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ABSTRACT

Using the science vergation data of the Dark Energy Survey for a new sample of 106 X-ray selected clusters and

groups, we study the stellar mass growth of bright central gal@@Gs since redshifz ~ 1.2. Compared with
the expectation in a semi-analytical model applied to the Millennium Simulation, the observed BCGs become

under-massivainder-luminous with decreasing redshift. We incorporate the uncertainties associated with cluster

1
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mass, redshift, and BCG stellar mass measurements into an analysis of a redshift-dependent BCG-cluster mass

0.2400.08
relation,m, 152"% T 2 %1 034 and compare the observed relation to the model prediction.

We estimate the average growth rate sirveel.0 for BCGs hosted by clustersMbgo, = 1018M,; atz= 1.0:

M« gcc appears to have grown by 0.£30.11 dex, in tension at the2.5 signi cance level with the 0.40 dex
growth rate expected from the semi-analytic model. We show that the build-up of extended intracluster light after
z= 1.0 may alleviate this tension in BCG growth rates.

Key words:galaxies: clusters: generalgalaxies: evolutior- galaxies: groups: general

1. INTRODUCTION thez = 0.596 Phoenix clustéMcDonald et al2012. Such a

. . . - large star formation rate would contribute siguintly to BCG
Bright central galaxie$BCG9 are the luminous elliptical stellar mass even if it lasted for just 1 Gyr.

galaxies residing at the centers of galaxy clusters or groups: Recent arquments based on local  cooling-to-dvnamical

Once commonly referred to as brightest cluster galaxies, the[. | t'g toaether this rich oh Ig dy Ir

name*bright central galaxybetter reects their special nature esScales tie together this rich phenomenoiogy in a se

as the central galaxy of a massive halo. BCGs are surrounde&eguIatGd preupytatmn_mod@ee Voit et aI:2015 find. the

by a subsidiary population of satellite galaxies. Their centrality references therginldealized hydrodynamic S|mulat|o(|$ & .

and large size set them apart from the general galax fyan 2.014a.2014b Meece et aIZOlE) support an episodic
picture in which gas below a cooling thresh@dughly t.oo/

opulation. | _
P Early attention toward BCGs started with studies about cD-tdyn < 10) feeds black hole accretion and local star formation,
awth AGN feedback serving as the redr that shuts down

type galaxies, since many BCGs are enveloped by extende .
stellar halos(Matthews et al.1964). Statements that this cooling and allows the cycle to refresh. Witubble Space

population is not consistent with being statistically drawn from | €/€SCOP&HST) observations of BCGs in theLASHsample,

the global galaxy luminosity function led Tremaine & Donahue et al(2013 offer evidence that ultraviolet morphol-
Richstone (1977 to argue that BCGs require a special ©9€S and star formation rates of BCGs in CLASH clusters
formation process. Analytical and early numerical estimatesdisPlay features remarkably similar to those anticipated by
of their growth through dynamical friction and the resultant th€se simulations. _

cannibalism of cluster galaxies were soon idetias a viable The semi-analytical expectations of BCG growth have been
procesgOstriker & Tremainel975 White 1976 Hausman & called into question by a number of observations that report
Ostriker 1978 Richstone & Malumuthl983. Early N-body signi cantly sIO\_Ner build-up of gtellar mass over tl(méhney
simulations of merging pairs and groups of galaxies led et al.2008 Collln_s et aI.ZOQQ Lidman et al.2012 L|r) et al.
Dubinski (1999 to perform the rst N-body study of BCG ~ 2013a 2013k Oliva-Altamirano et al.2014 Inagaki et al.
formation in a massive halo formed within a cold dark matter 2019. This tension highlights limitations in our current
(CDM) cosmology. In that study, growth through early understanding of BCG formation and motivates the work in

