar mass contained in the BCGs in the sample studied here
evolution, e.gDiemer et al. 2018 Together with the expectedis M 9x 10 M , it is an interesting coincidence that this
halo mass growth of a factor of3 betweerz = 1 andz = 0 excess of stellar mass in satelliteszat 1 roughly equals the
(Wechsler et al. 2002Springel et al. 2006 Ryoo correspond di erence in BCG stellar mass between the two samples. The
to a physical size of 1 Mpc for the GCLASS clusters, anddevelopment of an ICL component may also contribute to an
Roo0 2 Mpc for the lowz sample. evolution in the observed stellar mass density pro le. The dot-
qu line in Fig.7 (left panel) was already shown in Fig.and is
consistent with the picture that stellar mass reassembles itself in
the direction of the central galaxy, becoming part of the BCGs’
)[<tended light pro les.

Because of these complications, we make a direct, and m
intuitive, comparison in Fig7 (left panel) by studying the clus-
ter stellar mass density pro lesn the same physical scal€his
way we are not aected by pseudo-evolution, are not dependeﬁ
on a chosen parameterisation of the density pro les, and study A su cient amount of stellar mass that is required for BCG
directly how the pro les of these clusters evolve sirce 1. growth thus seems to already be present in the centres of the
We can make this comparisonitiwout re-scaling because theclusters az 1, although it is still part of the satellite galaxy
GCLASS clusters are the approximate progenitors of the clympulation. However, while these satellites seem to drive most
ters studied in this work. However, to make a fair comparisaf the BCG mass growth, it is interesting why they do not get
we only integrate the stellar mass contained in satellite galaxieplenished with new infalling satellites. In the more massive
down to stellar masses & > 10'°M atz 0.15, since that haloes at lowg, the process of dynamical friction, which is sup-
represents the approximate stellar mass depth of GCLASS. posed to eectively reduce the orbital energy of massive in-
(Ij‘zil_lling satellites, seems to work less eiently. This might be

This purely observational comparison suggests that, j%ated to the observational result that the massive end of the stel-

though the total stellar mass content of these clusters grows
stantially since 1, the stellar mass density in the cluster cor
(R 0.4 Mpc)is already present at= 1. Moreover, there seems
to be an excess of stellar mass in this regime atl compared
toz 0.15. Note, however, that in this comparison of the stell
mass in satellite galaxies, we do not take account of the |
component, and excluded the BCGs from the story. The build- On the other hand, substantial growth of the stellar mass con-
up of stellar mass in these components may explain the obsertert in the cluster outskirtd( 1.0 Mpc) is required to match
evolution. Massive galaxies close to the BCG are expectedthe lowz descendants of the GCLASS systems. Under the as-
merge with the central galaxy on a relatively short time-scalsymption that galaxies populate sub-haloes and that these sys-
and play a dominant role in the build-up of stellar mass in thems are accreted onto the clusters since 1, it is expected
BCG (e.gBurke & Collins 2013Lidman et al. 2018 The stel- that dark-matter haloes also accrete matter onto the outskirts.
lar mass contained between the two curves in Figeft panel, This e ect is indeed observed iN-body simulations, if these
orange region), is on averag@x10'* M per cluster. Given that simulations are compared on the same physical scale, seg Fig.
the BCGs in the GCLASS clusters have typical stellar masses(afht panel). Recenthputton & Maccio(2014) and particularly

%r mass function hardly evolves over cosmic time (&lgzzin

et al. 2013% whereas the haloes we study grow in mass by a
factor 3. Compared ta@ > 1, the time that it takes for a mas-
§ve galaxy to lose enough orbital energy to arrive at the centre
&Ionger in the local Universe.
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Klypin et al. (2014 have shown that Einasto pro les provide
a better description of the dark matter density distribution of
massive haloes imN-body simulations. As a comparison, we o
therefore compare the resultsDt y et al. (2008, which are [
based on a WMAP5 cosmology and an NFW parameterisatigs
with those fromDutton & Maccio (2014, which are based on '
a Planckcosmology and an Einasto parameterisation. Both ag_é
normalised to have the sango. In both cases, the pro les of o
these simulated haloes grow at all radii, although their growth+s
smaller in the centre. The evolution between the observed stelidr
mass distribution and the dark matterNRbody simulations is 10"
thus signi cantly di erent (cf. Fig.6), independent of the used
parameterisation.

