Research in Astron. Astrophy2010Vol. 10 No. 10, 1005-1012 Research in
http:/Amvw.raa-journal.org  http:/Avww.iop.orgjournal sraa Astronomy and
Astrophysics

Biases in hydrostatic mass profiles introduced by hot gas
substructures: Chandra study of four galaxy clusters

Li-Yi Gu, Yu Wang, Jun-Hua Gu, Jing-Ying Wang, Zhen-Zhen Q\feng-Yu Yao,
Jian-Long Yang and Hai-Guang Xu

Department of Physics, Shanghai Jiao Tong University, §hai200240, China;
alfred_gly@sjtu.edu.cn

Received 2010 April 2; accepted 2010 May 27

Abstract By analyzing the azimuthal variations of total gravitatimgss profiles in
the central 300;% kpc regions of four galaxy clusters witbhandra data, we find
that the azimuthally-averaged mass profiles may have besamsgtically underes-
timated by 1@2% at 1o significance in the 50—10@,‘% kpc regions, probably due to
the prevailing existence of 2-D hot gas substructures in—EOOh;% kpc. The mass
biases become negligible {*3%%) at> 150h-] kpc. We confirm the results that the
gas temperature maps can be used to probe the departureyfdoostatic equilibrium
and help quantify the systematic biases in X-ray mass measnts in the central
regions of clusters.
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1 INTRODUCTION

The gravitating mass distribution in galaxy clusters isres#ieve test of the properties of dark matter
(e.g., Clowe et al. 2004; Markevitch et al. 2004; Sand et @08&). Since the intracluster medium
(ICM) in relaxed galaxy clusters is expected to be in hydrdsequilibrium on the scale of clusters
(Sarazin 1988), the X-ray emission of ICM can be used to caimsthe mass distributions of relaxed
galaxy clusters. Recent X-ray observations with high-igpi&handra, XMM-Newton, and Suzaku
data provide precise measurements of mass distributiohsumicertainties below 15% up t@po
(e.g., Vikhlinin et al. 2006).

In order to assess the reliability of the X-ray mass estipmaigch dfort has been devoted to
comparing it with the results obtained from gravitatioreiding analysis, which does not require
the hydrostatic equilibrium assumption (e.g., Wu & Fang@,®xjuires et al. 1996; Allen 1998). As
shown in a range of recent work (e.g., Mahdavi et al. 2008nghet al. 2008, 2010; Vikhlinin et
al. 2009), cluster masses calculated with weak lensing/sisadre systematically larger than those
obtained in X-ray byr 10% atrsgp; the discrepancies become nearly negligible within 5%

(= 0.4rs500). Hence, the hydrostatic mass estimate is fairly accuna@ 4-1.0s00 Scales. For inner
regions within~ 0.2r500, however, such a systematic comparison between X-ray aat lgasing
masses is lacking. Previous X-ray and numerical studiegesigd that the hydrostatic equilibrium
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assumption may not stand in the central regions of a clusterexample, Markevitch et al. (2001)
showed that the hydrostatic mass measured m;ﬁkpc (= 0.1rs00) south of the cluster center of
A1795 s biased towards low by a factor of two due to the galsimation caused by subcluster infall.

In addition, as shown in recent numerical simulations, the@yXmass measurements in the central
0.2r500 are possibly biased by 20%-30% due to ICM substructures created by minor merging
events (e.g., Nagai et al. 2007) @gmdactivity of active galactic nuclei (AGNs; e.g., Guo & Mathis
2010). Hence, substructure studies pose an importantreamsvn the validity of the hydrostatic
equilibrium assumption in the central regions of clusters.

