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ABSTRACT

We examine sources of scatter in scaling relations betwakaxyg cluster mass and thermal
Sunyaev-Zeldovich (SZ)fEect using cluster samples extracted from cosmologicaldodr
namical simulations. Overall, the scatter of the mass-&firsg relation is well correlated
with the scatter in the mass-halo concentration relatiah wiore concentrated halos having
stronger integrated SZ signals at fixed mass. Additionaicgesuof intrinsic scatter are projec-
tion effects from correlated structures, which cause the distabwif scatter to deviate from
log-normality and skew it towards higher inferred massed,tae dynamical state of clusters.
We study the evolution of merging clusters based on sinariatof 39 clusters and their cos-
mological environment with high time resolution. This saegnables us to study for the first
time the detailed evolution of merging clusters around ttedisg relation for a cosmologi-
cally representative distribution of merger parameterajdvimergers cause an asymmetric
scatter such that the inferred mass of merging systems sediaw. We find mergers to be
the dominant source of bias towards low inferred masses: 538 of outliers on this side
of the scaling relation underwent a major merger within th& IGigayear. As the fraction
of dynamically disturbed clusters increases with redsbift analysis indicates that mergers
cause a redshift-dependent bias in scaling relationsh&urtore, we find the SZ morphology
of massive clusters to be well correlated with the clustdysiamical state, suggesting that
morphology may be used to constrain merger fractions anttifgianerger-induced outliers

of the scaling relation.

Key words: cosmology: large-scale structure of Universe, galaxikessters: general, meth-

ods: N-body simulations

1 INTRODUCTION

Clusters of galaxies are the most massive gravitationadiynd
objects in the universe, which makes them an important tool f
cosmology: among other tests, their abundance providesnirai-
tion on the gravitational growth of structures and is regpdaby
the initial density field, gravity, and the expansion higtof the
universe, which critically depend on the underlying cosmggl
Thus number counts of clusters, for which masses and reslshif
are known, can be used to constrain cosmological param@esgs
Allen et alll 2011, for a recent review).

To relate observed number counts to theoretical predistioh
the cluster mass function, these experiments need to ihfstec

affected by physical processes in the cluster core which cgaliar
affect the X-ray luminosity. This is confirmed by simulationsy(e
Nagalil 2006 Shaw et gl. 2008; Battaglia et al. 2010; Sehgall et
2010) finding the scatter in the mass - SZ scaling relatioretofb
order 5 - 10%. Furthermore, the SEext is not subject to surface
brightness dimming and has a very weak redshift dependence,
making it an ideal probe to study galaxy clusters at highhigds

Currently several large surveys are starting to detect traatsd
of galaxy clusters through their SZ signal (Vanderlindel £2610;
Marriage et al. 201.0; Planck Collaboration et al. 2011a)derile
cosmological constraint based on these samples (Andeesstn
2010; | Sehgal et al._2010; Williamson et al. 2011). To exploit

masses from observables. The thermal Sunyaev Zeldovich (SZ the statistical power of these upcoming cluster samples, th
effect, the signature of inverse Compton scattering of cosmic mapping between SZ signal and cluster mass needs to be well
microwave background photons with hot cluster electron, is understood. Observations find normalization and slope ef th
thought to provide an excellent mass proxy as the SZ signal is scaling relations between SZ signal and lensing derivedsesas

proportional to the total thermal energy of a cluster antustess

(Marrone et all 2011), or between SZ signal and X-ray progert
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(Planck Collaboration et al. 2011b,c) to be consistent veiif-
similar scaling and predictions from simulations.

Due to the steep slope of the cluster mass function, com-
petitive cosmological constraints from these experimeatgiire
information about the distribution and redshift evolutiaf
scatter in the mass scaling relation (€.9. Majumdar & Mol420
Lima & Hu 12005; Shaw et al. 2010). As the true cluster mass and
other physical cluster properties which may bias the maggypr
are unobservable, and as the noise and biases inffieeetiit mass
estimators may be correlated, characterizing the intriscatter in
any of these scaling relation isficult to obtain from observations.
Hence the sources and distribution of scatter iffedént mass
estimators are mainly studied through simulations and mock
observations (e.0. Rasia etlal. 2006; Nagai et al. 2007kw $hal.
2008; | Becker & Kravtsov_2010; _Yang et al. 2010; Fabjan et al.
2011).

In this work we focus on thefBect of merging events on the
SZ signal of a galaxy cluster. As clusters form through nreygi
of smaller objects these are frequent and disruptive eyaitiich
may alter the physical state of the involved clusters sigaifily.
Hence merging clusters may deviate from the scaling relatio
observed in relaxed clusters and, as the fraction of moqgjiol
cally disturbed clusters increases with redshift, causedshift
dependent scatter or bias in the mass scaling relation. I&mu
tions of binary cluster mergers (Randall etlal. 2002; Pobéd|e
2006, 2007; Wik et all 2008) find that the X-ray luminosities,
temperatures, SZ central Compton parameters and integ&ite
fluxes increase rapidly during the first and second passage of
the merging clusters. The clusters temporarily drift aweynf
mass scaling relations and return to their initial scalintation
as the merging system virializes. These transient mergestbo
found in binary mergers and some observations (Smith/e08BY
can scatter the inferred masses towards higher values aisd th
bias the derived cosmology towards a higher normalizatibn o
the power spectrumgs, and lower matter density (Randall et al.
2002;| Smith et al. 2003; Wik et al. 2008; Angrick & Bartelmann
2011). On the other hand, mergers increase the non-thermal
pressure support (Rasia eflal. 2006; Lau &t al. 2009; Batapél.
2010) found in cluster outskirts, and due to partial vidation
merging clusters can appear cooler than relaxed clustetbeof
same mass (e.g. Mathiesen & Eviard 2001). For a cluster sampl
extracted from cosmological simulations, Kravtsov et 2006)
find the X-ray temperatures of morphologically disturbegstérs
to be biased, while the X-ray derived SZ-equival¥ptshows no
significant correlation with cluster structure. CompariKegray
and SZ to weak lensing derived masses, Okabe e al. |(2010)
and[Marrone et al| (2011) found undisturbed clusters to lrdve
order~40% higher weak lensing masses than disturbed clusters at
fixed T andYsz, and~ 20% higher weak lensing masses at fiXgd

Our goal is to isolate how mergers in a cosmological context
affect the SZ signal of clusters, and if merging cluster can be de
tected as outliers of scaling relations. This extends previvork,
as our analysis includes both multiple mergers with raaligis-
tributions of orbits and mass ratios, and full SPH treatnuégas
physics with radiative cooling, star formation and supeanfeed-
back. The simulations and the cluster sample are describ®edt.