merging of a few massive galaxies dominated over late-timethis paper. _ _ _
accretion of many smaller systems. ~ The production of intracluster ligh{ICL) is another
The modern context of BCG assembly through hierarchicalimportant process affecting BCG formation over time. The
growth within an evolving spatial network of dark matter halos ICL contains stars that got dispersed into intracluster space
is now well established, but a detailed understanding of variou§fom BCGs or BCG mergergsee: Contini et al.2014.
competing astrophysical processes remains elusive. Models iimulations and observational studies show that ICL can make
which BCGs accrete their stellar mass throtigty’ merging ~ UP 5%-50% of the total clustégroup stellar conterZibetti
with red and old galaxies produce scaling behavior and light€t al. 2005 Krick et al. 2006 Gonzalez et al2007 Krick &
pro les in fa|r|y good agreement with Observatio(]sg_, Bernste|r12007_§ Toledo et al2011 Burke et aI2012“Guennou
Ruszkowski & SpringeP009 Laporte et al2013. et al. 2012 Giallongo et al.2014 Montes & Trujillo 2014
PureN-body models of dry merging ignore intracluster gas Presotto et aR014 Burke et al2015. Details of how the ICL
processes such as cooling and subsequent accretion and sti& formed and how its properties might vary from cluster to
formation of baryons onto the BCG. Semi-analytical models cluster remain unsettle@Monaco et al.2006 Conroy et al.
nd that such cooling needs to be mitigated by heating, and2007 Puchwein et al201Q Rudick et al.201% Contini et al.
active galactic nucleuAGN) feedback in a so-callettadio =~ 2014 Cui et al.2014 DeMaio et al.2013.
mod¢ is proposed as the soluti¢@roton et al2006 De Lucia To advance our understanding of the above processes and
& Blaizot 2007. Simulations with explicit hydrodynamic BCG formation in general, it is important that we continue to
treatment of the baryons are struggling to develop sub-gridre ne our measurements of BCG growth. Most up-to-date
models that capture the full complexity of the baryon behavior observations are yielding perplexing or even contradictory
(e.g., Martizzi et al2012 2014 Ragone-Figueroa et #1013 results on this subject, perhaps because of the incomparability
Pike et al.2014). of their processing BCG observab{&andelbaum et aR005
While BCG in situ star formation is almost certainly Bernardi et al2007 Lauer et al.2007). For instance, a few
suppressed by the quenching effect of AGNtive galactic  studies based on high-redst{#t> 1.0) X-ray selected clusters
nucle) feedback(Fabian1994 2012, observational studies (Whiley et al.2008 Collins et al.2009 Stott et al201Q 2017)
have found that residual star formation af0-100M, yr * nd no sign of BCG stellar mass growth, while others based on
exists in many nearby BCQGkiu et al.2012 Fraser-McKelvie clusters at low and high redshifts do observe the change
et al. 2014 Groenewald & Loubse?014. A most puzzling (Brough et al.2002 Lidman et al.2012 Lin et al. 2013h
study has observed a BCG starburst of Z4060M, yr *in which included some of the samples from the aforementioned
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X-ray studies On the other hand, deriving BCG luminosity 16.0F ' ' ' ' ' ' ]
and hence BCG stellar mass from imaging data is not ; . L%lrllrlasna%%lg >
straightforward, and inconsistent measurements may have 155{ H e ® o E
affected many previousndings regarding BCG formation. - g oo, 5o e ¢ ]
Finally, BCG mass is known to be correlated with cluster mass, 2%’ 15.0; e *%° * o ¢ .
which needs to a_ccounted for when stgdying the change of 7 145i ) y ¢ . ool “ £ 0% o o o]
BCG mass over tim¢see for example, Lidman et &012. S :011 ik ’?:"‘?{’1 *f;* e @ 1
Advances in our understanding of the nature of the growth of it ol * R o ° ]
: ) : : 14.0FT X goc 0k KL *x . 3
BCGs require a careful accounting of all of the ingredients, T dn * N * ]
including their measurement uncertainties. F * o ]
. . ) . 13.5 * ° b
In this paper, we investigate BCG stellar mass growth using L 1 s s s 1 1 ]
Dark Energy Survey Science Vetation(DES SV} data, and a 00 02 04 06 08 10 12 14
new sample of 106 X-ray selected clusters and groups from the Redshift

