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ABSTRACT

Mahdavi et al. nd that the degree of agreement between wealethsing and
X-ray mass measurements is a function of cluster radius. Nwmcal simulations
also point out that X-ray mass proxies do not work equally weht all radii. The
origin of the e ect is thought to be associated with cluster rargers. Recent work
presenting the cluster maps showed an ability of X-ray map®treveal and study
cluster mergers in detail. Here we present a rst attempt to se the study of
substructure in assessing the systematics of the hydrosiaimass measurements
using two-dimensional (2-D) X-ray diagnostics. The tempature map is uniquely
able to identify the substructure in an almost relaxed clugtr which would be un-
noticed in the ICM electron number density and pressure map$\Ve describe the
radial uctuations in the 2-D maps by a cumulative/di erent ial scatter pro le
relative to the mean pro le within/at a given radius. The amplitude indicates

10% uctuations in the temperature, electron number densjt and entropy
maps, and 15% uctuations in the pressure map. The amplitude of and the
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discontinuity in the scatter complement 2-D substructure ghgnostics, e.g. indi-
cating the most disturbed radial range. There is a tantalirig link between the
substructure identi ed using the scatter of the entropy andoressure uctuations
and the hydrostatic mass bias relative to the expected massded on theM -
Yx and M -M g, relations particularly at rspe. XMM-Newton observations with

120 000 source photons from the cluster are su cient to apply ousubstruc-
ture diagnostics via the spectrally measured 2-D temperate, electron number
density, entropy and pressure maps.

Subject headings:.cosmology: observations, dark matter | clusters: general |
X-rays: galaxies: clusters | surveys

1. Introduction

The robustness of cluster mass estimates has become more @ode important as galaxy
clusters have been widely used as important cosmology taolBrecision cluster cosmology
experiments using the mass function are based on accuratalglibrated mass-observable
scaling relations in terms of their shape, scatter and evdlan (e.g. Vikhlinin et al. 2006;
Arnaud et al. 2007). To calibrate the mass-observable saadj relations, the rst necessary
task is to obtain well understood measurements of the clustenass and observables (e.g.
Behringer et al. 2007; Zhang et al. 2006, 2008). X-ray measments provide an important
estimate of the cluster mass. With deep X-ray observationsdm XMM-Newton and Chan-
dra, one can precisely trace both temperature and electrorumber density distributions of
the intra-cluster medium (ICM) and thus measure the mass digbutions with statistical
uncertainties below 15% up torsgo (e.g. Vikhlinin et al. 2006). However, the accuracy
of X-ray cluster mass estimates is limited by additional phsical processes in the ICM and
projection e ects. Although the current total cluster masscalibration between two indepen-
dent approaches, weak lensing and X-ray, shows an agreeméng. Mahdavi et al. 2007,
Zhang et al.2008), a radial dependence is found in the ratié weak lensing and X-ray mass
measurements (e.g. Mahdavi et al. 2008). Such a radial deplence is thought to be due to
a bias in the hydrostatic mass estimates (e.g. Nagai et al. @D).

Cluster merging is one of many e ects causing biases in therdy mass estimates. Pre-
vious results on X-ray cluster maps (e.g. Vikhlinin et al. 201, Markevitch et al. 2003,
Schuecker et al. 2004, Finoguenov et al. 2005) show that dlers are not simple hydrostatic
equilibrium systems. Both relaxed and unrelaxed clusters agy be a ected by additional
non-thermal pressure processes. Particularly, mergingusters of galaxies are often not in a
hydrostatic equilibrium state. Cluster mergers change th&-ray luminosities and temper-
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atures of clusters, both in a transient sense and in the longim (e.g. Ricker & Sarazin
2001; Poole et al. 2006, 2007), and also dramatically a eché properties of their galaxies
(e.g. Sun et al. 2007). The temperature distribution, as armportant input in the X-ray
mass estimate, can cause biases in the X-ray measured massitution. Mergers seriously
a ect both mass estimates and observables, and thus the siceg relations of galaxy clus-
ters (e.g. Evrard et al. 2008). Elimination of systematic ucertainties from the scaling
relation calibration demands that major cluster mergers & identi ed and e ects of major
mergers on cluster mass estimates are quanti ed. Substruce can be used to identify and
trace the merging process and the substructure fraction cdre used to link the cluster mass
systematics with the mass assembly history (e.g. Smith & Téyr 2008).

Substructure studies are enormously important to understad cluster mass estimates
and the drivers of the scaling relations. Cluster mergerseaate disturbances associated with
both shocks and mixing of the stripped gas. As parameters doolling their relative impor-
tance, e.g. the viscosity, are not so well constrained (Sii & Springel 2006), it is unclear
how much each contributes and at which scales each e ect damtes. Observationally, we
are able to provide better constraints using spatial uctu#éions of the temperature, elec-
tron number density, entropy and pressure maps. Observahal results can be compared
to numerical simulations with di erent prescriptions to reveal more details of the merging
physics.

We aim to perform quantitative substructure studies using Xray spectrally measured
two-dimensional (2-D) maps to access the systematic errars cluster mass measurements
due to departures from hydrostatic equilibrium. Substruatres in galaxy clusters have been
intensely investigated since the ROSAT era using the X-rayusface brightness distribution
(e.g. Jones & Forman 1992; Behringer et al. 2007; Anderssen al. 2009). However, sub-
structures are less obvious in the X-ray surface brightnesisstribution than in the tempera-
ture distribution as indicated in e.g. Jee & Tyson (2008) an®Riemer-Sorensen et al. (2008).
The Chandra andXMM-Newton telescopes, with their high spatial-resolution, convenidy
provide us the opportunity to perform substructure studiesising also the temperature map.
Most such studies derive approximate X-ray temperature mawvia X-ray hardness ratio maps
(e.g. Fabian et al. 2001; Churazov et al. 2003; Markevitch etl. 2001, 2005; Finoguenov
et al. 2005; Zhang et al. 2005; Forman et al. 2007). An altertiee and more reliable way
to derive X-ray temperature maps with high precision is to pdorm a spectral analysis in
each spatial bin. This method avoids, for instance, spurisutemperature variations due to
underlying metallicity variations because the metallicly is determined simultaneously (e.g.
Henry et al. 2004; Reiprich et al. 2004; Belsole et al. 2004ca# et al. 2005; Sanderson et
al. 2005; Sakelliou & Ponman 2006; Sanders & Fabian 2007; &inescu et al. 2007).
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In this paper, we use the spatial uctuations in the ICM tempeature, electron number
density, entropy and pressure in the 2-D maps as substructitindicators and the deviation
of the mass-observable data pair from the mass-observabidations of relaxed clusters as
an estimate of the mass bias. In Sedf] 2, we describe the kegp in the data reduction,
particularly emphasizing the background subtraction. Outechnique to measure the spectral
temperature is shown in Secf.]3 and how to derive the 2-D mapsing the spectral analysis is
shown in Sect[b, respectively. We brie y describe the massodeling in Sect[4, and show our
results based on spectrally measured X-ray 2-D maps in Sd6tl. We summarize our con-
clusions in Sect 7. Unless explicitly stated otherwise, veglopt a at CDM cosmology with
the density parameter ,, = 0:3 and the Hubble constantH, = 70 km s  Mpc *. We adopt
the solar abundance table of Anders & Grevesse (1989). Corwlce intervals correspond to
the 68% con dence level. The Orthogonal Distance Regressipackage (ODRPACK 2.0@,
e.g. Boggs et al. 1987) taking into account measurement ersamn both variables is used for
example, to derive correlations between observationallyedved parameters. We use Monte
Carlo simulations to evaluate the propagation of the errorgn the X-ray mass modeling on
all quantities of interest.

