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ABSTRACT

We study the substructure statistics of a representativglgaof galaxy clusters by means of two currently popularsswisture
characterisation methods, power ratios and centroidssife use the 31 clusters from tREXCESS sample, compiled from the
southerrROSAT All-Sky cluster survey REFLEX) with a morphologically unbiased selection in X-ray luméitg and redshift, all of
which have been reobserved wKMM-Newton. The main goals of this work are to study the relationshigveen cluster morphology
and other bulk properties, and the comparison of the moggfyoktatistics between observations and numerical siionkt We
investigate the uncertainties of the substructure paenseta newly-developed Monte Carlo methods, and exammedpendence
of the results on projectionfiects (via the viewing angle of simulated clusters), findihgttthe uncertainties of the parameters
can be quite substantial. Thus while the quantification efdiinamical state of individual clusters with these paranseshould
be treated with extreme caution, these substructure mesapuovide powerful statistical tools to characterisedseof properties
in large cluster samples. The centre shift parametgeis found to be more sensitive in general arffes a larger dynamic range
than the power ratios. For tiREXCESS sample neither the occurence of substructure nor the presefincool cores depends
on cluster mass; however a weak correlation with X-ray lwsity is present, which is interpreted as selectifiea. There is a
significant anti-correlation between the existence of gl substructure and cool cores. The simulated clsisteow on average
larger substructure parameters than the observed cluateend that is traced to the fact that cool regions are mamequinced in
the simulated clusters, leading to stronger substructwgasnres in merging clusters and clusters witlsed cores. Moreover, the
frequency of cool regions is higher in the simulations thathe observations, implying that the description of theqitgl processes
shaping cluster formation in the simulations requireshfairimprovement.
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1. Introduction of the potential well, and its distribution is related to tthe-

. - . namical state of the system. In this study we use statisties-
There are two major far-reaching interests that motivatelod - g5 of substructure observed in the X-ray images, which pr
derstanding the population of galaxy clusters. Firstigytare ;qe 5 projected view of the ICM structure, to obtain an inspre
ideal test objects to check the likelihood of a given cosmBIO 4, of the cluster's dynamical stddeally one would like to
cal model t% des‘;”tﬁe our Unlr;/erse,lsec(;)nily, t_he); are |\mg 'base such a study on a known relation between a substructure
portant probes of the astrophysical and chemical evolution ,, 3 meterization and a measure of the deviation from dynami
the baryonic component of the Universe (e.g. Rosati et &1220 .o equilibrium of the cluster. While this could be an import
Schueckelr et al. 2003a,b, V(.)Ilt 2005, Vikhlinin etI al. 200302, (?{.i,m for a future study based on simulati@nse pursue here the
Rozo et al. 2007, Henry et al. 2009, Mantz et al. 2008). A gogfyre qualitative goal of using substructure measures witho
understanding and observational characterisation okgalas-  ca|iprated relation to a physical quantity to sort clusiete a
ters is required to attain these goals. relative ranking order.

X-ray observations provide an essential window into the

study of galaxy clusters, as the presence of X-ray radiation
plies a”‘?! traces a well deve_loped graV|tat|0na_lI well (_eegjaﬂn 1 Galaxy velocity distributions would provide complemegtafor-
1986, Bohringer 2008), fEering the best starting point for theémation on the cluster substructure along the line-of-sighd. Girardi
characterisation of the cluster mass and dynamical stdte. &t al. 1997, Biviano et al. 2006).
temperature of the hotintracluster mediumiis related talépth 2 |ndeed, Yang et al. (2008) have recently made a first apprivach
this direction by comparing substructure measures of sitadlclusters
Send offprint requests to: H. Bohringer, hxo@mpe.mpg.de with the time since the last merger.
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The two direct applications of substructure measures areifig the X-ray determined equivalent of the Sunyaev-Zeldovi
the study of the influence of substructure on cluster scakng Effect Comptonization paramet¥gk, and a study of the char-
lations, e.g., of global X-ray properties, and (ii) a conigam acteristics of the brightest cluster galaxies by Haarsmal.et
of the distribution of the substructure measures in stegity (2009). All of the above papers have made use of the substruc-
representative samples of observed and simulated galasy cture parameters obtained by the analysis described herein.
ters[ The latter is an important test of how well simulated clus- The paper is structured as follows. Section 2 gives a brief
ter morphologies correspond to the observed cluster ptipnla description ofREXCESS and introduces the substructure char-
Any difference will most probably point to a shortcoming in thecterisation methods used. Section 3 describes the siongdat
description of important physical processes in the siniat used and their analysis. The results of the substructulgsasa
If we want the simulations to correspond well enough to tlaé reof the observations and simulations are discussed in Seétio
world, so that we can draw essential conclusions, we haverto pCorrelations of the substructure measures with other ¢tbbs:
form a series of tests to compare the details of the clusfggap ters parameters are studied in Section 5 and Section 6 @®sid
ance in simulated and observed objects. While previouseguddiscussion and conclusions.
focussed on reproducing the scaling relations of globatelu  For the scaling of distance dependent parameters we use a

parameters (e.g. Borgani et al. 2004, Voit et al. 2003, M@ar flat concordance cosmological model withy = 70 km s?

etal. 2004, 2008, Poole et al. 2006, 2007, 2008, Kay et alZ 200pc-! andQ, = 0.3.

Borgani & Kravtsov 2009), ours is one of the first such tests to

use morphology.

In the past, a series of flierent methods have been used. Data Analysis

to characterise substructure in X-ray images of galaxytetss

Optical substructure has been characterised in various Wy 2.1. The REXCESS sample

e.g. Fitchett & Webster (1987), Beers et al. 1992 and Bird § . . - :
EXCESS was constructed with the aim of providing a statis-

Beers (1993).' Several of these method§ were tested and s &{Ily well defined collection of galaxy clusters, selettnly

marl_sed_by P|r_1k(_ey etal. (1996), anng W.'th r_nethods that &n y their X-ray luminosities and redshifts without any biaishw

applied in a similar way to photo_n distributions. Sc_hueoeker respect to cluster morphology (for details see Bohringeale

al. (ZOO:.L) gse.d th m%thods ?jf P|r|1key elt al. to fobtaln S“‘t?rsméom) The full sample of 33 clusters is drawn from HEFLEX

ture statistics in X-ray detected galaxy clusters fromRDSA PP

All-Sky Survey, and tested the correlation of the substmect survey (Bohringer et al. 2001, 2004) such as to homogeiigous

measures with the occurrence of radio halos and with the pver the luminosity range of 0.4 to 200 hg& erg s* in the
L N . .1 to 2.4 keV band, and the redshifts were chosen so that the
ject’s location in the large-scale structure environm&tezak,

Durret & Gerbal (1994) applied a wavelet technique to X-r clusters fit optimally into the field-of-view of th¥MM-Newton

; . . -ray telescopes, with a cluster free region for backgroasd
cluster images. Gomez et al. (1997, using the Pinkney mgthg essment. The resulting redshift range is 0.0564 to 0.1832,

H:rsefgr?ho;c;(iertaalégzdog7tti>():glalgd ﬁg?akﬁééog;s glta?(l' ggg{g €Ssr(}vith redshift increasing with the luminosity and size of thes-
P Y P Pp 9 y IUSiers. The luminosity range corresponds roughly to an ICM-tem

ellipticities and center shifts. We concentrate here onriveth- perature interval from about 2 to 10 keV (Pratt et al. 2009a).

ods: centre shifts as a function of the aperture radius kéogr :
) ) ith a requested exposure of at least 25 ks, more than 16 ks ob-
etal. 1993, 1995; Poole et al. 2006, O'Hara et al. 2006) aad { ervation time is left for both EMOS and EPN detectors in all

determination of so-called power ratios (e.g. Buote & T€45, : iy
1996; Jeltema et al. 2005, 2008, Valdarini 2006, Ventiraigli but_T_(;]l:(ragluztfertshaeftgrErf?EoSvSlngt:r(z;;tr;ro'[r(]);vgartewzonga:mnrxnnﬁre

al. 2008). :
fenti - well-separated X-ray maxima: the supercluster complex
Any gene_ra_l characterisation c_)fthe galaxy _clusterpo_mriat Abell 981/902 (RXC }0956 4-1004), and trl?e bimodal s stgms
must be statistical. For a comparison study with numericad s RXC J2157 4-0747 and R.XCJ215,2 5.1942. The Iatte?/ has a
ulations, a statistically unb|_ased_ sqmp!e of clusters ggired close nei Hbour detected as a WeII-'se arafed region ofyX-ra
that contains a representative distribution of clusterpholo- emission ?n theROSAT All-Sky Survey, butpthe WO cogmponents
gies. We therefore base our work REXCESS (Representative P ; - J .
XMM-Newton Cluster Structure Survey, Bohringer et al. 2007):),%;2?51;':’5';;']”522:';%33;sgoion(?ﬁgn de:egghol\\;lv )N?A%Jr??;:l X-
a sample that has been constructed with exactly this goal X J .
mind. It is the special con_structipn of t|HE>_(CES_S sample that a?:ii;%%ﬁiﬂf?ﬁi;% Ts\llﬁ;(] ggcggsaztdﬁiitaﬂhgﬁeF:;%'O”S
makes a correct comparison with numerical S|mulat|on5|pos§Oint SOUICES duye to AGN. Since the X-ray source gegions of
Previous publications on the properies of thEXcESS sam.  12Se Systems cannotbe treated by the analysis perforteiin
ple include Pratt et al. (2007, 2009a), on the temperatufigs work without manual decomposition which may be subjective,
N AL Lt e exclude these two objects from further analysis (theyewer
and the X-ray luminosity scaling relations, and Crostonlet %\vlso excluded in Croston ét al. 2008 and Pratt etgl. 20(079)500

(2008), on the gas density profiles. Further recent papsisitle .
ing properties of the clusters in tiEXCESS sample are Pratt The third system, RXC‘]2157'4'0747' has two components that
can be well separated. In the following analysis the cestdei

etal. (2009b), on the structure of the entropy profiles, Athet fined to coincide with the centre of the main component. The

al. (2009) on the pressure profiles and scaling relationshav second component then falls inside the aperture correapgnd

3 More than a decade ago one of the applications of determthimg t0 Rsoo (at a distance from the main cluster of5 — 7 arcmin,
ratio of relaxed to unrelaxed clusters was aiming at comstra the WhereRsgo corresponds to 11.1 arcmin) and contributes to the
mean matter density of the Universe by means of this paraneg  substructure meas(ie
Richstone, Loeb & Turner 1992, Evrard et al. 1993, Melotta®@bers
& Miller 2001). Since we have now better approaches for a mmohe 4 Note that for the determination of the global cluster préipsr(Pratt
precise determination of the cosmic matter density, thidiegtion is et al. 2009a) and density and temperature profiles (Crostah 2008;
no more attractive. Pratt et al. 2007, 2009b) this second component was excised.
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2.2. Image analysis and scaling a low-scatter mass proxy in numerical simulations (Kravtsb

al. 2006). Its low scatter has been confirmed in the obsenvaiti

&Ralysis of e.g. Arnaud et al. (200 Wisqo is found by iteration
bout the relation given by Arnaud et al. (2007), as desdribe
" Kravtsov et al. (2006)Rsoo not only characterises the part

the cluster that is fairly virialised (in non-merging sy%s)

d thus lessfiected by the matter infall region (e.g. Evrard et

The treatment of the X-ray data and production of the imag
is described in Bohringer et al. (2007) and images for alb<l
ters are displayed in Pratt et al. (2009a). We make use ex
sively of the 0.5 to 2.0 keV energy band, since this is approxis
mately the energy range providing X-ray images with the high
est signal-to-noise. We combine the data from the threecdets, '199g) put it also marks the region inside which we have a
tors into one composite image which has a minimal number Qi significant detection of the X-ray surface brightaésr
pixels with ZETO EXpOSUre. Before comblmng the Images, thy systems. Therefore this fiducial radius lends itseluralty
background is subtracted. The background is obtained fro the outer limiting radius for our study.