The 2-D gas temperature map is an important tool for detgatirch ICM substructures (e.g.,
Andersson et al. 2009). In a recent work, Zhang et al. (20aRutated the gas temperature maps
of four galaxy clusters with thEMM-Newton data, and detected apparent temperature substructures
with AT ~ 0.5-2.0keV atx> 0.2rs00 (= 300h;% kpc) that significantly show hydrostatic masses
that deviate from values expected frdvh— Yx andM — Mgasrelations. By analyzing the gas tem-
perature maps of nine relaxed galaxy clusters created@®¥iindra data, Gu et al. (2009; hereafter
GO09) reported the existence of prevailing 2-D hot gas subsires withAT ~ 2.0 — 3.0keV on
~ 100h;11 kpc scales in 0.1-0120 (~ 100—3001;} kpc) regions, and speculatively ascribed the hot
substructures to be remnants of buoyant bubbles, into whiettentral AGN has injected energy
via shocks and turbulence (see McNamara & Nulsen 2007 foriew By calculating the thermal
conduction timescales of these substructures, G09 podnitttiat the detected hot gas substructures
are formed withinr 2 x 10®yr (see table 4 of G09), comparable to the sound crossingstiaie
(= 10 yr), which indicates that the substructures are probaliymiaydrostatic equilibrium. So far,
it is unclear to what extent such hot gas substructures dhesé-ray measurements of gravitating
mass profiles to deviate in the central regions of clusters.

In this work, we revisit theChandra data of four galaxy clusters refined from the G09 sample.
By analyzing azimuthal variations of hydrostatic mass pesfiwe examine quantitatively the am-
plitudes and extents of possible biases in azimuthallysmed mass profiles due to the 2-D hot gas
substructures detected in G09. Throughout the paper, wenadd, = 71h;1km st Mpc™, a flat
universe for whichQy = 0.27 andQ, = 0.73, adopt the solar abundance standards of Grevesse &
Sauval (1998), and quote errors according to the 68% cortfidienel unless stated otherwise.

2 SAMPLE AND DATA PREPARATION

Our sample is comprised of four relaxed galaxy clusters, 6810A1650, A2244, and A2556
(Table 1), drawn from the flux-limitedFx 07-gokev > 5.0 x 107*?erg s cm2), intermediate-
redshift g ~ 0.1) galaxy cluster sample presented in G09. The four cluatersuited to our purpose,
since (1) the high-qualit€handra data of the four clusters allow us to measure deprojectepeem
ture profiles with uncertainties 0.5 keV at the 90% confidence level (see fig. 3a of G09) and (2) the
azimuthal distributions of hot substructures in the fowstérs allow us to define substructure-free
sectors (see Sect. 3) with span angles50°, which are used as references to examine the possible
biases in azimuthally-averaged mass profiles (Sect. 5)pBlyang the latest CIAO 4.2 and CALDB
4.2.0, we reprocessed all tidhandra data following the data reduction pipeline described in G09
We utilized theChandra blank-sky template for the S3 CCD as the background in theeqent
spectral analysis.

3 SECTOR SELECTION

In order to quantitatively determine the possible biasdsyuirostatic mass profiles due to 2-D hot
gas substructures detected in G09, we calculate and cortipaeetypes of total gravitating mass
profiles for each cluster, including the azimuthally-agea profiles (hereafter Type-A profiles),
profiles for sectors containing the 2-D hot gas substrust(irereafter Type-H profiles), and profiles
for counterpart sectors where no apparent hot gas suhsteustetected (hereafter Type-C profiles).
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Table 1 Basic Properties and Best-fit Temperature Models of Samipist€rs

Name (Type) Redshift kT2 Rout® To® T4¢ RS n® dT/drRd
(keV) (hikpe) (keV) (keV) 631 kpe) (keV/h=1 kpc)
A1068 (Type-A) 0.1375 B*07 530+110 27*51 85703 968 19701 00335907
A1068 (Type-H) 530:110 29*91 2705 [96%8] 3.9°2¢  0.04859%5
A1068 (Type-C) 53@:110 10733 63753 [96'8] 0.3'91 0.01470953
A1650 (Type-A) 0.0845 ®72 460+80 26723 7.2719 1033° 04731 0018597
A1650 (Type-H) 460:80 3002 6453 [1037° 1.9'51 0.0427095°
A1650 (Type-C) 460:80 29791 56'0¢ [10371% 0.2731 0.004729%3
A2244 (Type-A) 0.0968 B0 390+90 30*57 57705 85715 03737 0006599
A2244 (Type-H) 390:90 50%92 38705 [85°15] 20707 00225911
A2244 (Type-C) 39@:90 02721 100728 (8571 0.1*31 -0.001739%3
A2556 (Type-A) 0.0871 2737 380+£80 2993 20707 627 30705 0014595
A2556 (Type-H) 380:80 27+02 31°55 [62%]] 25731 0.02709%
A2556 (Type-C) 38@:80 32703 6703 [627]] 1.1%37 0.0033902

a Average gas temperatures in central m;)pkpc regions.

b Mean radii of the outermost bins used to calculate depmjetmperature profiles. Errors give widths
of the bins.