2. Data reduction

Spectrally measured 2-D X-ray maps using most existing tecigues require high photon
statistics and are only applied to a few very nearby clusteigalaxies (e.g. Henry et al. 2004;
Reiprich et al. 2004; Belsole et al. 2004; Pratt et al. 2005;akelliou & Ponman 2006;
Sanders & Fabian 2007; Simionescu et al. 2007). In most prews studies, a relatively simple
blank sky background subtraction was often applied. Therefe high signal-to-noise (S/N)
ratio data are required to avoid large uncertainties causelly the background modeling.
These technical limitations make this approach applicablenly to targets with extremely
good photon statistics, requiring 1-2 orders of magnitudeidgher exposures than the typical
archival data for nearby clusters. It is a challenge to carrput such studies on medium
quality data.

A precise background subtraction method could make speciyameasured map analy-
sis possible also for medium qualitkKMM-Newton data to increase the size of the cluster
sampling. Snowden et al. (2008) developed a precise backgrd modeling method but only
for the MOS data and only to measure the radial temperature prle. We adopted their
method and developed an advanced background modeling pipel which is applicable to

Lhttp://www.netlib.org/odrpack and references therein
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both pn and MOS data and which can be used to measure the speattremperature for both

the radial analysis and the map analysis. It allows us to pesfm reliable spectral analysis

in each spatial bin to derive the X-ray maps, but for clustersvith XMM-Newton data with
120,000 source counts in total.

The XMMSAS v7.1.0 software combined with our in-house-deleped pipeline is used
for data reduction.

2.1. Data selection

To demonstrate the robustness of the method and to determirtee S/N threshold for
such substructure studies, we composed a sample of four tdus showing di erent mor-
phologies as well as di erent photon statistics in theiXMM-Newton data. Four clusters of
galaxies are selected from the Highest X-ray FLUx Galaxy Céter Sample (HIFLUGC@,
Reiprich & Bshringer 2002) according to the following crieria. (1) The r250(E ts the XMM-
Newton FOV. (2) The photon statistics are su cient for the map analysis using spectral
measurements but varies in a small range which gives 10-6@%i of which the uncertainty
of the spectrally measured temperature in each spatial bisi 10%. (3) The background is
mildly contaminated by ares. (4) The map analysis has not akady been published. The
1st criterion is important to measure the temperature distbution, and thus to guarantee
reliable X-ray mass modeling to derive the mass bias. The 2maahd 3rd criteria are required
to guarantee robust X-ray background modeling, particuldy in the spectral analysis for the
map analysis. In addition, the reason we chose those 4 clustevith slightly di erent photon
statistics is to test how far from the cluster center and howeliably one can perform sub-
structure studies with a range of data quality. Such an inveigation is important to justify
the required photon statistics for substructure studies oflalaxy clusters using X-ray maps
on di erent levels. Our empirical results will be useful fothe community to sample clusters
and to perform X-ray observations for such substructure stlies. We set the 4th criterion in
order to get new scienti ¢ results out of our tests.

2The HIFLUGCS sample consists of 64 X-ray brightest galaxy alisters in the extragalactic sky. They
were selected from the ROSAT All-Sky Survey (RASS), irrespetive of their morphology, simply applying
an X-ray ux limit.

3r is the radius within which the density contrast to the critic al density is . M is the total mass
within r . For example, for = 200, ryqo is the radius within which the density contrast is 200 and M g
is the total mass within rpgg. The rygo used here is derived from the cluster global temperature in Riprich
& Behringer (2002) and the M,go{ T relation from simulations in Evrard er al. (1996).
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2.2. Data preparation

To prepare the data, we apply iterative screening using a 2<lipping as described in
Zhang et al. (2006, 2007) using both the soft band (0.3-10 ki&nd the hard hand (10-12 keV
for MOS and 12{14 keV for pn) to lter ares. Hereafter we callthose light curve screened
events for the clusters the target observations (TOs). Therpperties of the 4 clusters are
presented in Table L.

2.3. Point-like source identi cation and subtraction

The \edetect_chain” command is used to detect point-like sources. Poinbarces in the
outskirts of the cluster are subtracted. In the cluster cemr, only these detected point-like
sources carefully checked by eye and identi ed with deteaepoint-like sources in Chandra
(Hudson et al. 2008) are subtracted.

There is good agreement betweeKMM-Newton and Chandra detected central point-
like sources. For Il1Zw54, a point source is detected by botKMM-Newton and Chandra
at the center (03:41:17.54, +15:23:47.61), where a cD gajasits. A3391 also has a point
source at the center (06:26:20.45, -53:41:35.80) coinaidwith the cD, detected by both
XMM-Newton and Chandra. For EXO0422, there are no evident point-like sioces detected
by Chandra at the center. TheXMM-Newton image shows extremely peaked X-ray emission
similar to a point-like source (04:25:51.25, -08:33:36)%t the position of the cluster galaxy
C1G 0422-09 (also see Belsole et al. 2005). Conservativele identify it as a point-like
source and subtract it. For A0119, there are no evident poiritke sources in the cluster
center in either XMM-Newton or Chandra data, co-spatial with a cD.

2.4. Background treatment

As also described in Snowden et al. (2008), the following folbackground components
have been taken into account in our background treatment. Ten rst is the quiescent particle
background (QPB). The second is the uorescent X-ray backgund (FXB). The third is the
soft proton - caused background (SPB). The fourth is the CosmX-ray Background (CXB).
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2.4.1. QPB and FXB

The treatment of the QPB and FXB has been documented using théer wheel closed
(FWC) observations for MOS in Snowden et al. (2008) and for pim Freyberg et al. (2006).

As a rst step to model the QPB and FXB, we extract the spectra 8ing events out of
the FOVH from the FWC observation to investigate the properties of the QPB and FXB
using the 2{12 keV band as done in Snowden et al. (2008) and ¥berg et al. (2006). The
FWC MOS1/MOS2 (pn) spectrum can be well tted by a \powerlaw/b" model together
with six (eight) \Gaussian/b" models to account for the FXB lines. The photon index of
the \powerlaw/b" model, , is 0 :154 0:006 for MOS1 (reduced 2 = 1:14 for 645 d.o.f),
0:138 0:008 for MOS2 (reduced ? = 1:09 for 645 d.o.f.) and 6845 0:012 for pn (reduced

2 = 0:89 for 630 d.o.f.), respectively. The best t provides relialle measurements of the
\LineE" parameter with a few percent precision and of the \Syma" parameter within a
factor of 1.4 for the \gaussian/b" model. Across the detects we found the slope of the
\powerlaw/b" is 0:15 for MOS and 0:35 for pn, both varying by at most 15%. The
properties of the FWC observations are consistent with theesults found in de Plaa et al.
(2006) and Freyberg et al. (2006)

De Luca & Molendi (2004) pointed out that a simple renormaliation of the QPB using
the high energy band (e.g. 8{12 keV) count rate may lead to sismatic errors in both the
continuum and the lines. We thus checked the out of FOV extraed spectra of 60 TOs.
The slope of the individual TOs is indeed inconsistent (up to 50%) with the stack FWC
observations when the full 2{12 keV band is used. A consistenof the slope appears when
the 3{10 keV band is tted. We therefore re-normalize the FWCobservations for the QPB
and FXB subtraction using a broad band of 3{10 keV. The best tof the photon index ()
of the stack FWC observations using the 3{10 keV band isD44 0:016 for MOS1 (reduced

2 = 1:07 for 640 d.o.f.), @40 0:017 for MOS2 (reduced ? = 1:03 for 637 d.o.f.) and
0:341 0:039 for pn (reduced 2 = 0:89 for 498 d.o.f.), respectively.