model fit to a source excised blank sky field, where the model | "o following we use two methods for the substructure
includes homogeneous vignetted and unvignetted compenep,

AL ; aracterisation. One — the so-called power ratio methogl — i
Its normalisation is obtained for each detector separdtelp p,sedona multipole analysis of the azimuthal surface bgs

a comparison to the surface brightness in the outer cliter- yiqyiption (Buote & Tsai 1995, 1996, Buote 2002, Jelterna e
region. To properly combine the images of the three detectof; 5005 2008, Valdarnini 2006). The other method is based o
we scale the exposure time of the EMOS data sets to the SeQfiyying the emission centroid shift as a function of thegna-
tivity ratio between the EPN and EMOS detectors (typically go vadius (Mohr et al. 1993, 1995, Poole et al. 2006, O'Hara
factor of 3.3). The sensitivity ratio is obtained directtpin the o o1 2006 Kay et al. 2007, Ventimiglia et al. 2008, Yanglet a
data by determining the scaling of the cluster surface tmiggs 540g Mauéhan et al 20085 '

profiles observed with the three detectors. Scaling the sxgo ' ' '

map and keeping the summed count image preserves the infor-

mation on the photon statistics that will become necessarya.3. Power ratios

the course of the analysis. Thus the resulting combined—expl%e power ratio method introduced by Buote & Tsai (1995) is

sure map is in units offéective EPN exposure time. Additional _ . d by the id f identifving th " btiah
X-ray sources in the field-of-view are identified and theiteex motivated by the idea of identifying the X-ray surface btig
ness as a representation of the projected mass distrilnftibe

evaluated using the wavelet-based BASutine ewavdetect. cluster. The power ratio is then a multipole decompositibn o
The outcome is visually inspected to distinguish signifiqganint the potential of the two-dimensional, projected mass itistr

sources from extended cluster substructure emission.poant- . . ; .
sources which correspond to substructure features in tistecl gé?érfnoilrl\%v:j”gg %glelorv?/g'pe of Buote & Tsai, the momerRg.are

are deleted from the source list. The sources are then exci
from the photon data, with visual checking if the excisiodita _ | 2
are stficient or have to be increased manually. The holes dre = [ao n(Rap)] @)
then filled with theChandra CIACH routinedmfi1th using ran-
domisation based on the surface brightness distributioorar p_ - (aﬁ1 + bfn) 2)
the holes to fill the gap. The analysis methods describedibelo 2mZR§'g‘
are then applied to these cosmetically point source-ctbealus- _ _
ter images. The total area replaced is in all cases a veryl sn¥élereRep is the aperture radius. The momeats and b, are
fraction of the total image, so that th&ect of this cosmetic op- calculated using:
eration on the photon statistics can be neglected. Excafitire
point sources is necessary, however, since their preseacéfie g (R) =f S(X)(R)™cosfng’) d?x’ (3)
aperture boundary can severefjeat the results. R'<Rqp

The total number of photons detected per cluster in all
three detectors combined ranges from 30000 to 170000 so
photons insideRsgo, except for two observations with fewer
photons that we used as split observations (more detailsbin(R) =f S(X)(R)™sin(mg’) d?x’, 4)
AppendixA.l), and for A1689 (RXCJ1311.4-0120), for which R'<Rap
more than 300000 photons were observed. We therefore ha\ﬁe S(x) is the X- ¢ briaht : d label
very good photon statistics with which to characterise tos-c ¥V etrwe (.X) IIS ed hray sur alce ”gd Ness,s h’se_ ?S_a % e
ter morphology. In the following analysis we sample the acef or the pixel, and the integral extends over all pixels inside
brightness inside a radius Bgo, which is defined as the radius2PeMture radiusa in Egn. 1 is thus the total radiation intensity
inside which the mean total mass density in the cluster is 55@'2@ the aﬁ)?rturgjradlus. tional to the total intensity of
times the critical density of the Universe. The valu&gdyis not the cllﬂ(s:teefx-far\mer:;i:sri%r?r(\avph?lrel?)r:l? t?le reela(L)ti\allelgoenqzlb);lo
estimated directly from the X-ray derived mass profile, batf f the hiah Y s t ’th total y he reia f interesd. th
the correlation oMsgp with Yy (see also Pratt et al. 2009a). Thé | € higher moments {o the total emission IS ot Interes,
latter parameter, which is the product of the gas mass ifsigie multipole expansion power terms are normalised?gyresult-

and the mean spectroscopic temperature derived from the pﬁ'@s'gﬂ:ﬁessoﬁglgenﬂ pr%gli; Lféogqézol'oaglﬂgéoeg{lspﬁfe\g
tons in the radial range [05 - 0.75] Rsoo, has been found to be ’ y 0

P4 (the dipole, quadrupole, hexapole and octopole). The djpol

5 SAS is the ESA provided analysis software system for thecredl.£> 1, 1S used tp f'.nd t_he centre of symr.ne.try (.)f the X.-ray surface
tion of XMM-Newton observational data. Information can be found a®fightness distribution. We use a minimisation routine @hm-
http://xmm.vilspa.esa.es/sas/ plex method of Press et al. 1992) to find the minimuniPpfas

6 CIAO is the publically provided analysis software systemtfre @ function of input centre coordinates. The disappearahtteeo
reduction ofChandra observational data. Information can be found atlipole indicates that the signal is well balanced in opodit
http://cxc.harvard.edu/ciao/ rections from the centre at all position angles, and we thiee t
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Table 1. Substructure parameters for 31 clusters fromrE&CESS sample. For this analysis the central cluster emissionénai

radius of 01 x Rsgp was excised to avoid any influence of cluster cool cores.

Cluster P2/P0O bias error P3/P0O bias error  P4/P0 bias error w error
x107° x10°%° x10° x107 x107 x107 x107 x107 x107

(1) (2 (3) (4) (5) (6) (7) (8) 9 (10 (11) (12)
RXCJ0003.8-0203 0.205 0.0066 0.050 0.337 0.1923 0.379 0.5507 0.083 40.330032 0.00102
RXCJ0006.0-3443 0.546 0.0088 0.091 2.303 0.2807 1.322 60.270.127 0.281 0.0130 0.00144
RXCJ0020.7-2542 0.135 0.0049 0.036 -0.139 0.1777 0.372 430.3 0.069 0.323 0.0063 0.00078
RXCJ0049.4-2931 0.148 0.0106 0.069 0.295 0.3261 0.851 80.830.160 0.922 0.0023 0.00078
RXCJ0145.0-5300 1.252 0.0072 0.132 1.155 0.2146 0.787 30.900.093 0.700 0.0300 0.00141
RXCJ0211.4-4017 0.523 0.0096 0.112 -0.223 0.3101 0.358 98R.3 0.136 0.782 0.0046 0.00100
RXCJ0225.1-2928 0.896 0.0238 0.205 7.652 0.7239 3.654 70.960.354 1.300 0.0121 0.00136
RXCJ0345.7-4112 0.366 0.0120 0.073 3.363 0.3813 1.735 40.180.179 0.918 0.0052 0.00088
RXCJ0547.6-3152 0.112 0.0028 0.021 1.822 0.0699 0.535 20.020.035 0.235 0.0070 0.00057
RXCJ0605.8-3518 0.155 0.0026  0.027 0.009 0.0745 0.114 90.060.034 0.073 0.0059 0.00039
RXCJ0616.8-4748 0.461 0.0079 0.110 7.580 0.2327 2.183 16.650.106 0.900 0.0131 0.00151
RXCJ0645.4-5413 0.416 0.0036 0.059 -0.110 0.1084 0.159 676.2 0.051 0.181 0.0039 0.00042
RXCJ0821.80112 0.207 0.0253 0.109 9.254 0.8668 4.260 2.4590 0.372 71.61.0045 0.00144
RXCJ0958.3-1103 0.211 0.0063 0.048 0.038 0.1830 0.357 20.240.086 0.203 0.0034 0.00072
RXCJ1044.5-0704 0.321 0.0021 0.031 -0.035 0.0613 0.055009@2. 0.027 0.051 0.0072 0.00040
RXCJ1141.4-1216 0.098 0.0033 0.023 1.129 0.0917 0.457 68.110.040 0.136 0.0054 0.00059
RXCJ1236.7-3354 0.038 0.0086 0.030 0.227 0.2701 0.620 8€0.200.117 0.418 0.0052 0.00069
RXCJ1302.8-0230 1.233 0.0071 0.129 3.304 0.2152 1.100 2@.300.094 0.553 0.0153 0.00086
RXCJ1311.4-0120 0.035 0.0009 0.007 0.041 0.0206 0.051 20.010.009 0.020 0.0040 0.00029
RXCJ1516.3-0005 0.099 0.0035 0.023 0.415 0.1030 0.328 0.3115 0.043 70.180037 0.00044
RXCJ1516.5-0056 0.636 0.0075 0.091 10.250 0.2445 2.058 280.0 0.106 0.479 0.0176 0.00140
RXCJ2014.8-2430 0.073 0.0020 0.015 0.614 0.0597 0.300 20.120.026 0.093 0.0058 0.00030
RXCJ2023.0-2056 0.056 0.0155 0.051 -0.338 0.5603 0.610 520.8 0.252 0.809 0.0167 0.00147
RXCJ2048.1-1750 0.840 0.0051 0.080 3.638 0.1479 0.866 40.010.066 0.456 0.0419 0.00432
RXCJ2129.8-5048 0.037 0.0079 0.090 2.966 0.2349 1.220 588.0 0.107 0.269 0.0419 0.01997
RXCJ2149.1-3041 0.011 0.0046 0.012 1.951 0.1294 0.685 50.040.059 0.082 0.0034 0.00053
RXCJ2157.4-0747 1.501 0.0266 0.275 -0.847 0.9897 0.954 018.4 0.444 2.032 0.1080 0.90430
RXCJ2217.7-3543 0.061 0.0037 0.022 0.705 0.1116 0.364 2B.240.046 0.203 0.0018 0.00373
RXCJ2218.6-3853 0.762 0.0022 0.052 0.514 0.0728 0.287 98.180.028 0.099 0.0155 0.00049
RXCJ2234.5-3744 0.144 0.0040 0.027 -0.085 0.1166 0.181 276.3 0.055 0.148 0.0075 0.00056
RXCJ2319.6-7313 0.694 0.0089 0.138 -0.198 0.3012 0.799 018.5 0.126 0.346 0.0217 0.00085

NOTES: The power ratio parameters have been determined faperture with a radius &sq0. The corresponding results without center excision
are given in Table A.1 in the Appendix. For each of the pow#pnaarameters we provide the value of the noise contribuicthe power ratio
result (bias) which has been subtracted from the measuseit te provide the value listed in columns 2, 5, and 8. Thesuiainties determined
from the Poissonisation simulations are listed in columrig 4nd 10 (error). The center shift statistic parametand its uncertainty are listed in

columns 11 and 12.

as a sign that the cluster is correctly centred (with resimettte
radial weighting scheme used to calculBi¢. We checked visu-
ally that this defines the centre of symmetry, and most oftem a
the central maximum of the cluster’s X-ray emission, anchfbu
the method to be reliable. We then used this centre, defined
a vanishing dipole signal, to determine the power ratiosnfro

P,/Pg to P4/Po. P2/Py describes the quadrupole of the surfaCﬁ.O
brightness distribution and is not necessarily a measuselof

structure; a quadrupole will also be detected for a veryleegu
elliptical cluster, which could be well relaxed. In praetidow

to moderate values &%, /Py are found for regular elliptical clus-
ters, while larger values d®,/Py are a sign of cluster mergers.

