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ABSTRACT

We study the substructure statistics of a representative sample of galaxy clusters by means of two currently popular substructure
characterisation methods, power ratios and centroid shifts. We use the 31 clusters from theREXCESS sample, compiled from the
southernROSAT All-Sky cluster survey (REFLEX) with a morphologically unbiased selection in X-ray luminosity and redshift, all of
which have been reobserved withXMM-Newton. The main goals of this work are to study the relationship between cluster morphology
and other bulk properties, and the comparison of the morphology statistics between observations and numerical simulations. We
investigate the uncertainties of the substructure parameters via newly-developed Monte Carlo methods, and examine the dependence
of the results on projection effects (via the viewing angle of simulated clusters), finding that the uncertainties of the parameters
can be quite substantial. Thus while the quantification of the dynamical state of individual clusters with these parameters should
be treated with extreme caution, these substructure measures provide powerful statistical tools to characterise trends of properties
in large cluster samples. The centre shift parameter,w, is found to be more sensitive in general and offers a larger dynamic range
than the power ratios. For theREXCESS sample neither the occurence of substructure nor the presence of cool cores depends
on cluster mass; however a weak correlation with X-ray luminosity is present, which is interpreted as selection effect. There is a
significant anti-correlation between the existence of substantial substructure and cool cores. The simulated clusters show on average
larger substructure parameters than the observed clusters, a trend that is traced to the fact that cool regions are more pronounced in
the simulated clusters, leading to stronger substructure measures in merging clusters and clusters with offset cores. Moreover, the
frequency of cool regions is higher in the simulations than in the observations, implying that the description of the physical processes
shaping cluster formation in the simulations requires further improvement.
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1. Introduction

There are two major far-reaching interests that motivate our un-
derstanding the population of galaxy clusters. Firstly, they are
ideal test objects to check the likelihood of a given cosmologi-
cal model to describe our Universe; secondly, they are very im-
portant probes of the astrophysical and chemical evolutionof
the baryonic component of the Universe (e.g. Rosati et al. 2002,
Schuecker et al. 2003a,b, Voit 2005, Vikhlinin et al. 2003, 2009,
Rozo et al. 2007, Henry et al. 2009, Mantz et al. 2008). A good
understanding and observational characterisation of galaxy clus-
ters is required to attain these goals.

X-ray observations provide an essential window into the
study of galaxy clusters, as the presence of X-ray radiationim-
plies and traces a well developed gravitational well (e.g. Sarazin
1986, Böhringer 2008), offering the best starting point for the
characterisation of the cluster mass and dynamical state. The
temperature of the hot intracluster medium is related to thedepth
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of the potential well, and its distribution is related to thedy-
namical state of the system. In this study we use statisticalmea-
sures of substructure observed in the X-ray images, which pro-
vide a projected view of the ICM structure, to obtain an impres-
sion of the cluster’s dynamical state1. Ideally one would like to
base such a study on a known relation between a substructure
parameterization and a measure of the deviation from dynami-
cal equilibrium of the cluster. While this could be an important
aim for a future study based on simulations2, we pursue here the
more qualitative goal of using substructure measures without a
calibrated relation to a physical quantity to sort clustersinto a
relative ranking order.

1 Galaxy velocity distributions would provide complementary infor-
mation on the cluster substructure along the line-of-sight(e.g. Girardi
et al. 1997, Biviano et al. 2006).

2 Indeed, Yang et al. (2008) have recently made a first approachin
this direction by comparing substructure measures of simulated clusters
with the time since the last merger.

http://arxiv.org/abs/0912.4667v1
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The two direct applications of substructure measures are (i)
the study of the influence of substructure on cluster scalingre-
lations, e.g., of global X-ray properties, and (ii) a comparison
of the distribution of the substructure measures in statistically
representative samples of observed and simulated galaxy clus-
ters.3 The latter is an important test of how well simulated clus-
ter morphologies correspond to the observed cluster population.
Any difference will most probably point to a shortcoming in the
description of important physical processes in the simulations.
If we want the simulations to correspond well enough to the real
world, so that we can draw essential conclusions, we have to per-
form a series of tests to compare the details of the cluster appear-
ance in simulated and observed objects. While previous studies
focussed on reproducing the scaling relations of global cluster
parameters (e.g. Borgani et al. 2004, Voit et al. 2003, McCarthy
et al. 2004, 2008, Poole et al. 2006, 2007, 2008, Kay et al. 2007,
Borgani & Kravtsov 2009), ours is one of the first such tests to
use morphology.

In the past, a series of different methods have been used
to characterise substructure in X-ray images of galaxy clusters.
Optical substructure has been characterised in various ways by
e.g. Fitchett & Webster (1987), Beers et al. 1992 and Bird &
Beers (1993). Several of these methods were tested and sum-
marised by Pinkey et al. (1996), along with methods that can be
applied in a similar way to photon distributions. Schueckeret
al. (2001) used the methods of Pinkey et al. to obtain substruc-
ture statistics in X-ray detected galaxy clusters from theROSAT
All-Sky Survey, and tested the correlation of the substructure
measures with the occurrence of radio halos and with the ob-
ject’s location in the large-scale structure environment.Slezak,
Durret & Gerbal (1994) applied a wavelet technique to X-ray
cluster images. Gomez et al. (1997, using the Pinkney method),
Hashimoto et al. (2007b), and Kolokotronis et al. (2001) com-
pared the X-ray and optical appearance of galaxy clusters using
ellipticities and center shifts. We concentrate here on twometh-
ods: centre shifts as a function of the aperture radius (e.g.Mohr
et al. 1993, 1995; Poole et al. 2006, O’Hara et al. 2006) and the
determination of so-called power ratios (e.g. Buote & Tsai 1995,
1996; Jeltema et al. 2005, 2008, Valdarini 2006, Ventimiglia et
al. 2008).

Any general characterisation of the galaxy cluster population
must be statistical. For a comparison study with numerical sim-
ulations, a statistically unbiased sample of clusters is required
that contains a representative distribution of cluster morpholo-
gies. We therefore base our work onREXCESS (Representative
XMM-Newton Cluster Structure Survey, Böhringer et al. 2007),
a sample that has been constructed with exactly this goal in
mind. It is the special construction of theREXCESS sample that
makes a correct comparison with numerical simulations possi-
ble, and this is probably the most innovative aspect of this paper.
Previous publications on the properties of theREXCESS sam-
ple include Pratt et al. (2007, 2009a), on the temperature profiles
and the X-ray luminosity scaling relations, and Croston et al.
(2008), on the gas density profiles. Further recent papers describ-
ing properties of the clusters in theREXCESS sample are Pratt
et al. (2009b), on the structure of the entropy profiles, Arnaud et
al. (2009) on the pressure profiles and scaling relations involv-

3 More than a decade ago one of the applications of determiningthe
ratio of relaxed to unrelaxed clusters was aiming at constraining the
mean matter density of the Universe by means of this parameter (e.g.
Richstone, Loeb & Turner 1992, Evrard et al. 1993, Melott, Chambers
& Miller 2001). Since we have now better approaches for a muchmore
precise determination of the cosmic matter density, this application is
no more attractive.

ing the X-ray determined equivalent of the Sunyaev-Zeldovich
Effect Comptonization parameterYX , and a study of the char-
acteristics of the brightest cluster galaxies by Haarsma etal.
(2009). All of the above papers have made use of the substruc-
ture parameters obtained by the analysis described herein.

The paper is structured as follows. Section 2 gives a brief
description ofREXCESS and introduces the substructure char-
acterisation methods used. Section 3 describes the simulations
used and their analysis. The results of the substructure analysis
of the observations and simulations are discussed in Section 4.
Correlations of the substructure measures with other global clus-
ters parameters are studied in Section 5 and Section 6 provides a
discussion and conclusions.

For the scaling of distance dependent parameters we use a
flat concordance cosmological model withH0 = 70 km s−1

Mpc−1 andΩm = 0.3.

2. Data Analysis

2.1. The REXCESS sample

REXCESS was constructed with the aim of providing a statis-
tically well defined collection of galaxy clusters, selected only
by their X-ray luminosities and redshifts without any bias with
respect to cluster morphology (for details see Böhringer et al.
2007). The full sample of 33 clusters is drawn from theREFLEX

survey (Böhringer et al. 2001, 2004) such as to homogeneously
cover the luminosity range of 0.4 to 20×1044 h−1

50 erg s−1 in the
0.1 to 2.4 keV band, and the redshifts were chosen so that the
clusters fit optimally into the field-of-view of theXMM-Newton
X-ray telescopes, with a cluster free region for backgroundas-
sessment. The resulting redshift range isz = 0.0564 to 0.1832,
with redshift increasing with the luminosity and size of theclus-
ters. The luminosity range corresponds roughly to an ICM tem-
perature interval from about 2 to 10 keV (Pratt et al. 2009a).
With a requested exposure of at least 25 ks, more than 16 ks ob-
servation time is left for both EMOS and EPN detectors in all
but four clusters after removing soft proton flare contamination.

Three of the REXCESS targets have two or more
well-separated X-ray maxima: the supercluster complex
Abell 901/902 (RXC J0956.4-1004), and the bimodal systems
RXC J2157.4-0747 and RXC J2152.2-1942. The latter has a
close neighbour detected as a well-separated region of X-ray
emission in theROSAT All-Sky Survey, but the two components
overlap within their values ofR500 (defined below) and their X-
ray emission clearly overlaps in the deeperXMM-Newton im-
ages. The Abell 901/902 complex contains at least three regions
of extended X-ray emission with several additional bright X-ray
point sources due to AGN. Since the X-ray source regions of
these systems cannot be treated by the analysis performed inthis
work without manual decomposition which may be subjective,
we exclude these two objects from further analysis (they were
also excluded in Croston et al. 2008 and Pratt et al. 2007, 2009a),
The third system, RXCJ2157.4-0747, has two components that
can be well separated. In the following analysis the centre is de-
fined to coincide with the centre of the main component. The
second component then falls inside the aperture corresponding
to R500 (at a distance from the main cluster of∼ 5 − 7 arcmin,
whereR500 corresponds to 11.1 arcmin) and contributes to the
substructure measure4.

