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ABSTRACT. We studied the properties of the intracluster medium (ICM) of galaxy clusters to the
outer regions observed with Suzaku. The observed that the temperature dropped by about ~ 30 %
from the central region to the virial radius of the clusters. The derived entropy profile agreed with the
expectation from simulations within 7599, while the entropy profile in 7 > r5¢¢ indicated a flatter slope
than the simulations. This would suggest that the cluster outskirts were out of hydrostatic equilibrium.
As for the metallicity, we studied the metal abundances from O to Fe up to ~ 0.5 times the virial
radius of the galaxy groups and clusters. Comparing the results with supernova nucleosynthesis models,
the number ratio of type II to Ia supernovae is estimated to be ~ 3.5. We also calculated not only Fe,
but also O and Mg mass-to-light ratios (MLRs) with K-band luminosity. The MLRs in the clusters

had a similar feature.
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1. INTRODUCTION

Clusters of galaxies, the largest virialized systems in
the universe, are filled with the intracluster medium
(ICM), which consists of X-ray emitting hot plasma
with a typical temperature of a few times 107 K. X-ray
spectroscopy of the ICM can immediately determine
its temperature, mass and metal abundances. The
mass profile of a cluster, which is a useful parame-
ter for constraining cosmology, is determined through
X-ray measurements of the temperature and density
structure of the ICM under the assumption of hy-
drostatic equilibrium of the ICM. In the framework
scenario of a hierarchical formation of structures based
on the cold dark matter (CDM) paradigm, clusters are
also thought to grow into larger systems through mass
accretion flows along large-scale filamentary struc-
tures. Consequently, the ICM properties to the virial
radius play key roles in investigating the structure
formation and the evolution of clusters. Because of
the difficulties in observation, however, properties,
such as temperature, density, pressure, entropy, and
metal abundance around the virial radius are not yet
known. Also, the metal abundances of ICM provide
a large amount of information for understanding the
chemical history and evolution of clusters. A large
amount of metals in the ICM are mainly produced
by supernovae (SNe) in galaxies, and are classified
roughly as Type Ia (SNe Ia) and Type II (SNe II).
Elements such as Si, S and Fe are synthesized in both
SNe Ia and SNe II, while lighter o elements such as
O, Ne, and Mg are mainly produced in SN II, which
are explosions of massive stars with initial mass above

~ 10 Mg. The metals produced in the galaxies are
transferred into the ICM by galactic wind and/or ram
pressure strippings.

Recent observational studies of clusters with Chan-
dra and XMM-Newton, with their powerful imaging
capability and large effective area, have unveiled radial
profiles of temperature, entropy, gas mass, and total
mass of the ICM up to 7500 (e.g., [25, 37, [39]). The
derived temperature and entropy profiles in the outer
region to r59p were almost consistent with theoretical
expectations from the self-similar assumption. Also,
Zhang et al. [39] showed that the gas mass fraction
Mgas/Miotal mass increases with radius to r500.

As for metal abundances, ASCA first measured the
distributions of Si and Fe in the ICM (e.g., [8]). The
derived iron-mass to light ratios (IMLR) are nearly
constant in rich clusters and decrease toward poorer
systems [19]. Recent observations with Chandra and
XMM-Newton allowed detailed studies of the met-
als in the ICM. These observations, however, showed
abundance profiles of O, Mg, Si and Fe only for the
central regions of very bright clusters or groups of
galaxies dominated by cD galaxies in a reliable manner
(e.g., [1,19, 20, B5]). The abundance profiles of O and
Mg, in particular for outer regions of clusters, are still
poorly determined, because data from Chandra and
XMM-Newton both show relatively high intrinsic back-
ground levels. Tamura et al. [35] derived IMLR for five
clusters within 250 hjg, kpc to be ~ 0.01 M, /L, and
the oxygen mass within 50 hjg, kpc for several clusters.
However, oxygen-mass to light ratios (OMLR) for rich
clusters are not reliable due to the low emissivity of
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Ov1r and Ovqyp lines in high temperatures. De Grandi
et al. [0, [6] and Hayakawa et al. [I3] found that clusters
associated with cD galaxies and central cool compo-
nents showed abundance concentration in the cluster
center, while clusters without c¢D galaxies indicated
flatter profiles. The central metallicity enhancement
in the cool core clusters were further studied and the
excess metals were shown to be supplied from the cD
galaxies [6].