The lowest power ratio moment providing a clear substrectu

measure is thuBs/Py. P4/Pg describes substructure on slightl
finer scales and is found to be correlatedPtg Py in this and
previous studies.

The results from the power ratio analysis determined with
Rsop are given in Table 1 for core-excised cluster images and
Table A.1 for the full aperture. In Table 2 we also give thesizn

centres in sky coordinates, as determined from the dipohe mi
imisation for the innermost aperture with no center excisiche
Tables also give two measures of the uncertainty on the power
ratios, as we discuss below and in more detail in the Appendix
fo

To assess whether we have detected a significant deviation

m azimuthal symmetry, we must consider th#eet of pho-

n noise. This noise first introduces a bias since even a com-

pletely symmetric cluster would be detected with some resid

structure due to the photon nois@exting real observations. We

estimate this bias from Monte Carlo simulations of azimliyha

randomised cluster images, and subtract this signal fraen th
ower ratios. The statistical uncertainties of significaristruc-

ture signal, again due to photon noise, are then estimabeddr

second set of Monte Carlo simulations in which Poisson risise

added to the observational data and uncertainties areiatz

from standard deviations. These uncertainties are lahgerthe

lamas for clusters with significant substructure signal.Seheeth-

ods of error estimation are further explained in the Appendi
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where we also quantify how realistic these estimated uaiert in the range B x 10** to 1.3 x 10'°h™! M,,. As such, the sam-
ties are. ple covers a range of ICM emission weighted temperatdigs,

To explore the ffects of cool cores in the clusters, we havbetween 1.18 and 7.1 keV. Since there is only one cluster with
undertaken the power ratio analysis both with and withoaisex a temperature larger than 5 keV, we supplemented the sample
ing the central regiorr (< 0.1 Rsog). From the above power ratio with four massive objects taken from the set of simulatedtelts
definition it is obvious that for large values Bf,, the exclusion presented by Dolag et al. (2008). These additional systews h
of the central region has little influence on the magnitudthef emission—weighted temperatures in the rafge= 8.1 - 126
derived power ratios. The question of whether the centgibres  keV and virial masses in the rang@®10 22 x 10°h™* M. The
are retained or excised is more important for the secondadethmass and ICM temperature distribution of the simulated-clus
of structure assessment described in the next Section. ters is thus dferent from that of th&kEXCESS sample and we

discuss this in terms of a fair comparison below. All simula-
. tions have been carried out with the TreePM-SPH GADGET-2
2.4. Centre shifts code (Springel 2005). They included the treatment of radiat
The centre shift method is based on a measurement of the vagoling, a uniform time-dependent UV background, and a sub-
tion in separation between the X-ray peak and the centrdid cegsolution model for star formation and energy feedbackfro
culated within an increasing aperture size. For our anslysi  galactic winds (see Springel & Hernquist 2003 for detaitd).
use two centre definitions: the centres found inRaeninimisa- ~ clusters are identified from the simulationszat 0.
tion procedure described above, and centres found by tlee-det  X-ray images for these clusters were produced and analysed
mination of a local maximum in smoothed ima@eShe latter by Ameglio et al. (2007, 2009). They have also been used for
is determined from the X-ray surface brightness peak on an im similar sub-structure analysis in connection with the snas
age smoothed with a Gaussian witof ~ 8 arcsec (in images temperature relation of clusters by Ventimiglia et al. (20—
where point sources have been removed). We determine the d@y emission within each pixel has been computed by acaoginti
tre shift between the local maximum and the centroids obthinfor the contribution of all the gas particles falling in peofion
by P1 minimisation within 10 apertures € nx 0.1 Rspo, with n  within that pixel, as described by Ameglio et al. (2007). The
= 1,2 ..10). For the runs where the central regio(0.1Rsqg) images used here have been obtained for the energy range 0.5
is excised, we have centroids within 9 apertures. The fidluciato 2 keV, which is the same energy band used for the analysis
parameter is then the standard deviation of tHEedént centre of XMM-Newton observations. The synthetic X-ray images do
shifts (in units ofRsng), defined as (see also Poole et al. 2006):not include any X-ray background and photon noise, thus the
outcome of the analysis of the simulated images is integgret
1 5 172 as results without statistical uncertainties. For all atpef the
w = [N——l Z (A = (A)) X 5 (5) analysis carried out in this paper, this makes the inteaficet
500 easier and has ndfect on the conclusions from the comparison
where, is the distance between the X-ray peak and the centrdigfh real data. The centre of each map of X—ray emissivitp€oi
of theith aperture. cides in projection with the minimum of the cIustgr granasl

The uncertainties in the centre shifts and inthparameter Potential. Each image has a size of 256 by 256 pixels and sover
are determined with the same simulations as the uncegain@® '€9ion of 4x Reoo around each cluster. The simulated cluster
of the power ratios, i.e., by using Poissonised resamplester 'Mag€s have a resolution f0.031Rso0, comparing well to the
X-ray images. The standard deviation of thgarameter in the "€Solution of observations, which are characterised by&ay
simulation results is used as an estimate of the measurementalf energy width of 030 - 0.033Rs0. As we discuss in the
certainties. We do not subtract a noise bias forthgarameter APPendix, the resolution at which the X-ray emission of real
as in the case of the power ratios. The results of the cenifte sf/USters is observed has no significaffeet on the results of
analysis are given for core-excised cluster images in Thared e substructure analysis at the range of resolution porers
for the full aperture in Table A.1. Table 2 gives the clustnices €vant here. Any dierence in the resolution between simulated
from the determination of the local maxima, in sky coordsat and REXCESS cluster maps is therefore not important for the
as used in the centre shift analysis. purpose of our analysis.

3. Simulations 4. Results of the morphological analysis

The representative nature REXCESS, and the homogeneousin this Section we first present the observational resutisn t
nature of the associated X-ray observations, makes it @l idgiscuss some implications of the analysis of the simulatiand

sample for comparison with numerical simulations. Whagrint finally, we compare the observations to the simulations.
ests us most here is the question of whether the simulated clu

ters resemble the clusters observed in our Universe, wheen th ]
comparison is based on a representative sample of reagdust 4-1. Power ratios
The set of simulated clusters that we use for this compari
comprises 117 clusters identified from the hydrodynamioa s
ulation of a large cosmological volume inAXCDM model, pre-
sented by Borgani et al. (2004). These clusters have vidakes

SPRe first three panels in Fig. 1 show the results of the power
ratio analysis in pairs of two of the power ratio parametéss.
detailed above, values shown are those for an apertuRgygf
(with the central QLRspp excised) so as to provide a global
7 We have also used manually determined local maxima and garac_terlzatlon of the clusters. While for the upper !em a

maximum obtained from minimisation d#; in the innermost region 'OWer right panel the clusters are colour coded to identigm

(r < 0.1Rsoo). The results we obtained from theffidirent approaches Py their name, we characterise the clusters in the other two

are quantitatively similar and demonstrate the robustoétise centre panels by their properties (cool cores, having central itleas

shift parameters obtained. hze neo > 4 x 1072 cm3, and morphologically disturbed clus-
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Fig. 1. Results of the power ratio analysis for the 31 clusters ofRE&CESS sample, determined for photons the radial range
[0.1 - 1] Rspo. Theupper left, upper right andlower left panels show the distribution &2/P0, P3/P0, andP4/PO0 in pairs. The
uncertainties shown are determined by Monte Carlo simarativith Poisson noise added to the image pixels. While inupper
left panel we identify the clusters by their name in colors,wse some cluster properties for the identification of the gaints for
the upper right and lower left panel (as used in Pratt et @920the threshold for a cluster to be considered as morgiualdy
disturbed is gw) parametep 0.01). In the lower left panel we define a tentative classiftcafor a cluster to be morphologically
disturbed in terms of th®3/P0 andP4/P0 parameters, shown by the grey lines (numerical valuengivéhe text). Thdower
right panel shows a comparison of our/P@ and PAP0 parameter results and those from the literature. Theatidsand triangles
are data from Jeltema et al. (2005) for clusters with0.45 andz > 0.45, respectively. Thg and+ symbols correspond to the data
from Buote & Tsai (1996) for power ratios determined with dpeesRy,, < O.7h§é Mpc andRqp > O.7hgg Mpc, respectively. In this
plot the uncertainties on tiREXCESS data are calculated from the azimuthal randomization sest Fig. A.1, and accompanying
text).

ters, having av parameter- 0.01)8. The values oP,/Py (i.e., and most cool core clusters accumulate in the lower left quad
the quadrupole moments) are larger than the higher ordesratrant.
Even though the data have very good photon statistics cadpar
to the average X-ray observation, the results have sulirsltaqtla
photon noise uncertainties, implying that the power ratahod
becomes indticiently sensitive for images of much lower qual
ity. The P2/Pg (quadrupole) versuB,/ Py (octople) plot shows
as in previous studies, the strongest correlation. Howeker
plot of P3/Pg vs. P4/Pg also shows a correlation, such that bot
parameters will most likely flag the same cluster as eithgu+e
lar or disturbed. With respect to the cool core and morptioldg ~ The three clusters with no significar®s/Py but high
disturbance criteria mentioned above, we note that in Huth tP4/Po are, from top to bottom in the plot: RXCJ2157.4-0747,
P,/Pg — P4/Py pair and thePs/Pg — P4/Py pair most clusters RXCJ0211.4-4017, and RXCJ2023.0-2056. RXCJ2157.4-0747
designated as disturbed accumulate in the upper right goadis the double component cluster which features a large €entr
shift and large quadrupole and octopole moments, but jaksla

8 These classifications were used Pratt et al. (2009a) totestie & hexapole moment. RXCJ0221.4-4017 appears rather regular
most extreme thirty per cent of the sample according to tedseria, but obtains a significant octopole moment due to some distor-
and are further discussed in Séct]4.2. tion in the outer surface brightness contour. The thirdteluis

We now try to set a tentative threshold criterion for the dy-
mical state of a system in terms of the power ratio parasiete
P3/Py andPa/Py. We find that a value oP3/Py = 1.5x 1077
‘separates out 11 non-symmetric clusters (about one thittaeof

' sample), and a value &%/Po = 6 x 1078 separates out 13 clus-
ers. These threshold criteria are shown as horizontal ertital
rey lines in the lower left panel of Fig. 1.
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Table 2.Coordinates (J2000) of the cluster centers for 31 object?2. Centre shifts
of theREXCESS cluster sample.
Thew-parameters found for theREXCESS sample are given in
Table 1, and the centre coordinates used for this analysis ar
o o compared to those obtained from the dipole minimisation in
Cluster Rkoca' minimL, = Apl minimun F Table 2. The two centres are generally very similar. Exogysti
are the three clusters with venyilise, low surface brightness re-
gions in the centre, RXCJ2048.1-1750, RXCJ2129.8-504@, an
R0003+0203 000349.7 0203575 000349.6 0203519 1RXCJ2157.4-0747.Here the local maximum ifidult to define
Sgggg-ggig 88 gg ig-g gg ig 32‘2 88 (2)8 2(1)'3 gg 33 ég-g Automatically, even with smoothing, and the minimisatibthe
R0049.2031 0049230 2931139 0049230 2031118 YiPOle momentmarksa much more reliable central location as
RO145-5300 0144597 -530103.1 0144581 -5301129 ¢etermined by visual inspection of the images. While in thet fi
R0O211-4017 0211248 -401728.3 0211251 -401728.4 two cases thefiset is moderate, for RXCJ2157.4-0747 the cen-
R0225-2928  022509.3 -292836.3 0225085 -2928364 fre determination is not stable, and we do not give resuitthi®
28223‘3%5 82 3? gg-i gi éé igg 82 3? gg-g gi ég ig-; focal maximum for this cluster. Therefore we recommend min-
RG0S 3516 0605542 9518067 0e0BE40 518083 [misation of the dipole momentto determine the centre feseh
RO616-4748 061651.7 -474740.4 06165L5 -4747422 @ndsimilar systems, as indicated by the flag in Table 2. I-radd
R0645-5413  064529.3 -541340.4 064529.4 -541338.9 tion, for RXCJ2234.5-3744, which shows some substructure i

R0821+0112 0821509 0111524 082150.7 011156.1 %he central region, the dipole moment centring providesteebe
R0958-1103 0958223 -110353.6 0958221 -110350.3 %dication of the local maximum

R1044-0704 1044330 -070408.6 1044329 -070407.7
R1141-1216 1141244 -121637.4 1141244 -1216388 1

R1236-3354 1236413 -335537.2 1236410 -3355263 1 , ) ,

R1302-0230 130253.3 -023100.4 1302527 -023056.9 #.3. Comparison with previous work

R1311-0120 1311295 -012027.7 1311294 -012030.1 1 . .