As a second step, for both MOS and pn, we model and subtract tl@PB for individ-
ual observations using the stacked FWC observations with €hsame mode as for the target
observations. To determine the normalization, we extracthe spectra using events out of
the FOV (#XMMEA _16) and outside of a 13 radius from the detector center for both
FWC observations and TOs. As De Luca & Molendi (2004) found,dih X-ray photons and

4An expression of WXMMEA _16" in the SAS command \evselect" means to select the eventsui of the
FOV.

Shttp://xmm.vilspa.esa.es/external/xmm _sw_cal/background/#EPIC
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low energy particles can reach CCD 2 and CCD 7 of the MOS camsraWe exclude both
CCDs for MOS. For later observations with the MOS1 camera, wexclude CCD 6 in the
FWC data to match the loss of MOS1 CCD 6 in the TOs. As also founth Snowden et al.
(2008), some observations show occasional deviations of @@ and CCD 5 for MOS1 and
CCD 5 for MOS2. These CCDs are then excluded as well for thoskservations. Freezing
the photon index of the \powerlaw/b" model and the \LineE" and \Sigma" parameters of
the \gaussian/b" model to the best t derived above using allevents out of the FOV from
the FWC observations in the 3-10 keV, we obtained the normatation from the best t. The

renormalization factor (ngpg) of the continuum component is derived as the \powerlaw/b"
normalization ratio of the TO to FWC observations. The FWC sgectrum (Sgwc ) is normal-

ized by this renormalization factor,ngpg, and subtracted from the TO spectrum &ro) for

each instrument.

24.2. SPB

The screening procedure described in SeCt. 12.2 using botlethard band and the soft
band to prepare the data has ltered all of the signi cant SPBcomponent for most obser-
vations. The observations with signi cant residual SPB foud in the spectral analysis shall
be excluded. Luckily, non of the observations for the four uters show signi cant residual
SPB.

24.3. CXB

Both RASS data and PSPC pointed data can be used to model the ®&X The lat-
ter, of higher statistical quality, are preferred. The ROSA PSPC calibration shows an
accuracy of better than 5% even for energies lower than 0.28&\k (Beuermann 2008).
Therefore we use the ROSAT PSPC pointed data in the 0.1-2.4 eband to model the
CXB. The spectrum was extracted from the region just beyond,qo for each cluster. The
best t of the spectrum shows that the CXB can be well descrilse by a combined model,
\mekal+wabs (mekal+powerlaw)". The temperature of the unabsorbed thenal component
is often 0:1 keV, and of the absorbed thermal component is often betweé&nl{0.2 keV,
respectively. To avoid large background uctuations, we ha excluded regions showing
bright sources identi ed by eye. The absorbed \powerlaw" mdel, with its slope set to 1.41,
accounts for unresolved point sources (De Luca & Molendi 200 The \wabs" model is set
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to the hydrogen column density from the LAB surve@ (Hartmann & Burton 1997; Arnal et
al. 2000; Bajaja et al. 2005; Kalberla et al. 2005) at th¥MM-Newton determined cluster
center. We repeated the CXB modeling with a \mekal+wabs(mekal+mekal+powerlaw)"
model, which includes a second absorbed thermal emissioompmnent, and which shows no
signi cant improvement of the t. Therefore we use the \mekd+wabs (mekal+powerlaw)"
model for the CXB.

With increasing radial distance from the cluster center, tb CXB becomes dominant
over the cluster emission. We therefore use the outskirts taodel the CXB. We extract the
XMM-Newton spectra from the outermost region (27°< R < 1 from the cluster center)
in the XMM-Newton FOV, Sro. The FWC spectrum is extracted from the same detector
coordinates as for the TO spectrum, and normalized hyqpg (derived in Sect[2.4.11). We call
these spectraSto  Ngps Sewc , the secondary observational (SO) spectra. To derive the ro
malization of the CXB and to measure the cluster emission, waade a joint t of the above
ROSAT PSPC spectrum by \mekal+wabs (mekal+powerlaw)", and the three XMM-Newton
EPIC spectra by \wabs mekal+mekal+wabs (mekal+powerlaw)+powerlaw/b". Note in this
co-t analysis, we link the temperatures and normalizatios of the two \mekal" model and
the normalization of the \powerlaw" model for the CXB betwe@ ROSAT PSPC and XMM-
Newton EPIC. The rst\wabs mekal" component in the model for theXMM-Newton EPIC
spectra takes into account the hydrogen column density algdion (frozen to the value from
the LAB survey) and cluster emission with its metallicity xed to 0.3 solar metallicity. The
\powerlaw/b" component takes into account the residual SPBin the XMM-Newton spec-
tra, which normalization should be consistent with zero. Hosome TOs, the \powerlaw/b"
normalization can be signi cantly higher, which is incongtent with zero. Due to the SPB
contamination, the spectra from the corners out of the FOV fosuch TOs often show com-
pletely inconsistent shape (i.e. the slope of the \powerldwcomponent) with the one for
the FWC observations. Therefore, the designed QPB backgnod treatment using the FWC
observations will fail for such TOs, and they should not be &gl for our analysis. Luckily, the
normalization of the \powerlaw/b" model for all 4 clusters s consistent with zero. This con-
rms that the light curve screening procedure in Sect_2]2 laremoved all of the signi cant
ares for these 4 clusters.

De Luca & Molendi (2004) derived the normalization of 0.00%4photons/keV/cm?/s/deg?

5The LAB survey contains the nal data release of observatiors of 21-cm emission from Galactic neutral
hydrogen over the entire sky, merging the Leiden/DwingelooSurvey (LDS: Hartmann & Burton 1997) of the
sky north of = 30 with the Instituto Argentino de Radioastronoma Survey (IAR : Arnal et al. 2000 and
Bajaja et al. 2005) of the sky south of = 25 . The angular resolution of the combined survey is HPBW
0:6 . http://www.astro.uni-bonn.de/  webrai/english/tools labsurvey.php
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at 1 keV for the \powerlaw" model of the CXB with a photon index of 1.41 usingXMM-
Newton EPIC data. The agreement is better than 40% between their vaé and the best t
value from our co- t of ROSAT PSPC pointed data andXMM-Newton EPIC data for each
annulus for each cluster, i.e. within 28% for 111Zw54, withn 14% for A3391, within 40% for
EXO0422, and within 30% for A0119. And the agreement becombstter with increasing
radial distance from the cluster center as the cluster emiss becomes less dominant in the
outskirts. Setting the normalization to the value in De Luca& Molendi (2004), we observe
no pronounced change in the 2 and measured parameters of the best t. Note that the best
ts of the spectra also provide reasonable cluster tempenattes in comparison to previous
published results.