The spatial distribution and elemental abundance
pattern of the ICM metals were determined with the
large effective area of XMM-Newton (e.g., [21} 22]).
On the other hand, abundance measurements of O
and Mg with XMM-Newton could only be made for
the central regions of the brightest cooling core clus-
ters, due to the relatively high intrinsic background.
Rasmussen et al. [26] [27] report the Si and Fe profiles
of 15 groups of galaxies observed with Chandra. They
suggest that the Si to Fe ratios in the groups tend
to increase with radius, and the IMLRs within r5qq
show a positive correlation with the total group mass
(temperature).

We use Hy = 70kms™ ' Mpc™!, 24 =1 — 2 =
0.73 in this paper. Unless otherwise noted, the solar
abundance table is given by Anders & Grevesse [2],
and errors are within the 90 % confidence region for a
single parameter of interest.

2. THERMAL PROPERTIES OF THE [CM

2.1. TEMPERATURE PROFILES

Because Suzaku XIS is characterized by a lower back-
ground level and higher sensitivity below 1keV [I8],
we have been able to observe the [CM emission beyond
r500 region of clusters [I1, [ 10} 12} [15], 28], [34]. Almost
all clusters observed with Suzaku showed a similar
trend, which the temperature dropping to ~ 1/3 of
the peak value. This was consistent with the theoreti-
cal expectations as shown in Fig. |I} The temperature
was normalized by the mean temperatures of the clus-
ters. The radial axis in Fig. [[] was normalized by
7200, Wwhich was derived from the mean temperature
of the clusters in Henry et al. [I1]. Dotted line show
simulation result (Burns et al. 2010), and two gray
dashed lines show standard deviation.

2.2. ENTROPY PROFILES

An entropy profile provides the thermal process and
history of the ICM, particularly for the gas heated by
the accretion shock from outside the cluster. In X-ray
astronomy, we define the entropy as S = kTne 213,
The derived entropy profile from Suzaku increased
with the radius to ~ 0.5 7999 ~ 7500, and the profile
had a flatter slope at r > 0.57599. This tendency
was consistent for the Suzaku results [T} [4] [10 [12].
Compared to the previous XMM results for 31 clusters
within r500 in Pratt et al. [25], Suzaku’s results were
consistent with the entropy profile within r5qq.
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FIGURE 1. Radial scaled temperature profiles by
the mean temperature for the clusters observed with
Suzaku (see also [I]).The radii are normalized by 7200
with the mean temperature as shown in Henry et
al. [11].
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FIGURE 2. Derived radial entropy profile for each
cluster from Suzaku observations. The radii are nor-
malized by 7200 with the mean temperature as shown
in Henry et al. [11].

Voit [38] reported S o< 711 on the basis of numerical
simulations of adiabatic cool gas accretion and the
XMM results. Pratt et al. [25] agreed with the relation
within r599. We compared the entropy derived from
Suzaku with the expected values from simulations, as
shown in Fig. [2] As a result, all the observed clusters
had a similar tendency in r > 0.27599. This would
suggest that all the observed clusters have undergone
a similar thermal evolution process.

2.3. MASS PROFILE

While the gas mass of the clusters is calculated by the
electron density from X-ray observation, the gravita-
tional mass of the clusters is derived from the temper-
ature and electron density profiles assuming spherical
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Radius (r/r,)

FicUure 3. Total mass under the assumption of hy-
drostatic equilibrium and gas mass (upper and lower
solid lines, respectively) of the Abell 2199 cluster.
Each dashed line shows +90 % errors for each mass.
The gray line corresponds to the stellar mass from
K-band luminosity with the 2MASS catalogue. Lower
panel: The radial profile of the stellar and gas mass
fraction to the total cluster mass. The dashed lines
show +90 % errors. The blue line indicates the cosmic
baryon fraction [16].

symmetry and hydrostatic equilibrium. For example,
the stellar, gas and total mass of the Abell 2199 clus-
ter are shown in Fig. [3] Note that the resultant total
mass from the hydrostatic equilibrium assumption
started decreasing beyond the 7509 region. This would
indicate a flaw in the assumption. As mentioned in
the previous section, the flatness or a decrease of the
entropy in r > r599 would also indicate being out-
side the hydrostatic equilibrium assumption in the
outskirts region of the cluster. The fraction of the
derived baryon to the total mass of the cluster at rogg
was ~ 20 %, which was consistent with the cosmic
baryon fraction, ~ 15 % [16].