DES XMM Cluster Surve)(XCS), an XMM-Newtonarchival Figure 1. Mass and redshift distribution of the DES-XCS sangplack stark
discovery project. Through using this X-ray selected sample,compared to that of Lidman et 2012 red circlek

the selection effect from studying BCGaptical properties is

greatly alleviated: X-ray selected clusters display a widerdata have full DES imaging depthin et al. 20133 and are
variety of optical properties compared to optically selected processed with the oéial DES data processing pipelifMohr

clusters(Harrison et al2012). The cluster and group sample et al.2012. A more detailed review can be found in Sanchez
spans a redshift range ¢0, 1.7, and a mass range of et al.(2014.

[3x 10"M,, 2 x 10'°M.]. While most previous studies on
this redshift range or cluster mass range combined different
samples or different imaging data sets, we study a single cluster 2.2. The DES-XCS Cluster and Group Sample
sample with the deep optical data from DES. In this paper, we The XCS serendipitously searches for galaxy clu&ed
also pay particular attention to possible biases affecting BCGgroup candidates in th&kMM-Newtonarchive(Lloyd-Davies
photometry, and have carefully evaluated the uncertaintieset al.2011 Mehrtens et aR012 Viana et al2013. The cluster
associated with cluster mass, redshift, BCG luminosity andcandidates are then veeid with opticalinfrared imaging data,
BCG stellar mass measurements. We provide details of ouwhich conrm the existence of red sequence galaxies.
uncertainty, bias, and covariance estimations in AppendicePhotometric redshifts of the comed clusters are also
A-D. subsequently derived with the red sequence locus. Using
The rest of this paper is organized in the following order. In DES SV data, C. J. Miller et 82015, in preparation; referred
Section2, we present our data sets and derive cluster massedp as M15 in the rest of the papdérave identied 170 X-ray
BCG luminosities, and BCG stellar masses. We perform aselected clusters and groups from XCS. M15 also measures
matching exercise of BCG redshift evolution to the Millennium their photometric redshifts and vess the measurements
Simulation expectations in Secti@ then t both simulated  against archival spectroscopic redsHiftdn this paper, we
and observed BCG populations to a simple low-order model inuse a sub-sample from M15 that consists of 106 clusters and
Section4. We compare this model to previous estimates of groups with masses above %X010**M, . These clusters and
BCG growth rate in SectioB. We summarize our results in  groups are all referred to aslusters in the rest of the paper. In
Section6. AppendicesA-D describe the uncertainties, biases, Figurel, we show their masses and redshift distributions. For
and covariances of relevant measurements. Throughout thisomparison, we also show the mass and redshift distribution of
paper, we assume,, to be 0.3, to be 0.7, and the Hubble the cluster sample used in a similar st{dgman et al2012).
parameteh to be 0.7. Our sample covers a lower mass range, and appears to be more
evenly distributed in the redshift-mass space.
> DATA The cluster mas@Vl,qo the mass inside a three-dimensional
' (3D) aperture within which the averaged matter density is 200
This paper is based on an X-ray selected cluster and grougimes the critical densilyis either derived with X-ray
sample from the DES-XCS project. BCG photometry is derived temperature or X-ray luminosity, using a lensing calibrated
from DES Science Vertation data. M T relation (Kettula et al.2013. Because XCS is a
The rest of this section introduces the DES-XCS sample andserendipitous survey, not all the clusters have high-quality X-
the DES SV data, and also summarizes our procedures ofay temperature measurements. For these clusters, we derive
deriving cluster masses, selecting BCGs, and measuring BCGheir masses from X-ray luminosity. Further details about this
properties. AppendiceA-C should be considered as exten- procedure and about the mass uncertainties can be found in
sions of this section. AppendixA.
We note that a handful of the clusters do not seem to have
. - signi cant galaxy overdensity associated with them. It is
2.1. DES Science Veuaation Data possible that our sample contains spurious clusters that
The DES is a ground-based optical survey that uses theoriginate from foregrouridbackground X-ray contaminations.
wide- eld DECam cameré-laugher et al2015 mounted on We have reanalyzed our analysis after removing eight clusters
the 4 m Blanco telescope to image 50007defgthe southern  that are not associated with sigeant galaxy overdensity. The
hemisphere skySanchez22010. The paper is based on 200 results are consistent with those presented in this paper within
ded DES Science Veriation (SV) data. This data set was 0.5 . Given that these eight clusters are in the low-mass range
taken during the 2012B observing season before the main
survey (Diehl et al.2014 began. A large fraction of the SV “® http7/ ned.ipac.caltech.edu
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30 AR IRRRRRRRN IR T IR ] magnitude, with extended details. We use magnitude measured
95 b 2<04 1 with circular apertures of 15, 32, 50, and 60 kpc radii. The main
o z>04 1 results are derived with the 32 kpc radius apertures, considering
20 E E the BCG half light radius measurements in Stott ef24111).
. ] Detailed rationalization about this choice and description about
15E 3 our measurement procedure can also be found in App@&adix
F Lo i We correct for galactic extinction using the stellar locus
10F ] regression metho@igh et al. 2009 Kelly et al. 2014 E.
F ] Rykoff et al. 2015, in preparatign and compute BCG
Sk - E luminosities and stellar masses using the stellar population
OE : 1 3 modeling technique. We employ a Chab(R2003 Initial Mass