[2. We discussion the best-fit scaling relations and theittescan
Sect[3. The #ect of merging events of the clusters SZ signal is
guantified and the evolution of merging clusters with respethe

scaling relations is discussed in S&¢t. 4. In 9dct. 5 we figats if

the dynamical state of clusters can be inferred from the hafp
ogy of the SZ signal. We summarize our results and conclude in
Sect[®.

2 SIMULATIONS

This analysis is based on two samples of galaxy clusteractel
from cosmological hydrodynamics simulations. In this Eectve
summarize the simulated physics and describe the derivaatigu
ties used in our analysis.

2.1 Cluster samples

Sample A To study the time evolution of the cluster SZ signal
we use a sample of 39 galaxy groups and clusters with virial
masses above X 10“My/h from simulations presented in
Dolag et al. [(2006, 2009). 25 of these clusters are more w&assi
than 16*“M,/h. These structures were identified as 1&eatent
regions in a (479Mpth)® dark-matter-only cosmological simula-
tion (Yoshida et all 2001), and re-simulated at higher regm
using the Zoomed Initial Conditions methad (Tormen et aB70)9
The re-simulations, described in detail lin_Dolag et al. €00
are carried out with GADGET-Z_(Springel 2005), and include a
uniform, evolving UV-background and radiative coolingasing

an optically thin gas of primordial composition. Star fotina is
included using the two-phase model of the interstellar omadi
(ISM) by [Springel & Hernquist | (2003). In this sub-resolutio
model the ISM is described as cold clouds, providing a reserv
for star formation, embedded in the hot phase of the ISM. fBtar
mation is self-regulated through energy injection fromesunpvae
evaporating the cold phase. Additional feedback is inc@ieal in
the form of galactic winds triggered by supernovae thatedmass
outflows (Springel & Hernquist 2003).

The simulation assumes a flahCDM cosmology with
(Qm, Qp,08,h) = (0.3,0.04,0.9,0.7). It has a mass resolution
of Mpwm 11 x 1°Mo/h and myss = 1.7 x 10°Mo/h and the
physical softening length is = 5kpc/h over the redshift range
of interest. Our analysis is based on 52 snapshots covehniag t
redshift rangez = 1 toz = 0 and separated evenly in time with a
spacing of 154 Myrs between snapshots.

Sample B The second cluster sample is a volume-limited sample
of 117 clusters at = 0 described in_ Borgani etial. (2004). These
clusters are identified in a (192Mfi® cosmological SPH simu-
lation carried out with GADGET-2 and using the same physis a
described above. This simulation assumes a\@ZbM cosmology
with (Qm, Qp, 0g,h) = (0.3,0.04,0.8,0.7). The mass resolution is
Mpyw = 4.6 x 1°My/h and myss = 6.9 x 10°M,/h, the physical
softening length az = 0 ise = 7.5kpc/h.

2.2 Masses and merging histories

Halos are identified using a friend-of-friends algorithmdahe
cluster center is defined by the particle in a halo with theimim
gravitational potential. Cluster rad¥, and massebl, are defined
through spherical regions around the cluster center wittiich
the average density istimes the critical density of the universe

Ra ) 4n
f o(r) 4zr=dr = gRiApcm =M, . (1)
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Figure 1. Fractions accretion rate per unit redshift (top panel) aedger
fraction as a function of scale factor. The solid shows themete sample
A, the dash-dotted line a subsample of massive clusters.ddtted line
indicates the overall mean accretion rate. Accretion naterger fraction)
are averaged over 3 (5) neighboring simulation snapshotdtee noise.

We identify mergers by a mass jump criteria applied to the
mass history of the main progenitor. Motivated by the finding
that the average mass accretion history of halos is well de-
scribed by exponential growth with redshift (Wechsler €28I02;
McBride et all 2009) and that the average merger rate pergealo
unit redshift is nearly constant for a wide range of halo reass
and redshifts| (Fakhouri & Ma 2008), we select merging events
based on a threshold in fractional mass accretion rate pér un
redshift dM/dz/M > . We choose&, such that halos accrete on
average 30% of the mass accreted since its formation redshif
defined as the redshift at which a halo reaches half its pregn
mass, during mergers. We checked that our results are itigens
to the exact choice ofy,: We find similar trends for any merger
definition &y > (dM/dz/M),quster that requires the accretion rate

dM/dz/M during mergers to be larger than the mean accretion rate

(cf. discussion of Fid.16).

Figurell confirms that this merger definition does not strpngl
depend on cluster mass or redshift. The top panel shows tha me
accretion rate as a function of scale factor for all clus{edid
line) and massive cluster$/(> 10"*M,/h, dash dotted line), and
the overall mean accretion rate (dotted line). The loweepsinows
the fraction of clusters that are merging as a function desfeator.
There is a peak of merging activity arouad 0.9, but the accretion
rate and merger fraction show no clear trends with clusteysnoa
redshift.

2.2.1 Comparison to the Millenium Run

The 39 cluster and group-scale sized halos in sample A are ex
tracted from 10 re-simulation regions selected from a laigrila-

tion box. One of the re-simulated regions hosts a filamerstunge-
ture with four massive cluster$A > 10**M,/h), and three of the
re-simulation regions hosting other massive clustersaioiseveral
other smaller clusters. The re-simulation technique alogito an-
alyze the evolution of these regions of interest in theinuolegical
context at a higher resolution. As a result of the re-sinmortestrat-
egy, the mass distribution of this sample does not followcthster
mass function, and clusters which are not the most massjeetob
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in their re-simulation region live in denser regions thanaamer-

age cluster of the same mass in a volume limited sample. In the
following discussion we refer to the most massive objecthdir
respective re-simualtion region as primary clusters, dhdtlers

as secondary clusters.