4 Note that for the determination of the global cluster properties (Pratt
et al. 2009a) and density and temperature profiles (Croston et al. 2008;
Pratt et al. 2007, 2009b) this second component was excised.
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2.2. Image analysis and scaling

The treatment of the X-ray data and production of the images
is described in Böhringer et al. (2007) and images for all clus-
ters are displayed in Pratt et al. (2009a). We make use exclu-
sively of the 0.5 to 2.0 keV energy band, since this is approxi-
mately the energy range providing X-ray images with the high-
est signal-to-noise. We combine the data from the three detec-
tors into one composite image which has a minimal number of
pixels with zero exposure. Before combining the images, the
background is subtracted. The background is obtained from a
model fit to a source excised blank sky field, where the model
includes homogeneous vignetted and unvignetted components.
Its normalisation is obtained for each detector separatelyfrom
a comparison to the surface brightness in the outer cluster-free
region. To properly combine the images of the three detectors,
we scale the exposure time of the EMOS data sets to the sensi-
tivity ratio between the EPN and EMOS detectors (typically a
factor of 3.3). The sensitivity ratio is obtained directly from the
data by determining the scaling of the cluster surface brightness
profiles observed with the three detectors. Scaling the exposure
map and keeping the summed count image preserves the infor-
mation on the photon statistics that will become necessary in
the course of the analysis. Thus the resulting combined expo-
sure map is in units of effective EPN exposure time. Additional
X-ray sources in the field-of-view are identified and their extent
evaluated using the wavelet-based SAS5 routineewavdetect.
The outcome is visually inspected to distinguish significant point
sources from extended cluster substructure emission. Non-point
sources which correspond to substructure features in the cluster
are deleted from the source list. The sources are then excised
from the photon data, with visual checking if the excision radii
are sufficient or have to be increased manually. The holes are
then filled with theChandra CIAO6 routinedmfilth using ran-
domisation based on the surface brightness distribution around
the holes to fill the gap. The analysis methods described below
are then applied to these cosmetically point source-cleaned clus-
ter images. The total area replaced is in all cases a very small
fraction of the total image, so that the effect of this cosmetic op-
eration on the photon statistics can be neglected. Excisionof the
point sources is necessary, however, since their presence near the
aperture boundary can severely affect the results.

The total number of photons detected per cluster in all
three detectors combined ranges from 30 000 to 170 000 source
photons insideR500, except for two observations with fewer
photons that we used as split observations (more details in
Appendix A.1), and for A1689 (RXCJ1311.4-0120), for which
more than 300 000 photons were observed. We therefore have
very good photon statistics with which to characterise the clus-
ter morphology. In the following analysis we sample the surface
brightness inside a radius ofR500, which is defined as the radius
inside which the mean total mass density in the cluster is 500
times the critical density of the Universe. The value ofR500 is not
estimated directly from the X-ray derived mass profile, but from
the correlation ofM500 with YX (see also Pratt et al. 2009a). The
latter parameter, which is the product of the gas mass insideR500
and the mean spectroscopic temperature derived from the pho-
tons in the radial range [0.15− 0.75]R500, has been found to be

5 SAS is the ESA provided analysis software system for the reduc-
tion of XMM-Newton observational data. Information can be found at:
http://xmm.vilspa.esa.es/sas/

6 CIAO is the publically provided analysis software system for the
reduction ofChandra observational data. Information can be found at:
http://cxc.harvard.edu/ciao/

a low-scatter mass proxy in numerical simulations (Kravtsov et
al. 2006). Its low scatter has been confirmed in the observational
analysis of e.g. Arnaud et al. (2007).M500 is found by iteration
about the relation given by Arnaud et al. (2007), as described
by Kravtsov et al. (2006).R500 not only characterises the part
of the cluster that is fairly virialised (in non-merging systems)
and thus less affected by the matter infall region (e.g. Evrard et
al. 1996), but it also marks the region inside which we have a
highly significant detection of the X-ray surface brightness for
all systems. Therefore this fiducial radius lends itself naturally
as the outer limiting radius for our study.

In the following we use two methods for the substructure
characterisation. One – the so-called power ratio method – is
based on a multipole analysis of the azimuthal surface brightness
distribution (Buote & Tsai 1995, 1996, Buote 2002, Jeltema et
al. 2005, 2008, Valdarnini 2006). The other method is based on
studying the emission centroid shift as a function of the integra-
tion radius (Mohr et al. 1993, 1995, Poole et al. 2006, O’Hara
et al. 2006, Kay et al. 2007, Ventimiglia et al. 2008, Yang et al.
2008, Maughan et al. 2008).

2.3. Power ratios

The power ratio method introduced by Buote & Tsai (1995) is
motivated by the idea of identifying the X-ray surface bright-
ness as a representation of the projected mass distributionof the
cluster. The power ratio is then a multipole decomposition of
the potential of the two-dimensional, projected mass distribu-
tion. Following the recipe of Buote & Tsai, the moments,Pn are
determined as follows

P0 =
[
a0 ln(Rap)

]2
(1)

Pm =
1

2m2R2m
ap

(
a2

m + b2
m

)
(2)

whereRap is the aperture radius. The momentsam andbm are
calculated using:

am(R) =
∫

R′≤Rap

S (x′)(R′)m cos(mφ′) d2x′ (3)

and

bm(R) =
∫

R′≤Rap

S (x′)(R′)m sin(mφ′) d2x′, (4)

whereS (x) is the X-ray surface brightness,x is used as a label
for the pixel, and the integral extends over all pixels inside the
aperture radius.a0 in Eqn. 1 is thus the total radiation intensity
inside the aperture radius.

Since all termsPm are proportional to the total intensity of
the cluster X-ray emission, while only the relative contribution
of the higher moments to the total emission is of interest, the
multipole expansion power terms are normalised byP0, result-
ing in the so-called power ratios,Pm/P0. Similarly to all previ-
ous studies, we only make use of the lowest moments fromP1 to
P4 (the dipole, quadrupole, hexapole and octopole). The dipole,
P1, is used to find the centre of symmetry of the X-ray surface
brightness distribution. We use a minimisation routine (the sim-
plex method of Press et al. 1992) to find the minimum ofP1 as
a function of input centre coordinates. The disappearance of the
dipole indicates that the signal is well balanced in opposite di-
rections from the centre at all position angles, and we take this

http://xmm.vilspa.esa.es/sas/
http://cxc.harvard.edu/ciao/
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Table 1.Substructure parameters for 31 clusters from theREXCESS sample. For this analysis the central cluster emission inside a
radius of 0.1× R500 was excised to avoid any influence of cluster cool cores.

Cluster P2/P0 bias error P3/P0 bias error P4/P0 bias error w error
×10−5 ×10−5 ×10−5 ×10−7 ×10−7 ×10−7 ×10−7 ×10−7 ×10−7

(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 0.334 0.0032 0.00102
RXCJ0006.0-3443 0.546 0.0088 0.091 2.303 0.2807 1.322 0.2767 0.127 0.281 0.0130 0.00144
RXCJ0020.7-2542 0.135 0.0049 0.036 -0.139 0.1777 0.372 0.3431 0.069 0.323 0.0063 0.00078
RXCJ0049.4-2931 0.148 0.0106 0.069 0.295 0.3261 0.851 1.8380 0.160 0.922 0.0023 0.00078
RXCJ0145.0-5300 1.252 0.0072 0.132 1.155 0.2146 0.787 1.9030 0.093 0.700 0.0300 0.00141
RXCJ0211.4-4017 0.523 0.0096 0.112 -0.223 0.3101 0.358 2.3980 0.136 0.782 0.0046 0.00100
RXCJ0225.1-2928 0.896 0.0238 0.205 7.652 0.7239 3.654 1.9670 0.354 1.300 0.0121 0.00136
RXCJ0345.7-4112 0.366 0.0120 0.073 3.363 0.3813 1.735 2.1840 0.179 0.918 0.0052 0.00088
RXCJ0547.6-3152 0.112 0.0028 0.021 1.822 0.0699 0.535 1.0220 0.035 0.235 0.0070 0.00057
RXCJ0605.8-3518 0.155 0.0026 0.027 0.009 0.0745 0.114 0.0690 0.034 0.073 0.0059 0.00039
RXCJ0616.8-4748 0.461 0.0079 0.110 7.580 0.2327 2.183 3.6510 0.106 0.900 0.0131 0.00151
RXCJ0645.4-5413 0.416 0.0036 0.059 -0.110 0.1084 0.159 0.2678 0.051 0.181 0.0039 0.00042
RXCJ0821.8+0112 0.207 0.0253 0.109 9.254 0.8668 4.260 2.4590 0.372 1.617 0.0045 0.00144
RXCJ0958.3-1103 0.211 0.0063 0.048 0.038 0.1830 0.357 0.2421 0.086 0.203 0.0034 0.00072
RXCJ1044.5-0704 0.321 0.0021 0.031 -0.035 0.0613 0.055 -0.0092 0.027 0.051 0.0072 0.00040
RXCJ1141.4-1216 0.098 0.0033 0.023 1.129 0.0917 0.457 0.1163 0.040 0.136 0.0054 0.00059
RXCJ1236.7-3354 0.038 0.0086 0.030 0.227 0.2701 0.620 0.2089 0.117 0.418 0.0052 0.00069
RXCJ1302.8-0230 1.233 0.0071 0.129 3.304 0.2152 1.100 1.3020 0.094 0.553 0.0153 0.00086
RXCJ1311.4-0120 0.035 0.0009 0.007 0.041 0.0206 0.051 0.0121 0.009 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 0.187 0.0037 0.00044
RXCJ1516.5-0056 0.636 0.0075 0.091 10.250 0.2445 2.058 1.0280 0.106 0.479 0.0176 0.00140
RXCJ2014.8-2430 0.073 0.0020 0.015 0.614 0.0597 0.300 0.1227 0.026 0.093 0.0058 0.00030
RXCJ2023.0-2056 0.056 0.0155 0.051 -0.338 0.5603 0.610 0.8529 0.252 0.809 0.0167 0.00147
RXCJ2048.1-1750 0.840 0.0051 0.080 3.638 0.1479 0.866 2.0140 0.066 0.456 0.0419 0.00432
RXCJ2129.8-5048 0.037 0.0079 0.090 2.966 0.2349 1.220 -0.0584 0.107 0.269 0.0419 0.01997
RXCJ2149.1-3041 0.011 0.0046 0.012 1.951 0.1294 0.685 0.0450 0.059 0.082 0.0034 0.00053
RXCJ2157.4-0747 1.501 0.0266 0.275 -0.847 0.9897 0.954 3.4010 0.444 2.032 0.1080 0.90430
RXCJ2217.7-3543 0.061 0.0037 0.022 0.705 0.1116 0.364 0.2425 0.046 0.203 0.0018 0.00373
RXCJ2218.6-3853 0.762 0.0022 0.052 0.514 0.0728 0.287 0.1893 0.028 0.099 0.0155 0.00049
RXCJ2234.5-3744 0.144 0.0040 0.027 -0.085 0.1166 0.181 0.3276 0.055 0.148 0.0075 0.00056
RXCJ2319.6-7313 0.694 0.0089 0.138 -0.198 0.3012 0.799 0.5018 0.126 0.346 0.0217 0.00085

NOTES: The power ratio parameters have been determined for an aperture with a radius ofR500. The corresponding results without center excision
are given in Table A.1 in the Appendix. For each of the power ratio parameters we provide the value of the noise contribution to the power ratio
result (bias) which has been subtracted from the measured result to provide the value listed in columns 2, 5, and 8. The uncertainties determined
from the Poissonisation simulations are listed in columns 4, 7, and 10 (error). The center shift statistic parameterw and its uncertainty are listed in
columns 11 and 12.

as a sign that the cluster is correctly centred (with respectto the
radial weighting scheme used to calculateP1). We checked visu-
ally that this defines the centre of symmetry, and most often also
the central maximum of the cluster’s X-ray emission, and found
the method to be reliable. We then used this centre, defined for
a vanishing dipole signal, to determine the power ratios from
P2/P0 to P4/P0. P2/P0 describes the quadrupole of the surface
brightness distribution and is not necessarily a measure ofsub-
structure; a quadrupole will also be detected for a very regular
elliptical cluster, which could be well relaxed. In practice, low
to moderate values ofP2/P0 are found for regular elliptical clus-
ters, while larger values ofP2/P0 are a sign of cluster mergers.
The lowest power ratio moment providing a clear substructure
measure is thusP3/P0. P4/P0 describes substructure on slightly
finer scales and is found to be correlated toP2/P0 in this and
previous studies.