R1516+:0005 1516181 000527.8 151618.0 000523.1 1n the lower right panel of Fig. 1 we compare the range of our
S%gii'gggg %(5) ii gﬁ '22 gg g-g %(5) ig g“f? '22 gg gi-g tesults for theP,/ Py versusPs/ Py correlation to the previous ob-
R2023-2056 2022588 -2056561 2022500 -2056572 pervational results from Buote & Tsai (1996) and Jel_tema. eta
R2048-1750 2048122 -175119.8 2048104 -175035.1 (2005). We note that the parameter range covered is very sim-
R2129-5048 2129365 -504852.2 212940.9 -504854.8 {ar for all the studies. Some of the data points from the work
ggigg-ggi% 214907.6 -304204.7 2122;1252-6 O—?g;gf‘éﬁ Oéf Jeltema et al. extend to somewhat higher values in both pa-
R2217-3543 2217455 -354330.1 2217456 -35433L0 E\meters, fas |rr]1d|cateq by the ﬁomts m_thebgpper nghtb(c:rforne
R2218-3853 2218403 -3854057 2218401 -385400.6 LIOWEVer, forthese points no photon noise bias was subtracte
R2234-3744 223428.0 -374352.1 223427.1 -374402.3 @s it was for our data, and some of the clusters in the Jeltema
R2319-7313 2319402 -7313384 2319399 -731336.1 &t al. sample have large photon noise and would possibly have
significantly reduced values if the photon noise correctiene

, . . . to be applied. Therefore we conclude that the parameteerang
NOTES: The first set of coordinates designate the local Xaraximum covered by observational studies up to date is very simgisn

found in X-ray images (0.5 - 2 keV band) smoothed with a Gaumssi h th lecti f the clust lei { strictlyi
with o ~ 8 arcsec. The second set of coordinates is derived from mjrb—ouQ e selection of the cluster sample is not strictlyieat

imising the dipole P;) signal in the determination of the power ratio: ent.

in the smallest aperture with a radius ofl & Rseo. The flag, F, indi- Maughan et al. (2008) have studied a large sample of 115

cates which cluster centre has been used for the deterominatithe galaxy clusters in the redshift range 0.1 to 1.3 observet wit

centre shift parametev. For flag 1 the local maximum of the smoothedChandra, and analysed the cluster morphologies with the sam

images was used (default), for clusters with flag 0 the P1migdtion ~antre shift parameter technique as the one used in thenprese

result was used. work. They find a very similar distribution of parameter val-
ues, lying in the range 0.0007 - 0.0695.

4.4, Comparison of power ratios and centre shifts

this group, RXCJ2023.0-2056 is azimuthally symmetric ogda 4-4-1- Sorting clusters

scale but has an Eastern extension of the central region. The clusters marked in red in the lower left hand panel of Fig.

Similarly we find three clusters separated out by theere identified as the thirty per cent of the sample that wergstm
P3;/Po parameter as disturbed but having a 16w/Py value: disturbed according to the parameter (see Pratt et al. (2009a)
RXCJ0006.0-3443, RXCJ2149.1-3041, and RXCJ2129.8-5048.d Section 4.2). Of these, only one cluster, RXCJ22185338
The first cluster has no significant octopole moment, thersbcchas no large hexapole or octopole moment; however, this sys-
cluster is fairly regular but displays a significant hexapwlo- tem is elongated with a significant quadrupole moment and
ment due to some distortions in the outer surface brighttass has a large isophotal centre shift in the central region.dn a
tour, and RXCJ2129.8-5048 has a low surface brightness elalition, two cool core clusters, RXCJ1302.8-0230 (greerg an
gation to the NE but no significant octopole moment. One m&XCJ0345.7-4112 (blue) are among the clusters classified as
thus consider a combination B§/Po andP4/Py measures, with disturbed through thd3/Py vs. P4/Py classification. While
the threshold criteria defined above, as a good generalakara RXCJ0345.7-4112 shows a very regular central region, it has
isation of significant substructure in a given system. Havev a very low surface brightness extension in its Eastern aeter
distortions near the aperture radius can have a strong mftuegions; RXCJ1302.8-0230 has a cool core but with a clézed
on the derived power ratios. from the overall cluster symmetry.
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distribution v = 0.007- 0.01, marked by a grey stripe in the

0.100 —' ) . | | ?XCJ‘OO;&;;O‘Z;{ Figure), we find that 21 clusters are found in the lower leff an
¥ [ TX610020.7 2547 upper right quadrants, while only 10 clusters fall near theria-
1 RXCJ0049.4-2931+ . . . . . .
! RXCJ0145.0-9500, aries into the other two quadrants, which implies that whise
I | Sy S dividing lines 68% of the clusters would be classified in thme
. . : RXC40003.8-3518 way and 32% dterently using these parameter cuts.
5 P Lo ~eReises T eret S Inspecting the clusters which have discrepant substreictur
£ B : 4&4?’21:?3?33:?}?27 classifications in terms dP3/Py andw parameter (Fig. 2), we
g 01 | C130218-02301 easily find the reason for the discrepancy. The three clister
L ; el ;f_ - 3§i§i§§§§§g g‘;ggffé;ez %f7lzig.(2, hﬁving r)10 sri]gnhificar;]t vzlueﬁlaf/ Po, are:
A——— ' RXC1202310-2056 | A4- at the top) which is the double component
F RXCJ2048.1-1750 . .
% ! -+ TXG12149.1- 30411 cluster which features a large centre shift and large
! RXCJ2157.4-0747 g g q
N 22 L 3t and octopole moments, but lacks a hexapole moment. Siilarl
! IEEATIIAE RXCJ2319.6-7313 is elliptical in large scale morphologithw
e Y Y E ! N a bright, elongated central region, resulting in a strong-ce
107 1o PS}%’J 107 197" tre shift and dipole moment but vanishing hexapole moment.
RXCJ2023.0-2056, is azimuthally symmetric on large scate b
o e e has an Eastern extension of the central region. Among the out
0.100 : Dnonl—COO‘ core . liers above thePs/Po-threshold in the lower right corner of
| © cool core ] Fig. 2, RXCJ0821.80112 is regular in the central region except
: i for a substructure clump neBggo, RXCJ0345.7-4112 shows a
- —a— 1 very regular central region, but has an very low surfacehtrig
o o | - ness extension in the Eastern outer region, and RXCJ2149.1-
5 B — =5 —e— 3041 is quite regular but distorted nd&y as discussed above.
5 o010~~~ % i In the lower panel of Fig. 2 we designate the clusters by
e i ] eir cool core properties. ile only two cool core cluster
& — I th | ties. While only t | lust
= ,[f'— = ﬂf—g ] RXCJ1302.8-0230 and RXCJ2319.6-7313, are classified by the
L 2 o '+ 1 w parameter as disturbed, several cool core clusters arelfoun
! i ! 1 to have highPs/Po values. The two cool core clusters with the
= ! 1 largest values dP3/Pg are RXCJ0345.7-4112 and RXCJ1302.8-
0.001 ' 0230 which have already been discussed above. As already
. | n Co el n P L P

1os Jpn 07 - noted, the dierence in the classification obviously stems from
P3/PO the stronger weighting that the power ratios give to the owgte
gions. TheP3/Py parameter is very sensitive to substructure in
Fig. 2. Correlation of thew parameter withP3/P0 for the 31 the outskirts, while the centre shift parameter is very iieas
clusters of theREXCESS sample, with both parameters derivedo isophotal structure in the inner region. This result igHar
from core excised imagetlpper panel: Clusters identified by explored in Section A.3 in the Appendix, where we study power
name. The dashed blue lines divide the sample roughly in tw&ios with varying aperture radius.
halves with respect to both parametedrswer panel: Cool core
clusters identified. The thin grey line marks the tentaB2¢P0 o
threshold criterion for morphological disturbance as dafiin  4-4-2. Sensitivity

Fig. 1. The dashed grey lines enclose the clusters withefiselt The ncertainties derived from the Monte Carlo simulatitoms

power ratio vav classification, as further discussed in the text. 'fhew—parameter are in most cases smaller than the correspond-
both panels the grey stripe marks the gap invtgarameter dis- g yncertainties foPs/Po. In particular, a useful signaoise
tribution used for further discussion of the distributidgatistics \51e is still obtained for small values of in contrast to the

in the text. results forPs/Py. The log-mean relative errors fdt, are 22
per cent (excluding 1 cluster with a result consistent wiho}
and forP3 they are 70 per cent (excluding the 8 clusters with
In Fig. 2 we plotw versusPs/Py for the 31 clusters of the Signal less than zero). For tveparameter the log-mean error
REXCESS sampl8. We have selected ths/P, parameter for is 15 per cent for all clusters. To evaluate the sensitivitthe
this comparison since it is the lowest multipole moment th%geth‘)d the uncertainties should be considered in the cbotex
gives an unambiguous signature of dynamical distortiomcgsi 1€ dynamic range of the parameter values. Since forBgtRo
an elliptical cluster can be relaxed). While there is a cteare- and\év the vﬁalues span a range of about two orders of magnitude
lation between the two parameters, there is also a largeescaf 10~ 10 for Ps/Po and 0001~ 0.1 forw), the relative errors
illustrating that the two methods are weighing structueatéires ¢@n directly be compared. Figure 3 illustrates the sigmifeeof
in different ways. The horizontal and vertical lines in the upp8Pth methods: the typical uncertainty fBg/Po is comparable
panel Ps/Po = 4 x 10°8; w = 0.006) divide the sample roughlyto the parameter value, V\_/hlle farit is more of the order of 10
in half with respect to the two parameters, with fifteen otge  Per cent. Such a comparison clearly shows thappears to be
the lower (left) half and sixteen in the upper (right) halitbe MOre sensitive thaRs/Po.
Figure. Alternatively, using the larger gap in theparameter _ |N€W parameter also gives a better overall measure of the
deviation from symmetry and is not discriminating agaits t
° For the results plotted in the Figure, the central regionevassed, Central regions as do the power ratios (as illustrated byeshe
but including the central region gives very similar resiftts corre- amples discussed above). Hence we decided thai tharam-
sponding TablE_A]l in the Appendix). eter better suits the goal of substructure characterisatiohe
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Table 3.Correlation tests of various substructure measures using