Simulations indicate a dependence of halo formation hiesor
on environment with merger being more frequent in denseemvi
ments and late-forming massive clusters living in densgiremn-
ments than earlier forming clusters of the same mass (Gdo et a
2005%; | Wechsler et al. 2006; Fakhouri & Ma 2009). Hence the
merging histories of cluster sample A might not be represesmt of
those of a volume limited sample. To assess the impact ofaonr s
ple selection on halo formation histories we compare the&ion
redshifts of primary and secondary clusters in sample A ahosh
in the Millenium run simulation (Springel et al. 2005) in HZ

The symbols show the present day masses and formation red-
shift z for all clusters in sample A. Primary clusters are indicated
by star symbols. The dashed and dotted lines are a fit to tha mea
formation time and its & scatter for halos in the Millenium Run
from IMcBride et al. [(2009). We convert the fitting formula rino
friend-of-friends halo mass with linking length= 0.2 to Mg, as-
suming a constant conversion factpoo = 0.7Mgor. For the mass
range of our sample this conversion underestimitgs [ and bi-
ases the fit fog; to more recent times.

Due to the diferences in matter density used in simulation A
(Qu = 0.3) and in the Millenium Run@®,, = 0.25) the average
clusters in simulation A forms earlier than a cluster of thene
mass in the Millenium Run. Hence formation redshifts fonmary
clusters in sample A are broadly consistent with the foramakiis-
tory of halos in the Millenium run. Figufd 2 suggests thatsetary
clusters in sample A may form somewhat later than primarg-clu
ters of the same mass. However, the distribution of formeartsml-
shifts at fixed mass is not expected to be symmetric but to have
long tail towards later formation times and the comparisotini-
ited by the small number objects. Overall, we expect the ingrg
histories analyzed in this study to be similar to those foimd
volume limited sample.

2.3 SZmaps

The amplitude of the thermal SZfect along a line of sight is pro-
portional to the Comptog parameter

o
knicg f dineTe,

wheren, and T, are the electron density and temperatlgeis the
Boltzmann constaniyt the Thomson cross sectiom, the elec-

tron rest mass, andthe speed of light. For each cluster we ana-
lyze Comptony parameter maps obtained from three orthogonal
lines of sight. For sample A the projection depth is 8 Mpc and
maps are produced using the map making tool Smac (Dolag et al.

y= @)

1 For equal mass particles, a FOF group with linking lertgib bounded

by a surface of densityG, perit/(27b3) (Whiteé|2002). Assuming that halos
follow NFW-profiles with concentratior = (4, 7, 10), the ration between
M200 and Mgor with b = 0.2 in the Millenium run cosmology is given by
(0.71,0.80,0.85). In practice however, the conversion between these mass
definitions is complicated by deviations from the NFW-pe#éhd spherical
symmetry.
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Figure 2. Distribution of formation redshiftg as a function of cluster mass.
The symbols represent clusters from sample A, the most weaslsister in
each re-simulation region is marked with a star symbol. Bdgfuotted)
lines show a fit to the mean ¢lscatter) formation redshift as a function of
friends-of-friends mass found in the Millenium Run (McBgidt all 2009),
converted to spherical overdensity mass assurMagh = 0.7MgoF (see
text for details). Formation redshift is defined as the rétlahwhich a halo
reaches half its present day mass. One cluster in samplemsfbefore
z = 1, indicated by the left arrow. Open circles indicate thestdts shown
as examples in subsequent plots, labels indicate the ndittesse clusters
in Table 1 of Dolag et all (2009).

2005) and the JobRunner web appliceﬁlolﬁor sample B we use
projected maps which include all material witR£& described in
Ameqlio et al. (2007). From these maps we measure integhated
parameters within dierent overdensity radiR;so0, Rsoo, Roo0, Ruir)

ksor

Yy =
47 mee? A

aVv neTe (3

where the integration volume is a cylinder of radRisand height

8 Mpc (or 12R;;) for sample A (or B). This definition of the inte-
gratedY parameter includes projectioffects due to halo triaxiality
and nearby structures within the projection cylinder, bogginot
account for projectionféects from uncorrelated large scale struc-
ture along the line of sight.

3 MASS SCALING RELATIONS

Self-similar clusters models predict the gas temperatusedle as

T o« (ME(2)?® . 4)
Hence the self-similar prediction for the relation betwagagrated
ComptonY parameter and mass is

Ya o Mgasa T o fgadMY°E?3(2). (5)
In this section we determine the best fit scaling relationtfe sim-

ulated clusters and discuss the scatter in these relafmnsssing
on the role of mergers.

Table 1.Best fit M (Y,) scaling relation parameters (EQ] (6))and logarith-
mic scatteroy at fixedY, defined analogously to Hg. 8. &* denote sam-

ples A/B restricted to clusters at= 0 with M > 2 x 10"Mg /h.

Sample A A(z=0) a B oM

A 200 -0.348+0.007 0639+0.010 -0.57+0.08 0.063
A* 200 -0.281+0.042 0588+ 0.020 - 0.042
B 200 -0.297+0.006 Q617+ 0.007 - 0.042
B* 200 -0.261+0.014 0593+ 0.010 - 0.027
A 500 -0.466+0.001 0641+0.007 -0.74+0.10 0.089
A* 500 -0.406+0.036 0607+ 0.020 - 0.042
B 500 -0.400+0.004 Q0626+ 0.005 - 0.037
B* 500 -0.379+0.011 Q604+ 0.009 - 0.024

Table 2. Best fit YA(M,) scaling relation parameters (E@] (7)) and loga-
rithmic scatteroy at fixed mass. AB* denote sample B restricted to
clusters az = 0 with M > 2 x 10M, /h.

Sample A B(z=0) v ) oy
A 200 0547+ 0.003 1560+0.014 Q085+0.10 0.103
A* 200 0.489+ 0.052 1648+ 0.056 - 0.070
B 200 Q494+ 0.005 1555+ 0.017 - 0.071
B* 200 0445+ 0.030 1668+ 0.044 - 0.046
A 500 0714+ 0.003 1553+0.017 103+0.14 0.136
A* 500 0.697+0.038 1601+ 0.051 - 0.068
B 500 Q641+ 0.003 1556+ 0.014 - 0.059
B* 500 0624+ 0.013 1637+0.027 - 0.037
3.1 Bestfit scaling relations
We now determine the best fil,(Y,) scaling relation
Y [e3
Ma(Ya) = 10° (—A) E*(2) 10“M,/h (6)
kpc
andY,(D,) scaling relation
Ya(M,) = 10° _Ma yEﬁ(z) kpc 7
ava 104M,/h ’

where the self similar predictions are,f) = (3/5,-2/5) and
(v,0) = (5/3,2/3). Specifically we first fit a line to the I§f) -
Ig(M,) distribution at each redshift, and then determine thehiétds
dependence by determining a linear fit inH¢f)) to the evolution
of the normalization consta8(z). We find no significant indica-
tion for a redshift evolution of the slopeor y.