¢ Best-fit parameters of the analytic model for temperatuoéilps, as defined in Eq. (1). To avoid strong

intrinsic degeneracy between parameters, wé&ldbe the same value among Type-A, Type-H, and

Type-C profiles for each cluster, whilg), T1, andn are set free.

Average gradients of deprojected temperature profiles-irlﬁm;% kpc.

To define the Type-H and Type-C sectors accurately, we @tke@d-D temperature maps of
the four clusters based on a binning method introduced bg&ar(2006), which creates 2-D bins
primarily along the azimuthal direction and thus is suiteddetermining the azimuthal distributions
of hot gas substructures. First we separate the centraﬂ;}OQ)c regions of each cluster into 20
40 bins; each bin contairs 5000 counts after the point sources are excluded. Then welatd
the projected temperature for each bin by fitting the exédapectrum with an absorbed APEC
model coded in th&SPEC 12.4.0 package. In the fitting, we fix absorption column dgnl; to
the Galactic value (Dickey & Lockman 1990), while leaving tCM metal abundance free. The
typical lo- temperature error is 0.2 keV for each bin. The obtained temperature maps, as shown in
Figure 1, are consistent with the maps presented in GO9mitld uncertainty caused byfidirent
binning schemes. We find that there exist apparent high teahpe regions in 100—20(3}% kpc,
where the gas temperatures are typically higher than théteoénvironment bATx ~ 1 — 3 keV,
nicely consistent with the wavelet detection result regabith GO9. By defining hot substructures as
temperature excessesl keV over the azimuthally-averaged values, we separatedttieal regions
of the clusters into Type-H and Type-C sectors, which haeeae span angles of160° and 200,
respectively (Fig. 1).

4 DEPROJECTED GAS TEMPERATURE AND DENSITY PROFILES

Following the method in G09, we calculate the deprojectesitgenperature profiles in the inner
400h;% kpc region. The target region is divided into concentricwdn(Type-A) and pie regions
(Type-H and C), all centered on the X-ray peak. We fit the ex¢thspectra with an absorbed APEC
model. When the absorption is fixed as above, and employ tli&@ER model to correct the pro-
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Fig.1 Projected gas temperature maps of four sample clusteijla@d using the method de-
scribed in Sect. 3. Based on temperature maps presented i dgG09, hot gas substructures
detected with a wavelet algorithm on characteristic scaleD0-20th;1 kpc and 50-10877 kpc
are marked with solid and dotted contours, respectivelg &mxt. 3.3.2 of G09 for details). Red
and blue dashed lines denote Type-H and Type-C sectors nsauat ispectral analysis (Sect. 4),
respectively.

jection dfect. When the metal abundance of an annulus or pie regiomidypmonstrained, we tie
it to that of an adjacent region for better statistics, whicfound to slightly #ect the temperature
profile. To describe the obtained best-fit temperature iil a smooth form, we adopt the analytic
model introduced in Allen et al. (2001),

(RIRY’
1+ (RIR)" )

The best-fit parameterd{, T1, R;, andn) are listed in Table 1, and the obtained smooth Type-
A, Type-H, and Type-C temperature profildx (R), Tu(R), andT¢(R), respectively) are shown in
Figure 2. By comparinda(R) profiles withT¢(R) profiles, we find that the mean gradientsiafR)
profiles in 50—100;% kpc are significantly larger than thoseTd(R) profiles, by a factop 1.8 (the
68% confidence level; Table 1), due to the hot substructunesd in the 100-308;; kpc regions
(Fig. 1).