ol 8 the 31 galaxy clusters in thREXCESS sample.
8- P i
I . i Correlation T P p P Figure
: o 1 (1) (2) (3) (4) (5) (6)
L 6 s
3 7 . . P3/Po — W (Rsoo) 080 043 021 025 2
£ v Ps/Po—W(Rsoo)®  1.22 022 029 0.12 2
c 4L - Ps/Po—W(0.9Rse) 1.63 0.10 0.29 0.10
I . P3/Po—W(0.8Rs00) 2.20 0.03  0.37 0.044 -
L b P3/Po —w (0.7Rs00) 2.13 0.03 0.38 0.035 A5
2 -4 Pg/Po -W (0.6R500) 1.38 0.17 0.25 0.17 -
I - ] P3/Po—w(0.5Rs00) 0.36 0.72 0.01  0.99 -
0 L . JI N R ! C
-1.0 -0.5 0.0 0.5 1.0 1.5 Msgo — W 0.24 0.81 -0.04 0.81 11
logw(abs(P3/P3err)  [logi(abs(w/w.,)] Msoo — P3/Po 039 069 -006 0.73 11
; ; fAonAi fatrilg L —w 0.49 0.63 -0.09 0.63 12
Fig. 3. Signal-to-noise R3/A(P3) ) and {(v/Aw) distribution of Ly - P3/PO 148 014 022 022 12

the power ratios (solid line) and centre shifts (dashed) lfoe

( Shilts (dax Moo — L 003 097 -004 084 14

the 31REXCESS clusters (plotted in logarithmic units). Llsiol_b rat 141 016 0245 018 14
b . . . .

Ly — Liat 043 067 0055 0.76 14

nNeg — P3/P0O 1.54 0.12 -0.30 0.10 13

toool — P3/PO 1.86 0.06 0.34 0.06 13

N — W 2.57 0.01 -0.52 0.004 -

REXCESS project, and we have made use of this substructuretCOOI W 562 0009 050 0.006 )

measure in our otheReEXCESS papers. Our practical approach
to separating the disturbed clusters from the regular tbfakes
advantage of the observed gap in thgparameter distribution NoTES: Column (1) lists the correlation tested, (2) gives parame-
aroundw = 0.01. We designate clusters above this limit as diger of Kendall'st test and (3) the corresponding probability of a null-
turbed, leaving 12 clusters with the classification of beilyg correlation, (4) gives the result for Spearman’s rank gesnd (5) the
namically distorted - about one third of the sample. corresponding probability and (6) gives the Figure numhbat shows

To quantify the correlation of the two substructure measurthe correlation. For the correlation analysis the_ASUR_\tvsafe _pack-
we analyse the correlation statistics of the data by meansa§g (Isobg et al. 1986) Was.uséd;ame correlation as in the first row
the Kendall and Spearman tests. To estimate the test ismtigput excluding the outlier object RXCJ2157.4-0747, is the X-ray
we use the analysis package ASURV (Astronomical Survivlf‘%c()fmgosc')%'gigzséo?uﬁﬁréggf '(':/ glfe[g'%;i':]inkg\r/a?ta;%&%refers
Statistics, Isobe et al. 1986), which tests for correlationthe y g '
presence of censored data. Table 3 lists the results of tine-co
lation of thew vs. P3/Po parameter, which gives probabilities  gimilarlv we compare the correlation of the w-parameter
of 0.43 and 0.25 for no correlation according to Kandelland 4. y P P

3 ) e ermined for dferent viewing angles in Fig. 5. The correla-
Spearman'y rank test, respectlve_ly,_|_nd|cat|r_19 a weak COrejon a5 shown in the plot seems tighter than thatHgiP,. We
lation. The correlation improves significantly if we remawee

. ~~- have determined the mean orthogonal scatter (standaratibevi
outlier, RXCJ2157.4-0747 (the two component clusterplgsin ¢ the di ) of th ti d th ter f
the top left in both panels of Fig. 2). In this case the coroasph fom the diagonal) of the power ratios and theparameter for

. i i all three projection pairs, averaging using both linear lga-
ing probability for no correlation decrease t0 0.22 and 0gh2  jsh mic summation. The results are summarised in Table 4. Th
ing stronger significance to the correlation. We also stliiwv

. . ‘ , standard deviation of the values is about as large as thewalu
the correlation changes for power ratios determined withlkem g

d found a sianifi . inth o themselves; however, we note that the mean orthogonaéscatt
apertures and found a significant improvementin the cdiogla ¢, p./p is about twice as large as the scatter for the center shift
statistics for aperture sizes off0- 0.8 Rsqo, as listed in Table 3

temw.
and as further discussed in the Appendix. parameterw

5.2. Comparison of observations and simulations

5. Observations versus simulations As mentioned earlier, the simulation images do not conthi p

5.1. Dependence on viewing angle in simulations ton pqise, so that the substructure parameters we obtada_w_rfmv
statistical error and we also do not subtract a photon na&e b
The simulations provide us with the means for another ingart Figure 6 shows a comparison of the distributionRaf Py and
approach to test the significance of the methods for the ch&g/Py for the simulations and observations. Since the simula-
acterisation of substructure. Since for the 121 simulatad-c tion sample contains a large number of low temperature clus-
ters, images from three ferent orthogonal viewing angles arders outside the selection intervalREXCESS we have marked
at hand, we can test how much the substructure charactenisathe clusters with temperatures above 2 keV with larger sysabo
varies depending on viewing angle. Therefore we can straigiithere is no apparentfiierence in the parameter distribution of
forwardly investigate how well the structure parameteuitss the simulated clusters a8k < 2 keV andTx > 2 keV. While a
are correlated for the threeftirent projections of each clusterlarger fraction of the simulated clusters cover a similaapzeter
Figure 4 shows the results for two projections of the powto ra space to the observed object$iy Po andP3/ Py, there is a sub-
P3/Po. There is a clear correlation and also a very large scattestantial fraction of simulated clusters with much highdystuauc-
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Table 4. Comparison of the mean orthogonal scatter of the sub-

-4 F & 2|
0 ‘. .. *: structure parameters from the analysis of the simulatestens
- * ¢ o & * seen from dferent projection angles.
10’5? p .‘ .Oé
.. i O'. °. E
[ ] . : ° .
1078 ) 3 Parameter pair X-Y X-Z Y-Z mean
g C Ce 1
y o N GO°,°”@'5.. ]
1077 & <0 = —_ —

2 ve & 2Nt . (AP V2 0.72 079 077 0.6
b Co 5. C ] exp(In(AP,/P;))/ V2 0.48 056 057 0.54
R: CL%T e (AP/P3)/ V2 099 1.85 091 1.25

o ] exp(In(APs/Ps))/ V2  0.63 083 0.72 073

107 3 (APy/Pa)/ V2 1.13 103 1.01 1.06
1 exp(In(AP,/Ps))/vV2 071 0.80 0.80 0.77
O (Aw/w)/ V2 0.50 0.49 048 0.49
53 xy exp((In(Aw/w)))/ V2 0.32 0.29 0.26 0.29

Fig. 4. Comparison of thé3/Pg result for two diterent orthog-
onal projections of the simulated clusters, showing a adear NOTES:P, = P,/P,, etc. The orthogonal scatter is defined as the mean
relation with a large scatter. The larger points mark chsstéth  deviation from the diagonal in the plot and thus the algebeipres-
temperatures above 2 keV, the open symbols thoselittbove sions in the Table contain an extra factor gfvi2. The mean is de-
3.5 keV. The dashed line indicates equality of both pararsete termined by both linear and logarithmic averaging. The radanthe
three projections and the total mean are given. The stardéaidtion
of these parameters from the mean is slightly smaller thamtbans,
but of the same order of magnitude.

1,000

o, ® corroborate these results with the analysis discusseavizeid
0.100 L j © @ shown in Fig. 15. Fig. 7 shows the histograms of all the power
B f . ratio values for the observed and simulated systems, unuheyl
° . °

. the fact that the power ratios of the simulated systems exten
I o @ o' - ® much higher values than the observed objects. Fig. 8 shaws th
7 0010 g ,&,9,.,3,'9, ,-,,:,', B histograms of thev parameter determined with and without ex-
g o C%.p C Q . cision of the centre. The discrepancy is more subtlg ihan for

* e .‘l;p ‘0 the power ratios, but is still significant.
- e ¢ ] Possible selectionfkects due to the tlierent temperature and
0.001 L « ° ‘e’ o e mass ranges covered by the simulated and observed cluster sa

g ‘ ples remains a major concern (e.g. 90 per cent of the sintulate
clusters have a temperature below 4.3 keV but only 55 per cent

0.001 0.010 0.100 1.000  of the observed clusters have temperatures below this)valee
vy thus performed another test to show that the excess of dieaula

Fig. 5. Comparison of the centroid shift statistic parameter clusters with strong indications for substructure is no¢ do
for two different orthogonal projections of the simulated clug€lection &ects. We resampled the simulated clusters in such
ters, showing a clear correlation with a large scatter. Bngar & Way that the distribution in temperature is roughly simita
dots mark clusters with temperatures above 2 keV, the opan sy observed distribution. The resampling is not exactiyeue,
bols those withTx above 3.5 keV. The dashed lines indicate thgi"C® We have only 3 clusters with 3 viewing angles each in the

defined threshold for considering a cluster as dynamicatly d{€mperature range from 4.3 to 6.5 keV and so we restore the bal
torted for both viewing directions. ance by having more objects in the neighbouring bins. In tota

we compare 54 resampled clusters (treating tikedint view-
ing angles of the same cluster as independent values) tolthe 3
observed clusters with very similar temperature distidng in
ture measures thaReXCESS. To show this more quantitatively the lower panel of Fig. 6. We note that 22 per ceny$42 of the
we have determined the log-mean of th&etient distributions, simulated clusters have power ratios in excess of the regawie
as shown in the Figure 6. The log-mean of the observed clesed by the observed clusters. We also ufiedint symbols for
ters is at much lower values in both parameters. We also shewulated clusters below and above 4 keV and note that, even
the log-mean parameter value for the simulated galaxyetsistgiven the small number, hotter and cooler clusters have- simi
selecting only those systems willy > 2 keV, finding that the lar power ratio distributions. Therefore we are confideat thie
result does not dier significantly from that of the total sample.can rule out that the discrepancy in the power ratio distidins
We have also checked that there is no significaffiecénce using between observed and simulated clusters is due to a selectio
only clusters aTx > 4 keV. The result that the substructure mezsffect.
sures are largely independent of the cluster temperatuenwh A very similar result for the distribution of the power ratio
applied to the simulations supports the view that the dismmey parameters is found when comparing with the simulations by
in mean values between the simulations and observatiort is ¥Waldarnini (2006). TheéP3/Pg of his simulated clusters span the
due to a mass or ICM temperature selectiffieet. We further range of 168 to 104, and thus these simulations also populate

Xz
.
L]

|
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Fig. 6. Upper panel: Comparison of power ratio parameter dis- 0.00E" ‘ ‘ ‘ R
tributions of P,/Pg and P3/Pg for the observed and simulated 107107 f0"® 107 0 107 107

clusters. The lower, blue cross indicates the log mean oblbhe Paseo

served values and the upper crosses the values for the satul&ig. 7. Comparison of the distribution functions of, from top to
clusters. Of these, the upper orange symbol is for all atasted bottom, P2/Po, P3/Po and P4/Py, for the simulations (dashed
the slightly lower dark red mark for all simulated clustershw lines) and observations (solid line). All histograms are-no
temperatures above 2 kelower panel: Same plot but now only malised by the total number of clusters of each sample.

a subsample of 54 clusters from the simulations is showrhtmat

a very similar ICM temperature distribution as the obseciad-

ters. Clusters with temperatures above 4 keV are marked with

larger double circles. In both plots we treat simulated xgala tyre radius. In the real cluster images we do not find equixale
clusters seen from flerent orthogonal viewing angles as indegompact emission regions. It thus appears that one significa
pendent objects. difference between observations and simulations is the fact tha
at least a fraction of the simulated clusters contain monepazt
cool cores than their observed counterparts.