The best fit parameters and the logarithmic scatter at fixessma

oo [ = (Ig(Yi/Y(Mi)))Z]
v =

N-2
where the sum runs over afl measurements (three projections of
each cluster at each redshift), are given in Table 1 and Bable
The two scaling relations contain the same information. I&/hi

1/2

, ®)

2 Access to the cluster simulations of sampleincluding web services
allowing to interactively produce various kinds of map publicly avail-
able via the web portal at htfpwvww.mpa-garching.mpg.ddydroSims


http://www.mpa-garching.mpg.de/HydroSims

the M(Y) scaling relation is the relation of more interest for
cosmology and is the relation used in the rest of our analysis
the Y(M) relation is easier to interpret if one is more used to
thinking about clusters properties at fixed mass rather élhéired
Y, and we will focus the discussion of the fit results on thiatieh.

The slopey of the best fit relation in samples A and B is below
the self similar value while other simulations includingting and
star formation find slopes comparable to or steeper thanelie s
similar predictions (Nagai 2006; Battaglia etlal. 2010; @=let al.
2010). We find a slope in agreement with previous results if
we only consider massive clusters wiMyp, > 2 x 10My/h
(“Sample B*") which is identical to the mass threshold used i
Sehgal et al.| (2010). Projectiorffects may account for some of
the diference with the results of Nagai (2006) and Battaglia et al.
(2010): these authors use spherically averagesheasurements
and do not include projectionffects, which &ectively boost the
integratedY signal of lower mass clustérsand hence lower the
slope of the scaling relation.

After accounting for dferences in the baryon fractions offérent
simulations, the normalizatioB of the best fit scaling relation
for sample B* is consistent with those obtained from other
hydrodynamical simulations with similar physics (the cshrin
Nagali (2006) and the radiative run.in Battaglia et/al. (20.10)

The slope and normalization of the scaling relation for a
subsample of massive clusterszat 0 from sample A, denoted
as A*, are comparable to those found for the sample B*. A direc
comparison of these numbers is complicated by the fact tbpés
and scatter of the scaling relations are mass dependenthand
the mass distribution within sample A does not follow thestdu
mass function. Also sample A* consists of only 11 clustew fif
these are the most massive objects in their respectivemelation
region, and it is hard to assess at a precision cosmology leve
whether the non-representative environment of clusteeample
A affects the normalization of their scaling relation.

The redshift evolution of the scaling relation for sampleevidtes
significantly from self similar expectations. This dewsti may
be caused by mergers: As we will discuss in detail in $écte4 th
Y signal of recently merged clusters is suppressed on tiffessca
of order a few Myr. As the merger rate per halo per unit time
increases with redshift, the increasing fraction of relyemerged
clusters reduces the normalization of the scaling relatansing

¢ to deviate from the self similar value.

In the following we will focus on scaling relations within
Rooo as theMago — Yaqo relation for sample A has less scatter than
that within Rsgg. The accretion histories ds5q are more erratic
than atR,q0 Which complicates the identification of merging events
and the interpretation of trajectories in thé — Y plane. At the
time resolution of the simulation snapshots infalling sulrgures
sometimes cross in and out B§yo before coalescence, causing a
series of mass jumps and mass lossdgldp,. While it is not clear
what the best mass definition is for a merging cluster, théesca
in the My;; — M, relation illustrates that masses within larger radii
are less volatile: fittindv, as a power law iM,;; andE(2) we find

3 Projection &ects introduce an additive signgh > 0 which scales as
Ypa o RE o M3, and thus the fractional error induced by projection
effects decreases with cluster mass
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logarithmic scatterd,gg, 0Msep TMasg) = (0-046 0.108 0.326).

Figure3 shows the best fboo-M2go Scaling relation for sam-
ple A and the distribution of the= 1 andz = 0 clusters, which we
plot in the form of the SZ signal scaled for redshift evolatio

?200(2) = Y2002 E**(2). 9

The right panel shows the distribution of the scatter ardhedcal-
ing relation,

SlgM = Ig (M(Y)/M) , (10)

for the full sample and subsamples. This scatter definitivasy
the logarithmic error in the mass inferred frohmeasurements,
positive scatter corresponds to clusters Witlarger than expected
for their actual mass. At all redshifts the distribution i@gs from
lognormality with a tail at largé Ig M, causing the distribution to
have positive skewness and kurtosis.

The left panel of Fig- ¥4 shows tHd,,0 andY,qg data from sample
B and the best fit scaling relation. We checked by visual icspe
that the most extreme outliers, which are all in the directd Y
higher than expected for the cluster mass, are indeed fimjec
effects. These clusters have multiple peaks or appear otleerwis
distorted in only one or two of the three orthogonal projatsi,
indicating that these are not merging systems (yet).

The intrinsic scatter in the spherically integratégarameter
of large cluster samples has been found to be close to lagaior
(Stanek et al. 2010; Fabjan etlal. 2011). However, projaci@cts
due to correlated structures andfdse large-scale structure have
been identified as an non-negligable source of scatter asdrbihe
mass scaling relation. The non-lognormal, positively si@wlis-
tribution of scatter in projected Comptohparameter in our clus-
ter sample is in good agreement with the results of Hallmaatl et
(2007) and Yang et al. (2010), who analyzed light ¢arydindrical
projections of the SZféect, respectively. Based on an Edgeworth
expansion of the mass - observable distribution, Shaw ¢2@10)
find that the higher order moments do not significantly imphet
observed cluster mass function if the product of the scaiténe
scaling relationg-y, and the slope of the mass function at the lim-
iting mass of a survey is less than unity. Due to low scattehef
SZ scaling relation this criterion is met by all upcoming S@er-
iments, suggesting that projectioffexts will be insignificant for
cosmological constrains (but see Shaw et al. 2008; Ericktah
2011, for additional mitigation strategies).

