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ABSTRACT

We present the X-ray properties of a massive cluster of galaxies (RXC J2228.6+2036 at z = 0.421) using XMM-Newton data. The
X-ray mass modeling is based on the temperature and density distributions of the intracluster medium derived using a deprojection
method. We find that RXC J2228.6+2036 is a hot cluster (Tspy = 8.92*178 keV) showing a cooling flow rate of 12.0*350 M yr™!
based on spectral fitting within the cooling flow radius (r.eo = 147 + 10 kpc). The total cluster mass is Msgo = (1.19 +0.35) x 10" M,
and the mean gas mass fraction is fyo = 0.165 £ 0.045 at rso0 = 1.61 + 0.16 Mpc. We discuss the PSF-correction effect on the
spectral analysis and find that, for the selected annular width, the PSF-corrected temperatures are consistent with those without
PSF-correction. We observe remarkable agreement between X-ray and SZ results, which is of prime importance for future SZ surveys.
RXC J2228.6+2036 obeys the empirical scaling relations found in general massive galaxy clusters (e.g. S-T, M-T, L-T and M-Y),

after accounting for self-similar evolution.
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1. Introduction

The gravitational growth of fluctuations in the matter density
distribution can be traced by the evolution of the galaxy clus-
ter mass function (e.g. Schuecker et al. 2003). The hot and
distant clusters are at the upper end of the mass distribution;
they can therefore be used to probe the cosmic evolution of
large-scale structure and are fundamental probes for cosmology.
To date, few hot and distant clusters, however, have been de-
tected. Therefore, it is important to study such clusters in detail,
especially in X-ray.

RXC J2228.6+2036 is a distant (z = 0.421) and X-ray lumi-
nous cluster of galaxies in the northern sky. It is suspected to be
massive and hot, and was well recognized as an extended X-ray
source in the ROSAT All-Sky Survey, and included in both the
NORAS galaxy cluster survey (Bohringer et al. 2000) and the
ROSAT Brightest Cluster Sample (Ebeling et al. 2000).

The first combined SZ versus X-ray analysis for
RXC J2228.6+2036 was based on SZ data from the Nobeyama
Radio Observatory (NRO) 45 m radio telescope and the X-ray
data from ROSAT/HRI. It shows that RXC J2228.6+2036
is a hot and massive cluster with 7 = 104 + 1.8 keV,
M(r < R, = ri7s = 2.9 Mpc) = (1.8 + 0.4) x 10" Mo,
and a gas mass fraction of fs, = 0.22 + 0.06 (Pointecouteau
et al. 2002). LaRoque et al. (2006) compared Chandra X-ray
versus OVRO/BIMA interferometric SZ effect measure-

ments for the same cluster, measuring 7 = 8.43f8:;§ keV,

feas = 0.138 £ 0.009 from the X-ray data, and fs = 0.1887003
from the SZ data at rps090. As one of the X-ray luminous
galaxy clusters with both X-ray (Chandra) and SZ observa-

tions studied by Morandi et al. (2007), RXC J2228.6+2036

has a temperature of 7 = 6.86’:8:?? keV and a total mass of

My = (490 + 4.35) x 10" Mg at rspo = 1033 + 464 kpc.
However, the above results are all based on the mass mod-
eling under the assumption of isothermality of the ICM. The
XMM-Newton EPIC instruments have high spatial and spec-
tral resolutions and a large field of view, and are therefore
suitable for completing a spatially resolved spectral analysis.
We use XMM-Newton observations to a detailed study of
RXC J2228.6+2036 based on X-ray mass modeling using a
spatially resolved radial temperature distribution and perform a
detailed X-ray versus SZ comparison.

The structure of this paper is as follows: Sect. 2 describes the
data, background subtraction method, and spectral deprojection
technique. Section 3 presents the spectral measurements using
different models to derive the radial temperature profile, cooling
time, and mass deposition rate. In Sect. 4, we show the radial
electron density profile and X-ray mass modeling. In Sect. 5, we
discuss the impact of the PSF correction on the spectral analysis,
and compare the RXC J2228.6+2036 with SZ measurements and
the empirical scaling relations for massive galaxy clusters. We
draw our conclusions in Sect. 6.

Throughout this paper, unless explicitly stated otherwise, we
use the 0.5-10 keV energy band in our spectral analysis. The
cosmological model used is Hy = 70 km g1 Mpc‘l, Qn =0.3,
and Q = 0.7, in which 1’ corresponds to 332.7 kpc at the
distance of RXC J2228.6+2036.

