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Abstract

We present our results of the entropy and metal profiles at the cluster outskirts. Suzaku unveiled the
intracluster medium (ICM) beyond r500. Since the cluster outskirts is located around the boundary of the
cosmological environment, the gas in the outskirts would be significantly affected by structure formation.
The entropy profiles become flatter beyond r500, in disagreement with the relationship predicted from
the accretion shock heating model. We compared our Suzaku results with pressure profiles obtained from
Sunyaef-Zeldovich effect observations with Planck and weak-lensing mass measurements with Subaru, and
discuss the possible causes of the entropy disagreement. Using Suzaku and XMM data of clusters of galaxies,
we derived ratio of the iron-mass in the ICM to the stellar light in K-band and constrain the Si-mass to the
light ratios out to the virial radius. The Si-mass-to-the-light ratio of a cluster is a very sensitive function
of the slope of the initial mass function (IMF) of stars. The observed values are significantly smaller than
that expected from the top-heavy IMF, and are more consistent of a slope of the Salpeter IMF. Using the
IMLR profiles, we discuss the early Fe enrichment of clusters of galaxies
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1. Suzaku observations of the entropy profiles of the intr-
acluster medium out to the virial radius

1.1. Introduction

Clusters of galaxies are the largest gravitationally bound
systems in the Universe, and give us unique information
about the process of structure formation governed by the
Cold Dark Matter (CDM). At the same time, clusters
can be used as the laboratory for the study of thermal
and chemical evolution of the Universe in which baryons
play the most important role. Baryons, in contrast to the
dark matter, show complex astrophysical processes such
as gas cooling, star formation and energetic feedback
from AGN and supernovae (SNe). Entropy and tem-
perature of the intracluster medium (ICM) derived from
X-ray observations carry important information about
the thermal history of the ICM.

Numerical simulations with CDM scenario reproduce
the formation of clusters and large-scale structure fairly
well. It predicts that clusters of galaxies form through
accretion and merging of smaller systems from large-
scale filaments. Since the dynamical time scale of clus-
ters is comparable to the Hubble time, cluster outskirts
should still keep original records of cluster evolution. Ra-
dial profile of ICM temperature is expected to decline
outward and is one measure with which we can test the
correctness of the existing model. When entropy profile
is determined by pure gravitational heating, i.e. entropy
is generated in shocks as the gas is drawn into the gravi-

tational potential of the cluster halo, it will increase with
radius and becomes self-similar, since accretion shocks
are stronger for larger clusters.

Thanks to the low and stable particle background of
the X-ray Imaging Spectrometer Suzaku has enabled us
to unveil the ICM beyond r500, within which the mean
cluster-mass density is 500 times the cosmic critical den-
sity. Suzaku’s ability to probe the ICM out to the virial
radius has been shown for a number of relaxed clusters
(e.g. Fujita et al. 2008, George et al. 2009, Bautz et
al. 2009, Kawaharada et al. 2010, Hoshino et al. 2010,
Simionescu et al. 2011, Akamatsu et al. 2011, Walker
et al. 2012abc, Ichikawa et al. 2013, Urban et al. 2014,
Simionescu et al. 2013). One of the most important
discovery with Suzaku observations is a flattening of en-
tropy profiles beyond r500, contrary to the expectations
of r1.1 relation for pure gravitational heating (Tozzi et
al. 2001, Voit et al. 2005). An interpretation for the en-
tropy flattening proposed by Simionescu et al. (2011) is
gas clumping. They analyzed Suzaku observations of the
Perseus cluster out to r200, and found that the ratio of
ICM mass to hydrostatic mass exceeds the cosmic baryon
fraction beyond r500. Another interpretation for flatten-
ing of the entropy is the deficit of thermal energy at large
radii (Bautz et al. 2009, George et al. 2009, Kawaharada
et al. 2010, Ichikawa et al. 2013). Hoshino et al. (2010)
and Akamatsu et al. (2011) discussed possible deviations
of electron temperature from ion temperature to explain
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Fig. 1. The radial profile of the electron density of the ICM with
Suzaku (magenta diamonds, Mochizuki et al. 2014), ROSAT
(cyan crosses; Eckert et al. 2013), and XMM (gray closed cir-
cles;Sanderson et al. 2005).

the observed lower temperature and entropy profiles.