3. Spectral analysis for temperature pro le
3.1. Point-spread function and vignetting

Using the XMM-Newton point-spread function (PSF) calibrations in Ghizzardi (201)
we estimate the redistribution fraction of the ux. It is 20% for bins with widths of about
0:5°and less than 10% for bins with widths 1° neglecting energy and positicﬂwdependent
e ects. We thus require annular width  0:5°in the radial spectral analysis. The PSF e ect
is important within 0:5°% which corresponds to 0:038 5o, for our 4 nearby clusters. The
PSF e ect introduces an uncertainty only to the radial tempeature measurement in the
inner bins. We made an attempt to correct for the PSF e ect foRXCJ2228+2037 in Jia et
al. (2008), and found the PSF correction is important mainlyin the inner radii and causes
e ects well within 10% level on the temperature measuremesit A similar conclusion was
reached in Snowden et al. (2008) for A1795. Therefore we skige PSF correction in our
radial spectral analysis.

X-ray telescopes often have non-azimuthally symmetric PSF In the temperature map,
the structure due to e ects of the non-azimuthally symmetre PSF might be interpreted as
actual structure in the cluster. However, those e ects beeoe important only at o -axis
radii of larger than 1. The regions used for our studies are well within a o -axis @ius
of 8> Note that the regions used for 2-D diagnostics are often &° for the 4 clusters. In
addition, these e ects are signi cant only for regions of 4size along the radial-axis in such
outer regions. The radial-axis width of the bins are all mucharger than 1% particularly
using the Mask-V (de ned in Sect.[5.1), in the outer regions.

"All four observations roughly centered on the cluster centes.
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For both images and spectra, the vignetting is taken into aceint in the extraction using
the \evigweight" created column in the events.

3.2. Radial bin size

The blank sky accumulations of the archivaKMM-Newton observations in the Chandra
Deep Field South (CDFS) can be used as a rough estimate of thadkground. Note that
in the spectral analysis, the background is properly treateas described in Secf_2.4. The
CDFS observations are only used as a rough background esttm&o determine the radial
bin size for the spectral analysis.

We screen the CDFS observation using the same threshold astfee TOs, and normalize
them to the TOs using the hard band (10-12 keV for MOS and 12{1eV for pn) as described
in Zhang et al. (2004). This former step guarantees similar B levels, and the latter step
guarantees similar SPB levels. The residual SPB and the drence in the CXB and FXB
are ignored in the determination of the bin size.

For a cluster with a temperature of 4 keV, the uncertainty in the spectrally measured
temperature is 5% (10%) using both pn and MOS spectra, giving net source cdsarof
72,000 (24,000) after the background subtraction. Therefordné annuli for spectral analysis
are determined by requiring (1) that the width of each annuls is larger than 05° (2) that
the net source counts is C per MOS2 spectrum in the 0.5-7.8 keV band. The threshold
C is 18,000 except for the clusters with less than 4 annuli in ta for which C is 6,000.
We include an outermost bin which does not ful Il the thresh&d of C, with an outer radius
truncated to give a maximum net source counts.

3.3. Spectral tting

To obtain the projected temperature pro le, the 3 EPIC speata for each annulus are
normalized to the solid angle of that annulus taking into acmunt corrections for gaps, bad
pixels and point sources. We performed the background moafg and co-t as described
for the outermost region in Sectl_2.413. Note that we rstly t the ROSAT PSPC spectrum
together with one of the XMM-Newton EPIC spectrum and found that the tting param-
eters (temperature, abundance and normalization) agree wwithin a few per cent between
di erent EPIC instruments. We then t the parameters simult aneously to the ROSAT PSPC
spectrum together with all three XMM-Newton EPIC spectra.

To obtain the radial temperature pro le for the mass modelig, we de-project the spectra
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(e.g. Zhang et al. 2007), in which the spectral models for thieackground components
are renormalized to the volume of the radial shell. The de-pjected EPIC spectra and
ROSAT PSPC spectrum are then tted simultaneously to derivethe radial temperature
measurements.

4. Mass modeling

The soft band (0.7{2 keV) X-ray surface brightness pro le mdel Sx(R), in which R is
the projected radius, is linked to the ICM electron number dasity pro le ng(r) and emissivity
function as an integral performed along the line-of-sight,

Z 1
Sx(R) / NpNned': (1)
1
The XMM-Newton observed surface brightness pro le is derived by subtracij the renor-
malized (by ngps) FWC surface brightness pro le and the CXB in the 0.7-2 keV bad
derived in Sec(B from the TO surface brightness pro le. Thertincation radii (S/N 3, see
Table 1) of the XMM-Newton observed surface brightness pro les are rather smak { sq0).
The ROSAT observed surface brightness pro les cover radiieNl beyondrsgg with S/IN 3,
although with sparse data points in the cluster core. We thusombine the XMM-Newton
observed surface brightness within its truncation radiusr() with the ROSAT converted ob-
served surface brightness pro @beyondrt as the observed surface brightness pro le. The
observed surface brightness pro le is tted by Eq[Il convokd with the XMM-Newton PSF
matrices to obtain the parameters of the double- model of the electron number density
prole, ne(r) = Neor(l+ r2=r2) 32+ nggy(1 + r2=r2,) 3=2,

We assume that, (1) the ICM is in hydrostatic equilibrium within the gravitational
potential dominated by DM, and (2) the DM distribution is spherically symmetric. The
cluster mass is then calculated from the X-ray measured ICMedsity and temperature

distributi by,
SIRHTenS B 1 dine(r)kT(r)] _ GM(<r) 2
m pNe(r) dr - rz )

8The ROSAT converted observed surface brightness pro le carbe derived using the ROSAT surface
brightness model in Reiprich & Behringer (2002) with the following three steps: (1) calculating the electron
number density prole from the ROSAT surface brightness model using the ROSAT emissivity function,
(2) projecting the electron number density pro le to obtain the XMM-Newton -like surface brightness pro le
using the XMM-Newton response and convolving theXMM-Newton PSF (e.g. 111IZw54 in Fig. [[). In
this procedure, the scatter and the error of each bin of the RGAT observed surface brightness pro le are
propagated.
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where = 0:62 is the mean molecular weight per hydrogen atomk is the Boltzmann
constant, and T is the temperature. Following the method in Zhang et al. (200, we
use a set of input parameters of the approximation functionsn which |, negj, r (i =1;2)
represent the double- electron number density pro lene(r) and P; (i = 1;:::;7) represent the
de-projected temperature pro leT(r) = Ps exp[ (r P1)?=P,]+ Ps(1+r2=P2) Ps+ P; (e.g.
for 111Zw54 and EXO0422 in Fig.[8), respectively, to computehe mean cluster mass. The
mass uncertainties are propagated using the uncertaintiex the electron number density
and temperature measurements by Monte Carlo simulations akescribed in Zhang et al.
2007, 2008). The cluster massed ,500 and Mg are used in studying the scaling relations
in Sect.[6.5.