The observations strongly suggest a scenario in which the
stellar mass component grows in an inside-out fashion, indicat- 4 0.10 1.00
ing that the presence of baryons plays an important role in thi; R/Ry00
assembly process. The observed evolution of the stellar mass dis- _ )
tribution is thus a stringent test for existing and future hydrodyig- 8. Black: stellar mass density pro le of Fi§, separated between
namical simulations (e.gschaye et al. 201®015 Cen 2014 red-sequence (red) and bluer (blue) galaxies. The best- tting gNFW
Vogelsberger et al. 201Genel et al. 201 as it is of impor- pro les to the red and blue sub-samples are also shown here.
tance both in a cosmological context and in our quest to under-
stand the formation and evolution of galaxies in our Universe.

All - Coury=0.6410%3

_ +0.054
O gnrw=1 6370.25]

Blue cguw=0.2620711

_ +0.267
& O gnew=0.64 5 36

" 10V

measure and discuss the stellar mass functions for each of these
populations.

6.1. Radial distribution of different galaxy types

Since blue galaxies are thought of as a dynamically youngerSummary and conclusions

component of the galaxy cluster population than red galaxieS, g paper we perform a detailed study of the radial galaxy
distinction between galaxy types can yield further insight in the  her density and stellar mass density distribution of satel-
way clusters accrete their satellite population. We make a digaq i 4 sample of 60 massive clusters in the local Universe
tinction between red and blue galaxies using as simple crlter|85104 < 7< 0.26). The cluster sample we study is close in halo

the cluster red sequence in trgeg r)-colour. Since the colour o4 14 the likely descendant population of the 1 GCLASS

of the red sequence is redshift-dependent, we identify the reglisier sample (vdB14), for which a stellar mass concentration
sequence population in each of the individual clusters, and st W = 7 12%1.53 was estimated. The main conclusions of this

: 0.99 :

the resulting stellar mass distributions in F8y.The best- tting study at lowz, and the comparison with GCLASS, can be sum-
gNFW pro le to each of the galaxy types is plotted. marised as féllows. '

Figure8 shows that galaxies on the red sequence completely
dominate the stellar mass distribution in the cluster centres, and The number density and stellar mass density distribution of

are dominant over bluer galaxies (in terms of stellar mass den- satellites in this sample are well-described by an NFW pro-
sity) up to at leasR00. Bluer galaxies are still signi cantly over-  |e in the radial rangeR  0.10Ry00. The estimated NFW
dense compared to the eld over the entire radial range that is concentration parameters are roughly consistent with litera-
shown (the eld values are subtracted), but note the shallow in- tyre measurements witkhich we can compare.
ner slope of the gNFW pro le that describes the blue galaxies. At smaller radii, there is a signi cant and substantial excess
( gnrw = 0.64029). in the amount of stellar mass in satellites of aboL®*! M

In Fig. 7 (left panel), we show the blue galaxy population of per cluster, compared to the standard NFW pro le. The cen-
this sample, and also the blue galaxy population in the GCLASS tral parts R 0.10Ryq0) of both the number density and stel-
clusters (vdB14, their Fig. 7). This shows that there is a dra- lar mass density distributions are thus signi cantly steeper
matic evolution in the relative radial distribution of blue galaxies than NFW, but generalised NFW pro les with steep inner
compared to the overall galaxy population. The blue fraction of slopes, and Einasto pro les tthese distributions well. We do
cluster galaxies is lower overall at lomeompared to higlz but not nd a signi cant correlation between the central excess
the di erence is most prominentlysible near the cluster cores.  and cluster properties such as redshift, cluster mass, BCG
In the highly-simpli ed picture that blue galaxies fall in, and stellar mass, galaxy richness, and cluster central entropy.
guench by some environmental process with a delay of several A naive comparison betweethe NFW concentration pa-
Gyr (e.g.Wetzel et al. 2013Muzzin et al. 201%, we can use rameter az = 1 from GCLASS, and the measurement at
their locations in the cluster to study where the stellar mass is z  0.15 suggest a dramatic evolution over cosmic time.
most recently accreted. Even@fimore than a dynamical time-  This observed evolution in the stellar mass concentration is
scale, which is typically 1 Gyr, the blue galaxies are mostly on signi cantly di erent from what is found for the dark matter
the outskirts of the clusters (note that we are studyingptioe distribution inN-body simulations.
jectedsurface mass density here). Although the physics involved For a more intuitive and direct comparison, we study the stel-
in the quenching of galaxies require a more detailed modelling, lar mass density distributions between the two epochs on the
this simpli ed picture supports a scenario in which clusters as- same physical scale, showing that the stellar mass density in
semble their stellar mass distribution in an inside-out fashion. satellites in the cluster core® (< 0.4 Mpc) is already in
We leave a more detailed discussion on the relative distributions place atz = 1; There is a sucient amount of stellar mass
of blue and red-sequence galaxies to a future paper, in which we present for the BCGs to grow by a factor of 3.
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