3.2 Influence of halo concentration

The scatter in halo concentration at fixed cluster mass hes be
identified as an important source of scatter in X-ray tentpeea
(Yang et all 2009; Ameglio et al. 2009) and SZ signal (Shaw.et a
2008; Yang et al._2010) of simulated clusters. Understandfire
role of halo concentration on these observables is espeaia
portant for understanding selection biases and for the aoisgn

to lensing derived cluster masses.

The right panel of Figll4 shows the correlation between scatt
in halo concentration at fixed mass and scatter g at fixed
mass for all clusters in sample B. We use the halo conceottrati
measurements frorm_Ameglio et al. (2009) derived from fitting
NFW-profiles to the integrated mass profile over the range
0.05 < r/R; < 1, and model concentration(Mygg) With a
power law in mass. The scatter is positively correlated wwithre
concentrated clusters having higher SZ signals at fixed métssa
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Figure 3. Left: Relation between masdd,gp and integrated ComptoYhgo parameter for the = 0 (stars) and = 1 clusters (triangles) in sample A. The
ComptonY parameter has been scaled to absorb the redshift evolitibe scaling relation in order to show the power law relafidre Y2 (2) = (Y E¥/?(2)°.

The solid and dotted lines show the best fit scaling relatmrsample A and its& error. For reference, the dashed line indicates the bestling relation

for sample B.

Right: Distribution of residuals of the best fit scaling tia for the full sample (filled histogram) and the redshifbsamples (blagked line), and the best-fit
Gaussian to the full distribution. The vertical dasheddiillkistrate the 10% and 90% quantile for the full samplesiitating the non lognormality of the

scatter distribution.
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Right: Residuals of th&—M relation at fixed mass vs. scatter in the mass — halo contientrzlation at fixed mass. Concentration measurementsare
Ameglio et al.|(2009), see text for details on the deternmmadf c/c(Mzog).



correlation cofficient of 0.30 for the full sample B and 0.68 for the
massive subsample B*. This result is in agreement with tiséige
correlation between scatter in concentration and spexipis-like
temperature of these clusters reported_in_Ameglio et al09p0
Similarly, IShaw et &l. (2008) find a positive correlationvieetn
scatter in concentration and integrat&parameter in halos
from adiabatic SPH simulations and from N-body simulation i
combination with semi-analytic gas models. On the otherdhan
Yang et al.|(2009, 2010) find a negative correlation betweatter

in concentratidff and scatter in temperature and integrated SZ
signal. As discussed In Yang ef al. (2010), the correlatietavben
halo concentration and temperature at fixed mass dependgon t
assumed gas physics and the inclusion of radiative coofitay,
formation and feedback may change the sign of the correlatio

On the observational side, Comerford et al. (2010) #id anti-
correlated withAc. However this analysis is based on a sample of 8
strong lensing clusters and the authors note that thistresishes

if a different measurement for the concentration of one cluster (MS
2137.3-2353) is used. As strong lensing selected clusteples
are strongly fiected by projectionféects and are biased towards
higher halo concentrations and X-ray luminosities thanraye
clusters (e.g. Meneghetti et al. 2010, 2011), larger, Xselgcted
data sets like the CLASH survey (Postman etal. 2011) will be
needed to observationally constrain the the correlatidméoen
scatter in temperature and halo concentration.

The scatter in halo concentration at fixed mass is linked to
the formation epoch of a halo with more concentrated halos{fo
ing earlier (Navarro et al. 1997), albeit with large scatterg.
Neto et all 2007) which is likely due to enviromentdfeets (see
also| Gao & White 2007). Hence the positive correlation betwe
scatter in concentration and SZ signal suggests that chusith Y
biased low formed more recently.

4 SCATTER INDUCED BY MERGERS

We now turn to a detailed analysis of the evolution of merging
clusters around th&1(Y) scaling relation fit to sample A. Figuké 5
shows the trajectory of six massive clusters around thefibsstl-

ing relation in theMago — Ya00 plane. Phases identified as mergers
are shown in red. These examples suggest that the SZ sigisal la
behind the change in mass during extended merger eventsignovi
the merging clusters below the best fit scaling relations T$simi-

lar to the findings of Rasia etlal. (2011) who analyzed thetgian

of X-ray properties of two of these clusters (g8a and glbjndur
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and SZ signal scaled for redshift evolution

Y(z= O))
Y(z=1)

As expected, the overall evolution fram= 1 toz = 0 as quantified

by the slope of the best fit linear model with zero intercept is
consistent with the slope of the best fit scaling relation.

The filled star symbols show the evolution of each clustehin t
M — Y plane during merger phases only (this corresponds to the
sum of the red line segments for each cluster in Elig. 5, tigati
the diferent projections separately). The dashed red lines italica
the best fit slope for the relation between increase in mads an
redshift scaledY during mergers. This shows that thesignal
scaled for redshift evolution increases more slowly durireygers
than expected from the overall scaling relation. The dadines
show the best fit slope for the relation between increase issma
and redshift scaledY during mergers when relaxing the merger
criterion to include all times at which the fractional adwe rate

is above its mean value. This illustrates that the supmessiY
during mergers is robust with respect to the definition of gaer
event.

Alg¥ = Ig( (12)

We further illustrate the connection between merging event
and scatter in th&lx00(Y200) Scaling relation in Figd]7. The top left
panel shows how the clusters evolve around the scalingae)at
giving the cumulative fraction of clusters evolving intaliers as a
function of time, averaged over all clusters and all snagsHdick
(thin) dashed-dotted or dashed lines show the fraction ustets
which evolve at least 10% (20%) below or above the scaling re-
lation. For example, starting from one simulation snapsabbut
38% of all clusters will move at least 10% below the scaling-re
tion within the next seven snapshots (corresponding to tatyo@l
Gigayear), about 30% deviate at least 10% above the scaliag r
tion during that time period and about 35% stay within 10%tsca
from the scaling relation. The asymmetry between theses dir
lines is due to the non-lognormal distribution of scattke thick
lines correspond to the 24% and 80% quantile, the thin lioese
spond to the 4% and 90% quantile. The top right panel shows the
same evolution around the scaling scaling for clusters ngudeg
a merger at = 0. Within a Gigayear after a merger, 55% of all
clusters will go through a phase where the inferred massasebli
low by at least 10%, while for only 30% of these cluster the in-
ferred mass will be biased high by more than 10% during thisti
The bottom left panel shows the ratio of these two plots, Hushi
trates the asymmetric evolution of mergers below the sgabia-
tion. The inferred mass of a recently merged cluster is ab0¥&

mergers and find a time delay between mass increase and rise irf°'€ likely to be biased low by at least 10% and twice as likely

temperature of order a few hundred mega years. We quangfy th
difference in evolution during mergers compared to the overall e
lution of each cluster in th®1-Y plane in FigL®. The open symbols
show the logarithmic increase in mass