The results from the power ratio analysis determined within
R500 are given in Table 1 for core-excised cluster images and in
Table A.1 for the full aperture. In Table 2 we also give the cluster

centres in sky coordinates, as determined from the dipole min-
imisation for the innermost aperture with no center excision. The
Tables also give two measures of the uncertainty on the power
ratios, as we discuss below and in more detail in the Appendix.

To assess whether we have detected a significant deviation
from azimuthal symmetry, we must consider the effect of pho-
ton noise. This noise first introduces a bias since even a com-
pletely symmetric cluster would be detected with some residual
structure due to the photon noise affecting real observations. We
estimate this bias from Monte Carlo simulations of azimuthally
randomised cluster images, and subtract this signal from the
power ratios. The statistical uncertainties of significantsubstruc-
ture signal, again due to photon noise, are then estimated from a
second set of Monte Carlo simulations in which Poisson noiseis
added to the observational data and uncertainties are determined
from standard deviations. These uncertainties are larger than the
bias for clusters with significant substructure signal. These meth-
ods of error estimation are further explained in the Appendix,
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where we also quantify how realistic these estimated uncertain-
ties are.

To explore the effects of cool cores in the clusters, we have
undertaken the power ratio analysis both with and without excis-
ing the central region (r ≤ 0.1R500). From the above power ratio
definition it is obvious that for large values ofRap the exclusion
of the central region has little influence on the magnitude ofthe
derived power ratios. The question of whether the central regions
are retained or excised is more important for the second method
of structure assessment described in the next Section.

2.4. Centre shifts

The centre shift method is based on a measurement of the varia-
tion in separation between the X-ray peak and the centroid cal-
culated within an increasing aperture size. For our analysis we
use two centre definitions: the centres found in theP1 minimisa-
tion procedure described above, and centres found by the deter-
mination of a local maximum in smoothed images7. The latter
is determined from the X-ray surface brightness peak on an im-
age smoothed with a Gaussian withσ of ∼ 8 arcsec (in images
where point sources have been removed). We determine the cen-
tre shift between the local maximum and the centroids obtained
by P1 minimisation within 10 apertures (r ≤ n× 0.1R500, with n
= 1,2 ..10). For the runs where the central region (r ≤ 0.1R500)
is excised, we have centroids within 9 apertures. The fiducial w
parameter is then the standard deviation of the different centre
shifts (in units ofR500), defined as (see also Poole et al. 2006):

w =

[
1

N − 1

∑
(∆i − 〈∆〉)2

]1/2
×

1
R500

(5)

where∆i is the distance between the X-ray peak and the centroid
of theith aperture.

The uncertainties in the centre shifts and in thew parameter
are determined with the same simulations as the uncertainties
of the power ratios, i.e., by using Poissonised resampled cluster
X-ray images. The standard deviation of thew parameter in the
simulation results is used as an estimate of the measurementun-
certainties. We do not subtract a noise bias for thew-parameter
as in the case of the power ratios. The results of the centre shift
analysis are given for core-excised cluster images in Table1 and
for the full aperture in Table A.1. Table 2 gives the cluster centres
from the determination of the local maxima, in sky coordinates,
as used in the centre shift analysis.

3. Simulations

The representative nature ofREXCESS, and the homogeneous
nature of the associated X-ray observations, makes it an ideal
sample for comparison with numerical simulations. What inter-
ests us most here is the question of whether the simulated clus-
ters resemble the clusters observed in our Universe, when the
comparison is based on a representative sample of real clusters.

The set of simulated clusters that we use for this comparison
comprises 117 clusters identified from the hydrodynamical sim-
ulation of a large cosmological volume in aΛCDM model, pre-
sented by Borgani et al. (2004). These clusters have virial masses

7 We have also used manually determined local maxima and the
maximum obtained from minimisation ofP1 in the innermost region
(r < 0.1R500). The results we obtained from the different approaches
are quantitatively similar and demonstrate the robustnessof the centre
shift parameters obtained.

in the range 0.8× 1014 to 1.3× 1015 h−1 M⊙. As such, the sam-
ple covers a range of ICM emission weighted temperatures,Tew,
between 1.18 and 7.1 keV. Since there is only one cluster with
a temperature larger than 5 keV, we supplemented the sample
with four massive objects taken from the set of simulated clusters
presented by Dolag et al. (2008). These additional systems have
emission–weighted temperatures in the rangeTew = 8.1− 12.6
keV and virial masses in the range 1.0 to 2.2× 1015 h−1 M⊙. The
mass and ICM temperature distribution of the simulated clus-
ters is thus different from that of theREXCESS 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
code (Springel 2005). They included the treatment of radiative
cooling, a uniform time-dependent UV background, and a sub-
resolution model for star formation and energy feedback from
galactic winds (see Springel & Hernquist 2003 for details).All
clusters are identified from the simulations atz = 0.

X-ray images for these clusters were produced and analysed
by Ameglio et al. (2007, 2009). They have also been used for
a similar sub-structure analysis in connection with the mass-
temperature relation of clusters by Ventimiglia et al. (2008). X–
ray emission within each pixel has been computed by accounting
for the contribution of all the gas particles falling in projection
within that pixel, as described by Ameglio et al. (2007). The
images used here have been obtained for the energy range 0.5
to 2 keV, which is the same energy band used for the analysis
of XMM-Newton observations. The synthetic X-ray images do
not include any X-ray background and photon noise, thus the
outcome of the analysis of the simulated images is interpreted
as results without statistical uncertainties. For all aspects of the
analysis carried out in this paper, this makes the interpretation
easier and has no effect on the conclusions from the comparison
with real data. The centre of each map of X–ray emissivity coin-
cides in projection with the minimum of the cluster gravitational
potential. Each image has a size of 256 by 256 pixels and covers
a region of 4× R500 around each cluster. The simulated cluster
images have a resolution of∼ 0.031R500, comparing well to the
resolution of observations, which are characterised by a typical
half energy width of 0.030− 0.033R500. As we discuss in the
Appendix, the resolution at which the X–ray emission of real
clusters is observed has no significant effect on the results of
the substructure analysis at the range of resolution powersrel-
evant here. Any difference in the resolution between simulated
andREXCESS cluster maps is therefore not important for the
purpose of our analysis.

4. Results of the morphological analysis

In this Section we first present the observational results, then
discuss some implications of the analysis of the simulations, and
finally, we compare the observations to the simulations.

4.1. Power ratios

The first three panels in Fig. 1 show the results of the power
ratio analysis in pairs of two of the power ratio parameters.As
detailed above, values shown are those for an aperture ofR500
(with the central 0.1R500 excised) so as to provide a global
characterization of the clusters. While for the upper left and
lower right panel the clusters are colour coded to identify them
by their name, we characterise the clusters in the other two
panels by their properties (cool cores, having central densities
h−2

70 ne0 > 4 × 10−2 cm−3, and morphologically disturbed clus-
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Fig. 1. Results of the power ratio analysis for the 31 clusters of theREXCESS sample, determined for photons the radial range
[0.1 - 1] R500. Theupper left, upper right andlower left panels show the distribution ofP2/P0, P3/P0, andP4/P0 in pairs. The
uncertainties shown are determined by Monte Carlo simulations with Poisson noise added to the image pixels. While in theupper
left panel we identify the clusters by their name in colors, we use some cluster properties for the identification of the data points for
the upper right and lower left panel (as used in Pratt et al. 2009a, the threshold for a cluster to be considered as morphologically
disturbed is a〈w〉 parameter≥ 0.01). In the lower left panel we define a tentative classification for a cluster to be morphologically
disturbed in terms of theP3/P0 andP4/P0 parameters, shown by the grey lines (numerical values given in the text). Thelower
right panel shows a comparison of our P2/P0 and P3/P0 parameter results and those from the literature. The diamonds and triangles
are data from Jeltema et al. (2005) for clusters withz < 0.45 andz > 0.45, respectively. The× and+ symbols correspond to the data
from Buote & Tsai (1996) for power ratios determined with aperturesRap ≤ 0.7h−1

80 Mpc andRap > 0.7h−1
80 Mpc, respectively. In this

plot the uncertainties on theREXCESS data are calculated from the azimuthal randomization test (see Fig. A.1, and accompanying
text).

ters, having aw parameter> 0.01) 8. The values ofP2/P0 (i.e.,
the quadrupole moments) are larger than the higher order ratios.
Even though the data have very good photon statistics compared
to the average X-ray observation, the results have substantial
photon noise uncertainties, implying that the power ratio method
becomes insufficiently sensitive for images of much lower qual-
ity. The P2/P0 (quadrupole) versusP4/P0 (octople) plot shows,
as in previous studies, the strongest correlation. However, the
plot of P3/P0 vs. P4/P0 also shows a correlation, such that both
parameters will most likely flag the same cluster as either regu-
lar or disturbed. With respect to the cool core and morphological
disturbance criteria mentioned above, we note that in both the
P2/P0 − P4/P0 pair and theP3/P0 − P4/P0 pair most clusters
designated as disturbed accumulate in the upper right quadrant

8 These classifications were used Pratt et al. (2009a) to isolate the
most extreme thirty per cent of the sample according to thosecriteria,
and are further discussed in Sect. 4.2.

and most cool core clusters accumulate in the lower left quad-
rant.

We now try to set a tentative threshold criterion for the dy-
namical state of a system in terms of the power ratio parameters
P3/P0 andP4/P0. We find that a value ofP3/P0 = 1.5 × 10−7

separates out 11 non-symmetric clusters (about one third ofthe
sample), and a value ofP4/P0 = 6× 10−8 separates out 13 clus-
ters. These threshold criteria are shown as horizontal and vertical
grey lines in the lower left panel of Fig. 1.

The three clusters with no significantP3/P0 but high
P4/P0 are, from top to bottom in the plot: RXCJ2157.4-0747,
RXCJ0211.4-4017, and RXCJ2023.0-2056. RXCJ2157.4-0747
is the double component cluster which features a large centre
shift and large quadrupole and octopole moments, but just lacks
a hexapole moment. RXCJ0221.4-4017 appears rather regular
but obtains a significant octopole moment due to some distor-
tion in the outer surface brightness contour. The third cluster in
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Table 2.Coordinates (J2000) of the cluster centers for 31 objects
of theREXCESS cluster sample.