In order to achieve a fine spatial resolution for the gas dgpsofiles, we divide each annulus
(Type-A) and pie region (Type-H and Type-C) into three pastish each having /B of the counts
in the original region. We fit the extracted spectra with tiROBCT(WABSKAPEC) model, when
absorption is fixed as above, and gas temperature and metadlafce are determined by linear
interpolations of the best-fit deprojected profiles. Folluyvthe method described in, e.g., Johnson
etal. (2009), we calculate the deprojected gas densityigsdfom the best-fit model normalizations.

T(R) = To + T1
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Fig. 2 Deprojected gas temperaturgoper panel), total gravitating massfiddie panel), and mass
ratio (ower panel) profiles for each cluster. The deprojected temperatura@atimass profiles are
calculated for Type-Alflack), Type-H ¢ed), and Type-Cl§lue) regions, and the mass ratio profiles
are obtained ady(R)/Ma(R) (red) and Mc(R)/Ma(R) (blue). Deprojected Type-A, Type-H, and
Type-C temperatures measured in the inner paré0h;] kpc) and at typical radii of hot substruc-
tures & 100h-1 kpc and 200v; kpe) are plotted on the temperature profiles, when the ddtdspo
of different types are slightlyffset for clarity. To keep the figure clear, deprojected terajoees
measured at other radii are omitted. The green curve shawsiiss ratio profileM:(R)/Ma(R),
after excluding the cool gas substructure detected in AZ344t. 5). All errors are given at the 68%

confidence level.

By adopting an empirical twg-model defined in, e.g., equation (7) of Wang et al. (2005), b

. jol o
50 100 (h;1kpc) 50 100 (h;1kpc)

1009

obtained density profiles in a smooth form. We find that folheaaster, the smooth Type-A, Type-
H, and Type-C gas density profiles\(R), ny(R), andnc(R), respectively) are consistent with each

other within the 68% confidence level.

5 POSSIBLE BIASES OF AZIMUTHALLY-AVERAGED MASS PROFILES

Based on the best-fit deprojected gas temperature and ylpnsiiles, we calculate the total gravi-

tating mass profiles under the condition of hydrostatic ldgyitim as

kTR (dlogn dIogT)

M(R) = ~ Gum, \dlogR " dlogR
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whereG is the gravitational constant,= 0.609 is the average molecular weight for fully ionized gas,
andmy, is the proton mass. For each cluster, we plot the obtained-Fydype-H, and Type-C mass
profiles Ma(R), My (R), andM¢(R), respectively) in Figure 2, along with the uncertaintiakalated

by performing 1000 Monte-Carlo simulations that accoumttfe ranges of gas temperature and
density profiles allowed by the data. To quantify the disargjies among the three mass profiles,
we divide My(R) and Mc(R) by Ma(R), and show the mass ratio profiles in Figure 2. As listed in
Table 2, the average ratio dc(R) to Ma(R) in 50—-100h-7] kpc gives 116*5:3 for the sample. Since
neither apparent surface brightness nor hot gas substeusttietected in Type-C sectors, we assume
the ICM in Type-C sectors is close to hydrostatic equilibritHence, the azimuthally-averaged
mass profiles are likely to be systematically underestimhyelG_*g% in the region 50—100;11 kpc,
while the biases become negligible?(fg%; Table 2) in the region 150—30@% kpc. Accordingly,
the average gas mass fractions in 50—I1;(}0(pc calculated with Type-A profiles may have been
overestimated by 2@ 10% (Table 2). By applyingc(R) ~ na(R) to Equation (2), we deduce that
the systematic biases dia (R) profiles can be primarily ascribed to the prevailing existeof hot
gas substructures in 100—3@}} kpc (fig. 1; G09), which are believed to steepen the gradiehts
Ta(R) profiles in 50—10@;% kpc by a factor> 1.8 (Sect. 4). This result confirms previous findings
in, e.g., Finoguenov et al. (2005) and Zhang et al. (2009aig that the substructure diagnostics
based on 2-D temperature maps can be used to probe the defiantn hydrostatic equilibrium and
help quantify the systematic biases in X-ray mass measursrrethe central regions of clusters.