3. METAL DISTRIBUTIONS IN THE ICM
3.1. METALLICITY IN THE ICM

Suzaku XIS can measure all the main elements from O
to Fe, because it realizes a lower background level and
higher spectral sensitivity, especially below 1keV [I8].
Suzaku observations have shown the abundance pro-
files of O, Mg, Si, S, and Fe to the outer regions
(r ~ 0.5r180) with good precision for several groups
and clusters [I7), 21] 22, 29434, 36]. Because the Fe
abundance was well determined in the metal abun-
dances with smaller uncertainties, we compared the
distributions of the metal abundances with those of
the Fe abundance. In order to compare the relative
variation in the abundance profiles, we show the abun-
dance ratios of O, Mg, Si, and S divided by Fe as a
function of the projected radius in Figs. [d{7] As a
result, the Si and S to Fe abundance ratios were close
to ~ 1.5 from the central to the outer region, while
the gradients of the O and Mg to Fe ratios increase
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FIGURE 4. Radial abundance ratios of O to Fe.
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F1Gure 5. Radial abundance ratios of Mg to Fe.

more gently than those of the Si and S to Fe ratios,
as shown in Figs. In addition, the O/Fe solar
abundance ratios in the central region were about
~ 0.6, while the other elements to Fe ratios in the
central region were almost a solar abundance. The fea-
ture of O abundance agreed with the XMM-Newton
observations [21], [22] [35].

3.2. CONTRIBUTIONS FROM TYPE IA AND
TYPE II SUPERNOVAE

In order to examine the relative contributions from
type Ia and type II supernovae (SNe Ia and SNe IT)
to the ICM metals, the elemental mass pattern of
O, Mg, Si, S and Fe was examined for each cluster.
The mass patterns were fitted by a combination of
average SNe Ia and SNe II yields per supernova, as
demonstrated in Fig. The fit parameters were
chosen to be the integrated number of SNe Ia (Ng,)
and the number ratio of SNe II to SNe Ia (Ny1/Ni.),
because Ny, could be well constrained due to relatively
small errors in the Fe abundance. The SNe Ia and II
yields were taken from Iwamoto et al. [I4] and Nomoto
et al. [24], respectively. We assumed a Salpeter IMF
for stellar masses from 10 to 50 My with progenitor

585



Kosuke Sato et al.

AcTA POLYTECHNICA

L AWM7 A
i A262
2r HCG62 ]
— | T
2 =, I GC5044
s 1 [ ' ] NGC1550_
; [ | Centaurus 1
@ [ ]
> o ——
W L
05
0 2 METEN | " " P A AT A | " " PR A A Y
0.01 0.1 1
r/F
FIGURE 6. Radial abundance ratios of Si to Fe.
- AWM7 A
I A1060 |
HCG62
> | al NGC507 |
. ainga ) I A262
° o T [ NGCs044
2 L : NGC1550_]
8 | D
- Centaurus 4
o 3 -
= [ ]
%) [ i
0.5 !
s a3l " " P A A | " " PR S WY
0.01 0.1 1

/T

FIGURE 7. Radial abundance ratios of S to Fe.

metallicity of Z = 0.02 for SNe II, and W7, WDD1 or
WDD2 models for SNe Ta. All the clusters exhibited
similar features. The abundance patterns were better
represented by the W7 SNe Ia yield model than by
WDD1. The number ratio of SNe II to SNe Ia with
W7 is ~ 3.5, while the ratio with WDD1 is ~ 2.5. The
WDD2 model gave quite similar results as W7. Almost
3/4 of the Fe and ~ 1/4 of the Si is synthesized by
SNe Ia, in the W7 model (for details, see Sato et al. [29]
[30]). Note that, here, we estimated the numbers as the
integrated ones at present. We would therefore need to
consider the instantaneous recycling approximations,
taking into account the stellar lifetime etc., as shown
in Matteucci & Chiappini [23], to derive the correct
chemical evolution of the galaxies in the clusters.