5. Spectrally measured 2-D maps

In our procedure, the 2-D temperature, electron number deityg entropy and pressure
map@ are created based on the spectral measurements in each sgaliin. The binning
methods described below allow for less biased de nition dfi¢ zones for the spectral extrac-
tion compared to the zones determined in the wavelet apprdaén e.g. Finoguenov et al.
(2005). The available statistics of our data are su cient toprovide detailed 2-D diagnostics,
and the radial study of the uctuations for individual clusters - a new complementary tool
to measure the substructure.

5.1. Mask determination

We use the MOS2 data to determine the spatial bins in the masle(g. for 111Zw54 in
Fig. @) for the following two reasons: (1) the pn data are serusly a ected by gaps which
can complicate the analysis of cluster structure, and (2) .h6CCD6 is missing for MOS1 for
recent observations. We use the 0.5-2 keV band MOS2 image ra in 4£°  4%pixels to
determine the mask regions for the spectral analysis. The age is binned to give an S/N
of 33 for each spatial bin in the mask. For a cluster with a tempature of 4 keV, the
uncertainty in the spectrally measured temperature is 10% (e.g. for 111Zw54, lower panels

in Fig. 2).
We adopted two methods to determine the bins (e.g. for l1Zwh in Fig. [I), which

9They will be made publicly available through the German Astrophysical Virtual Observatory (GAVO)
under Multivariate Archive of X-Ray Images, http://www.g- vo.org/MAXI


http://www.g-vo.org/MAXI~
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are both based on the brightness criteria. One is the weiglité/oronoi tesselation method
(Cappellari & Copin 2003; Diehl & Statler 2006), whose binng shapes are geometrically
unbiased giving a quasi circle-like shape. This binning seime is sensitive to local brightness
uctuations (e.g. Simionescu et al. 2007). The other methoevas developed by Sanders
(2006), and bins the brightest pixels of the remaining regio The mask therefore extends
along the isophotal annulus centered at the cluster core. Thbinning scheme is sensitive
to the detection of shocks and cold fronts (e.g. Sanders & Hab 2007). Hereafter we
call the mask de ned with the former method asMask-V, and the mask de ned with the
latter method as Mask-S The advantage of theMask-S binning is that mixing of di erent
temperature components due to a radial temperature gradiers minimal, while the Mask-V
binning is more sensitive to features like bright spots.

5.2. Temperature maps

The spectra are extracted for each bin in the mask, and normaéd to the solid angle
of that bin taking into account corrections for gaps, bad pigls and excluded point sources.
The QPB and CXB models derived in Sect]3 in the spectral t aranormalized to the solid
angle of the bin as frozen models. The MOS and pn spectra ardetl simultaneously by a
\wabs*mekal” model for hydrogen column density absorptiomnd cluster emission, with the
frozen models to account for the background. The best t temgrature and its error bar for
each bin are used to create the temperaturel ) map and its error map (e.g. for I11Zw54
shown in Fig.[2).

5.3. Electron number density, entropy and pressure maps

The spectral normalization in each spatial bin can be used tterive a quasi de-projected
estimate of the electron number densityr{e) in that spatial bin (e.g. Henry et al. 2004).
In PEC, the normalization of the \mekal" model is given asKk = 10 4=[4D %(1 +
2)?] nenydV, whereD, is the angular diameter distancez is the redshbft and the volume
corresponding to that spatial bin is approximated byV (4=3)D3; 2 2. Here

is the solid angle of the corresponding spatial bin, and ,; and ;, are the angles of
the outermost and innermost radii of that bin from the cluste center. As mentioned in
Simionescu et al. (2007), it provides a quasi de-projectiamsing an approximation of the
3-D extent of each spatial bin and assuming a constant tempure along the line-of-sight.
As most emission in the bin is from the densest gas near the emmost radius of that bin,
the electron number density derived from the spectral norntization can be used as the
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measurement of the electron number density at the projecte@ddius.

The entropy (S) and pressure P) maps can be derived from the temperature and
electron number density maps byS = kTne?> and P = kTn.. The X-ray spectrally
measured temperature, electron number density, entropy dnpressure maps for 111Zw54,
A3391, EXO0422 and A0119, respectively, are shown in Figs63

6. Substructure diagnostics with ICM T, ne, S and P maps

The uctuations in the 2-D maps and their scatter can be usedsasubstructure diagnos-
tics. A disturbance in a cluster may appear as a high amplitueof and/or a discontinuity in
the radial pro le of the scatter of the uctuations. Unrelaxed clusters may show larger uc-
tuations and signi cant correlations between, e.g. tempature and electron number density
uctuations. The substructure diagnostics of galaxy clustrs are therefore directly linked to
the scatter of the scaling relations due to the bias in X-ray ydrostatic masses and X-ray
observables caused by substructures.

The Mask-S method, whose bins are close to radial annuli, has the advage that the
interpretation of a comparison to a mean temperature pro lés more straightforward because
the range of radii sampled in each bin is smaller. Thereforgie concentrate more on the
results from this method, particularly when the data qualiy is low.

6.1. Scatter of the ICM T, ne, S and P uctuations

The scatter of the uctuations in the 2-D maps from the mean po le can be used as
diagnostics of the ICM substructure. Here we brie y descri® how the scatter and error are
calculated. To avoid systematic errors due to uncertain b&ground subtraction, we only
consider bins of radii 0:6ry (ry see Tabldll).

To better show the asymmetries of the clusters, we use a polewordinate system with
the cluster center as its coordinate center. The scaled digtution of a 2-D map is de ned
as D(d; ), in which (d; ) are the angle and distance in the polar coordinate system.ofF
exampleD (di; i) = T(Ri; i)=To2 os5rg IS the value of the 2-D spatial bin @;; ;) in a 2-D
temperature map. Note thatTo., o5, IS the cluster temperature, a volume average of the
radial temperature pro le limited to the radial range of G2 0:5r5q (See Appendix B.2 in
Zhang et al. 2008), andd, = Rj=rs5qo Is the distance between the cluster center and the
geometric center of that 2-D bin scaled by the clustersy,. To investigate the asymmetry,
we derive an azimuthal averaged pro leD (d) of the scaled distribution D(d; ). A non-
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parametric locally weighted regressi@ (Sanderson et al. 2005, and references therein) of
the averaged pro le is used to derive the mean pro ldD(d)i. The absolute uctuation
distribution is dened as F = jD(d; )=D(d)i Aj. Here the renormalizationA is not
equal to one only when there is a possible bias in the mean schpro le. In this work, we
usedA = 1. In the scatter calculation, the weighting of the absolu¢ uctuation F; is the
areaw; of the correspondingith spatial bin in the 2-D map. The cumulative scatter and
error are calculated from the area weighted absolute uctusns as F2wi=  w;, with

all bins within d. The di erential scatter and error are calculated from the wighted absolute
uctuations with all bins in the range of d; and d,, in which d = 0:5(d; + dy).

6.2. Scatter pro les from the azimuthal average

When one single azimuthal averaged pro |&D (d)i for the 4 clusters as a whole is used,
the scatter and error can indicate the degree of self-simiity of the investigated azimuthal
averaged gquantities. We thus carry out a non-parametric t a the scaled distribution of
temperature, electron number density, entropy and pressey respectively, for the 4 clusters
as a whole (see Fid.19). The cumulative scatter and error fohé 4 clusters as a whole are
shown in Fig.[10, and the di erential scatter and error are sbwn in Fig.[11. The highest
amplitude occurs in the cluster core ( 0:3r5q0) Which is caused by the known di erence
between cool core and non-cool core clusters.