015 Function(IMF) and the Conroy et a[2009 and Conroy &
Gunn (2010 simple stellar populationSSPH models to

. _ o construct stellar population templates, and select templates
Eloster sample. Half of the BOGS are separatedt loas than 0.0Rmiersa —2ccording to BCG DES . I, zphotometry. We use the best-
comoving distance with negligible uncertainties from redshifts measur¢ments mo_del to compute the K-correction faCt.O" and Fhe mass-to-light
from the x_ray centers, and the |arge Separa(mw MpQ happen in clusters ratIO We evaluate Uncertalntles aSSOCIated Wlth BCG apparent
that may not be relaxed or appear to have spurious foregroackjround magnitude, redshift, and BCG mass-to-light ratio. Further

emissions. details about these procedures can be found in Appéhdix

1 A W VAAN AN
0.0 0.1 0.2 0.3 04
Separation Between BCGs and X-Ray centers [Mpc]

(generally below 18 M, ), removing them may introduce an 3. SIMULATION MATCHING ANALYSIS
arti cial mass selection effect. We therefore do not attempt to
do so in this paper. We also note that other factors, including
BCG photometry measurement and cluster mass scalingg
relations at the low-mass elfsee discussion in SectioA2
and5.2), have a bigger effect on our results than the possible
spurious clusters in the sample.

We rst inspect the redshift evolution of BCG luminosity
nd stellar mass through matching our data with a semi-
nalytical simulation. We compare BCG luminosities and
stellar masses to the corresponding values in the simulation,
with diagrams analogous to those presented in many previous
studies(Collins et al.2009 Lidman et al.2012 Tonini et al.
) 2012 Lin et al.2013h Lu et al.2014 Oliva-Altamirano et al.
2.3. BCG Selection 2014 that overlay redshift evolutions of the observed and

The BCGs are selected through visually examining the DESSimulated BCG properties. The simulation involved in this
optical images, the X-ray emission contours, and the galaxycomparison is the De Lucia & Blaiz2007) semi-analytical
colomagnitude diagram. In this procedure, we aim to select a(SAM) simulation(referred as DLO7 hereafjebased on the
bright, extended, elliptical galaxy close to the X-ray emission Millennium project(Springel et al2005 Guo et al.2013.
center, which also roughly lies on the cluster red sequence. If

there exist several red, equally bright and extended eIIiptjcaIs 3.1. Simulation Sample Selection
close to the X-ray center, we select the nearest one. We did not __ L
notice a proper BCG candidate with a blue color. Since BCG luminosity and stellar mass are known to be