2. Observation and data reduction
2.1. Data preparation

RXC J2228.6+2036 was observed for 26 ks in November 2003
by XMM-Newton and its observation ID is 0147890101. For
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our purposes, we use only EPIC data (MOS1, MOS2 and pn).
The observations were performed with a thin filter and in the
extended full frame mode for pn and the full frame mode for
MOS. Throughout this analysis, we use only the events with
FLAG = 0, and with PATTERN < 4 for pn and PATTERN < 12
for MOS. The reduction was performed in SAS 7.1.0.

The light curve of the observation shows some flares (i) in
the hard band (above 10 keV for MOS and above 12 keV for
pn), possibly caused by the particle background; and (ii) in the
soft band (0.3—10 keV), possibly due to episodes of soft proton
flares (De Luca & Molendi 2004). Therefore, both the hard and
the soft bands are used to select good time intervals (GTI) as
described in Zhang et al. (2006). The GTI screening procedure
provides 22 ks MOS1 data, 22 ks MOS?2 data, and 18 ks pn data.

We applied the SAS task edetect chain to detect the point
sources (the radius of the point sources was 0.6” containing 93%
flux from the point source), and excised all of them from the
cluster region. Then, a SAS command evigweight was used to
create the vignetting weighted column in the event list to account
for the vignetting correction for the effective area.

Due to read-out time delay, the pn data require a correc-
tion for the Out-of-time (OOT) events. We created the simulated
OOT event file and used it to this correction (see Striider et al.
2001) in our analysis.

2.2. Background subtraction

The XMM-Newton background consists of the following two
components: i) particle background, which are high energy par-
ticles, such as cosmic-rays, that pass through the satellite, de-
posit a fraction of their energy on the detector, dominate at
high energies, and show no vignetting; and ii) the Cosmic X-ray
Background (CXB), which varies across the sky (Snowden et al.
1997), more important at low energies, and shows a vignetting
effect.

We chose the blank sky accumulations in the Chandra Deep
Field South (CDFS) as the background (Zhang et al. 2007),
which was also observed with a thin filter. We applied the same
reduction procedure to the CDFS data as to the cluster in the
same detector coordinates, and the effective exposure time that
we obtained for the CDFS data was 54 ks for pn, 61 ks for
MOSI1, and 61 ks for MOS2. RXC J2228.6+2036 is a distant
cluster (z = 0.421); we estimated that the signal-to-noise ra-
tio of the region 6’ < R < 6.5" was about 20%, were able to
assume approximately that the emission of the cluster covered
only the inner part of the field of view (R < 6). The outer re-
gion (6.5 < R < 8’) could therefore be used to monitor the
residual background. We applied a double-background subtrac-
tion method to correct for these two types of background com-
ponents as used in Arnaud et al. (2002). First, we estimated the
ratio of the particle background, @, between RXC J2228.6+2036
and CDFS, from the total count rate in the high energy band
(10-12 keV for MOS and 12-14 keV for pn), as described
by Pointecouteau et al. (2004). S and By are the background
spectra of the cluster and CDFS, respectively, in the region of
6.5 < r < & with area Ay, and S; and B; for spectra in the
ith ring of the cluster and CDFS with area A;. Then, after the
double-background subtraction, the cluster spectrum S (7) is (e.g.
Jia et al. 2006; Zhang et al. 2006):

S(i)=Si—a/B,~—i(So—aBo). (1)
Ay

10 a0 a0

Fig.1. The combined image of MOS1 and MOS2 of
RXC J2228.6+2036 (12" x 12’) corrected for vignetting and smoothed
with a maximum Gaussian smoothing size of o = 5 pixels.

2.3. Spectral deprojection

The combined image of MOS1 and MOS?2 in the energy band
0.5-10 keV is shown in Fig. 1. It is corrected for vignetting
and smoothed with a maximum Gaussian smoothing size of
o = 5 pixels. As shown in this figure, the X-ray emission of
RXC J2228.64+2036 appears to be extended and almost symmet-
ric apart from some bright point sources (which were subtracted
before spectrum extraction, see Sect. 2.1). We extracted the spec-
tra from annular regions centered on the emission peak, and the
width of each ring was determined according to the criterion de-
scribed in Zhang et al. (2007), ~2000 net counts were extracted
per bin at 2—7 keV energies to measure a temperature within a
margin of error of ~15%. Considering the PSF (Point Spread
Function) effect of XMM-Newton EPIC, whose Full Width at
Half Maximum (FWHM) is 5”” for MOS and 6” for pn, the min-
imum width of each ring was set at 0.5’. We thus obtained 5
annuli to extract spectra out to 6’.