M(z:O))

M(z=1) (11)

AlgM =Ig(

4 These authors use Bfoo/Rso0) as a proxy for concentration, which for
an NFW profile is a monotonically decreasing function to hedmcen-
tration. We find correlation cdgcients of -0.22 (-0.47) for the scatter in
Ig(Rz00/Rs00) and Yz at fixed mass for sample B (B*), indicating that
our result is robust with respect to the definition of haloaamtration em-
ployed.

be biased low by at least 20% compared to an average cluster.

The bottom right panel shows the cumulative fraction of
clusters which have undergone a merger as a function of lack b
time given their current deviation from the scaling relati@his
plot shows that 50% (75%) of all clusters with inferred masse
biased low by at least 10% (20%) have undergone a mergemwithi
the last Gigayear.

In summary our analysis shows that the SZ signal changes
more slowly than cluster mass during mergers. This indécttat
for a cosmological distribution of merger orbits and mas®sahe
delay between mass accretion and heating of the ICM by shocks
and partial virialization are more important than mergeodis.
Hence the inferred mass of recently merged clusters tentéie to
biased low and we find that a large fraction of negative ostlae
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Sun)

and dotted lines show the best fit scaling relation for sarA@ed its 1 error.

associated with recent mergers.

Note that throughout this section we have analyzed devisitio
from a scaling relation determined from a fit to sample A. 8ithe
merger histories of this environment selected sample dreaues-
sarily representative of a volume limited sample the catibn of
this relation may be biased. However, the results in this@eand
the correlation between scatter in halo concentration ahsighal
of the volume limited sample discussed in S&ct] 3.2 sughest t
this bias would increase the normalizatiBrand slopey at fixed
Y. Hence such a calibration bias would downplay the asymmetri
scatter induced by mergers that we reported in this seclibis
suggests that in a volume limited sample merging clustesstma
less frequent, but their inferred masses could be morediase

5 SZMORPHOLOGIES

Since we found the dynamical state of clusters to be coaglat
with scatter in theM(Y) scaling relation we now test if the mor-
phological appearance of SZ maps can be used to identifiectus
that deviate from the scaling relation. Quantitative measuof

relation/ Bdhringer et al. (2010) compared the morpholaighese
simulated clusters to observed morphologies in the REXCESS
sample, and show that the simulated X-ray morphologies show
larger dynamic range and appear more disturbed during meerge
They trace this dference to the fact that cool cores are more
pronounced in this simulation.

Here we test thefiectiveness of a number of morphological
parameters, which are typically used to measure X-ray nuogly
of clusters or optical morphology of galaxies, at quantifysub-
structure in projectegt maps. Within a circular aperture of radius
R.00 We compute the following quantities:

e Asymmetry Aneasures substructures anfietiences from cir-
cular symmetry, it is defined as the normalizefiatience between
an imagel and a copyR of the image rotated by 180 degree,
A=Y 1li-Rl/ X li, where sum runs over all pixels in the aperture,
and the center of the aperture is chosen to minindi{€onselice
2003)

e Centroid shift wiMohr et all 1995) is another measure of the
distribution of bright substructures based on the changketen-
troid of different isophotal (isg) contours. Specifically, we follow

the X-ray surface brightness morphology are commonly used the implementation of Ventimiglia et al. (2008) and comptiie

to identify disturbed clusters, observations (e.g. Biidner et al.

variance of the centroid for 10 ispeontours spaced evenly inyg

2010; | Okabe et al._2010; Marrone et al. 2011) and simulations between the maximum and minimumyoiithin the aperture.

(Jeltema et al. 2003; Ventimiglia etlal. 2008; Bdhringeale2010)
find the inferred masses of morphologically disturbed erssto
be biased low. Ventimiglia et al. (2008) analyzed the molpin
of clusters from the simulation of Borgani ef al. (2004), g¥hi

e Concentration CWe quantify the apparent concentration of
they distribution by the fraction of integrated contained within
0.3 X Roo0, C = Yo.3ryg0/ Y200

e Ellipticity e = 1-B/Ais defined as the ratio of semi-major (A)

is our sample B, and find significant correlations between the and semi-minor axis (B) and is calculated directly from teeand

centroid shift, axial ratio and power ratios of the X-rayfaae
brightness distribution of these clusters and scatter énTshi(M)

order moments of the distribution (Hashimoto et &l. 2007)
e Gini cogficient G measures the uniformness of pixel values
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Figure 6. Logarithmic mass growth and increase in SZ signal scaleddsmological evolution for all clusters in sample A. The feinel shows the evolution
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to the evolution during mergers with slop®8+ 0.15 (095« 0.22). The dotted lines show the best fit slope for the evolutioring mergers when the merger
criterion is relaxed to times when the fractional accretiaie per unit redshift is larger than the mean fractionatetmn rate per unit redshift.

regardless of their spatial distribution (Lotz et al. 2004is based
on the Lorentz curve, the rank—ordered cumulative distiobuof
pixel values. It is defined as

1 n n
GZWZZM_VH,

i=1 j=1

(13)

wheren is the number of pixels inside the apertuyethe value of
theith pixel, andyis the mean pixel value. The Gini dfieient of a
uniform distribution is zero, and it is one if one pixel cantaall the
signal. It increases with the fraction pin compact components.

e Second order brightness momenjo\Lotz et al. 2004): The
total second-order momeri¥ is the signal in each pixe;
weighted by the squared distance to the center of the galasiec
(X1.c» X2.c), sSummed over all pixel inside the aperture:

M= Z M; = Z Vi ((Xl,i - Xl,c)2 + (X — XZ,C)Z) . (14)

Again, the center is determined by finding {, X, ) that minimizes
M. The second—order moment of the brightest regions meathaes
spatial distribution of bright sub clumpblyg is defined as the nor-
malized second order moment of the brightest 20% of theexlgst
flux. My is computed from the pixels rank orderedyy