We check our visual BCG selection against the central COTelated with cluster mass, the comparison between the
galaxy choice of a preliminary version of the DES Sy observations and simulations needs to be made between
RedMaPPer cluster catalégee the algorithm in Rykoff et al, ~ clusters of similar masses. For each BCG in our sample, we
2014). Out of the 106 XCS clusters and groups, 64 are matched®0mpare it to a simulation subsample of 100 BCGs hosted by
to RedMaPPer clusters and the majof@y) identify the same clusters of similar masses and redshifts. The simulation data are
BCG. In the cases where we disagree with the BCG, we choos&€lected with the following procedure.
wﬁilgr:gg(tj?\;l'aggreer gé}:ggeg g:::;‘; ﬂ%ﬁiﬁt;\?\lge_ﬁ(ﬁé&é’tﬁgpfg 1. Identify simulation clusters with redshifts closest to that

_ : : of the XCS cluster. Ideally, we would have ideeti a
lr)or)-matghes are claus_ed b¥ tﬂe different ?ata.c?]veragde, redshift  cjuster sub-sample with a redshift distribution matching
imit, and mass selection of the two catalogs: the RedMaPPer  he redshift uncertainty of the XCS cluster, but this is not

catalog employs only a subset of the SV data to achieve possible since simulations are stored at discrete redshifts.
relatively uniform depth for selecting rich clusters below 5 select from the redshift sub-sample of 100 clusters with a
redshift 0.9. , o posterior mass distributiolog-norma) matching the

In Figure2, we show the distance distribution between the mass uncertainty of the XCS cluster. Note that we are not
selected BCGs and the X-ray emission centers. Half of the using the cluster mass function as a prior. Application of
BCGs are separated by less than 0.07 Kpmparable to Lin this prior leads to sampling clusters that afel dex less
& Mohr 2004 from the X-ray emission centers, regardless of massive, but leave the conclusions unchanged.

the redshifts of the clusters. . o
Note that in the above procedure, we are not considering

additional cluster properties beyolldoo and redshift. There is
emerging evidence that X-ray selected clusters may be biased
Measuring BCG photometry is among thestcontroversial in terms of cluster concentration distributigRasia et al.
topics in BCG studies. In Append®, we discuss complica- 2013, but it is unclear how the bias would affect a BCG
tions and possible biases associated with Petrosian magnitudéormation study. We also do not consider the Eddington bias
Kron magnitude, prde tting magnitude, and aperture associated withy. The Myog Of the lowestLy/ Ty systems are

2.4. BCG Photometry, Luminosity, and Stellar Mass

4
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Figure 3. Mass and redshift distribution of the cluster sample used for this ~_ r ; T
paper and distribution of the simulation clusters drawn fidri7. The black 0.5 I 4

data points show the masses and mass uncertainties of the XCS clusters. The
red data points show the median masses and the 0.158 and 0.842 percentiles of

imulation

the simulation clusters. For clacition, we show the mass distribution of the @ I
resampledL07 clusters at the redshift of the corresponding XCS cluster with % 0.0 b
a small offset. 2
;J L

: : : Al : o B 0.5} .
derived withTy. Future studies yielding higher precision on 2 : !
BCG growth may wish to take these selection effects into I 1 ]
consideration. 1.0t (OT028f_r0.01 l)tz[(ﬁyr]f(—0.16i0.05) ]

In Figure3, we show the redshift and the mass distribution 0.0 0.5 1.0 1.5
of the XCS clusters together with the resampled07 Redshift

simulation clusters. The above procedur?,pmd_uces a SIml'”a‘tlo"l"!igure 4. Comparison between the observed and simulated BCG properties.
sub-sample that resembles the probability distribution of thewe show the median and 0.158, 0.842 percentiles of the differences. The dots
XCS Sample. are data points outside the range of the uncertainty whiskers and the red
diamonds are moving medians. The blue bands showtthd linear model
with a dependence on lookback time, encompassingiricertainties. We
i i notice that the observed BCGs are becoming under-méaseider-luminous at
3.2. Redshift Evolution of the Observed BCGs decreasing redshift. Note that we have not included stellar mass or luminosity

. . . . measurement uncertainties in the linear We also use a 95% codence
We directly compute the relative luminosity and stellar massineryal clipping technique to remove outliers.