Cluster Local minimum P1 minimum F
RA DEC RA DEC

R0003+0203 00 03 49.7 02 03 57.5 00 03 49.6 02 03 51.9 1
R0006-3443 00 05 59.9 -34 43 23.0 00 06 00.4 -34 43 19.3 1
R0020-2542 00 20 42.2 -25 42 24.5 00 20 41.9 -25 42 36.0 1
R0049-2931 00 49 23.0 -29 31 13.9 00 49 23.0 -29 31 11.8 1
R0145-5300 01 44 59.7 -53 01 03.1 01 44 58.1 -53 01 12.9 1
R0211-4017 02 11 24.8 -40 17 28.3 02 11 25.1 -40 17 28.4 1
R0225-2928 02 25 09.3 -29 28 36.3 02 25 08.5 -29 28 36.4 1
R0345-4112 03 45 46.2 -41 12 13.8 03 45 46.4 -41 12 15.7 1
R0547-3152 05 47 38.4 -31 52 12.2 05 47 38.5 -31 52 10.9 1
R0605-3518 06 05 54.2 -35 18 08.7 06 05 54.0 -35 18 08.3 1
R0616-4748 06 16 51.7 -47 47 40.4 06 16 51.5 -47 47 42.2 1
R0645-5413 06 45 29.3 -54 13 40.4 06 45 29.4 -54 13 38.9 1
R0821+0112 08 21 50.9 01 11 52.4 08 21 50.7 01 11 56.1 1
R0958-1103 09 58 22.3 -11 03 53.6 09 58 22.1 -11 03 50.3 1
R1044-0704 10 44 33.0 -07 04 08.6 10 44 32.9 -07 04 07.7 1
R1141-1216 11 41 24.4 -12 16 37.4 11 41 24.4 -12 16 38.8 1
R1236-3354 12 36 41.3 -33 55 37.2 12 36 41.0 -33 55 26.3 1
R1302-0230 13 02 53.3 -02 31 00.4 13 02 52.7 -02 30 56.9 1
R1311-0120 13 11 29.5 -01 20 27.7 13 11 29.4 -01 20 30.1 1
R1516+0005 15 16 18.1 00 05 27.8 15 16 18.0 00 05 23.1 1
R1516-0056 15 16 44.2 -00 58 11.9 15 16 44.5 -00 58 21.8 1
R2014-2430 20 14 51.7 -24 30 19.9 20 14 51.7 -24 30 21.6 1
R2023-2056 20 22 58.8 -20 56 56.1 20 22 59.0 -20 56 57.2 1
R2048-1750 20 48 12.2 -17 51 19.8 20 48 10.4 -17 50 35.1 0
R2129-5048 21 29 36.5 -50 48 52.2 21 29 40.9 -50 48 54.8 0
R2149-3041 21 49 07.6 -30 42 04.7 21 49 07.6 -30 42 04.6 1
R2157-0747 – – 21 57 29.5 -07 47 54.9 0
R2217-3543 22 17 45.5 -35 43 30.1 22 17 45.6 -35 43 31.0 1
R2218-3853 22 18 40.3 -38 54 05.7 22 18 40.1 -38 54 00.6 1
R2234-3744 22 34 28.0 -37 43 52.1 22 34 27.1 -37 44 02.3 0
R2319-7313 23 19 40.2 -73 13 38.4 23 19 39.9 -73 13 36.1 1

NOTES: The first set of coordinates designate the local X-raymaximum
found in X-ray images (0.5 - 2 keV band) smoothed with a Gaussian
with σ ∼ 8 arcsec. The second set of coordinates is derived from min-
imising the dipole (P1) signal in the determination of the power ratios
in the smallest aperture with a radius of 0.1 × R500. The flag, F, indi-
cates which cluster centre has been used for the determination of the
centre shift parameterw. For flag 1 the local maximum of the smoothed
images was used (default), for clusters with flag 0 the P1 minimisation
result was used.

this group, RXCJ2023.0-2056 is azimuthally symmetric on large
scale but has an Eastern extension of the central region.

Similarly we find three clusters separated out by the
P3/P0 parameter as disturbed but having a lowP4/P0 value:
RXCJ0006.0-3443, RXCJ2149.1-3041, and RXCJ2129.8-5048.
The first cluster has no significant octopole moment, the second
cluster is fairly regular but displays a significant hexapole mo-
ment due to some distortions in the outer surface brightnesscon-
tour, and RXCJ2129.8-5048 has a low surface brightness elon-
gation to the NE but no significant octopole moment. One may
thus consider a combination ofP3/P0 andP4/P0 measures, with
the threshold criteria defined above, as a good general character-
isation of significant substructure in a given system. However,
distortions near the aperture radius can have a strong influence
on the derived power ratios.

4.2. Centre shifts

Thew-parameters found for theREXCESS sample are given in
Table 1, and the centre coordinates used for this analysis are
compared to those obtained from the dipole minimisation in
Table 2. The two centres are generally very similar. Exceptions
are the three clusters with very diffuse, low surface brightness re-
gions in the centre, RXCJ2048.1-1750, RXCJ2129.8-5048, and
RXCJ2157.4-0747. Here the local maximum is difficult to define
automatically, even with smoothing, and the minimisation of the
dipole moment marks a much more reliable central location as
determined by visual inspection of the images. While in the first
two cases the offset is moderate, for RXCJ2157.4-0747 the cen-
tre determination is not stable, and we do not give results for the
local maximum for this cluster. Therefore we recommend min-
imisation of the dipole moment to determine the centre for these
and similar systems, as indicated by the flag in Table 2. In addi-
tion, for RXCJ2234.5-3744, which shows some substructure in
the central region, the dipole moment centring provides a better
indication of the local maximum.

4.3. Comparison with previous work

In the lower right panel of Fig. 1 we compare the range of our
results for theP2/P0 versusP3/P0 correlation to the previous ob-
servational results from Buote & Tsai (1996) and Jeltema et al.
(2005). We note that the parameter range covered is very sim-
ilar for all the studies. Some of the data points from the work
of Jeltema et al. extend to somewhat higher values in both pa-
rameters, as indicated by the points in the upper right corner.
However, for these points no photon noise bias was subtracted,
as it was for our data, and some of the clusters in the Jeltema
et al. sample have large photon noise and would possibly have
significantly reduced values if the photon noise correctionwere
to be applied. Therefore we conclude that the parameter range
covered by observational studies up to date is very similar,even
though the selection of the cluster sample is not strictly equiva-
lent.

Maughan et al. (2008) have studied a large sample of 115
galaxy clusters in the redshift range 0.1 to 1.3 observed with
Chandra, and analysed the cluster morphologies with the same
centre shift parameter technique as the one used in the present
work. They find a very similar distribution ofw parameter val-
ues, lying in the range 0.0007 - 0.0695.

4.4. Comparison of power ratios and centre shifts

4.4.1. Sorting clusters

The clusters marked in red in the lower left hand panel of Fig.1
were identified as the thirty per cent of the sample that were most
disturbed according to thew parameter (see Pratt et al. (2009a)
and Section 4.2). Of these, only one cluster, RXCJ2218.6-3853,
has no large hexapole or octopole moment; however, this sys-
tem is elongated with a significant quadrupole moment and
has a large isophotal centre shift in the central region. In ad-
dition, two cool core clusters, RXCJ1302.8-0230 (green) and
RXCJ0345.7-4112 (blue) are among the clusters classified as
disturbed through theP3/P0 vs. P4/P0 classification. While
RXCJ0345.7-4112 shows a very regular central region, it has
a very low surface brightness extension in its Eastern outerre-
gions; RXCJ1302.8-0230 has a cool core but with a clear offset
from the overall cluster symmetry.
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Fig. 2. Correlation of thew parameter withP3/P0 for the 31
clusters of theREXCESS sample, with both parameters derived
from core excised images.Upper panel: Clusters identified by
name. The dashed blue lines divide the sample roughly in two
halves with respect to both parameters.Lower panel: Cool core
clusters identified. The thin grey line marks the tentativeP3/P0
threshold criterion for morphological disturbance as defined in
Fig. 1. The dashed grey lines enclose the clusters with discrepant
power ratio vsw classification, as further discussed in the text. In
both panels the grey stripe marks the gap in thew-parameter dis-
tribution used for further discussion of the distribution statistics
in the text.

In Fig. 2 we plotw versusP3/P0 for the 31 clusters of the
REXCESS sample9. We have selected theP3/P0 parameter for
this comparison since it is the lowest multipole moment that
gives an unambiguous signature of dynamical distortion (since
an elliptical cluster can be relaxed). While there is a clearcorre-
lation between the two parameters, there is also a large scatter,
illustrating that the two methods are weighing structural features
in different ways. The horizontal and vertical lines in the upper
panel (P3/P0 = 4× 10−8; w = 0.006) divide the sample roughly
in half with respect to the two parameters, with fifteen objects in
the lower (left) half and sixteen in the upper (right) half ofthe
Figure. Alternatively, using the larger gap in thew-parameter

9 For the results plotted in the Figure, the central region wasexcised,
but including the central region gives very similar results(cf. corre-
sponding Table A.1 in the Appendix).

distribution (w = 0.007− 0.01, marked by a grey stripe in the
Figure), we find that 21 clusters are found in the lower left and
upper right quadrants, while only 10 clusters fall near the bound-
aries into the other two quadrants, which implies that with these
dividing lines 68% of the clusters would be classified in the same
way and 32% differently using these parameter cuts.

Inspecting the clusters which have discrepant substructure
classifications in terms ofP3/P0 andw parameter (Fig. 2), we
easily find the reason for the discrepancy. The three clusters in
the upper left of Fig. 2, having no significant value ofP3/P0, are:
RXCJ2157.4-0747 (at the top) which is the double component
cluster which features a large centre shift and large quadrupole
and octopole moments, but lacks a hexapole moment. Similarly,
RXCJ2319.6-7313 is elliptical in large scale morphology, with
a bright, elongated central region, resulting in a strong cen-
tre shift and dipole moment but vanishing hexapole moment.
RXCJ2023.0-2056, is azimuthally symmetric on large scale but
has an Eastern extension of the central region. Among the out-
liers above theP3/P0-threshold in the lower right corner of
Fig. 2, RXCJ0821.8+0112 is regular in the central region except
for a substructure clump nearR500, RXCJ0345.7-4112 shows a
very regular central region, but has an very low surface bright-
ness extension in the Eastern outer region, and RXCJ2149.1-
3041 is quite regular but distorted nearR500 as discussed above.

In the lower panel of Fig. 2 we designate the clusters by
their cool core properties. While only two cool core clusters,
RXCJ1302.8-0230 and RXCJ2319.6-7313, are classified by the
w parameter as disturbed, several cool core clusters are found
to have highP3/P0 values. The two cool core clusters with the
largest values ofP3/P0 are RXCJ0345.7-4112 and RXCJ1302.8-
0230 which have already been discussed above. As already
noted, the difference in the classification obviously stems from
the stronger weighting that the power ratios give to the outer re-
gions. TheP3/P0 parameter is very sensitive to substructure in
the outskirts, while the centre shift parameter is very sensitive
to isophotal structure in the inner region. This result is further
explored in Section A.3 in the Appendix, where we study power
ratios with varying aperture radius.