2i M

MZO:IOQ(T) while Zyi < 0.2Ya00. (15)
i

Myo is similar toC, but it is more sensitive to the spatial distribution

of luminous regions and is not based on any symmetry assump-
tions.

e Multiplicity ¥ (Law et al.| 2007) is another measure of the
amount (multiplicity) of bright substructures. Using thieserved
y distribution as a tracer of the cluster’s projected mass, can
calculate a "potential energy” of thedistribution

n n

Wactual = Z Z M s

= e i

(16)

wherer;; is the distance between pixeland j. This value is nor-
malized by the most compact possible re—arrangement ofixeé p
values, i.e. a circular configuration with pixel values @aging
with radius. The “potential energy” of this most compachtigis-
tribution is

7

‘Pcompact

-
1=
'1|£<

wherer{j is the distance between pixelandj in the most compact
configuration.
The multiplicity codficient is defined as

¥
¥ = 100x Iog(Mt) . (18)

actual

It is similar to A and My, but is has a larger dynamical range than
Myo and requires no center or symmetry assumption.
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Figure 7. Top left: Cumulative probability for a cluster to deviaterin the scaling relation b§lg M as a function of time. Thick (thin) dash-dotted blue lines
show the fraction of clusters deviating at least 0.04 (Ol8)w the scaling relation, corresponding to a bias of 10084Rin the inferred mass. Thick (thin)
dashed lines show the fraction of clusters deviating at l@d®! (0.08) above the scaling relation. The black solié kfmow the fraction of cluster which
deviate less that 10% from the scaling relation within agitie. In all panels error bars indicate statistical erestimated from 100 boot strap realizations.
Top right: The same for merging clusters. Note that extendedging events are counted as multiple mergeffectively giving more weight to major

mergers.

Bottom left: Ratio of the above panels, highlighting the @mted probability for mergers to evolve below the scalifgtien compared to an average cluster.
Bottom right: Cumulative fraction of clusters which havedergone a merger as a function of look back time and theireotideviation from the scaling

relation.

e Power ratio B, (Buote & Ts&i 1995) correspond to a multi-
pole expansion of thg map inside an aperture centered on yhe
centroid. We measure the power rafigy Po which is related to the

projected cluster ellipticity.

We measure morphology at a fixed physical resolution of 17.6

kpc/pixel and do not include

any noise or observatiortdas.

Figure[8 shows the morphology as measureby, and¥

of four massive clusters from simulation A during their ext@n
sincea = 0.5. The evolution of these clusters around t¢Y)
scaling relation is shown in FidJ] 5. Vertical lines indicatee
onset of mergers. Clusters g696a, g696c, and glb illusthete
expected course of a merger. As a merging object enters the
aperture within which morphologies are computed, the ehgst
appear less symmetric (highdy, less concentrated (low€}) and
shows more substructure (high#}. As the infalling clump sinks
towards the cluster center and dissolves, the cluster eppess
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Figure 8. Evolution of morphological paramete@ A, ¥ for four massive clusters from sample Affdrent lines in each panel show the three orthogonal
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accretion rate threshold used to define mergers throughisuamalysis. Vertical lines mark the onset of mergersthe.time when the fractional accretion
rate first crosses the threshold used to define mergers. Ahtet of a merger clusters appear less concentrated, nyoneresric and show more substructure.

disturbed again. However, linking accretion history to piamiogy
is complicated by extended merger phases (g696¢, gdb-20.8)

with multiple infalling clumps. It is also apparent from Hee
examples that fluctuation in morphology are not always kht@
major accretion events (e.g. g8a, late time evolution o6g$9

For a more representative distribution of dynamical states
morphologies, we show the distribution of scatter in MgY) re-
lation and morphological parameters for all clusters ingarB in
Fig.[d. Shaded region contain the 25% most distufiedt elon-
gatedleast concentrated clusters. Overall, the inferred nh&@¢)
has larger scatter for clusters with disturbed morphokgieit it
is nearly unbiased. Splitting the cluster sample by massvsho
that morphologically disturbed clusters with low madd,f, <
10"*Mo/h, open star symbols) tend to be biased towards larger
inferred masses, while massive clusteéydy > 2 x 104My/h,
filled red triangles) with disturbed morphologies are prefeially
biased low in inferred mass. We quantify this trend using3pear-
man rank order correlation cfieient for diferent mass samples
and show the correlation cficients in Fig[®. If the significance
level s of a correlation between a morphology parameter and mass
bias is low § > 0.01), we do not list a correlation cfiecient. We
find a significant correlation between morphology and maas ipi
all three mass bins 1 > 2 x 10"*My/h,M > 10“*My/h,M <
10“M,/h) for the multiplicity, concentratiom/,, and asymme-
try parameter. Theseftierent morphology parameters consistently
show that the correlation between disturbed morphologyrega-
tive mass bias increases with mass threshold, and theatoreto-
efficient changes sign for the low mass clusters. For centrafts sh
and the Gini cofficient, we only find significant correlations with
scatter in theM (YY) relation in two mass bins, which follow the same
pattern as just described. Power ra®igy Py and ellipticity are cor-
related with mass bias only for the most massive clustect that
less circular clusters tend to be biased low in mass.

This segregation in mass, which is consistent among all hwerp
logical parameters, suggests that a large fraction of nubogi
cally disturbed clusters which are biased high in inferrexbsnis
caused by projectionfiects. The more massive clusters, which are
less dfected by projectionféects, show correlations with disturbed
morphology corresponding to a negative bias in inferredsnaass
expected from X-ray results. We expect cool cores to haveatiam
influence on the SZ morphology than is found in X-ray, as the SZ

signal is linear in density and less sensitive to physichiandus-

ter core. Projectionféects due to uncorrelated large scale structure
along the line of sight are on average morgusie than the projec-
tion effects from nearby structure that is included in our analysis.
Hence we do not expect the morphology of massive clusters-to b
come dominated by projectiorffects for line of sight projections
which include all intervening structure.