The deprojected spectra were calculated by subtracting all
the contributions from the outer regions. Within each radial
range, we assumed the same spectrum per unit volume. The de-
projected spectrum of the ith shell was then calculated by sub-
tracting the contributions from the (i + 1)th shell to the outmost
one (e.g. Matsushita et al. 2002; Nulsen & Bohringer 1995).
The detailed calculation procedures were described in Jia et al.
(2004, 2006):

N
D@@) = |S@) - Z Cu(k, i) - D(k) | [Co(i, D),

k=i+1

©))

where D(i) is the deprojected spectrum of the ith shell, S (i) is
the double-background subtracted spectrum of the ith shell, and
C,(k, i) is the fraction of the volume of the kth shell projected to
the ith ring.

The on-axis rmf (response matrix file) and arf (auxiliary
responds file) are generated by the SAS task rmfgen and ar-
fgen and are used to recover the correct spectral shape and
normalization of the cluster emission components.
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Table 1. The best-fit free parameters of RXC J2228.6+2036 for the single-temperature model: the temperature 7, the abundance A, and the
normalized constant norm for the simultaneously fitting of pn and MOS. norm = 107'*/(4n(Ds x (1 + 2))?) f nenydV, where Dy is the angular

size distance to the source (cm) and 7. is the electron density (cm™). Ly represents the bolometric luminosity (0.01-60 keV) in the units of

10* ergs™'. The errors represent a confidence level of 90%.

() T (keV) A(solar)  norm (107 cm™)  x? /dof. Lyu(10™ ergs™)

0.0-0.5 82679 0.31t§;}§ 0.72 +0.03 1.12/251 4.65j§:§§

05-10 116572 02073 0.88 + 0.05 1.02/262 6.73%03¢

1.0-1.75  9.03+142 030778 1.08 +0.06 1.00/196 7330

175-30 82108 0127 1.28 £0.07 0.86/189 7890

3.0-6.0 5.10322 0.12(fixed) 0.73f8‘}3 0.51/59 3.34j}'92
3. Spectral analysis
3.1. Radial deprojected temperature profile E 15F g
The spectral analysis was completed by using XSPEC version % of g
11.3.2 (Arnaud 1996). To study the temperature distribution of % SF E
RXC J2228.6+2036, we performed a joint fit to the spectra of pn e £ I 1
and MOS with an absorbed Mekal model: T ook .

Model, = Wabs(Ny) X Mekal(T, z, A, norm), 3)

in which Wabs was a photoelectric absorption model (Morrison
& McCammon 1983) and Mekal was a single-temperature
plasma emission model (Mewe et al. 1985, 1986; Kaastra 1992;
Liedahl et al. 1995). The temperature 7', metallicity A, and nor-
malization (emission measure) norm are free parameters. We
fixed the redshift z to be 0.421 and the absorption Ny to be the
Galactic value 4.68 x 10%° cm~? (Dickey & Lockman 1990). The
fitting results are listed in Table 1 and the central spectra fitted
by this model are shown as Fig. 3a.

The deprojected temperature profile showed a drop in the
core and a decrease in the outer regions (see the diamonds in the
upper panel of Fig. 2), which could be fitted by the following
formula (Xue et al. 2004):

_(lnr—lnro)z). @)

The best fit parameters were: A = 4.880 = 0.001 keV,
ro =2.494+0.003, w =2.232 +£0.004, Ty = 3.084 + 0.001 keV,
/\(fed = 0.31, and the best-fit profile is shown as the solid line
in the upper panel of Fig. 2. From the temperature distribution,
we can estimate the normalization-weighted temperature within
6', tmean = 8.57f'22 keV, which is consistent with the results of
Pointecouteau et al. (2002) and LaRoque et al. (2006) within the
margins of error and a little higher than that of Morandi et al.
(2007). The diamonds in the bottom panel of Fig. 2 show the
deprojected abundance distribution of RXC J2228.6+2036.

A
T(r)y=Ty+ — exp(
r/ry w

3.2. Mass deposition rate

The temperature drop in the central part of RXC J2228.6 +2036
could indicate the existence of a cooling flow in the center. We
thus estimate the parameters of the cooling flow as follows.

The cooling time 7.4 is the timescale during which the hot
gas loses all of its thermal energy, which is calculated to be (e.g.
Chen et al. 2007):

A Sne+n; kgT
cool — ) e nHA(T)’
where A(T) is the cooling function of the gas, and n., n;, and

ny are the number densities of the electrons, ions, and hydro-
gen, respectively. For the almost fully ionized plasma in clusters,
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Fig. 2. Upper panel: radial temperature profile of RXC J2228.6+2036.
Diamonds: the deprojected temperature and the solid line is the best-
fit profile. Stars: for the PSF-corrected temperature (see Sect. 5.1).
We offset the stars 5” to the left so as to illustrate these two kinds
of temperature clearly. Botfom panel: radial deprojected abundance of
RXC J2228.6+2036. The confidence level is 90%.

ne = 1.2nyg and n; = 1.1ny. The determination of n. is explained
in Sect. 4.1. The cooling time f.,, of the inner two regions is
given in Table 2. The cooling radius designates the region inside
which the hot gas loses all of its thermal energy within a cluster
life timescale, which is usually assumed to be the age of the uni-
verse (1.04 x 10'° yr at z = 0.421). The resulting cooling radius
for RXC J2228.6+2036 is reoo1 = 147 = 10 kpc.