4.4.2. Sensitivity

The uncertainties derived from the Monte Carlo simulationsfor
thew-parameter are in most cases smaller than the correspond-
ing uncertainties forP3/P0. In particular, a useful signal/noise
value is still obtained for small values ofw, in contrast to the
results forP3/P0. The log-mean relative errors forP2 are 22
per cent (excluding 1 cluster with a result consistent with zero)
and for P3 they are 70 per cent (excluding the 8 clusters with
signal less than zero). For thew parameter the log-mean error
is 15 per cent for all clusters. To evaluate the sensitivity of the
method the uncertainties should be considered in the context of
the dynamic range of the parameter values. Since for bothP3/P0
andw the values span a range of about two orders of magnitude
(10−8−10−6 for P3/P0 and 0.001−0.1 for w), the relative errors
can directly be compared. Figure 3 illustrates the significance of
both methods: the typical uncertainty forP3/P0 is comparable
to the parameter value, while forw it is more of the order of 10
per cent. Such a comparison clearly shows thatw appears to be
more sensitive thanP3/P0.

The w parameter also gives a better overall measure of the
deviation from symmetry and is not discriminating against the
central regions as do the power ratios (as illustrated by theex-
amples discussed above). Hence we decided that thew param-
eter better suits the goal of substructure characterisation in the
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Fig. 3. Signal-to-noise (P3/∆(P3) ) and (w/∆w) distribution of
the power ratios (solid line) and centre shifts (dashed line) for
the 31REXCESS clusters (plotted in logarithmic units).

REXCESS project, and we have made use of this substructure
measure in our otherREXCESS papers. Our practical approach
to separating the disturbed clusters from the regular objects takes
advantage of the observed gap in thew parameter distribution
aroundw = 0.01. We designate clusters above this limit as dis-
turbed, leaving 12 clusters with the classification of beingdy-
namically distorted - about one third of the sample.

To quantify the correlation of the two substructure measures
we analyse the correlation statistics of the data by means of
the Kendall and Spearman tests. To estimate the test statistics
we use the analysis package ASURV (Astronomical Survival
Statistics, Isobe et al. 1986), which tests for correlations in the
presence of censored data. Table 3 lists the results of the corre-
lation of thew vs. P3/P0 parameter, which gives probabilities
of 0.43 and 0.25 for no correlation according to Kandell’sτ and
Spearman’sρ rank test, respectively, indicating a weak corre-
lation. The correlation improves significantly if we removeone
outlier, RXCJ2157.4-0747 (the two component cluster, visible in
the top left in both panels of Fig. 2). In this case the correspond-
ing probability for no correlation decrease to 0.22 and 0.12, giv-
ing stronger significance to the correlation. We also studied how
the correlation changes for power ratios determined with smaller
apertures and found a significant improvement in the correlation
statistics for aperture sizes of 0.7− 0.8R500, as listed in Table 3
and as further discussed in the Appendix.

5. Observations versus simulations

5.1. Dependence on viewing angle in simulations

The simulations provide us with the means for another important
approach to test the significance of the methods for the char-
acterisation of substructure. Since for the 121 simulated clus-
ters, images from three different orthogonal viewing angles are
at hand, we can test how much the substructure characterisation
varies depending on viewing angle. Therefore we can straight-
forwardly investigate how well the structure parameter results
are correlated for the three different projections of each cluster.
Figure 4 shows the results for two projections of the power ratio
P3/P0. There is a clear correlation and also a very large scatter.

Table 3.Correlation tests of various substructure measures using
the 31 galaxy clusters in theREXCESS sample.

Correlation τ P ρ P Figure
(1) (2) (3) (4) (5) (6)

P3/P0 − w (R500) 0.80 0.43 0.21 0.25 2
P3/P0 − w (R500)a 1.22 0.22 0.29 0.12 2
P3/P0 − w (0.9R500) 1.63 0.10 0.29 0.10 -
P3/P0 − w (0.8R500) 2.20 0.03 0.37 0.044 -
P3/P0 − w (0.7R500) 2.13 0.03 0.38 0.035 A.5
P3/P0 − w (0.6R500) 1.38 0.17 0.25 0.17 -
P3/P0 − w (0.5R500) 0.36 0.72 0.01 0.99 -

M500− w 0.24 0.81 -0.04 0.81 11
M500− P3/P0 0.39 0.69 -0.06 0.73 11
L1 − w 0.49 0.63 -0.09 0.63 12
L1 − P3/P0 1.48 0.14 -0.22 0.22 12
M500− Lrat 0.03 0.97 -0.04 0.84 14
L1 − Lb

rat 1.41 0.16 0.245 0.18 14
L2 − Lrat 0.43 0.67 0.055 0.76 14
ne0 − P3/P0 1.54 0.12 -0.30 0.10 13
tcool − P3/P0 1.86 0.06 0.34 0.06 13
ne0 − w 2.57 0.01 -0.52 0.004 -
tcool − w 2.62 0.009 0.50 0.006 -

NOTES: Column (1) lists the correlation tested, (2) gives the parame-
ter of Kendall’sτ test and (3) the corresponding probability of a null-
correlation, (4) gives the result for Spearman’s rank testρ and (5) the
corresponding probability and (6) gives the Figure number that shows
the correlation. For the correlation analysis the ASURV software pack-
age (Isobe et al. 1986) was used.a same correlation as in the first row
but excluding the outlier object RXCJ2157.4-0747.b L1 is the X-ray
luminosity in theR500 aperture in the [0.1-2.4] keV band andL2 refers
to the core excised luminosity (values given in Pratt et al. 2009a).

Similarly we compare the correlation of the w-parameter
determined for different viewing angles in Fig. 5. The correla-
tion as shown in the plot seems tighter than that forP3/P0. We
have determined the mean orthogonal scatter (standard deviation
from the diagonal) of the power ratios and thew parameter for
all three projection pairs, averaging using both linear andloga-
rithmic summation. The results are summarised in Table 4. The
standard deviation of the values is about as large as the values
themselves; however, we note that the mean orthogonal scatter
for P3/P0 is about twice as large as the scatter for the center shift
parameter,w.

5.2. Comparison of observations and simulations

As mentioned earlier, the simulation images do not contain pho-
ton noise, so that the substructure parameters we obtain have no
statistical error and we also do not subtract a photon noise bias.
Figure 6 shows a comparison of the distribution ofP2/P0 and
P3/P0 for the simulations and observations. Since the simula-
tion sample contains a large number of low temperature clus-
ters outside the selection interval ofREXCESS we have marked
the clusters with temperatures above 2 keV with larger symbols.
There is no apparent difference in the parameter distribution of
the simulated clusters atTX ≤ 2 keV andTX ≥ 2 keV. While a
larger fraction of the simulated clusters cover a similar parameter
space to the observed objects inP2/P0 andP3/P0, there is a sub-
stantial fraction of simulated clusters with much higher substruc-
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Fig. 4. Comparison of theP3/P0 result for two different orthog-
onal projections of the simulated clusters, showing a clearcor-
relation with a large scatter. The larger points mark clusters with
temperatures above 2 keV, the open symbols those withTX above
3.5 keV. The dashed line indicates equality of both parameters.

Fig. 5. Comparison of the centroid shift statistic parameter,w,
for two different orthogonal projections of the simulated clus-
ters, showing a clear correlation with a large scatter. The larger
dots mark clusters with temperatures above 2 keV, the open sym-
bols those withTX above 3.5 keV. The dashed lines indicate the
defined threshold for considering a cluster as dynamically dis-
torted for both viewing directions.

ture measures thanREXCESS. To show this more quantitatively
we have determined the log-mean of the different distributions,
as shown in the Figure 6. The log-mean of the observed clus-
ters is at much lower values in both parameters. We also show
the log-mean parameter value for the simulated galaxy clusters
selecting only those systems withTX ≥ 2 keV, finding that the
result does not differ significantly from that of the total sample.
We have also checked that there is no significant difference using
only clusters atTX ≥ 4 keV. The result that the substructure mea-
sures are largely independent of the cluster temperature when
applied to the simulations supports the view that the discrepancy
in mean values between the simulations and observations is not
due to a mass or ICM temperature selection effect. We further

Table 4.Comparison of the mean orthogonal scatter of the sub-
structure parameters from the analysis of the simulated clusters
seen from different projection angles.

Parameter pair X-Y X-Z Y-Z mean

〈∆P̃2/P̃2〉/
√

2 0.72 0.79 0.77 0.76
exp〈ln(∆P̃2/P̃2)〉/

√
2 0.48 0.56 0.57 0.54

〈∆P̃3/P̃3〉/
√

2 0.99 1.85 0.91 1.25
exp〈ln(∆P̃3/P̃3)〉/

√
2 0.63 0.83 0.72 0.73

〈∆P̃4/P̃4〉/
√

2 1.13 1.03 1.01 1.06
exp〈ln(∆P̃4/P̃4)〉/

√
2 0.71 0.80 0.80 0.77

〈∆w/w〉/
√

2 0.50 0.49 0.48 0.49
exp〈(ln(∆w/w))〉/

√
2 0.32 0.29 0.26 0.29

NOTES:P̃2 = P2/P0, etc. The orthogonal scatter is defined as the mean
deviation from the diagonal in the plot and thus the algebraic expres-
sions in the Table contain an extra factor of 1/

√
2. The mean is de-

termined by both linear and logarithmic averaging. The means for the
three projections and the total mean are given. The standarddeviation
of these parameters from the mean is slightly smaller than the means,
but of the same order of magnitude.

corroborate these results with the analysis discussed below and
shown in Fig. 15. Fig. 7 shows the histograms of all the power
ratio values for the observed and simulated systems, underlining
the fact that the power ratios of the simulated systems extend to
much higher values than the observed objects. Fig. 8 shows the
histograms of thew parameter determined with and without ex-
cision of the centre. The discrepancy is more subtle inw than for
the power ratios, but is still significant.

Possible selection effects due to the different temperature and
mass ranges covered by the simulated and observed cluster sam-
ples remains a major concern (e.g. 90 per cent of the simulated
clusters have a temperature below 4.3 keV but only 55 per cent
of the observed clusters have temperatures below this value). We
thus performed another test to show that the excess of simulated
clusters with strong indications for substructure is not due to
selection effects. We resampled the simulated clusters in such
a way that the distribution in temperature is roughly similar to
the observed distribution. The resampling is not exactly perfect,
since we have only 3 clusters with 3 viewing angles each in the
temperature range from 4.3 to 6.5 keV and so we restore the bal-
ance by having more objects in the neighbouring bins. In total
we compare 54 resampled clusters (treating the different view-
ing angles of the same cluster as independent values) to the 31
observed clusters with very similar temperature distributions in
the lower panel of Fig. 6. We note that 22 per cent (12/54) of the
simulated clusters have power ratios in excess of the regimecov-
ered by the observed clusters. We also use different symbols for
simulated clusters below and above 4 keV and note that, even
given the small number, hotter and cooler clusters have simi-
lar power ratio distributions. Therefore we are confident that we
can rule out that the discrepancy in the power ratio distributions
between observed and simulated clusters is due to a selection
effect.