Pratt et al. (2007), when comparing the temperature profiles
the parameter range from 0to 104, in which there are no of the RExCESS with those from this same sample of simu-
observed clusters. lated clusters, showed that almost all simulated objectsaa

In search of a physical reason for théfdience in morpho- central temperature decrease signifying the presence ob-a p
logical statistics between simulated and observed claistee nounced central cool core, whereas less than half of therobse
inspected the images of the simulated objects with large swations showed this feature. From this finding one could have
structure parameters. Fig. 9 shows four examples of sieailaexpected that simulated clusters are more regular on averag
clusters from the extreme upper right corner of Fig. 6. Tlese since cool core clusters have statistically less substra¢han
ages contain only the filuse X-ray emission of the ICM, andnon-cool core clusters. The explanation is more complex. Th
what may appear to be point sources are very compact cool semulated clusters not only have more pronounced cool dores
gions that have been accreted by the clusters. We have markettheir central regions, but they also contain previouslyreted
the Figure the aperture radiBsgo inside which the substructuresubclusters that themselves have strong cool cores. These s
analysis is undertaken. All of the simulated clusters show nvive in the final cluster and produce multiple maxima, as seen
ticeable substructure features inskilgo that serve to boost the in Fig. 9. We can illustrate the overabundance of cool region
power ratios, in particular if they are located close to thera in the simulations with another statistic from our analyHisve
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0.100
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0.001
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w parameter (center excluded)

1.000

Fig.8. Comparison of the distribution functions for the-
parameter obtained from the full aperture (top) and withtren
region excluded (bottom), for the simulations (dashedsljraad
observations (solid line). Both histograms are normalisethe
total number of clusters in each sample.

characterize the strength of a cool corelby, the ratio of the
cluster flux from the total cluster image interior Rgg to that
with the core regionr(< 0.1 Rsqg) excised, we find, as shown in

the histogram in Fig. 10, that the simulations cover a sona¢wh
broader range of such flux ratios, extending up to highereslu

than the observations.

6. Correlation of morphological and global cluster
parameters

In this Section, we investigate how the substructure measur

vary with global cluster properties. We start by investiggt

Substructure REXCESS Galaxy Clusters

O

Fig. 9. Examples of the four simulated clusters from Borgani et
al. (2004) having the largest values®f/Py > 107*. The thin
circle indicates a radius d®sq0. All of these clusters show sev-
eral clear maxima or clumps insidgg, in contrast to the im-
ages of theRexXCESs clusters. The images show only the dif-
fuse emission from the ICM and the compact emission regions
are not point sources but are in fact small cool cores.

80

60

40

number of clusters

20

===

3.0

3.5

2.0
flux ratio

2.5

how the substructure parameters vary with mass, since ghig~ig. 10. Comparison of the ratio of the total cluster flux to the
the most fundamental scaling parameter of a cluster. We uke with the core regionr( < 0.1 Rsog) excised for 31 clusters
the REXCESS mass estimates given in Pratt et al. (2009bf;om REXCESS (solid line) and the simulated clusters (dashed

which were obtained from iteration about thlggg— Yx relation.
Figure 11 showsv andP3/Py, obtained with central region ex-
cised, as a function of mass. Also overplotted are logaiithhy

averaged values in three mass bins. There is no obviougivaria

in the occurrence and strength of substructure with clustess,
a result that is quantitatively confirmed by the statistiesits
listed in Table 3. Fow, a Kendall'st test gives a probability of

line).

Lx bins overplotted. The Kendallisand Spearmansprobabil-
ities are 0.63 (0.14) and 0.63 (0.22) f@P3/Po), respectively,
suggesting that at least for the correlation of the poweosat

0.81 and a Spearman’s rank test a probability of 0.81 for me cavith X-ray luminosity the observed weak correlation is istat
relation. ForP3/ Py, the corresponding probabilities are 0.69 andally confirmed.

0.73, clearly pointing towards no mass correlation.

Next we use bolometric X-ray luminosity,x, as the scal-
ing parameter, since this is the most frequently used obbérv
Figure 12 showsv andP3/Pg as a function of th&@EXCESS Lx
values published by Pratt et al. (2009a), with averagesrigeth

We further investigate how substructure and the cool core
properties are connected. This was already partly explored
Croston et al. (2008, their Fig. 12) using correlationsvodind
P3/P0 with central gas density (at 0.0®éqq) and central cool-
ing time (at 0.03R5q). Croston et al. found that these data al-
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Fig. 11. Correlation of the substructure parameteftop) and Fig. 12. Correlation ofw (top) andP3; (bottom), both obtained

P3/Po (bottom) with cluster mass for the 31 cluster fronwith the core regions excised, with bolometric X-ray lunsno

REXCESS . The grey bars show the log-mean valuesvadind ity estimated interior tdRsoo aperture (Pratt et al. 2009a). The

P3/Po determined for three mass bins. grey bars show the log-mean valueswtietermined for three
luminosity bins.

lowed to reject the hypothesis of no correlation with praltab
ties of ~ 85— 92%. We show a similar analysis for the powetentral regions, as discussed above. This is the reason why w
ratios in Fig. 13. A Kendall’s test gives a probability of no cor- preferred to show this relation rather than the tighteredation
relation of 12% (10%) and a Spearman rank test a probabiligjth thew parameter. The correlation we find therefore demon-
of 6% (6%) for central density (cooling time), respectivalje strates that there is a causal, statistical connectiondsstthe
have also studied the variationwfwith the central density and properties of the very central region and the global morpéppl
cooling time — results are given in Table 3. The correlatidtinw The above results provide the key to understanding the dif-
w is even tighter than foP3/Py. In a study presented in sectionferent correlations between mass, X-ray luminosity andtelu
A.3 in the Appendix, we show that also the strength of the camorphology. We know that for a given mass, clusters with cool
relation betweets;/Py and cool core indicators increases if weores have in general higher X-ray luminosities (e.g. Fabtal.
decrease the aperture radius, thus giving less weight teetye 1994, Chen et al. 2007, Pratt et al. 2009a). Thus in going from
outer regions of the object. the mass distribution to they distribution, cluster cool cores
There is thus evidence for a reasonably good correspondeptgferentially move to higher luminosities compared tocool
between global morphological parameters and core pragerticore clusters. Since these cool core clusters are on averaige
This quantifies for the first time in a representative samipde tregular, the more regular clusters will accumulate at tighdyi
widely expected result that cool core systems correspocid$e  luminosity side — exactly as observed. Thus, if we accepbgal
ters that have not been disturbed by mergers in the recent pakister mass as the primary scaling parameter, the caoelait
But the fact that the correlation is far from being perfecplims Lx with the substructure parameters can be seen as a selection
that the presence of a cool core can not generally be takem asfiect.
indication that a cluster is relaxed. On the other hand yitdgh To close the loop of arguments, we can also test our expec-
noting that the correlation seen in Fig. 13 is all the moreadm tation that cool cores are preferentially found in the higle
able given that it involve®3/Pgy, which provides a measure ofminosity bins. Figure 14 shows the luminosity raltig;, defined
substructure on a very global scale with little influencenrfriie  as the ratio of the total flux in the [0.5-2] keV band measured
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Fig. 14. Correlation of the bolometric X-ray luminosity interior

to Rsgp (top), core excised bolometric X-ray luminosity (middle),

and mass (bottom) with the X-ray luminosity ratig:. The latter

is defined as the ratio of the total flux in the [0.5-2] keV band
interior to Rsoo to the flux in the same aperture with the core remeasured interior tRsq to the flux in the same aperture with the
gion (r < 0.1Rse0) excised. This parameter was defined to segore region ( < 0.1 Rsog) excised. This luminosity ratio closely
arate out cooling cores and is, as we have tested, veryyighdbrrelates with other cool core properties such as cengragity
correlated to central density and cooling time. There istcae  and cooling time, and is a sensitive indicator of cool cofds

able correlation and it is mostly the highest luminosity thiat  grey bars show the log-mean valued qf determined for three
features a highek,y; on average. The statistical tests listed ibins.

Table 3 show a probability of non correlation of 0.16 and @%.8

a Kendall'st test and a Spearman’s rank test, respectively, sup-

porting a significant correlation. If the same test is dordtie i )

correlation ofL 4 with the cluster mass, as shown in the lowef- Discussion

panel of Fig. 14, we find that it is rejected with probabibtief

0.97 and 0.84 on a Kendall'stest and Spearman’s rank test,7'l' Methodology

respectively. In the middel panel of Fig. 14 we also show thehe results presented in this paper provide insight intaelia-
correlation ofL4 with the core excised X-ray luminosity of thebility and sensitivity of two methods to characterise sulust
clusters. The no-correlation probabilities of 0.97 andA(80- ture: power ratios and centre shifts. We have introduced new
vided by Kendall’sr test and Spearman’s rank tests indicate noethods to estimate the bias produced by photon noise and to
significant correlation. Thus, core excision in the lumihom- assess the uncertainties in the results. Our analysis stsgbat,
tegration removes the influence of cool cores quifectively.  while these morphological characterisations are not pi@ti
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B . phologies and it may still be useful to look at several sulstr
P2/P0 + 10° oo 1 ture tests in cluster morphology studies.
P3/P0 x 10 Our results also point towards a possible future improve-
Pa/pO + 10 ment in our application of the power ratio method. Firstly, a
shown in the Appendix, running the power ratio analysis i se
%}/L e b— eral apertures tends to emphasisffedent structural features.
_$_ ’ — i Furthermore, we have several cases of highly disturbederhis
a_ T .
ﬁ_a_ in our sample, Whgrg we see large quadrupolel(mmi:topole_
A moments but no significant hexapole signal, because t!‘Iﬁ!dlSt
- tion preserves some mirror symmetry. This suggests thagitm
be worthwhile to investigate a composite power ratio measur
+_+__+_%i= that combines the several multipole moments at various. radi
—4— This idea can be seen in analogy to the definition of the centre
shift parameter, which is also derived from statistics odmee-
ol e e ments with several apertures.
2 o temperesure eV] 8 10 Finally we reemphasise that the clear statistic#iledénce
yreme between the cool core versus non-cool core clusters, phi®th
Fig. 15.Substructure measures, power ratios and centershifts, @served versus simulated clusters, provides a nicerttish of
the simulated clusters as a function of ICM temperature. THae power of the substructure measures as a statisticalaig
substructure measures have been averaged for seven temeer@f the sample under consideration.
bins of the simulated cluster sample. For each cluster edieth
projections have been used as independent results. Notgitha
5 contains only one and bin 6 only two clusters.