We also fit the central spectra of pn and MOS by
adding a standard cooling flow model to the isothermal Mekal
component:

Model, = Wabs(Ny) X (Mekal(T, z, A, norm)
+Zwabs(ANy) X Mkc flow(M)), (6)

where Wabs and Mekal were described in Sect. 3.1, Zwabs
is an intrinsic photoelectric absorption model (Morrison &
McCammon 1983), Mkcflow is a cooling flow model (Fabian
1988), ANy is the intrinsic absorption, and M is the rate of gas
cooling out of the flow. The fitting results show that the mass
deposition rate in the central region r < 0.5 is 14.076}0 Mo yr™
(see Table 3); within 7o, we therefore measure
M = 12ffg My yr~!. Figure 3b presents the central spectra
fitted by this model.
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Fig. 3. The spectra of the central region (» < 0.5") for joint fit of pn (bold crosses) and MOS (faint crosses) of RXC J2228.6+2036. a) Fitted by
a single-temperature model; b) fitted by a cooling flow model with an isothermal Mekal component. In b) we plot the isothermal and the cooling
flow components, and the lower lines below the crosses represent the multiphase components of pn (bold line) and MOS (faint lines), which show
that the multiphase components provide only a small contribution to the emission.

Table 2. The cooling time and the cooling flow rate determined with
the spatial method of the inner two regions of RXC J2228.6+2036. The
errors are at the 68% confidence level. 1’ = 332.7 kpc.

A ) tcool(yr) M(MG yril)
o 0.5 1.18+0.07x 10" 2002+ 12.4
0.5 1 3.58+0.27x 10" 4147 +32.6

4. Mass determination
4.1. Electron density

We divided the r < 6’ region into 13 annuli centered on the
emission peak, where the width of each annular region is deter-
mined to obtain at least 2000 total counts in each annulus re-
gion at 0.5—-10 keV energies. After the vignetting correction and
the double-background subtraction, the surface brightness pro-
file for RXC J2228.6+2036, S (r), was derived, which could be
fitted by a double- model (as Eq. (8)) convolved with the PSF
matrices (Ghizzardi 2001) to correct for the PSF effect. Using
the deprojection technique described in Sect. 2.3, we deprojected
the double- model (PSF corrected) and obtained the count rate
of each corresponding shell, Ctr(i). Since the temperature and
abundance profiles were known, providing 7'(i), A(i) and Ctr(7)
in the ith shell, we could derive the corresponding norm(i) in
XSPEC with Model,. The radial electron density 7. of each re-
gion could be determined from Eq. (7), shown as stars in Fig. 4.
norm(i) = 104 /(4nD?) - f nenydV. (7
We fitted the derived electron density (the stars in Fig. 4) with
the double-S model (Chen et al. 2003):

2 _%.Bl 2 —%ﬁz
r r
ne(r) = I’lo](l + (—) ] + I’loz[l + (—) ] .
rel )

where the best-fit parameters were: ng; = 0.0027 +0.0002 cm™,
re1 = 2.5480 + 0.0002 arcmin, B; = 1.4031 = 0.0001,
nez = 0.0109 + 0.0001 ecm™3, ro, = 0.6547 + 0.0004 arcmin,
B2 =1.5474 + 0.0001,,\,/?ed = 0.71, d.o.f. = 7. The best-fit profile
is shown as the solid line in Fig. 4.

()

4.2. Total mass

After measuring the radial temperature profile 7'(r) and electron
density profile n.(r) for RXC J2228.6+2036, the integrated total
mass of this cluster at radius r were calculated under the assump-
tions of hydrostatic equilibrium and spherical symmetry by the
following equation (Fabricant et al. 1980):

keT7* [d(nne) d(n7)
dr dr |’

Mio(<r) = = €)

Gumy,

where kg is the Boltzmann constant, G is the gravitational con-
stant, and y is the mean molecular weight in units of the proton
mass my, (we assume p = 0.6 in this work). The mass uncertain-
ties were obtained from the uncertainties in the temperature and
the electron density calculated by MonteCarlo simulations. We
obtained 250 redistributions of the parameterized temperature
and electron density profiles by fitting data points that had been
altered within the intervals defined by the Gaussian error bars
of the measurements. The uncertainties in all the other proper-
ties of RXC J2228.6+2036 were also calculated from the 250
simulated clusters.