To avoid the above scatter due to the di erence between coobie and non-cool core
clusters in substructure diagnostics, we carry out a non-pametric t to the scaled distri-
bution of temperature, electron number density, entropy ath pressure, respectively, for each
cluster to derive its own azimuthally averaged scaled disbution hD(d)i. The cumulative
scatter and error for the 4 cluster as a whole using the indial cluster mean scaled pro les
are shown in Fig[IR, and the di erential scatter and error a& shown in Fig[ZIB. The cumu-
lative scatter is quite at. Its amplitude indicates  10% uctuations in the temperature,
electron number density and entropy maps, and 15% uctuations in the pressure map.
The cumulative scatter and error for each cluster using thendividual cluster mean scaled
pro les are shown in Fig.[14, and the di erential scatter anderror are shown in Fig[Ib. To

0The procedure calls \lowess" in the R package, which uses ladly-weighted polynomial regression (e.g.
Becker et al. 1988). We used the default smoothing spari = 2=3. \Local" is de ned by the distance
to the \oor( f n)"th nearest neighbour, and tricubic weighting is used forx which fall within the neigh-
bourhood. Note that \ oor" in the R package takes a single numeric argument x and returns a numeric
vector containing the largest integers not greater than thecorresponding elements ok. More details are at
http://CRAN.R-project.org.
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derive the mean pro les for each cluster, broader bins (a bisize of 02r5q) are used due
to decreased statistics for individual clusters compareatthe statistics for the 4 clusters as
a whole, where we use a bin size ofl0550. The scatter here can be used as substructure
diagnostics for individual clusters as shown in Sedi.6.3.

6.3. Substructure diagnostics in individual clusters

A disturbance in the clusters appears as a high amplitude ohd/or a discontinuity
in the radial pro le of the scatter of the uctuations. The radial studies of the scatter of
the uctuations in the 2-D map for individual clusters thus provide detailed diagnostics to
identify the ICM substructures.

[11Zw54: The 2-D maps (T, ne, S and P) show an azimuthally symmetric appearance
(Fig. @). It has a relatively low amplitude of the scatter, paticularly for the temperature
and entropy uctuations (5%, see Figl_14). The cumulative scatter appears very at. Tén
di erential scatter (Fig. I5), which describes the local wctuations, shows an increase for the
temperature and entropy in the radial ranges beyond:Brsy, using the Mask-V only. This
indicates that the substructure is roughly round clumps dedctable using theMask-V instead
of isophotal annuli detectable using theMask-S Both the radial studies of the scatter and
the 2-D map appearance shows I11Zw54 is the most relaxed dietsamong the 4 clusters,
with mild entropy clumps beyond Q3rsq. It is peculiar that this cluster does not host a cool
core (Fig.[8). 111Zw54 therefore is an example of a relaxed necool core cluster.

A3391: It shows a mild increasing amplitude (from 4% to 10%) with rais in the
cumulative scatter of the uctuations (Fig. [14). The electon number density and pressure
scatter pro les show a discontinuity around @2rso, using the Mask-V, at which radius the
metallicity also shows signi cant clumps as well. It has anliptically shaped morphology
with a bi-sector feature divided by the short axis of the elfitical as shown in Fig.[4. It is
known that A3391 is close to the interacting cluster A3395. fle sector west of the cluster
coreupto 0:2550 shows 1 keV higher temperature, together with low electron number
density, higher entropy and low pressure in the maps (Fi§l 4)These substructure features
are consistent with the observed discontinuity around :@rsq, and all would suggest that
some merging activities are present. A3391 is therefore anralaxed non-cool core cluster.
The estimates of both the X-ray observables and the X-ray cdter mass for such an unrelaxed
cluster can be biased due to the observed substructure.

EXOO0422: This cluster shows the second highest scatter amplitude, pigularly for
the entropy. This is somewhat surprising because the X-rayudace brightness appears
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azimuthally symmetric and the radial temperature pro le exen shows a drop towards the
center (Fig. [8), typical of a cool core cluster. However, théemperature maps (Fig.[b)
clearly show a bi-sector feature divided by the southeasbrthwest axis through the cluster
core. The northeastern sector shows0.5-1 keV higher temperature and 0.3-0.8 higher
metallicity than the southwestern sector. This feature milgt cause a high cluster temperature
estimate, and thus a highYy parameter value. However, no such signi cant substructure
features are shown in the electron number density, entropyd pressure maps. This indicates
the cluster is almost relaxed and that the total mass estimatfor this cluster can hardly be
biased. Therefore EXO0422 is an almost relaxed cool corestkr. This seems to be a
good example of a cluster with some merging activities whiakould go unnoticed without
a temperature map. The scatter of the mass-observable rdtats for such an almost relaxed
cluster can be caused by the bias in its temperature estimatnd thus in its Yy estimate
due to the temperature substructure.

A0119: It stands out clearly in radial studies of the scatter in FigsT4{I5%. The scatter
of the temperature uctuations exhibits a high amplitude, particularly in the outskirts. We
observe an elongation in its X-ray morphology with a faint emssion tail (also see Buote &
Tsai 1996, Hudson et al. 2008). Though this cluster has low glity data, the maps show
clearly an asymmetric structure with the southwestern seot up to 1-2 keV hotter than the
northeastern sector (Fig[B), and the high temperature zonis located at a central radius
of 2°( 0:17rsq0) from the cluster center using theMask-S method. As the < 0:2rsgo
region is excluded in the cluster temperature determinatig the cluster temperature, and
thus the Yy parameter, is less a ected by the hot structure in the clustecore. The pressure
map shows a similar feature observed in the temperature maphile the entropy map shows
less signi cant features. This suggests that the uctuatios of temperature and density are
likely isentropic, which can be produced by a low mach numbeshock, compression wave,
turbulence or triaxiality in the dark matter distribution. The appearence of A0119 is in
favor of being unrelaxed. Its total mass estimate may thus bsigni cantly a ected. A0119
is an unrelaxed non-cool core cluster.

Summary: The application of the diagnostics on the 4 clusters show thai erential
scatter of either entropy or temperature is a sensitive indator of the substructure. Particu-
larly, the temperature map is more sensitive to unnoticed $istructure which only exists in
the temperature map for an almost relaxed cluster. For an ueftaxed cluster, the amplitudes
of the scatter pro les in the 2-D maps are likely high, with a pssible discontinuity in the
scatter pro les.
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6.4. Density vs. temperature uctuations

A correlation between temperature uctuations and electro number density uctua-
tions may shed light on the origin of the uctuations, e.g. a onstant pressure solution
yielding ratios of temperature uctuations to electron nunber density uctuations, 1; and
a constant entropy solution yielding ratios, 23.

To check whether the electron number density uctuations sbw a correlation with the
temperature uctuations, we performed a linear t (Y = A+ BX) to the relation. It shows
the highest Pearson correlation coe cient value for A0119 Table [2), but is still hard to
conclude a concrete correlation. There is no trend of the weations as a function of radius
except for a bump at radii of 035 0:45r 5, for the two unrelaxed clusters, A3391 and A0119.