A very similar result for the distribution of the power ratio
parameters is found when comparing with the simulations by
Valdarnini (2006). TheP3/P0 of his simulated clusters span the
range of 10−8 to 10−4, and thus these simulations also populate
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Fig. 6. Upper panel: Comparison of power ratio parameter dis-
tributions of P2/P0 and P3/P0 for the observed and simulated
clusters. The lower, blue cross indicates the log mean of theob-
served values and the upper crosses the values for the simulated
clusters. Of these, the upper orange symbol is for all clusters and
the slightly lower dark red mark for all simulated clusters with
temperatures above 2 keV.Lower panel: Same plot but now only
a subsample of 54 clusters from the simulations is shown thathas
a very similar ICM temperature distribution as the observedclus-
ters. Clusters with temperatures above 4 keV are marked with
larger double circles. In both plots we treat simulated galaxy
clusters seen from different orthogonal viewing angles as inde-
pendent objects.

the parameter range from 10−6 to 10−4, in which there are no
observed clusters.

In search of a physical reason for the difference in morpho-
logical statistics between simulated and observed clusters, we
inspected the images of the simulated objects with large sub-
structure parameters. Fig. 9 shows four examples of simulated
clusters from the extreme upper right corner of Fig. 6. Theseim-
ages contain only the diffuse X-ray emission of the ICM, and
what may appear to be point sources are very compact cool re-
gions that have been accreted by the clusters. We have markedin
the Figure the aperture radiusR500 inside which the substructure
analysis is undertaken. All of the simulated clusters show no-
ticeable substructure features insideR500 that serve to boost the
power ratios, in particular if they are located close to the aper-

Fig. 7. Comparison of the distribution functions of, from top to
bottom,P2/P0, P3/P0 and P4/P0, for the simulations (dashed
lines) and observations (solid line). All histograms are nor-
malised by the total number of clusters of each sample.

ture radius. In the real cluster images we do not find equivalent
compact emission regions. It thus appears that one significant
difference between observations and simulations is the fact that
at least a fraction of the simulated clusters contain more compact
cool cores than their observed counterparts.

Pratt et al. (2007), when comparing the temperature profiles
of the REXCESS with those from this same sample of simu-
lated clusters, showed that almost all simulated objects had a
central temperature decrease signifying the presence of a pro-
nounced central cool core, whereas less than half of the obser-
vations showed this feature. From this finding one could have
expected that simulated clusters are more regular on average,
since cool core clusters have statistically less substructure than
non-cool core clusters. The explanation is more complex. The
simulated clusters not only have more pronounced cool coresin
their central regions, but they also contain previously accreted
subclusters that themselves have strong cool cores. These sur-
vive in the final cluster and produce multiple maxima, as seen
in Fig. 9. We can illustrate the overabundance of cool regions
in the simulations with another statistic from our analysis. If we
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Fig. 8. Comparison of the distribution functions for thew-
parameter obtained from the full aperture (top) and with central
region excluded (bottom), for the simulations (dashed lines) and
observations (solid line). Both histograms are normalisedby the
total number of clusters in each sample.

characterize the strength of a cool core byLrat, the ratio of the
cluster flux from the total cluster image interior toR500 to that
with the core region (r < 0.1R500) excised, we find, as shown in
the histogram in Fig. 10, that the simulations cover a somewhat
broader range of such flux ratios, extending up to higher values
than the observations.

6. Correlation of morphological and global cluster
parameters

In this Section, we investigate how the substructure measures
vary with global cluster properties. We start by investigating
how the substructure parameters vary with mass, since this is
the most fundamental scaling parameter of a cluster. We use
the REXCESS mass estimates given in Pratt et al. (2009b),
which were obtained from iteration about theM500−YX relation.
Figure 11 showsw andP3/P0, obtained with central region ex-
cised, as a function of mass. Also overplotted are logarithmically
averaged values in three mass bins. There is no obvious variation
in the occurrence and strength of substructure with clustermass,
a result that is quantitatively confirmed by the statisticaltests
listed in Table 3. Forw, a Kendall’sτ test gives a probability of
0.81 and a Spearman’s rank test a probability of 0.81 for no cor-
relation. ForP3/P0, the corresponding probabilities are 0.69 and
0.73, clearly pointing towards no mass correlation.

Next we use bolometric X-ray luminosity,LX , as the scal-
ing parameter, since this is the most frequently used observable.
Figure 12 showsw andP3/P0 as a function of theREXCESS LX
values published by Pratt et al. (2009a), with averages in three

Fig. 9. Examples of the four simulated clusters from Borgani et
al. (2004) having the largest values ofP3/P0 > 10−4. The thin
circle indicates a radius ofR500. All of these clusters show sev-
eral clear maxima or clumps insideR500, in contrast to the im-
ages of theREXCESS 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.

Fig. 10. Comparison of the ratio of the total cluster flux to the
flux with the core region (r < 0.1R500) excised for 31 clusters
from REXCESS (solid line) and the simulated clusters (dashed
line).

LX bins overplotted. The Kendall’sτ and Spearman’sρ probabil-
ities are 0.63 (0.14) and 0.63 (0.22) forw (P3/P0), respectively,
suggesting that at least for the correlation of the power ratios
with X-ray luminosity the observed weak correlation is statisti-
cally confirmed.

We further investigate how substructure and the cool core
properties are connected. This was already partly exploredin
Croston et al. (2008, their Fig. 12) using correlations ofw and
P3/P0 with central gas density (at 0.007R500) and central cool-
ing time (at 0.03R500). Croston et al. found that these data al-
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Fig. 11. Correlation of the substructure parameterw (top) and
P3/P0 (bottom) with cluster mass for the 31 cluster from
REXCESS . The grey bars show the log-mean values ofw and
P3/P0 determined for three mass bins.

lowed to reject the hypothesis of no correlation with probabili-
ties of∼ 85− 92%. We show a similar analysis for the power
ratios in Fig. 13. A Kendall’sτ test gives a probability of no cor-
relation of 12% (10%) and a Spearman rank test a probability
of 6% (6%) for central density (cooling time), respectively. We
have also studied the variation ofw with the central density and
cooling time – results are given in Table 3. The correlation with
w is even tighter than forP3/P0. In a study presented in section
A.3 in the Appendix, we show that also the strength of the cor-
relation betweenP3/P0 and cool core indicators increases if we
decrease the aperture radius, thus giving less weight to thevery
outer regions of the object.

There is thus evidence for a reasonably good correspondence
between global morphological parameters and core properties.
This quantifies for the first time in a representative sample the
widely expected result that cool core systems correspond toclus-
ters that have not been disturbed by mergers in the recent past.
But the fact that the correlation is far from being perfect implies
that the presence of a cool core can not generally be taken as an
indication that a cluster is relaxed. On the other hand, it isworth
noting that the correlation seen in Fig. 13 is all the more remark-
able given that it involvesP3/P0, which provides a measure of
substructure on a very global scale with little influence from the

Fig. 12. Correlation ofw (top) andP3 (bottom), both obtained
with the core regions excised, with bolometric X-ray luminos-
ity estimated interior toR500 aperture (Pratt et al. 2009a). The
grey bars show the log-mean values ofw determined for three
luminosity bins.

central regions, as discussed above. This is the reason why we
preferred to show this relation rather than the tighter correlation
with thew parameter. The correlation we find therefore demon-
strates that there is a causal, statistical connection between the
properties of the very central region and the global morphology.

The above results provide the key to understanding the dif-
ferent correlations between mass, X-ray luminosity and cluster
morphology. We know that for a given mass, clusters with cool
cores have in general higher X-ray luminosities (e.g. Fabian et al.
1994, Chen et al. 2007, Pratt et al. 2009a). Thus in going from
the mass distribution to theLX distribution, cluster cool cores
preferentially move to higher luminosities compared to non-cool
core clusters. Since these cool core clusters are on averagemore
regular, the more regular clusters will accumulate at the higher
luminosity side – exactly as observed. Thus, if we accept galaxy
cluster mass as the primary scaling parameter, the correlation of
LX with the substructure parameters can be seen as a selection
effect.

To close the loop of arguments, we can also test our expec-
tation that cool cores are preferentially found in the higher lu-
minosity bins. Figure 14 shows the luminosity ratioLrat, defined
as the ratio of the total flux in the [0.5-2] keV band measured
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Fig. 13.Correlation of the central ICM density (top) and cooling
time (bottom) with theP3/P0. Similar correlations between the
centre shift parameterw and the central density and cooling time
were shown in Figure 12 of Croston et al. (2008).

interior toR500 to the flux in the same aperture with the core re-
gion (r < 0.1R500) excised. This parameter was defined to sep-
arate out cooling cores and is, as we have tested, very tightly
correlated to central density and cooling time. There is a notice-
able correlation and it is mostly the highest luminosity binthat
features a higherLrat on average. The statistical tests listed in
Table 3 show a probability of non correlation of 0.16 and 0.18on
a Kendall’sτ test and a Spearman’s rank test, respectively, sup-
porting a significant correlation. If the same test is done for the
correlation ofLrat with the cluster mass, as shown in the lower
panel of Fig. 14, we find that it is rejected with probabilities of
0.97 and 0.84 on a Kendall’sτ test and Spearman’s rank test,
respectively. In the middel panel of Fig. 14 we also show the
correlation ofLrat with the core excised X-ray luminosity of the
clusters. The no-correlation probabilities of 0.97 and 0.84 pro-
vided by Kendall’sτ test and Spearman’s rank tests indicate no
significant correlation. Thus, core excision in the luminosity in-
tegration removes the influence of cool cores quite effectively.

Fig. 14.Correlation of the bolometric X-ray luminosity interior
to R500 (top), core excised bolometric X-ray luminosity (middle),
and mass (bottom) with the X-ray luminosity ratioLrat. The latter
is defined as the ratio of the total flux in the [0.5-2] keV band
measured interior toR500 to the flux in the same aperture with the
core region (r < 0.1R500) excised. This luminosity ratio closely
correlates with other cool core properties such as central density
and cooling time, and is a sensitive indicator of cool cores.The
grey bars show the log-mean values ofLrat determined for three
bins.

7. Discussion

7.1. Methodology

The results presented in this paper provide insight into therelia-
bility and sensitivity of two methods to characterise substruc-
ture: power ratios and centre shifts. We have introduced new
methods to estimate the bias produced by photon noise and to
assess the uncertainties in the results. Our analysis suggests that,
while these morphological characterisations are not precision
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Fig. 15.Substructure measures, power ratios and centershifts, for
the simulated clusters as a function of ICM temperature. The
substructure measures have been averaged for seven temperature
bins of the simulated cluster sample. For each cluster all three
projections have been used as independent results. Note that bin
5 contains only one and bin 6 only two clusters.

measures for individual clusters, they can still provide useful
statistics to study trends of properties in samples of clusters. This
is evident from both the results of the Monte Carlo Poisson noise
simulations to estimate uncertainties, and from the difference in
the substructure measures of simulated clusters when obtained
from different viewing angles.