We then derived the total mass profile of RXC J2228.6+
2036, shown in Fig. 5, and M, = (1.36 + 0.51) x 103 M, at
6’ at the 68% confidence level.

A physically meaningful radius for the mass measure-
ment was defined to be rsqy, the radius within which the
mean gravitational mass density (o) = 500p., where
pe = 3H?/(87G) is the critical cosmic matter density. For our
calculations, we used the value of p. at the cluster redshift, i.e.
pc = 92 x 1073° gem™. This radius was well cov-
ered by the observations. From the mass profile, we derived
rsoo = 1.61 £ 0.16 Mpc for RXC J2228.6+2036, correspond-
ing to 4.8’ +£0.5’, and the total mass within this radius was about
Msgo = (1.19+0.35)x 10" M. The mass derived from Chandra
data by Morandi et al. (2007) was My = (4.90+4.35)x10'* M,
within rsgp = 1033 + 464 kpc, which is consistent with our mea-
surement within the margins of error. In our analysis, the ex-
trapolated value of ry, = 2.48 + 0.38 Mpc = 7.5 £ 1.1, and
My = (1.55 + 0.72) x 10" M., which both agree with the
measurements derived by Pointecouteau et al. (2002).
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Table 3. The best-fit parameters for the central region of RXC J2228.6+2036 by Model,. The lowT is fixed on 0.01 keV and 1" = 332.7 kpc. The

errors are at the 90% confidence level.

r T mekal Low Tt High T¢ A Norm M Any Xfc d/d.o.f .
(keV) (keV) (keV) (solar) (1073 ecm™) (Mo) (102 cm™2)
0-0.5 8.54jf:f§ 0.01 (fix) =Tmeka  0.32+0.19 0.70j8:?§ 14.0j?i:8 0.0(fix) 1.12/250
0.0100 = B “»
i ] 2 1.00 3 E
[ ] € L ]
o F 1 S L ]
§ - , ° | |
\; (%)
E 0.0010 = 9@ 0.10? E
i 15 z
g L m [2]
I O L B
L 1 €
0.0001 e :E 0.01 3 E
E E 5 £ 3
g 1 = r 1
L L L | ] —l . . . . L L |
0.1 1.0 0.1 1.0

Radius (Mpc)

Fig. 4. The deprojected electron density profile of RXC J2228.6+2036
after PSF correction. The error bars are at the 68% confidence level.
The solid line is the best-fit profile from a double-8 model fitting.

4.3. Gas mass and gas mass fraction

In galaxy clusters, gas is an important component that is de-
scribed by complex physical models. From the electron density,
we calculated the gas mass and the gas mass fraction defined
Joas(r) = Mgas(r)/Mi(r). Figure 6 shows the gas mass frac-
tion profile of RXC J2228.6+2036. The gas mass fraction at 6
was fgs = 0.17 = 0.06, consistent within the error bars with
the results of LaRoque et al. (2006) from the Chandra X-ray
and OVRO/BIMA interferometric SZ effect measurements,
Soas = 0.138 £ 0.009 from the X-ray data and fgas = 0.188’:8:82?
from the SZ data. It also agrees with the WMAP measured
baryon fraction of the Universe f, = Qp/Qy = 0.166 (Spergel
et al. 2003).

5. Discussion
5.1. PSF-corrected spectra

The spatially resolved spectral analysis is affected by the PSF.
To correct for the PSF effect, we first calculated the redistri-
bution matrix F;;, which is the fractional contribution of the
ith ring originating in the jth ring (Pratt & Arnaud 2002). We
derived this redistribution from our best-fit double-8 model of
electron density (converted to emission measure profile) and the
PSF matrices (Ghizzardi 2001). Since we divided our cluster
into 5 regions, we were able to obtain the fractional contribu-
tion of each ring originating in all bins, and in Fig. 7, we plot the
contributions from the bin, all inner and outer bins.

Here, O; is the observed spectrum of the ith ring after a

double-background subtraction, §; is the spectrum that is un-
affected by the PSF; for our cluster RXC J2228.6+2036, we

Radius (Mpc)

Fig. 5. The total mass profile of RXC J2228.6+2036, and the error bars
(dotted lines) are at the 68% confidence level. The vertical line indicates
I'soo = 1.61 £0.16 MpC

0.30

0.25

0.20

Gas mass fraction
o
o
T

oooLo o oy

0.5 1.0 1.5 2.0
Radius (Mpc)

Fig.6. The gas mass fraction profile of RXC J]2228.6+2036.
The dashed horizontal line indicates the WMAP measurement of
fo = Qu/Qn = 0.166 (Spergel et al. 2003) and the vertical line indi-
cates rsopo = 1.61 £ 0.16 Mpc. The error bars (dotted lines) represent
those of the 68% confidence level.