6.5. Scaling relations versus ICM T, ne, S and P uctuations

The substructure diagnostics of galaxy clusters are of primimportance to the under-
standing of the X-ray mass estimates and the X-ray observad. In Zhang et al. (2008),
we found the X-ray gas massNlg4,s) and the X-ray analog of the integrated SZ ux (Yx =
Mgas To2 osrs) Can be used as low scatter cluster mass indicators comparedother X-
ray observables. Therefore we present the ma¥g-relation and massM g, relation here
(Fig. @8).

In simulations, there is a small intrinsic dispersion betwen the true mass and the
mass dervied from the hydrostatic equilibrium equation forelaxed clusters (e.g. Nagai et
al. 2007). We therefore used the deviation of the cluster maf$rom the mass-observable
relations for a sample of relaxed clusters as an indicator tife mass bias for the hydrostatic
mass. Note that the mass-observable relations for relaxetuisters could still be biased by
residual non-thermal support (e.g. Mahdavi et al. 2008, Zimg et al. 2008).

We have compiled a sample of 44 LoCusSS clusters (37 in Zhangakt2008), and used
the best t scaling relations of the subsample of all 22 relaed clusters as the reference.
At ros00, the 4 clusters are in good agreement with the subsample of Baxed LoCuSS
clusters. With the cluster masses determined in Se€t. 4, weserve tantalizing hints linking
the scatter of the ICM uctuations and the hydrostatic mass las relative to the expected
mass based on thé! -Yx and M -M g, relations, particularly at rsoo.

A typical example of a relaxed cluster, [11Zw54 (Fig[B), lis on the mass-observable
scaling relations. A3391 is a weakly merging cluster (Fig),4and lies signi cantly o from the
mass-observable scaling relations. EX0422 is a mild unneda cool core cluster. Though its
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pressure map has no signi cant substructures which meansditluster mass may be unbiased.
The hot substructure in the temperature map could cause a Higcluster temperature estimate
and thus a highYy estimate. As a result, it lies on the mas$A g5 scaling relations but shows a
small o set towards the hot side in theM -Yyx relation, particularly at rsqgo. A typical example
of a dynamically active cluster is A0119 (Figl16). The signcant feature of substructures
observed in the pressure map might cause a large bias in thester mass estimate. This
cluster indeed shows signi cant deviations in both théM -Yx and M -M g, relations.

To quantify the trend between the mass bias and the scatter ¢fie uctuations in the
2-D maps, we de ned the quasi-mass-bias as follows. For exals the quasi-true masiv ¥
(or M Mga‘S) can be derived fromYx (or My, at r via the M -Yx (or M -Myg,s) scaling
relation of a subsample of 22 LoCuSS clusters characterizasirelaxed. The quasi-mass-bias
is thus dened asB)* = M =M"* 1 (or By*™ = M =M= 1), We carried out a
simple linear t Y = A+ BX to the relation of the quasi-mass-bias at vs. the cumulative
scatter at the outermost radius one can measure for indiviadli clusters. The correlation is
only signi cant (i.e. correlation coe cient > 0:65) using the scatter of either entropy or
pressure uctuations and using the quasi-mass-bias aty,. Therefore, we only list the best
t and Pearson correlation coe cient using the scatter of ertropy and pressure uctuations
and the quasi-mass-bias atsqg in Table [3. We interpret this result as tentative evidence fo
an interesting correlation between mass bias and scatter afitude. We will constrain the
parameters of these relations in more detail using a largeluster sample. These ndings
shall encourage similar studies to be carried out using hyallynamical simulations.

6.6. Data quality vs. radial studies of ICM T, ne, S and P uctuations

As shown above, su cient photon statistics are required to pvide quantitative diagnos-
tics of the substructure in the ICM and to imply detailed physcs relevant to the systematics
of the scaling relations. EXO0422 has the highest data quigliamong the 4 clusters. There-
fore the ICM substructure shown in great details allows us tanderstand its small o set in
the scaling relations, which would have been missed withoour studies. A0119 has insu -
cient photon statistics to perform such radial studies of te ICM T, ne, S and P uctuations.
Though we observed signi cant features indicating the stmmg merging activities in the 2-D
maps of A0119, the radial pro les of the scatter show large atistical error and could not
reveal possible discontinuities. Therefore 30 bins within the G6ry region is required for
such radial studies of the uctuations of the spectrally mesured ICM T, ne, S and P maps.
In term of net counts, 120,000 cluster photons are required for one nearby cluster



{21

7. Conclusions

Substructure diagnostics of galaxy clusters are crucial the robustness of the estimates
of both the cluster mass and the X-ray observables. Theretothey have enormous impor-
tance to the understanding of the systematics and scatter dhe mass-observable scaling
relations. As a result, the knowledge of the substructure dctly a ects the precision of the
cosmological tests using the cluster mass function. To prelpossible biases in hydrostatic
mass estimates as a function of cluster dynamical state, wewtloped a precise background
subtraction procedure using both MOS and pn and a spectral alysis procedure to derive
the X-ray maps via spectral measurements in each spatial binWith XMM-Newton ob-
servations of the 4 morphological di erent clusters seleetl from the HIFLUGCS sample,
we report our procedures and strategies for the ICM substriige studies using the spec-
trally measured 2-D temperature, electron number densitgntropy and pressure maps with
medium quality XMM-Newton data for nearby clusters. Our procedures provide detailed
2-D diagnostics and a new complementary tool, the radial siies of the uctuations in the
2-D map of ICM temperature, electron number density, presse and entropy, to quantify
the substructure in galaxy clusters, and attempt to explairthe deviation of the cluster from
the mass-observable scaling relations.

The amplitude of and the discontinuity in the scatter provice substructure diagnostics
due to merging, the physics behind the scatter of the masss#yvable scaling relations. The
amplitude indicates 10% uctuations in the temperature, electron number densyt and
entropy maps, and 15% uctuations in the pressure map. The di erential scatte can
indicate the most disturbed radial range, e.g. .85 0:45599 for the unrelaxed clusters,
A3391 and A0119.

The temperature map is particularly unique to identify the sibstructure of an almost
relaxed cluster which would be unnoticed in the ICM electromumber density and pressure
maps.

There is a tantalizing link between the substructure idented using the scatter of the
entropy and pressure uctuations and the hydrostatic massibs relative to the expected mass
based on theM -Yyx and M -M g, relations particularly at rsqo. A typical relaxed cluster, such
as l11Zw54, lies on the mass-observable scaling relations.weakly merging cluster, A3391,
lies signi cantly o from the mass-observable scaling retsons. An almost relaxed cool core
cluster, EXO0422, shows a small o set in theM -Yyx relation. A typical dynamical active
cluster, A0119, shows signi cant mass deviation in the bottM -Yx and M -M 4, relations.
The scatter of the observed scaling relations caused by anralaxed cluster can be due
the mass estimate being biased by the pressure substructuaed the temperature estimate
biased by the temperature substructure in this cluster, e.g A0O119. The scatter of the
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observed scaling relations can also be caused by an almosaxed cluster, due to the bias
in its temperature estimate a ected by its temperature subsucture, e.g. EXO0422.