difference between the observed and simulated BCGs, as
shown in Figure4.*’ _ o

Note that the differences between the observed and The redshift evolution difference shows that the observed
simulated BCGs change with redshift. The effect suggests thaBCGs become increasingly under-massiwveler-luminous at
the observed BCGs do not grow as rapidly aDir07—a decreasing redshift compared@&.07 (compare the result to
different redshift evolution history in the observation. We  Lidman et al.2012 Lin et al. 2013h Oliva-Altamirano et al.
the differences with a linear dependence on lookback time: if2014. At the lowest redshift biriz  0.1) in Figure 4, the
the redshift evolution of the observed BCGs is consistent withobserved BCGs appear to be @2 dex® under-massive

that in DLO7, the slope of the lineart shall be 0. This null under-luminous as a result of a different redshift evolution
hypothesis is not favored. history.
In Figure4, we show the lineartting result with blue bands Arguably, the above statement relies ontang function

that encompass the luncertainties. The luminosity redshift connecting the difference between the observed and simulated
evolution in the observation is different from the simulation BCG properties to redshift. The signance level of this
witha 2.5 signi canceg(0.028+ 0.011. The signi cance from  statement depends on the exact form of tiieg function. In

the stellar mass comparison is lower at 1(3.015+ 0.012, Sections4 and 5, we present stronger evidence for this
but BCG stellar mass is less certdracall that it requires a  statement through modeling the BCG redshift evolution for
choice for the mass-to-light rafiand therefore the result is  poth observational data and simulation data, testing the model,

noisier. and eventually showing the model constraints being different in
= . o the observation and in the simulation.
We are comparing the observer frame DEBand luminosity to the In addition, we are not considering BCG luminosity and

observer frame SDS&band luminosity inDLO7. The response curves of the L. . . .

DES zband and the SDS$band are similar enough that the magnitude Stellar mass uncertainties in this secfitirey are not included
measurements for one object in the two systems shall be close within 0.05 magin the linear tting procedur)g We also address this in
We have tested this statement through cross-matching galaxies in the SDS ections4 and5

stripe 82 database and the DES Year 1 coadd database. Although it is possibl :
to transform between DE&band magnitudes and SD@®and magnitudes,

we avoid doing so because the transformation inevitably makes assumption
about BCG SEDs. 8 x dex= 10
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3.3. High-redshift BCGs wheremggier IS treated as a 5th free parameter. To penalize
At z> 0.9, we notice that two of the four BCGs in our data pruning, we assume a Bernoulli prior distributionQor
sample appear to be masgikeninous outliers by 0.5 dex,  characterized by another free paramptes,
which matches previousndings about massive BCGs at 1
z> 1.0. In Collins et al(2009, ve 1.2< z< 1.5 BCGs are p(Q o p%(1 p* % (6)
identi ed to be 0.5 0.7 dex more massive than tid.07 K
simulation BCGs, and in Liu et gR013, a massive = 1.096
cD-type galaxy is discovered in a 5 arcfiitubble Deep Eventually, the parameters to be sampled from Equé2jon
Field. However, after considering cluster mass uncertainty, andare logmy, , , 6 Q, p, and logmyuuier More details about
the BCG luminosity and stellar mass uncertainties, we can onlyderiving the posterior likelihoodEquation (2)) as well as
detect the over-massivaver-luminous BCG effect with 1 choosing the covariance matrix can be found in Appebdix
signi cance. We assume uniform truncated priors for all the free parameters
exceptQ, and the nal result appears to be insensitive to this
4, BCG-CLUSTER MASS RELATION choice. We perform thetting procedure for both the observed

. . BCGs from the XCS sample and the simulation BCGs sampled
To further investigate the growth of BCGs, we turn to from theDLO7 simulation(Section3.1).

modeling a redshift-dependent, stellar-to-halo mass relation.
We refer to this relation as the BCG-Cluster mass relation in

this paper. Later, in Sectidn we use this relation to model the 4.2. Constraints on the BCG-cluster Mass Relation