As afirst step towards towards including resolutifieets, we con-
volve all projectedy maps with a circular Gaussian beam with full
width at half maximum (FWHM) of 150 kpc, and sample the maps
at a resolution of four pixels per FWHM. For a telescope wittla
arc minute beam, this physical resolution is reached fomuacgoat

z ~ 0.15; for an experiment with beam width of about 20 arc sec-
onds, this corresponds o~ 0.8. Figure 1D shows the correlation
between mass bias and cluster morphology as measured fes th
blurred maps for all massive clusters with> 2 x 10'*M,/h from
sample B. For this choice of beam and pixel scale, clustephaty
ogy and bias in inferred mass are well correlated and réealef-
fects are small. However, since this analysis is based @enand
background-freey maps and a simplistic map making procedure,
more realistic simulations are required to assess whethéaSed
morphology can in practice be used as a proxy for the dyndmica
state of a cluster.

6 SUMMARY AND DISCUSSION

Using projected Comptoypmaps of galaxy clusters extracted from
cosmological hydrodynamical simulations, we analyze thsters’
thermal SZ signal and its scaling relation with cluster mase
study the detailed time evolution of a sample of 39 clustevsirzd
the scaling relation using simulations with outputs clpsgaced
in time. Compared to previous studies, which focused eithehe
evolution of isolated, idealized mergers or on large sampielus-
ters at widely spaced redshifts, this sample enables uelaigsthe
effect of merging events for a cosmologically representatistrie
bution of merger orbits, mass ratios, and impact parame@us
main results can be summarized as follows:

(i) The best fit scaling relations to the integratéd, signal of
these clusters are close to self-similar predictions amdeagell
with other simulations that include comparable gas physics

(i) The scatter around these scaling relations is smalb(dér
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codficient.

10% scatter in mass at fixeoo) and it is overall well correlated
with the scatter in halo concentration, such that more aumnated
halos have largeY signal at fixed mass.

(iii) The scatter in the scaling relation deviates from a fug-
mal distribution and is skewed towards clusters wittsignals
larger than expected from their mass. We find projectitects due
to nearby structures to be an important source of this upseat
ter. However, due to the small magnitude of the scatter imthss
scaling projection #ects are not expected to be a significant con-
tamination for cosmological constraints from SZ clusteweys.

(iv) Merging clusters fall below the scaling relation, sutiat
their inferred masses are biased low. More quantitativedyfind
that within a Gyr following a merger, clusters are twice &sliy as
the average cluster to undergo a phase during which theirred
mass is biased low by more than 10%.

(v) We identify merging events to be a major source of down-
ward scatter in the scaling relation: a large fraction ofstdus
whose inferred masses are biased low recently underwentgeme
(c.f. Fig.[7).

(vi) For massive clusters, we find the morphology of SZ maps to
be well correlated with deviations from the scaling relatid/hile
the robustness of this result with respect to noise and ingaaji-
tifacts requires further analysis, it suggests that SZ imaqgy
may be useful to reduce the scatter of mass estimates, and to i

fer merger rates of massive halos and hence test theoriesl®f h
formation.

Our analysis of the time evolution of merging events is ineagr
ment with the conclusions drawn from earlier studies coingar
morphologically disturbed and undisturbed clusters inntms
logical simulations at fixed redshifts (e.g. Mathiesen & &rdr
2001; | Kravtsov et al. 2006 Nagai 2006; Jeltema et al. 2008;
Ventimiglia et al.| 2008). Specifically, it supports the htipesis
that for a cosmological distribution of merger parameteatial
virialization and non-thermal pressure support due to ersrg
are more important than merger boosts found in simulatidns o
direct collisions between mergers. For simulated clustaes
intrinsic scatter in the scaling relation and the mass sgdgien
between morphologically relaxed and disturbed clusters ar
significantly smaller than recent observational resultsedaon
SZ measurements, X-ray morphology and weak lensing irderre
masses| (Marrone etial. 2011). However, as these authors note
the observed scatter is in agreement with the scatter egbect
in weak lensing mass measurements (Becker & Kravtsov| 2010).
Similarly, the mass segregation is enhanced by the sahgsitiv
of weak lensing mass estimates to cluster triaxiality, amese
observational constraints on the intrinsic scatter and bmiaSz
mass estimates are limited by the accuracy of weak lensirgy ma
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Figure 10. Relation between scatter in théxqo(Y200) relations Ig Mg and morphological parameters for clusters with> 2 x 1014My/h from sample B,
measured from SZ maps smoothed with a Gaussian beam with aMFB¥H50 kpc and sampled at a pixel scale of38Kpc. Dashed vertical lines indicated
the 25% and 75% quantiles of the morphology distributiorad&idl regions contain the 25% of the data points which arsifita as most disturbed by that
morphological parameter. Numbers in the upper left or rigither give the Spearman rank correlationfiont between the morphological parameter and

scatter in theM(Y) relation. Dashed-dotted lines show the best fit lineatioeia

reconstruction.

Further complications arise when inferring cluster masses
from SZ observations as mo¥tmeasurements are derived from
fitting parametric profiles (e.g. Nagai ef al. 2007a; Arnaudle
2010) to the data which assume radial symmetry (but see
Plagge et all 2010; Marrone et al. 2011; Sayersletal. 2011, fo
alternate methods and discussions).The distorted gepnoétr
merging clusters may introduce additional scatter to masis e
mates derived from profile fits, but an experiment specifidyasim
of such dfects is beyond the scope of this work.

An additional limitation of our analysis is the range of
non-gravitational physics included in the simulations.i/hecent
studies show the impact of AGN-feedback on overall cluster
profiles and scaling relations (Sijacki et al. 2007; Puclveial.
2008; Battaglia et al. 2010; Fabjan etlal. 2011), this maéfilgcts
the cluster center. Consequently, we do not expect AGN feadb
to significantly alter the slow virialization of newly actee
material at larger radii, which we found to be the main sowfte
scatter during merging events. In the cluster outskirtectebns
and ions are not in thermal equilibriurn. Rudd & Nagai (2009)
and|[Wong & Sarazin| (2009) show that detailed treatment of the
multi-temperature structure of the intracluster mediuradte to
a significant suppression of electron temperature and Sxakig
Based on a sample of three simulated cluster, Rudd & Nagai
(2009) find this fect to be especially pronounced in clusters
undergoing major mergers. Under specific conditions, thisce
may cause a bias of up to 5% in integratédcorresponding to
an additional negative bias of about 3% in the inferred mdss o
merging clusters.

increased fraction of recently merged objects at higheshiéi we
conclude that this merger bias should be accounted for wiaeh m
eling the redshift evolution in the scatter of scaling rielas.
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