#
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7.2. Relations between cluster properties

One of the most interesting findings of this study is thateher
is no mass dependence of the substructure statistics. Shat i
only revealed by the observed cluster sample, which might st
measures for individual clusters, they can still providefub be dfected by small number statistics, but is also shown by the
statistics to study trends of properties in samples of etgsThis simulated cluster sample, as shown in Fig. 15. Naively orgghini
is evident from both the results of the Monte Carlo Poissaseo expect in the standard cosmological model of hierarchicats
simulations to estimate uncertainties, and from thtedénce in ture formation, where the largest structure are the younties
the substructure measures of simulated clusters whemebtailarger clusters have had more recent mergers and theréfone s
from different viewing angles. on average larger substructure measures. However, some the
In a comparison of the morphological paramef§tP, and retical studies show that this might in fact be a very miiiget.
w, we find typical uncertainties (for goodMM-Newton data Guo (2009) has for example studied the growth of dark matter
quality with high photon statistics) of 70 per cent and 15 halos via major mergers (defined by mass ratios less thae)thre
per cent, for power ratios and, respectively. Testing the re-in the Millenium simulations (Springel et al. 2005), and nd
covery of a given substructure measure from the observafionthat the merger rate filers by less than 20 per cent for mass dif-
a (simulated) cluster from fferent viewing angles, we find thatferences of a factor of four in the mass range relevant for our
the diterence for the dierent viewing angles is about as large asample. This indicates that our finding may be well conststen
the values oP3/Py itself, while it is smaller by about a factor of with the currently adopted structure formation scenario.
two for w. Yang et al. (2008) have recently found similar results The independence of cluster mass and morphology in our
using power ratios and centroid shift tests on simulatedtels sample is then also reflected by the fact that there is no niass b
with known merger histories. They find a substantial andiignwhich has preferentially more cool cores. This is slightif d
icant correlation ofP,/Po, P3/Po, andw with the time passed ferent from the result of an analysis of the 106 brighteswkmo
since the last major merger (for a mass ratio smaller thah 5:@alaxy clusters (the HIFLUCGS sample), where a bias towards
Similar to our findings the correlation is not tight enough fomore cool core clusters in low mass systems was found (Chen et
a cluster by cluster identification of the dynamical stai#,ib al. 2007).
provides important statistical diagnostics. In additibay find The very low correlation of substructure with cluster mass i
thatw is significantly more sensitive than the power ratios. Fgood news for the application of galaxy clusters to cosmplog
our work with theREXCESS sample we have therefore adopte®ne of the most critical tasks in these cosmological stuidies
a threshold value ofv > 0.01 for the designation of a galaxythe construction of robust relations between simple ctusie
cluster as being dynamically disturbed. servables and cluster mass. The most problematic issudashere
Despite the fact that/ is a more sensitive substructure diagthat observed cluster samples consist of a mixture of relare
nostic, one should not easily conclude that power ratiosilsho unrelaxed clusters. In this context it is of great help fa tion-
be given up as an alternative. For multi-peaked (simulatky  struction and calibration of observable - mass relatiorisitaw
ters, the power ratios pick up the obvious substructure withat the ratio of relaxed to unrelaxed clusters is not a gtfonc-
higher sensitivity than the centroid shifts, as can be sedhda tion of mass.
larger relative excesses of tiRg/Py values compared to thg In studying the correlation of cool core properties with-sub
values in Figs. 7 and 8, respectively. For the substructaoo}l structure this paper adds a new dimension to previous work in
core correlationw shows a much stronger connection (likely betwo respects: (i) by using a morphologically unbiased sampl
cause it is less biased toward the signal from the outen)rédii  with selection purely by X-ray luminosity, and (ii) by anaigg
it is P3/Pg that is more &ected by the correlation with X-ray cluster properties out to a fiducial global radiRsge. Cool core
luminosity (Fig. 12). This illustrates that thefifirent methods objects unsurprisingly show a very regular appearancevin lo
of characterising substructure reacffeliently to various mor- exposure images or in images obtained with earlier X-ray ob-
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servatories, since in such exposures we mainly detect thhtbr from the REXCESS galaxy cluster sample. We examine in par-
centre, which is always very regular. In contrast to thig,study allel a sample of 117 clusters identified from hydrodynainica
involves the cluster appearance out to a large radius, atdwe simulations of aACDM model. Substructure measures are esti-
carefully examined thefiect of cool cores by providing resultsmated consistently within a radius Bfpo. Our main conclusions
where the cool core has been excised. This provides a new l@ok as follows:

at some facets of the cool core cluster morphology relatiobp

lem. For example, in the present sample, we do indeed find globr Using a newly-developed Monte Carlo procedure to estimate
ally disturbed clusters which harbour cool cores. the uncertainties, we find thatis more sensitive than power

ratios for the good quality cluster images we have at our dis-
posal, although combination of the two methods gives com-
plementary information.

Neither substructure measure gives an exact quantification

a cluster’s dynamical state, and so they should only be used
in a statistical sense.

For both observed and simulated cluster samples, the sub-
structure parameters do not exhibit a mass dependence, a re-
sult that has important implications for the constructiod a
calibration of the observable-mass relations for use in cos
mological applications.

Cool core objects are generally the most regular. However
there exist cool core systems that are identified as disturbe
using bothw and power ratio substructure statistics.

— As compared to the observations, the simulations contain
many more cool, dense regions. This contributes to a statis-
tical enhancement in the amount of substructure in the sim-
ulated clusters as compared to the observed objects, thdica
ing that numerical prescriptions do not precisely repreduc
the structure of the real cluster population.

7.3. Observations versus simulations

The comparison of observations and simulations in Sectién 4~
provides significant evidence that the physical recipesl tise
model the evolution of the intracluster medium by cooliregd-
back and diusive transport processestdrs from the processes
prevailing in nature. Since the prime goal of the simulatiomas

to reproduce the observed scaling relations of the varitaisad)

ICM properties, cluster morphological parameters havelyar
been used to tune the simulation recipes. One easily-fihti
difference between the simulations and the observations is the
presence of more pronounced cool regions in the simulatesd cl
ters, as explained above. This was also seen in Pratt e0al7)2
where almost all simulated clusters feature central teatpes
drops, whereas only about a third of the observed clusters ha
cool cores.

As a consequence of the pronounced cool cores in the sim-
ulated objects, we find merger remnants with two or more
cool cores which are not yet or incompletely disrupted. One
of the REXCESS clusters excluded from the present analysis, Finally, we re-emphasise that in the present work we could
RXCJ2152.2-1942, is a double cluster, but the two cluster ceonly obtain statistically meaningful results because @) deal
ters are well separated and lie outside each otReys which ith a statistically representative sample, (ii) we havedypho-
distinguishes this cluster from the simulation examplesshin  ton statistics from deeMM-Newton observations of relatively
Fig. 9. Similarly, the other excluded cluster RXCJ0956004 pright, not too distant clusters, and (iii) the data quadityhe ob-
(the A903902 supercluster) shows three well-separated X-ragrved sample is fairly homogeneous. Any deviation fronsehe
€emission regions. ideal conditions would have made the analysis moffecdit and

The simulations used here were performed in 2004. Sinkgs reliable.
then new recipes have been introduced to cosmologicaletlust _ _ _
simulations, including a significant feedback from cen&@iN ﬁ‘;k,\';tg‘r"]"eggeg‘gxsscgniganﬁgs;znbﬁ;dir?gtr‘;tr’ﬁg;‘t’stg’:ds gg;?r'irk‘]i‘tjm;
to partly suppress the formatlon ‘?f cool cores. This hasrtice funded’by ESA Member States and the USA (NASA). RivM-Newton project
been explored both semi-analytically (e.g. Croton et aD&20 is supported in Germany by the Bundesministerium fur Bilglund Forschung,
Bower et al. 2006), and also in N-bgthydrodynamical simula- Deutsches Zentrum firr Luft und Raumfahrt (BMBRER), the Max-Planck

tions (e_g_ Sijacki et al. 2008, Puchwein et al. 2009, Fabtazn. Society and the Haidenhain-Stiftung. GWP acknowledgetgbaupport from

: : . fG Transregio Programme TR33. HB acknowledges supporthfresearch
2009)' It.WIII be one of qur nex'g prOJGQtS to extend the Corprprsujg?roup through The Cluster of Excellence ‘Origin and Struetof the Universe’,
son to this new generation of simulations.

) ) funded by the Excellence Initiative of the Federal Govemima Germany,
The lower degree of substructure seen in observations,Ex€ project number 153. K.D. acknowledges support from tti& Briority

compared to simulations is advantageous for the cosmalbgiBrogramm SPP 1177.

application of galaxy clusters. Some of the problems pdinte

out in simulation studies using numerical prescriptiomsilsir References
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Appendix A: Further details of the data analysis

In addition to Table 1 in the main text of the paper, we provide
here the complementary Table A.1, where the substructure pa
rameters are listed for the analysis where central regiare w
not excluded. For the power ratios théfdrences are in almost

" all cases not larger than the uncertainties. Fonipgarameter
the results are also similar, but due to the fact that thiampater
is less biased towards large radii and the better precisitn w
which this parameter can be determined, thedénces are in
some cases larger than the uncertainties.

A.1. Bias and error estimation for the power ratio method

In this Appendix, we explain the new methods we have used to
estimate photon noise bias and substructure measure aineert
ties. Having performed the power ratio analysis as outlimed
Equations 1 to 4, the first question we should ask in inteipget
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Table A.1.Substructure parameters for 31 clusters fromRE&CESS sample. The cluster centers were not excised for the asalysi
results shown in this table.

Cluster P2/P0 bias error P3/P0 bias error  P4/P0 bias error w error
x10° x10° x10° x107 x107 x107 x107 x107 x107
(1) 2 (3) (4) (5) (6) (7) (8) 9 (10 (11) (12)