therefore have:

Fi1 Fio Fiz3 Fy Fis Sy 0,
Fy1 Fy Foz Foy Fos S» 0
F31 F3 Fs3 Fyy Fas S3 =103 (10)
Fa1 Fap Faz Fyy Fys S4 O4
Fsi Fsy Fs3 Fsq4 Fss Ss Os

From this function we derived §;, which corresponded to the
spectra after PSF correction. We then deprojected these spec-
tra §; by the deprojection technique described in Sect. 2.3,
and derived the PSF-corrected deprojected spectra. Fitting these


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809699&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809699&pdf_id=5
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809699&pdf_id=6

6 S. M. Jia et al.: XMM-Newton studies of a massive cluster of galaxies: RXC J2228.6+2036

1O [T T T T ]
- L
£ [ ]
< 0.8 —_—— -
5 [ ]
° L ]
c 06 n
x r i
2 L ]
Y 047 ]
O L 4
c L ]
e L 1
-+ . % _
§ 0.27 ; 1
[ 3 A X
0.0L T ]
[ IS R R SR SR R Lo v iaa Lo v iaa Lo v iaa Lo i iaay
0 1 2 3 4 5 6

Radius (arcmin)

Fig. 7. Redistributions due to the XMM-Newton PSF: the diamonds rep-
resent the contribution coming from the bin, the stars from the inner
bins and the triangles from the outer bins.

spectra with Model,;, we obtained the PSF-corrected deprojected
temperatures, shown as stars in the upper panel of Fig. 2.

We found that the PSF-corrected temperatures agreed with
the measurements before the PSF-correction. This may be due
to the broad width of the regions that we chose. However, it
should be noted that these spectral fits are not as good as those in
Sect. 3.1 because the PSF-correction procedure introduces sig-
nificant uncertainties, mainly due to the inversion process (see

Eq. (10)).

5.2. Gas pressure and comparison with the SZ data

With the temperature profile 7(r) and electron density profile
ne(r), we derived the gas pressure profile of RXC J2228.6+2036
to be:

P(r) = ne(r)ksT (r). (1)

In terms of observables, the gas pressure can be checked against
the SZ effect (Sunyaev & Zel’dovich 1972) coming from the
cluster. Indeed the SZ effect is directly proportional to the
integrated pressure over the line of sight:

$s520) = =5 [ kaT@trdr - iz(w.7)

€

= L f P(dr- fiz(,T),
mecC

€

(12)

where kg, m., ¢ and o1 are the Boltzmann constant, the electron
mass, the speed of light and the Thomson cross-section; fsz(v, T')
represents the SZ spectral shape (including the relativistic
corrections as computed by Pointecouteau et al. 1998).

Here we integrated the gas pressure of RXC J2228.6 +2036
using Eq. (12), convolved with the PSF of the 45 m radio tele-
scope NRO (the beam size at 21 GHz: Oryyy ~ 80 arcsec),
and then compared its value with the SZ radial profile of gas
pressure (Pointecouteau et al. 2002) in Fig. 8. The diamonds are
from the SZ data and the solid line represents our result. We
found remarkable agreement between the measurements within
the margins of error.

The good agreement between the X-ray and SZ surface
brightness profiles in Fig. 8 could allow us to check for biases
in the derivation of the pressure profile from the X-ray data. The

0.0

|
o
»

|
o
L s B L A s B s BB

Ssz (mJy/beam)

=200 b

I S DT
3 4 5
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o
N
o

Fig. 8. The integrated X-ray pressure profile of RXC J2228.6 +2036
convolved with the PSF of the SZ telescope (the solid line) and
compared with the SZ radial profile (the diamonds) derived by
Pointecouteau et al. (2002). All errors shown correspond to the 68%
confidence level.

most interesting aspects concern a bias in temperature measure-
ment in the presence of a multi-temperature ICM (e.g. Mazzotta
et al. 2004; Vikhlinin 2006) and the overestimate of gas den-
sity due to the enhancement in surface brightness if the gas is
clumpy. We now will investigate how these two effects modify
the comparison between the X-ray and SZ data.

If we assume that the ICM is in approximate pressure equi-
librium, the two bias effects on the temperature and the den-
sity are linked (for n, X T = const.). While local unresolved
density inhomogeneities correspond to an overestimation of the
density and the prediction of a SZ-signal that is too high, the
temperature of a clumpy medium will be underestimated in con-
trast to a mass average one and result in an underprediction of
the SZ signal. Both effects at least partly compensate each other
in our study.