3.3. METAL MASS TO LIGHT RATIOS

We examined mass-to-light ratios for O, Fe, and Mg
(OMLR, IMLR, and MMLR, respectively), which en-
abled us to compare the ICM metal distribution with
the stellar mass profile. Historically, B-band luminos-
ity has been used for estimating the stellar mass [19].
However we calculated it using the K-band luminos-
ity in the clusters, based on the Two Micron All Sky
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FI1GURE 8. Fit results of each elemental mass for the
AWM 7 cluster. Top panels show the mass within the
whole observed region (black) and within 0.1 7159 (red)
fit by [Na{(SNeTa yield) + (Ni1/Nra)(SNell yield)}].
The blue dashed and solid lines correspond to the con-
tributions of SNe Ia (W7) and SNe II within 0.1 7130,
respectively. Ne (atomic number = 10) is excluded in
the fit. The mid and lower panels indicate the ratios
of data points to the best-fit, and the fractions of the
SNe Ia contribution to the total mass in the best-fit
model for each element, respectively.

Survey (2MASS) catalogue. This method is useful in
performing a uniform comparison with the properties
in other groups and clusters based on the same K-band
galaxy catalogue to trace the distribution of member
elliptical galaxies. The MLRs with K-band continue
to increase in the observed region with Suzaku, as
shown in Figs. PHII}] This means that the metals
extend to the outer region than the galaxies. The
MLRs with K-band also exhibited a similar tendency
for each cluster, and showed a smaller dispersion than
those with B-band luminosity. These suggest that
the metal enrichment process in the ICM seems to be
similar for each cluster.

We stress that high-sensitivity abundance observa-
tion to the outer region of clusters will give important
clues about their evolution. If the distribution of oxy-
gen, as well as iron, could be measured to the very
outer region (r ~ r1g9), we might obtain a clear view
about when the oxygen and iron were supplied to
the inter galactic space, because most of the oxygen
should have been synthesized by SNe II and supplied
in the starburst era. Another possibility is very early
metal enrichment of oxygen by galaxies or by massive
Population IIT stars before groups and clusters assem-
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FIGURE 9. Radial oxygen mass-to-light profiles with
K-band luminosity.
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Ficure 10. Radial magnesium mass-to-light profiles
with K-band luminosity.

bled. In this case, a large part of the intergalactic
space would be enriched quite uniformly with oxygen
and other elements. Metallicity information in clus-
ter outskirts would thus give us unique information
about the enrichment history. For this purpose, in-
struments with much higher energy resolution, such
as microcalorimeters, and optics with larger effective
area will play a key role in carrying out these studies.

4. CONCLUSION

Suzaku observations of group and cluster galaxies
for the first time showed spatial distributions of tem-
perature and entropy to the virial radii, and metal
abundances for O, Mg, Si, S, and Fe up to ~ 0.5r15¢.
The ICM temperatures at the virial radii dropped by
~ 30 % from the peak temperature. The derived en-
tropy profiles from Suzaku were consistent with those
from the previous XMM results and the expected
value from numerical simulations within r» < rggg.
In r > 7500, the derived entropy profiles had a flat-
ter slope than that expected from the simulations.
This would indicate that the outskirts of the cluster
were outside the hydrostatic equilibrium assumption.
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FIGURE 11. Radial iron mass-to-light profiles with
K-band luminosity.

The abundances of Mg, Si, S, and Fe dropped from
solar levels at the center to ~ 1/4 solar in the outer-
most region, while the O abundance showed a flatter
distribution around ~ 0.5 solar without a strong con-
centration in the center. The abundance ratios, O/Fe,
Mg/Fe, Si/Fe, and S/Fe in the groups and clusters
were generally similar to each other. The abundance
pattern from O to Fe enabled us to constrain the
number ratio of SNe II to Ia as ~ 3.5, which was
consistent with the values obtained for the groups and
clusters. The derived OMLR, MMLR, and IMLR in
the clusters using K-band luminosity had a similar
feature. This would suggest that the clusters had
undergone a similar evolution process in the past.
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