RXCJ0003.80203 0.131 0.0041 0.031 0.220 0.1318 0.265 0.3395 0.058 30.21.0028 0.00079
RXCJ0006.0-3443 0.448 0.0072 0.075 1.862 0.2348 1.055 70.210.101 0.222 0.0190 0.00153
RXCJ0020.7-2542 0.093 0.0033 0.025 -0.094 0.1152 0.198 380.2 0.050 0.215 0.0168 0.00116
RXCJ0049.4-2931 0.091 0.0068 0.040 0.115 0.2156 0.477 30.090.093 0.533 0.0026 0.00067
RXCJ0145.0-5300 1.054 0.0057 0.113 1.000 0.1748 0.689 30.620.078 0.556 0.0297 0.00170
RXCJ0211.4-4017 0.307 0.0054 0.063 -0.142 0.1871 0.213 600.3 0.083 0.480 0.0041 0.00078
RXCJ0225.1-2928 0.588 0.0146 0.121  4.883 0.4361 2.374 40.300.239 0.759 0.0114 0.00139
RXCJ0345.7-4112 0.152 0.0046 0.033 1.403 0.1572 0.743 88.890.074 0.405 0.0044 0.00063
RXCJ0547.6-3152 0.081 0.0019 0.016 1.243 0.0543 0.348 68.700.023 0.169 0.0129 0.00081
RXCJ0605.8-3518 0.064 0.0011 0.010 0.007 0.0298 0.056 70.020.014 0.029 0.0057 0.00022
RXCJ0616.8-4748 0.372 0.0063 0.084 6.137 0.1969 1.697 8@.950.088 0.742 0.0161 0.00143
RXCJ0645.4-5413 0.258 0.0024 0.034 -0.068 0.0720 0.095 836.1 0.029 0.106 0.0121 0.00049
RXCJ0821.80112 0.153 0.0188 0.083 6.717 0.5968 3.133 1.8220 0.303 51.00.0062 0.01416
RXCJ0958.3-1103 0.100 0.0031 0.022 0.014 0.0922 0.195 66.110.042 0.101 0.0029 0.00054
RXCJ1044.5-0704 0.116 0.0008 0.011 -0.013 0.0216 0.0190020. 0.009 0.019 0.0042 0.00024
RXCJ1141.4-1216 0.041 0.0013 0.010 0.500 0.0399 0.198 3B.050.016 0.049 0.0052 0.00051
RXCJ1236.7-3354 0.025 0.0051 0.018 0.145 0.1825 0.374 50.110.081 0.244 0.0048 0.06762
RXCJ1302.8-0230 0.722 0.0042 0.080 1.986 0.1345 0.647 4R.820.062 0.341 0.0215 0.02096
RXCJ1311.4-0120 0.017 0.0004 0.003 0.024 0.0096 0.025 66.000.004 0.010 0.0029 0.00026
RXCJ1516.30005 0.075 0.0025 0.018 0.315 0.0710 0.235 0.2417 0.033 20.130059 0.00054
RXCJ1516.5-0056 0.534 0.0065 0.076 8.604 0.2268 1.691 08.840.091 0.394 0.0160 0.00135
RXCJ2014.8-2430 0.026 0.0007 0.006 0.206 0.0203 0.091 2©.040.009 0.034 0.0053 0.00022
RXCJ2023.0-2056 0.042 0.0118 0.035 -0.199 0.4147 0.448 658.5 0.178 0.594 0.0191 0.00130
RXCJ2048.1-1750 0.760 0.0050 0.073 3.350 0.1311 0.813 90.870.055 0.429 0.0460 0.00494
RXCJ2129.8-5048 0.034 0.0059 0.052 2.631 0.2068 1.115 42@.0 0.096 0.160 0.0479 0.02450
RXCJ2149.1-3041 0.005 0.0019 0.005 0.793 0.0538 0.262 18.020.024 0.038 0.0038 0.00047
RXCJ2157.4-0747 1.376 0.0240 0.251 -0.691 0.7871 0.862 278.1 0.392 1.709 0.0517 0.00343
RXCJ2217.7-3543 0.039 0.0025 0.014 0.449 0.0658 0.237 20.150.029 0.122 0.0019 0.00047
RXCJ2218.6-3853 0.492 0.0016 0.035 0.351 0.0439 0.189 50.110.021 0.063 0.0188 0.00057
RXCJ2234.5-3744 0.101 0.0030 0.018 -0.060 0.0900 0.129 56@8.2 0.040 0.102 0.0136 0.00150
RXCJ2319.6-7313 0.340 0.0047 0.058 -0.119 0.1469 0.154 150.2 0.065 0.178 0.0187 0.00103

NOTES: The power ratio parameters have been determined faperture with a radius &sq0. The corresponding results without center excision
are given in TablE]1. For each of the power ratio parametergraxgde the value of the noise contribution to the powenregsult (bias) which has
been subtracted from the measured result to provide the liated in columns 2, 5, and 8. The uncertainties deternfireed the Poissonisation
simulations are listed in columns 4, 7, and 10 (error). Thetereshift statistic parametgrand its uncertainty are listed in columns 11 and 12.

the results is: when have we detected a significant signahaf d noise contribution. But this negative signal is never latgan
ation from azimuthal symmetry? Even a completely symmetriie uncertainty.

cluster in nature would be detected with some residual strec Fig. A.1 showsP,/P, andP3/Py for the REXCESS sample,

due to the photon noise with which it is observed. To assas thiith uncertainties estimated from the azimuthal randotitisa

we perform the following test. We conduct a second substrysrocess. The mean signal bias and associated uncertainties
ture analysis in which for all flux pixels entering the intalgr always very similar, which is not surprising. Inspecting tm-

of Eqns. 3 and 4 we take only the radius from the data but agrtainties we note that for the data quality of tREXCESS

sign randomly drawn angleg This randomises all azimuthalsample we need typical values &/Py > 107, P3/Py >
structure the cluster might have. We repeat this proces® 1 30-4x 108 andP,4/Py > 2x 1078 in order to be able to claim sig-
times and determine the mean and dispersion of the distibutnificant detection of substructure or deviations from azhmau

of the power ratio parameters. The mean of the signal can-beggmmetry.

terpreted as the typical residual signal a perfectly reguiisster  The apove considerations provide a useful uncertainty esti
would have in the presence of photon noise. We interpret thigyte for clusters which have substructure signals clostdo t
spurious signal as a measure of the typical photon noisei€ongignificance threshold. If a cluster has a strong substraidea-
bution to the power ratio measurementin all clusters anttactb ture, the uncertainty of the measurement of the substreigiai

its value from the obtained result to recover the intringgnal g meter will depend critically on the photon noise connétte

of the power ratio. The standard deviation of the spuriogsai hjs feature, which is probably not related to the photorseai

from the mean in all simulations is used as a first estimate @frandomized cluster where ‘this feature has been washed out.
the uncertainty of the final net result. Some very regulasteits Therefore we need a new approach to estimate uncertainties.
come out with a negative signal after subtraction of the @hot 14 test what uncertainties are expected for clusters withela
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Fig. A.2. Comparison of the power ratio resul®2/P0 and Fig.A.3. Influence of the sampling point spread function (PSF)

P3/PO0 for five of theREXCESS clusters with two separate ex-of the X-ray images on the derived power ratios. The heavy

posures. The results approximately agree within the coetbinpoints give the unsmoothed result WKMM-Newton resolution.

errors, supporting our approach of estimating uncer&sntiith The smaller points connected by a line show tffea of suc-

Poisson Monte Carlo simulations. cessive smoothing by a Gaussian of width 4, 8, 15, 30, 60@rcse
width. The error bars shown for the unsmoothed data poiets ar
those obtained from the Poissonisation simulations.

signals, we performed the following simulations. We useal th

combined count image (without background subtraction) and

obtained a new integer random number for the photon counts

in each pixel by drawing the numbers from a Poissonian dig:2. Influence of the aperture radius and angular resolution
tribution with the observed photon counts as expectatidn va on the power ratio results

ues. The Poissonized image is background and exposure cor-

rected and subjected to precisely the same substructulgesina In the next test we explored théfect that the angular resolution
as the observed clusters. The process was repeated 200 tidhe observation has on the results. Using four clusteiistwh
and the mean and standard deviation determined. The mean sigfin cover an interesting range of morphologies we detsuhi
ulated values are slightly higher than the observed valligis. the power ratios as a function of increased smoothing ofitre ¢

is due to the fact that the simulated images contain the-artif¢er images. The results are displayed in Fig. A.3. The chahge
cial Poissonized noise on top of the observational noiséghwh the power ratios is shown as a function of successive snmupthi
means their mean noise added structure parameters shouldye Gaussian of width 4, 8, 15, 30, and 60 arcsec. For all four
slightly biased high. However, the scatter is expectedve gi clusters the change is small, smaller than or roughly coazpar
good representation of the Poisson noise uncertainty obthe ble to the typical errors of the overall measurement. Theeef
served data. We therefore use the standard deviation o thtte angular resolution of the observations is not an issuthéo
200 Poisson simulations as a measure of the uncertaintipdor sample or for the comparison to other observations (e.gtels
power ratio parameters. Fig. 1 shows the same data as Fig. Athigher redshifts observed at lower angular resolution).

but with the uncertainties determined from the Poissoorati To obtain an overview on the dependence of the power ra-
simulations. The errors are considerably larger for thetels tios on the aperture radius, we have calculated the powiesrat
with highly significant signals, but are similar near thensig for 10 different radii for all clusters starting withDDx Rsoo and
icance threshold. Therefore our suspicion was correctwigat increasing in steps of.D x Rsgo. Due to the large powers of
need a dierent assessment for the measurement uncertainfshat appear in Eqgs. 3 and 4, structure near the aperture ra-
than that given simply by the bias. dius is most heavily weighted. This became very obviousén th

We can further check if the large uncertainties that we ofirst tests we performed before removing point sources. Even
tained are realistic. For this we compare the results of tiz#-a only moderately strong point sources nBashave a clearféect
ysis of fiveREXCESS clusters where we have multiple observaen the orientation of the multipoles and thi$eet decreases for
tions. These five clusters nicely cover a range @fiedent mor- smaller radii. Therefore we can expect thafetient structural
phologies. We show the results in Fig. A.2. The results fpase features in the clusters become important fdfesent values of
rate observations of the same cluster aftedent but all overlap R.,. We have clearly seen this in the visual inspection of the re-
with their uncertainties. The second observations haveines sults. Fig. A.4 shows the change of the power ratios Wighfor
cases significantly lower exposure times, which incredsean- some examples of theEXCESS sample. Since we are mostly
certainty. This test illustrates that the relatively laggeor esti- interested in global cluster parameters, e g. in the studpef
mates we calculate for the power ratios are well-justified. correlation of the structure parameters with other glolbahm-

We note once again that these uncertainties come from eters determined withiRsqo (€.9. Pratt et al. 2007, 2009a), we
end-to-end test of the analysis, since all the analysissitfhe have concentrated on the results obtained¥gr= Rsgo. Small
power ratio determination are performed on the Poissomresechanges irR,, leave the clusters in the same parameter range,
pled images (i.e., including the centring and bias sukittaain while changes of the order of8Rsqg can give quite dferent
top of the application of the power ratio formulae). results.
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Fig. A.4. Effects of changing the aperture radil®,, on the Fig. A.5. w versusPs/Pg for the 31 clusters of th&@EXCESS
power ratios illustrated for six of theREXCESS clusters with sample. This Figure is similar to Fig. 2, but nd/Py is de-
different morphologies. The aperture radius is decreased freemmined for an aperture radifs, = 0.7 Rsoo. The dashed blue
Rsoo (marked as solid dot) to.BRsqg in steps of 0LRsoo (shown lines and the grey bar are the same as in Fig. 2 for better com-
as solid line) and further decreased t@R}o, (Shown as dashed parison. The parameter values shown here were deriveddor th
line). The parameter distribution for the remainiRgXxCESS core excised images. We identify the clusters by their cood ¢
clusters is indicated by open symbols. properties as explained in the text.

A.3. Comparison of power ratios and centre shifts

In comparing the results of the power ratios with the centre
shifts, we were anticipating that centre shift measuresdvbe
more sensitive to the central regions while power ratiosraost
sensitive to the outermost zones. To investigate this irerder
tail, we have looked at the correlationf/Po with w, as shown

in Fig. 2 for an aperture dRsgo, but now as a function of the
aperture radius. Table 3 gives the correlationfitoents for six
aperture radii between®Rso0 andRspo. We clearly note a very
sharp maximum of the correlation déeient for an aperture ra-
dius between 0.7 -.8 Rggo. The distribution of the two substruc-
ture measures for an aperture radRp = 0.7 Rsgg iS shown

in Fig. A.5. The points are now visually more correlated than
in the corresponding Fig. 2. We also note a that cool cores are
more clearly as being less morphologically disturbed; thesi-
fication of the power ratio parameter is now practically gbtti

as that of thev parameter. The only cool core cluster that is clas-
sified by both methods as disturbed is RXCJ1302.8-0230 whic
appears in the upper right quandrant.This system has a cool ¢
that is clearly &-set from the large scale cluster center. These
results thus seem to further encourage us to think aboutlusef
combinations of power ratio parameters fronffelient radii to
construct a more sensitive substructure measure.
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