Quantitatively, the overestimation of the gas density is
given by:

,_ nd)
 (ne)?’

where the overestimation factor is C = V. To quantify ap-
proximately the underestimation of the temperature for this hot
cluster, we can use the approach of Mazzotta et al. (2004, Eq. 14)
which yields:

Tq . (ne)nl™)
? =R= <n§.75> ’

13)

(14)

where Ty is a good approximation of the spectroscopic temper-
ature as would be obtained from data analysis of Chandra and
XMM-Newton observations for a multi-temperature plasma, and
T the mass-weighted mean.

As an example, we calculate these effects for a homogeneous
distribution with a lower and higher cutoft of 7| = (T') — & and
T, = (T) + &, respectively. A more general distribution can also
be described by a superposition of many of these top-hat dis-
tributions. Figure 9 shows the enhancement factors C and R as
a function of the distribution width parameter, . We note that
the two bias effects that we study do not cancel the effects of
each other, but the influence of the temperature underestimate is
about 2-3 times larger than the overestimat due to clumpiness.
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Fig. 9. Overestimation factor of the gas density C and underestimation
of the spectroscopic-like temperature versus the mass-weighted tem-
perature R as a function of the width of a homogeneous temperature
distribution in the presence of pressure equilibrium. The combined ef-
fect C X R is for the underestimation of SZE. For the definition of the
parameters see the text.

However, the overall effect is not dramatic and does not provide
a very good diagnostics. Even for a broad temperature distri-
bution with £/(T) ~ 0.75 for example, covering a temperature
range (from the lower temperature to the higher temperature) of
a factor of 7, we obtain an SZE underestimate of about 30% and
a gas mass overestimate of about 18%.

This has also implications on the mass measurement. While
the pressure profile and its derivative can be obtained directly
from the SZ-profile, we still require an independent absolute
temperature measurement for the normalization of the mass pro-
file. The above calculation illustrates, that we do not obtain sig-
nificantly more information about a possible bias in temperature
to lower values due to a multiphase ICM, from the analysis of si-
multaneous X-ray and SZ observations. In the above example, a
temperature and mass underestimation of 40% is indicated only
by an SZ deviation of 30%.

5.3. Gas entropy and the S — T relation

Following Ponman et al. (1999), we defined the entropy of the
gas in clusters to be:

15)

This entropy corresponds to the heat supplied per particle for a
given reference density. Figure 10 shows the entropy distribution
as a function of radius, where the diamonds represent the entropy
obtained from the spectra fitting results and the solid line from
the best-fit function 7' (r) and n.(r) profiles.

Pratt et al. (2006) demonstrated that the § — T rela-
tion measured for 10 local and relaxed clusters observed by
XMM-Newton, implies that So3 o T3%, where So3 repre-
sents the entropy at 0.3r,99 and T'x is the mean temperature in
the region of 0.1r990 < r < 0.5rp09. For RXC J2228.6+2036,
S() 3200 = 959 + 130 keV sz and Tx = 8. 91+% 2% keV.
The So3200 versus Tx for RXC J2228.6+2036 is plotted on
the S — T relation derived by Pratt et al. (2006), shown in
Fig. 11. The diamonds and the best-fit function (the solid line)
are from Pratt et al. (2006), and the star indicates the measure-
ment for RXC J2228.6+2036. It shows that our entropy value for
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Fig.10. The entropy distribution of RXC J2228.6+2036. The dia-
monds represent the entropy derived from the spectral fitting results
and the solid line from the best-fit 7'(r) and n.(r) profiles. The verti-
cal line shows rspp = 1.61 + 0.16 Mpc. The error bars are at the 68%
confidence level.
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Fig. 11. Comparison of the present result with the S — T relation of Pratt
et al. (2006). The star indicates the result of RXC J2228.6+2036, and
the diamonds and the best-fit § — T relation line (the solid line) come
from Pratt et al. (2006). Here, h(z) = [0.3(1 +z2)° + 0.7]% . The error bars
of the star are at the 68% confidence level.

RXC J2228.6+2036 is consistent (within the 1o error bars) with
the § — T relation of Pratt et al. (2006) at 0.3r,99, once corrected
for the expected evolution in a self-similar scenario of structure
formation.