BCG growth rate fronz= 1.0toz= 0. In Figure5, we plot the posterior distribution of log,, ,
0in Equation(1). We also list their marginalized means and
4.1. Modeling the BCG-cluster Mass Relation standard deviations in Table

The constraint we derive on agrees well with the
reported values from the literatu(@rough et al.2008
Kravtsov et al2014 Oliva-Altamirano et al2014). We also

Moo, 2 notice that increases with bigger BCG apertures, indicating
logm, logmy  log —==== B lof1 2). (3  astronder correlation with cluster mass in the BCG outskirts
pv (also see Stott et &2012. This effect seems to be jusdible,

This equation adopts a power-law dependence on clusteconsidering an inside-out growth scenario for BO@an
mass(Brough et al2008 Moster et al201Q 2013 Kravtsov Dokkum et al.201Q Patel et al.2013 Bai et al. 2014).
et al. 2014 Oliva-Altamirano et al2014) as well as a power-  Further analysis with large apertures is limited by the
law dependence on redshift. We choosé,, to be increasing amount of background noise at the BCG outskirts,
1.5x 10"*M,, about the median mass of the XCS clusters. but a larger BCG sample may help quantify the effect. This
We also assume that there exists an intrinsic scattagfween effect also illustrates the importance of understanding BCG
the observed BCG stellar mass and this relation, asphotometry measurement when deriving BCG-cluster mass
logm, ons _ &(logm , ). Hence, the relation contains four relations.

We model the BCG-cluster mass relation as redshift-
dependent using the following equation,

free parameters: lag,, , , andd Our estimation of logn, the normalization of Equatiof),
We perform a Markov Chain Monte Cal@CMC) analysis appears to be lower than the corresponding valugLioi? by
to sample from the following posterior likelihood: 0.1-0.2. As logmy is mainly constrained by low-redshift
1 1 BCGs, this result is completely consistent with BCGs being
log $ =logC =YTC Y logp(Q. (2 under-massive at low redshift, as discussed in Se8tbn
2 2 Our estimation of , the index of the redshift component in
In this function,Y is a 106 dimension vectdy,, V> ..., Y106 ), Equation (1), also disagrees with the corresponding value
with thekth element being the difference between the modeledin DLO7. The constraint on derived from the whole cluster
and the observed BCG stellar masses, as: sample is different from the simulation value at a sigaince
level of 2.3 . The constraint from our data is closer to O,
Y Ymodelk  Yobsk ©) suggesting less change of BCG stellar mass with redshift. Note

The covariance matrig, in Equation(2) is the combination of that a further, quantitative conclusion should not be drawn.

the covariance matrices for cluster mass measurements, BCA/though  is the dominant parameter that describes BCG
redshift evolution in Equatiofi), it is not the only one. The

_stel_lar_ mass measurements, re_dsh|ft measurements, and tI?T(?ass term in Equatiofll) also contains information about
intrinsic scatter. It has the following form: BCG redshift evolution as clustdf,qo evolves with time. A
C Cov(m,) BCoV logMmog) quantitative analysis of BCG redshift evolution is presented in
cCov(log(l 2) & (4 ~ Sectons. o o
. Our constraint on is highly covariant with logn- (recall
Additionally, we implement an outlier pruning procedure as the bivariate normal distributipnbut the covariance shall not
we “ t” (or sampling the posterior distribution in Bayesian be interpreted asdegeneracy a reasonablew sampled from
statisticy for the BCG-cluster mass relation, as described inits marginalized posterior distribution does not make
Hogg et al(2010. To summarize this procedure, we adopt a set consistent with the simulation. We also notice that different
of binary integersQ = (Qz, Op,..., 0109 as ags of outliers.  conventions for BCG magnitude measurement can bias the
0k = Oindicates an outlier angl is correspondingly moded as, constraint on . For example, using the Kron magnitude from
logm, o , (5 the. popular SExtractor.softwar((Bertm & Arrtouts 1996,
Y 9 Mk 9 Mbutier. which tends to underestimate BCG Kron Radius and therefore
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