In a comparison of the morphological parametersP3/P0 and
w, we find typical uncertainties (for goodXMM-Newton data
quality with high photon statistics) of∼ 70 per cent and∼ 15
per cent, for power ratios andw, respectively. Testing the re-
covery of a given substructure measure from the observationof
a (simulated) cluster from different viewing angles, we find that
the difference for the different viewing angles is about as large as
the values ofP3/P0 itself, while it is smaller by about a factor of
two for w. Yang et al. (2008) have recently found similar results
using power ratios and centroid shift tests on simulated clusters
with known merger histories. They find a substantial and signif-
icant correlation ofP2/P0, P3/P0, andw with the time passed
since the last major merger (for a mass ratio smaller than 5:1).
Similar to our findings the correlation is not tight enough for
a cluster by cluster identification of the dynamical state, but it
provides important statistical diagnostics. In addition they find
that w is significantly more sensitive than the power ratios. For
our work with theREXCESS sample we have therefore adopted
a threshold value ofw > 0.01 for the designation of a galaxy
cluster as being dynamically disturbed.

Despite the fact thatw is a more sensitive substructure diag-
nostic, one should not easily conclude that power ratios should
be given up as an alternative. For multi-peaked (simulated)clus-
ters, the power ratios pick up the obvious substructure with
higher sensitivity than the centroid shifts, as can be seen in the
larger relative excesses of theP3/P0 values compared to thew
values in Figs. 7 and 8, respectively. For the substructure -cool
core correlationw shows a much stronger connection (likely be-
cause it is less biased toward the signal from the outer radii), but
it is P3/P0 that is more affected by the correlation with X-ray
luminosity (Fig. 12). This illustrates that the different methods
of characterising substructure react differently to various mor-

phologies and it may still be useful to look at several substruc-
ture tests in cluster morphology studies.

Our results also point towards a possible future improve-
ment in our application of the power ratio method. Firstly, as
shown in the Appendix, running the power ratio analysis in sev-
eral apertures tends to emphasise different structural features.
Furthermore, we have several cases of highly disturbed clusters
in our sample, where we see large quadrupole and/or octopole
moments but no significant hexapole signal, because the distor-
tion preserves some mirror symmetry. This suggests that it might
be worthwhile to investigate a composite power ratio measure
that combines the several multipole moments at various radii.
This idea can be seen in analogy to the definition of the centre
shift parameter, which is also derived from statistics of measure-
ments with several apertures.

Finally we reemphasise that the clear statistical difference
between the cool core versus non-cool core clusters, plus that of
observed versus simulated clusters, provides a nice illustration of
the power of the substructure measures as a statistical diagnostic
of the sample under consideration.

7.2. Relations between cluster properties

One of the most interesting findings of this study is that there
is no mass dependence of the substructure statistics. This is not
only revealed by the observed cluster sample, which might still
be affected by small number statistics, but is also shown by the
simulated cluster sample, as shown in Fig. 15. Naively one might
expect in the standard cosmological model of hierarchical struc-
ture formation, where the largest structure are the youngest, that
larger clusters have had more recent mergers and therefore show
on average larger substructure measures. However, some theo-
retical studies show that this might in fact be a very mild effect.
Guo (2009) has for example studied the growth of dark matter
halos via major mergers (defined by mass ratios less than three)
in the Millenium simulations (Springel et al. 2005), and finds
that the merger rate differs by less than 20 per cent for mass dif-
ferences of a factor of four in the mass range relevant for our
sample. This indicates that our finding may be well consistent
with the currently adopted structure formation scenario.

The independence of cluster mass and morphology in our
sample is then also reflected by the fact that there is no mass bin
which has preferentially more cool cores. This is slightly dif-
ferent from the result of an analysis of the 106 brightest known
galaxy clusters (the HIFLUCGS sample), where a bias towards
more cool core clusters in low mass systems was found (Chen et
al. 2007).

The very low correlation of substructure with cluster mass is
good news for the application of galaxy clusters to cosmology.
One of the most critical tasks in these cosmological studiesis
the construction of robust relations between simple cluster ob-
servables and cluster mass. The most problematic issue hereis
that observed cluster samples consist of a mixture of relaxed and
unrelaxed clusters. In this context it is of great help for the con-
struction and calibration of observable - mass relations toknow
that the ratio of relaxed to unrelaxed clusters is not a strong func-
tion of mass.

In studying the correlation of cool core properties with sub-
structure this paper adds a new dimension to previous work in
two respects: (i) by using a morphologically unbiased sample
with selection purely by X-ray luminosity, and (ii) by analysing
cluster properties out to a fiducial global radius,R500. Cool core
objects unsurprisingly show a very regular appearance in low
exposure images or in images obtained with earlier X-ray ob-
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servatories, since in such exposures we mainly detect the bright
centre, which is always very regular. In contrast to this, our study
involves the cluster appearance out to a large radius, and wehave
carefully examined the effect of cool cores by providing results
where the cool core has been excised. This provides a new look
at some facets of the cool core cluster morphology relation prob-
lem. For example, in the present sample, we do indeed find glob-
ally disturbed clusters which harbour cool cores.

7.3. Observations versus simulations

The comparison of observations and simulations in Section 4.4
provides significant evidence that the physical recipes used to
model the evolution of the intracluster medium by cooling, feed-
back and diffusive transport processes differs from the processes
prevailing in nature. Since the prime goal of the simulations was
to reproduce the observed scaling relations of the various global
ICM properties, cluster morphological parameters have rarely
been used to tune the simulation recipes. One easily-identified
difference between the simulations and the observations is the
presence of more pronounced cool regions in the simulated clus-
ters, as explained above. This was also seen in Pratt et al. (2007),
where almost all simulated clusters feature central temperature
drops, whereas only about a third of the observed clusters have
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,
RXCJ2152.2-1942, is a double cluster, but the two cluster cen-
ters are well separated and lie outside each othersR500, which
distinguishes this cluster from the simulation examples shown in
Fig. 9. Similarly, the other excluded cluster RXCJ0956.4-1004
(the A901/902 supercluster) shows three well-separated X-ray
emission regions.

The simulations used here were performed in 2004. Since
then new recipes have been introduced to cosmological cluster
simulations, including a significant feedback from centralAGN
to partly suppress the formation of cool cores. This has recently
been explored both semi-analytically (e.g. Croton et al. 2006,
Bower et al. 2006), and also in N-body/hydrodynamical simula-
tions (e.g. Sijacki et al. 2008, Puchwein et al. 2009, Fabjanet al.
2009). It will be one of our next projects to extend the compari-
son to this new generation of simulations.

The lower degree of substructure seen in observations, as
compared to simulations is advantageous for the cosmological
application of galaxy clusters. Some of the problems pointed
out in simulation studies using numerical prescriptions similar
to the simulations used here, such as e.g. the effect of multi-
temperature structure on the determination of cluster masses
from X-ray observations (Mazzotta et al. 2004, Rasia et al. 2005,
2006) should be less problematic if extra-central cool corere-
gions in clusters are rare in nature, and the temperature distri-
bution in clusters is in general more regular. This highlights the
importance of testing the compatibility of the simulated clusters
with representative samples of observed objects using all possi-
ble observational characteristics, to ensure their physical simi-
larity.

8. Conclusions

We have used power ratios and centre shifts to investigate the
substructure and morphological characteristics of 31 clusters

from theREXCESS galaxy cluster sample. We examine in par-
allel a sample of 117 clusters identified from hydrodynamical
simulations of aΛCDM model. Substructure measures are esti-
mated consistently within a radius ofR500. Our main conclusions
are as follows:

– Using a newly-developed Monte Carlo procedure to estimate
the uncertainties, we find thatw is 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 quantificationof
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 construction and
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 disturbed
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, indicat-
ing that numerical prescriptions do not precisely reproduce
the structure of the real cluster population.

Finally, we re-emphasise that in the present work we could
only obtain statistically meaningful results because (i) we deal
with a statistically representative sample, (ii) we have good pho-
ton statistics from deepXMM-Newton observations of relatively
bright, not too distant clusters, and (iii) the data qualityof the ob-
served sample is fairly homogeneous. Any deviation from these
ideal conditions would have made the analysis more difficult and
less reliable.
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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 regions were
not excluded. For the power ratios the differences are in almost
all cases not larger than the uncertainties. For thew parameter
the results are also similar, but due to the fact that this parameter
is less biased towards large radii and the better precision with
which this parameter can be determined, the differences 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 uncertain-
ties. Having performed the power ratio analysis as outlinedin
Equations 1 to 4, the first question we should ask in interpreting
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Table A.1.Substructure parameters for 31 clusters from theREXCESS sample. The cluster centers were not excised for the analysis
results shown in this table.

Cluster P2/P0 bias error P3/P0 bias error P4/P0 bias error w error
×10−5 ×10−5 ×10−5 ×10−7 ×10−7 ×10−7 ×10−7 ×10−7 ×10−7