5.4. M—TandL - T relations

From the above analysis, we derived the temperature, mass, and
X-ray luminosity (see Table 1) of RXC J2228.6+2036: within
rso00 = 4.8’, M5 = (1.19+0. 35))(1015 Moy, Ts00 = 8. 92+i Zg keV,
and Lyor,500 = 28.83*35% x 10* erg s™'. Therefore, we can com-
pare RXC J2228. 6+2036 to the empirical scaling relations for
massive galaxy clusters, e.g. Msoo — T's00 and Lygl,500 — T's00 de-
rived from XMM-Newton data; examples of these scaling rela-
tions are those of Kotov & Vikhlinin (2005) based on 10 clusters
at z = 0.4-0.7, Arnaud et al. (2005) based on 10 nearby clus-
ters (z < 0.15), and Zhang et al. (2008) based on 37 LoCuSS
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Fig. 12. Comparison of the present result with literature M — T rela-
tions. The star indicates the result for RXC J2228.6+2036, the dia-
monds and their best-fitted M — T relation line (the solid line) come
from Kotov & Vikhlinin (2005), the triangles and the dashed line from
Arnaud et al. (2005), and the dotted line from Zhang et al. (2008). Here,
h(z) =[0.3(1 +2)° + 0.7]% . The error bars of the star represent the 68%
confidence level.

T (keV)
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Fig. 13. Comparison of the present result with the L—T relation of Kotov
& Vikhlinin (2005). The star indicates the result of RXC J2228.6+2036,
and the diamonds and the best-fit L—T relation line (the solid line) come
from Kotov & Vikhlinin (2005). The error bars of the star represent the
68% confidence level.

clusters at z ~ 0.2. The comparison of all relations is shown in
Figs. 12, 13. The diamonds and the solid line are from Kotov &
Vikhlinin (2005), the triangles and the dashed line from Arnaud
et al. (2005), the dotted line from Zhang et al. (2008), and the
star indicates the result of RXC J2228.6+2036.

It shows that our result is consistent with any of these previ-
ous studies within the scatter of the relations. The agreement of
our L — T relation with that of Kotov & Vikhlinin (2005, with
objects in the same redshift range as ours) is remarkable, par-
ticularly because X-ray luminosity, with its square dependence
on density, is a parameter that is sensitive to morphological
disturbances and generally shows large scatter.

M_500 * h(z) (10" Mo)

10
Yx * h(z) (10" Mo keV)

Fig.14. Comparison of the present result with the M — Y rela-
tion of Zhang et al. (2008) (the solid line), Kravtsov et al. (2006)
(the dash-dotted line), Nagai et al. (2007) (the dashed line), and
Arnaud et al. (2007) (the dotted line). The star indicates the result
of RXC J2228.6+2036 with the errors of the 68% confidence level.
h(z) = [0.3(1 +2)° + 0.7].

5.5. M —Y relation

The integrated SZ flux Ysz f kgTnedV o« My,sT, and thus the
simplest X-ray analog is defined to be Yx = Mg, T. Kravtsov
et al. (2006) showed that Yx is the best mass proxy with a re-
markably low scatter and the M — Yx relation is close to the
self-similar prediction.

For RXC J2228.6+2036, Msoy = (1.19+0.35)x 10'5 M, and
Yxs00 = 21.84*370 x 10" M, keV. We plot Msg versus Yx in
Fig. 14 (shown as a star) and compare these data with the M —Yx
relations of Zhang et al. (2008) (the solid line), Kravtsov et al.
(2006) (the dash-dotted line), Nagai et al. (2007) (the dashed
line), and Arnaud et al. (2007) (the dotted line), which all show

good consistency with our results.

6. Conclusion

We have presented a detailed analysis of the XMM-Newton
observations of the distant galaxy cluster RXC J2228.6+2036
(z = 0.421) using our deprojection technique. By spectral fitting
we obtained the deprojected temperature profile 7(r). Weighted
by normalizations, we derived a mean temperature within rsg
of Tso0 = 8.921:;3 keV, which confirms, within the margins
of error, the previous results of Pointecouteau et al. (2002) and
LaRoque et al. (2006).

We then calculated the cooling time of this cluster and ob-
tained a cooling radius of 147 + 10 kpc. Fitted by a cooling
flow model with an isothermal Mekal component, we derived
the mass deposition rate ~12.0*759 Mg yr~" within reoor.

Using the radial density profile n.(r) and radial tem-
perature profile T'(r), we obtained the mass distribution of
RXC J2228.64+2036. At r500 = 1.61£0.16 Mpc, the total mass is
Msop = (1.19 +£0.35) x 105 My, in agreement with the results of
Pointecouteau et al. (2002), derived from a combined SZ/X-ray
spatial analysis, and the gas mass fractionis fy,s = 0.165£0.045.

We discussed the PSF-correction effect on the spectral anal-
ysis and found that the PSF-corrected temperatures were consis-
tent with those without PSF correction.

We found remarkable agreement, within the margins of er-
ror between our X-ray results and the SZ measurements of
Pointecouteau et al. (2002), which is of prime importance to
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future SZ surveys. The X-ray total mass and X-ray observables
for RXC J2228.6+2036 closely obey the empirical scaling re-
lations found in general massive galaxy clusters, e.g. the S—T,
M-T, L-T, and M-Y relations, after accounting for self-similar
evolution.
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