Table 2 Comparison between Type-A and Type-C Mass Profiles

Mc(R)/Ma (R)Is0-100% Mc(R)/Ma (R)l150-300° fgasa® fgasct

008 015

1.247008 0.88'015 007+001  Q05+001
011 0.10

1157011 0.92+010 007+002 006+ 0.02
007 005

109+097 0.96/095 0054001 Q04001
008 0,09

1147008 0.95009 004+001  004+001

2 Average ratios oMc(R) to Ma(R) in 50—10(]1;% kpc regions (Sect. 5).

b Average ratios oMc(R) to Ma(R) in 150—3001;% kpc regions (Sect. 5).

¢ Average gas mass fractions in 50—1133 kpc calculated with Type-A profiles.
d

Average gas mass fractions in 50— kpc calculated with Type-C profiles.

Next we examine the possibility of other uncertainties lagd in the mass measurements. As
shown in Figure 1, there exists an apparent cool gas substeun 50—1201;% kpc along the Type-C
sector of A2244, with an average temperatutz+0.2 keV lower than its ambient ICM. Suctfe
center cool gas substructures can be ascribed to either miexgers (e.g., Machacek et al. 2005)
or AGN-induced cool gas outflows (e.g., Nulsen et al. 200@)eXdamine possible deviation of mass
profile measurements due to the cool gas substructure, welat a corrected Type-C temperature
profile T:(R) by omitting the deprojected temperatures measured inm]or;t kpc from the model
fitting with Equation (1), and derive corrected mass prafljgR) by applyingT £ (R) to Equation (2).
As shown in Figure 2, the obtaindd(R) is consistent wittMc(R) at the 68% confidence level,
while the former appears higher by 5% on average in 50—12@} kpc. Hence, to account for
uncertainty caused by suclff-@enter cool substructures that possibly exist in the adaB(DOh;%
kpc region, we include an additional 5% error in the totalernteinty budget of the mass profiles.

Another concern is the uncertainty caused by the choiceustet center. Indeed, as shown in
a sample study of Shan et al. (2010), there may exfsets, up to 36;% kpc, between the lensing
center and X-ray peak for relaxed clusters. To assess theéaduncertainty on mass measurements,
we assign the center of Type-A and Type-C regions to a randaimt pn the central 36\;% kpc



Mass Profile Biases Introduced by Hot Gas Substructures 1011

region, and perform deprojected spectral analysis to Emodified Type-A and Type-C mass
profiles M*(R) andM{ (R), respectively). By repeating this process ten times foheduster and
comparing the obtained mass ratig’(R)/M;*(R) with the original ones, we have estimateda 1
scatter of 5% in 50—3(16;% kpc, due to the possible shifts between X-ray and mass cerfthis
scatter, combined in quadrature with all the uncertairgssnated above, givesrlranges of the
mass biases as 136 and-7*3'%, in the 50—-100-] kpc and 15030051 kpc regions, respectively.

In addition to uncertainties discussed above, in fact, thmyXmass profiles may have devi-
ated due to, e.g.,fibcenter dark matter substructures (e.g., Riemer-Sgrezts#in2009) and addi-
tional pressure supports from gas turbulent motions, cosayis, and cluster magnetic fields (e.qg.,
Schuecker et al. 2004; Churazov et al. 2008). Due to the lagkeak lensing studies for the four
nearby clusters in our sample, it ifftltult, for the time beings, to address the possible deviation
hydrostatic mass estimates contributed by thésets.

6 SUMMARY

Using high-qualityChandra data of four galaxy clusters, we find that the azimuthallgraged
mass profiles may have been systematically underestimgta@*_@% at 1o significance in 50—
100h;% kpc, probably due to the prevailing existence of 2-D hot gdisguctures in 100—30@% kpc
regions. Our result confirms the recent findings in, e.g.ofirenov et al. (2005) and Zhang et al.
(2009), showing that the gas temperature maps can be usedstrain the level of departure from
hydrostatic equilibrium in the central regions of clusters
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