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

RXCJ0003.8+0203 0.131 0.0041 0.031 0.220 0.1318 0.265 0.3395 0.058 0.213 0.0028 0.00079
RXCJ0006.0-3443 0.448 0.0072 0.075 1.862 0.2348 1.055 0.2179 0.101 0.222 0.0190 0.00153
RXCJ0020.7-2542 0.093 0.0033 0.025 -0.094 0.1152 0.198 0.2389 0.050 0.215 0.0168 0.00116
RXCJ0049.4-2931 0.091 0.0068 0.040 0.115 0.2156 0.477 1.0930 0.093 0.533 0.0026 0.00067
RXCJ0145.0-5300 1.054 0.0057 0.113 1.000 0.1748 0.689 1.6230 0.078 0.556 0.0297 0.00170
RXCJ0211.4-4017 0.307 0.0054 0.063 -0.142 0.1871 0.213 1.3600 0.083 0.480 0.0041 0.00078
RXCJ0225.1-2928 0.588 0.0146 0.121 4.883 0.4361 2.374 1.3040 0.239 0.759 0.0114 0.00139
RXCJ0345.7-4112 0.152 0.0046 0.033 1.403 0.1572 0.743 0.8983 0.074 0.405 0.0044 0.00063
RXCJ0547.6-3152 0.081 0.0019 0.016 1.243 0.0543 0.348 0.7068 0.023 0.169 0.0129 0.00081
RXCJ0605.8-3518 0.064 0.0011 0.010 0.007 0.0298 0.056 0.0271 0.014 0.029 0.0057 0.00022
RXCJ0616.8-4748 0.372 0.0063 0.084 6.137 0.1969 1.697 2.9580 0.088 0.742 0.0161 0.00143
RXCJ0645.4-5413 0.258 0.0024 0.034 -0.068 0.0720 0.095 0.1835 0.029 0.106 0.0121 0.00049
RXCJ0821.8+0112 0.153 0.0188 0.083 6.717 0.5968 3.133 1.8220 0.303 1.075 0.0062 0.01416
RXCJ0958.3-1103 0.100 0.0031 0.022 0.014 0.0922 0.195 0.1165 0.042 0.101 0.0029 0.00054
RXCJ1044.5-0704 0.116 0.0008 0.011 -0.013 0.0216 0.019 -0.0029 0.009 0.019 0.0042 0.00024
RXCJ1141.4-1216 0.041 0.0013 0.010 0.500 0.0399 0.198 0.0535 0.016 0.049 0.0052 0.00051
RXCJ1236.7-3354 0.025 0.0051 0.018 0.145 0.1825 0.374 0.1157 0.081 0.244 0.0048 0.06762
RXCJ1302.8-0230 0.722 0.0042 0.080 1.986 0.1345 0.647 0.8242 0.062 0.341 0.0215 0.02096
RXCJ1311.4-0120 0.017 0.0004 0.003 0.024 0.0096 0.025 0.0066 0.004 0.010 0.0029 0.00026
RXCJ1516.3+0005 0.075 0.0025 0.018 0.315 0.0710 0.235 0.2417 0.033 0.132 0.0059 0.00054
RXCJ1516.5-0056 0.534 0.0065 0.076 8.604 0.2268 1.691 0.8404 0.091 0.394 0.0160 0.00135
RXCJ2014.8-2430 0.026 0.0007 0.006 0.206 0.0203 0.091 0.0427 0.009 0.034 0.0053 0.00022
RXCJ2023.0-2056 0.042 0.0118 0.035 -0.199 0.4147 0.448 0.5655 0.178 0.594 0.0191 0.00130
RXCJ2048.1-1750 0.760 0.0050 0.073 3.350 0.1311 0.813 1.8790 0.055 0.429 0.0460 0.00494
RXCJ2129.8-5048 0.034 0.0059 0.052 2.631 0.2068 1.115 -0.0427 0.096 0.160 0.0479 0.02450
RXCJ2149.1-3041 0.005 0.0019 0.005 0.793 0.0538 0.262 0.0218 0.024 0.038 0.0038 0.00047
RXCJ2157.4-0747 1.376 0.0240 0.251 -0.691 0.7871 0.862 3.1270 0.392 1.709 0.0517 0.00343
RXCJ2217.7-3543 0.039 0.0025 0.014 0.449 0.0658 0.237 0.1529 0.029 0.122 0.0019 0.00047
RXCJ2218.6-3853 0.492 0.0016 0.035 0.351 0.0439 0.189 0.1159 0.021 0.063 0.0188 0.00057
RXCJ2234.5-3744 0.101 0.0030 0.018 -0.060 0.0900 0.129 0.2564 0.040 0.102 0.0136 0.00150
RXCJ2319.6-7313 0.340 0.0047 0.058 -0.119 0.1469 0.154 0.2151 0.065 0.178 0.0187 0.00103

NOTES: The power ratio parameters have been determined for an aperture with a radius ofR500. The corresponding results without center excision
are given in Table 1. For each of the power ratio parameters weprovide the value of the noise contribution to the power ratio result (bias) which has
been subtracted from the measured result to provide the value listed in columns 2, 5, and 8. The uncertainties determinedfrom the Poissonisation
simulations are listed in columns 4, 7, and 10 (error). The center shift statistic parameterw and its uncertainty are listed in columns 11 and 12.

the results is: when have we detected a significant signal of devi-
ation from azimuthal symmetry? Even a completely symmetric
cluster in nature would be detected with some residual structure
due to the photon noise with which it is observed. To asses this
we perform the following test. We conduct a second substruc-
ture analysis in which for all flux pixels entering the integrals
of Eqns. 3 and 4 we take only the radius from the data but as-
sign randomly drawn anglesφ. This randomises all azimuthal
structure the cluster might have. We repeat this process 1 000
times and determine the mean and dispersion of the distribution
of the power ratio parameters. The mean of the signal can be in-
terpreted as the typical residual signal a perfectly regular cluster
would have in the presence of photon noise. We interpret this
spurious signal as a measure of the typical photon noise contri-
bution to the power ratio measurement in all clusters and subtract
its value from the obtained result to recover the intrinsic signal
of the power ratio. The standard deviation of the spurious signal
from the mean in all simulations is used as a first estimate of
the uncertainty of the final net result. Some very regular clusters
come out with a negative signal after subtraction of the photon

noise contribution. But this negative signal is never larger than
the uncertainty.

Fig. A.1 showsP2/P0 andP3/P0 for theREXCESS sample,
with uncertainties estimated from the azimuthal randomisation
process. The mean signal bias and associated uncertaintiesare
always very similar, which is not surprising. Inspecting the un-
certainties we note that for the data quality of theREXCESS

sample we need typical values ofP2/P0 ≥ 10−7, P3/P0 ≥
2−4×10−8 andP4/P0 ≥ 2×10−8 in order to be able to claim sig-
nificant detection of substructure or deviations from azimuthal
symmetry.

The above considerations provide a useful uncertainty esti-
mate for clusters which have substructure signals close to the
significance threshold. If a cluster has a strong substructural fea-
ture, the uncertainty of the measurement of the substructure pa-
rameter will depend critically on the photon noise connected to
this feature, which is probably not related to the photon noise of
a randomized cluster where this feature has been washed out.
Therefore we need a new approach to estimate uncertainties.
To test what uncertainties are expected for clusters with larger
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Fig. A.2. Comparison of the power ratio resultsP2/P0 and
P3/P0 for five of theREXCESS clusters with two separate ex-
posures. The results approximately agree within the combined
errors, supporting our approach of estimating uncertainties with
Poisson Monte Carlo simulations.

signals, we performed the following simulations. We used the
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 dis-
tribution with the observed photon counts as expectation val-
ues. The Poissonized image is background and exposure cor-
rected and subjected to precisely the same substructure analysis
as the observed clusters. The process was repeated 200 times,
and the mean and standard deviation determined. The mean sim-
ulated values are slightly higher than the observed values.This
is due to the fact that the simulated images contain the artifi-
cial Poissonized noise on top of the observational noise, which
means their mean noise added structure parameters should be
slightly biased high. However, the scatter is expected to give a
good representation of the Poisson noise uncertainty of theob-
served data. We therefore use the standard deviation of these
200 Poisson simulations as a measure of the uncertainty for the
power ratio parameters. Fig. 1 shows the same data as Fig. A.1
but with the uncertainties determined from the Poissoniation
simulations. The errors are considerably larger for the clusters
with highly significant signals, but are similar near the signif-
icance threshold. Therefore our suspicion was correct thatwe
need a different assessment for the measurement uncertainties
than that given simply by the bias.

We can further check if the large uncertainties that we ob-
tained are realistic. For this we compare the results of the anal-
ysis of fiveREXCESS clusters where we have multiple observa-
tions. These five clusters nicely cover a range of different mor-
phologies. We show the results in Fig. A.2. The results for sepa-
rate observations of the same cluster are different but all overlap
with their uncertainties. The second observations have in some
cases significantly lower exposure times, which increases the un-
certainty. This test illustrates that the relatively largeerror esti-
mates we calculate for the power ratios are well-justified.

We note once again that these uncertainties come from an
end-to-end test of the analysis, since all the analysis steps of the
power ratio determination are performed on the Poisson resam-
pled images (i.e., including the centring and bias subtraction on
top of the application of the power ratio formulae).

Fig. A.3. Influence of the sampling point spread function (PSF)
of the X-ray images on the derived power ratios. The heavy
points give the unsmoothed result withXMM-Newton resolution.
The smaller points connected by a line show the effect of suc-
cessive smoothing by a Gaussian of width 4, 8, 15, 30, 60 arcsec
width. The error bars shown for the unsmoothed data points are
those obtained from the Poissonisation simulations.

A.2. Influence of the aperture radius and angular resolution
on the power ratio results

In the next test we explored the effect that the angular resolution
of the observation has on the results. Using four clusters which
again cover an interesting range of morphologies we determined
the power ratios as a function of increased smoothing of the clus-
ter images. The results are displayed in Fig. A.3. The changeof
the power ratios is shown as a function of successive smoothing
by a Gaussian of width 4, 8, 15, 30, and 60 arcsec. For all four
clusters the change is small, smaller than or roughly compara-
ble to the typical errors of the overall measurement. Therefore
the angular resolution of the observations is not an issue for the
sample or for the comparison to other observations (e.g. clusters
at higher redshifts observed at lower angular resolution).

To obtain an overview on the dependence of the power ra-
tios on the aperture radius, we have calculated the power ratios
for 10 different radii for all clusters starting with 0.1× R500 and
increasing in steps of 0.1 × R500. Due to the large powers of
R′ that appear in Eqs. 3 and 4, structure near the aperture ra-
dius is most heavily weighted. This became very obvious in the
first tests we performed before removing point sources. Even
only moderately strong point sources nearRap have a clear effect
on the orientation of the multipoles and this effect decreases for
smaller radii. Therefore we can expect that different structural
features in the clusters become important for different values of
Rap. We have clearly seen this in the visual inspection of the re-
sults. Fig. A.4 shows the change of the power ratios withRap for
some examples of theREXCESS sample. Since we are mostly
interested in global cluster parameters, e g. in the study ofthe
correlation of the structure parameters with other global param-
eters determined withinR500 (e.g. Pratt et al. 2007, 2009a), we
have concentrated on the results obtained forRap = R500. Small
changes inRap leave the clusters in the same parameter range,
while changes of the order of 0.5R500 can give quite different
results.
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Fig. A.4. Effects of changing the aperture radius,Rap, on the
power ratios illustrated for six of theREXCESS clusters with
different morphologies. The aperture radius is decreased from
R500 (marked as solid dot) to 0.5R500 in steps of 0.1R500 (shown
as solid line) and further decreased to 0.1R500 (shown as dashed
line). The parameter distribution for the remainingREXCESS

clusters is indicated by open symbols.

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 measures would be
more sensitive to the central regions while power ratios aremost
sensitive to the outermost zones. To investigate this in more de-
tail, we have looked at the correlation ofP3/P0 with w, as shown
in Fig. 2 for an aperture ofR500, but now as a function of the
aperture radius. Table 3 gives the correlation coefficients for six
aperture radii between 0.5R500 andR500. We clearly note a very
sharp maximum of the correlation coefficient for an aperture ra-
dius between 0.7 - 0.8R500. The distribution of the two substruc-
ture measures for an aperture radiusRap = 0.7R500 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; the classi-
fication of the power ratio parameter is now practically as tight
as that of thew parameter. The only cool core cluster that is clas-
sified by both methods as disturbed is RXCJ1302.8-0230, which
appears in the upper right quandrant.This system has a cool core
that is clearly off-set from the large scale cluster center. These
results thus seem to further encourage us to think about useful
combinations of power ratio parameters from different radii to
construct a more sensitive substructure measure.

Fig. A.5. w versusP3/P0 for the 31 clusters of theREXCESS

sample. This Figure is similar to Fig. 2, but nowP3/P0 is de-
termined for an aperture radiusRap = 0.7R500. The dashed blue
lines and the grey bar are the same as in Fig. 2 for better com-
parison. The parameter values shown here were derived for the
core excised images. We identify the clusters by their cool core
properties as explained in the text.
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