XMM-Newton observations with 120,000 source photons per cluster are su cient to
apply our method for detailed diagnostics to identify the shistructures of the clusters. More
concrete conclusions require such substructure studiesngsa statistically large sample, with

120,000 source photons per cluster in theXMM-Newton observations; this is work in
progress. It will then be interesting to make a detailed congrison of a possible scatter {
mass-bias correlation with the results of numerical simuti@ns.
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Table 1. Cluster properties andMM-Newton observations.

Name OBS-ID Net exposure (ks) Mode X-ray centroid (J2000) z NH To:2 0:5r500 It
MOS1 MOS2 pn pn R.A. decl. 10 2¢m 2 keV arcmin
11Zw54 0505230401 23.3 22.3 30.3 EFF 03:41:18:729 +15:24:13:91 0.0311 0.1470 217 0:03 13.35
A3391 0505210401 23.3 24.6 18.2 EFF 06 :26: 24222 53:41:2402 0.0531 0.0559 502 0:05 13.32
EX00422 0300210401 31.5 32.2 32.7 EFF 04 :25:51224 08 :33:40:34 0.0390 0.0808 299 0:03 13.29
A0119 0505211001 8.2 8.0 7.6 FF 00:56:17119 01:15:11:98 0.0440 0.0328 547 0:11 11.00

Note. | The EFF mode is the extended full frame mode. The MOS da ta are in FF mode. The truncation radius ( rt) is the radius corresponding to an S/N of

}ez}



Table 2. The best linear t (Y = A+ BX) of the the relation of electron number density uctuationsvs.
temperature uctuations.

Name Mask-V Mask-S
A B coe. A B coe.
111Zw54 0:029 0:004 003 0:08 0.154 0026 0:002 005 003 0.321
A3391 0:038 0:003 006 0:03 0.335 0043 0:003 005 0:03 0.285
EXO0422 0:028 0:002 001 0:02 0.066 0029 0:001 003 0:02 0.323
A0119 0:046 0:003 006 0:02 0.765 0052 0:003 008 0:02 0.830

All 4 clusters 0:032 0:001 003 0:02 0.192 (0034 0:001 004 001 0.263

}ve}



Table 3. The best linear t (Y = A+ BX) of the relation of the quasi-mass-bias, Col. (1), vs. the awlative scatter
at the outermost radius one can measure for individual clusts, Col. (2). See details in Sect._8.5.

Bias Scatter Mask-V Mask-S
A B coe. A B coe.
B Moo S 1:45 0:38 14:3 33 -0.98 061 0:22 6:6 1.9 -0.80
P 1:.07 0:29 80 1.9 -0.97 112 031 92 22 -0.97
Bmgf)‘; S 1:.06 0:41 9:8 36 -0.95 042 0:23 4.0 20 -0.69
P 0:79 0:32 55 21 -0.94 076 0:32 59 23 -0.90

}az}
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Fig. 1.| Masks using the Mask-V (left) and Mask-S (right) method for 111Zw54. The image
sizeis 12 11° Each gray scale (from 0 to 34) denotes one bin, but has no piga meaning.
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IHZwd4 T

Fig. 2.| The temperature maps (top) and their error maps (bottom) for [11Zw54 using
Mask-V (left) and Mask-S (right). The color bar is in the range of 1.5-3.2 keV in the top
panels, and 0-0.2 keV in the bottom panels. The image size i¥°1 11°
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Fig. 3.] The temperature ( T), electron number density (¢), entropy (S) and pressure
(P) maps for I11Zw54 with the Mask-V on the left and the Mask-S on the right in each
panel. The color bars are in the range of 1.5-3.2 keV, 0-0.@06m 3, 90-400 keV cm, and
0-0.02 keV cm?® in the T, ne, S and P panels, respectively. The image size is%111°
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Fig. 4. The temperature ( T), electron number density (¢), entropy (S) and pressure
(P) maps for A3391 with the Mask-V on the left and the Mask-S on the right in each
panel. The color bars are in the range of 3.3-6.5 keV, 0-0.@dm 3, 200-850 keV crf, and
0-0.025 keV cm?® in the T, ne, S and P panels, respectively. The image size is %1 11°
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Fig. 5.] The temperature ( T), electron number density (¢), entropy (S) and pressure
(P) maps for EXO0422 with theMask-V on the left and the Mask-S on the right in each
panel. The color bars are in the range of 1.5-4.2 keV, 0-0.0&& 3, 20-580 keV cm, and
0-0.025 keV cm? in the T, ne, S and P panels, respectively. The image size is 41 11°
The hole in the cluster center for EXO0422 is the region exaed in the spectral analysis to
avoid the possible contamination from the galaxy CiG042290found by Belsole et al. (2005).
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Fig. 6.] The temperature ( T), electron number density (¢), entropy (S) and pressure
(P) maps for A0119 with the Mask-V on the left and the Mask-S on the right in each
panel. The color bars are in the range of 3.5-7.2 keV, 0-0.008 3, 200-900 keV crf, and
0-0.018 keV cm?® in the T, ne, S and P panels, respectively. The image size is %1 11°
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Fig. 7.| The observed surface brightness pro le, with the ROSAT observed surface bright-
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(gray). The continuous curve presents the best t of the obseed surface brightness pro le
using a double- model for the electron number density pro le.
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Fig. 8.] The radial (de-projected) temperature (upper) and metallicity (lower) pro les.
Note that the very central region ¢  15° of EXO0422 was excluded in the spectral analysis

to avoid the possible contamination from the galaxy CIG04229 found by Belsole et al.
(2005).
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Fig. 10.] The cumulative scatter of the temperature, electron number density, entropy,
pressure uctuations in the 2-D maps for the 4 clusters as a wle usingMask-S Note that
for each plot, the mean pro lehD (d)i is determined for the 4 clusters as a whole as described
in Sect. 6.2.
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Fig. 11.| The di erential scatter of the temperature, elect ron nhumber density, entropy and
pressure uctuations in the 2-D maps for the 4 clusters as a wle usingMask-S Note that
for each plot, the mean pro lehD (d)i is determined for the 4 clusters as a whole as described
in Sect. 6.2.
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Fig. 12.] The cumulative scatter of the temperature, electron number density, entropy,
pressure uctuations in the 2-D maps for the 4 clusters as a wle usingMask-S Note that
for each plot, the mean pro lehD (d)i is individually determined for each cluster as described
in Sect. 6.2.
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Fig. 14.| The cumulative scatter of the temperature, electron number density, entropy and
pressure uctuations in the 2-D maps for each cluster usinlylask-S The X-axis has been
shifted by 0.005, 0.010 and 0.015 for A3391, EXO0422 and A@1tespectively, to avoid the
overlap. Note that for each plot, the mean pro lehD (d)i is individually determined for each
cluster as described in Sect. 6.2.
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Fig. 16.| The mass- Yx relations (left) and the massM s relations (right). We compile

a sample of 44 LoCuSS clusters (37 LoCuSS clusters are fromaddp et al. 2008) and use
the best t scaling relations of a subsample of 22 clusters atacterized as relaxed (black
lines) at rsoo and r,sq0, respectively, as the reference for our studies. The sca@irelations at

rspo from simulations in Nagai et al. (2007; grey lines) are showior comparison. Clusters
characterized as possibly merging/elliptical in Hudson eal. (2008) are denoted by open
squares. The cluster masses for the 4 clusters are deterndine Sect. 4.
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