1.2. Comparison of the electron density profile with
ROSAT

Eckert et al. (2013) derived the average entropy pro-
files of 18 clusters by combining the Sunyaev-Zel’dovich
(SZ) pressure with Planck and the X-ray gas density with
ROSAT. They claimed that the entropy, in particular of
the relaxed systems, rose steadily with radius and fol-
lowed the power-law relation at variance with Suzaku re-
sults. However, the ICM densities or the surface bright-
ness profiles with Suzaku observations of the Hydra A
cluster (Sato et al. 2012), PKS 0745-191 (Walker et al.
2012a), the Coma cluster (Simionescu et al. 2013), and
the Centaurus cluster (Walker et al. 2013) agree with
those from ROSAT data. Figure 1 compares the elec-
tron density profile of the ICM of the Abell 478 cluster
observed with Suzaku, XMM, and ROSAT. This cluster
is a relatively relaxed system with small azimuthal de-
pendence, and suitable to compare the results with those
of other observatories. The electron density profile with
Suzaku agrees remarkably well with that derived with
ROSAT data by Eckert et al. (2013) out to the 2.4 Mpc,
which is the outermost radius for the ROSAT profile.

1.3. The scaled entropy profiles of the ICM

If the baryon fraction and temperature profiles are uni-
versal among clusters, when scaled with r500, the entropy
should be proportional to the average ICM temperature.
Figure 2 compares the entropy profiles of massive clusters
observed with Suzaku at least toward several directions
to avoid peculiarities in azimuthal structure. Then, the
sample consists of the Coma cluster (Simionescu et al.
2013), Perseus cluster (Urban et al. 2014), Abell 2029
(Walker et al. 2012a), PKS 0745-191 (Walker et a.
2012b), Abell 1835 (Ichikawa et al. 2013), Abell 1689
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Fig. 2. Radial profiles of entropy scaled by the temperature at 0.5
r500 for clusters observed with Suzaku. The dotted line shows
r1.1 relation expected from the accretion shock heating model by
Voit et al. (2005).

(Kawaharada et al. 2010), and Abell 478 (Mochizuki et
al. 2014). We scaled the entropies with the ICM tem-
perature at 0.5 r500 of each cluster, and the radius is
scaled with r500. Within r500, the scaled entropy profiles
agree well with each other, and follow the r1.1 relation-
ship expected from the numerical simulations. As found
in previous Suzaku measurements, the entropy profiles
become flatter beyond r500, and at 2r500, they are about
a factor of 2–3 lower than the expected relation.

The time-scale for thermal equilibration between elec-
trons and ions depends on temperature. Considering
the time-scale and the shock propagation speed, if the
entropy flattening is caused by the difference in the tem-
peratures, we expect the entropy profile depends on the
system mass. However, with Suzaku observations of the
Hydra A cluster (3 keV, Sato et al. 2012) and Abell 2199
cluster (4 keV, Sato et al. 2014) found that the entropy
profiles becomes flatter beyond r500 as those in hotter
clusters observed with Suzaku. Therefore, it may be dif-
ficult to explain the flattening of the observed entropy
profiles by deviations of ion-electron temperatures.

1.4. Comparison of the pressure profiles with Planck
Observations of SZ observations are complementary to
X-ray measurements, since the SZ effect is proportional
to the thermal gas pressure integrated along the line of
sight, while X-ray emission is proportional to the square
of the gas density. In figure 3, we also compare the
pressure profiles of relatively relaxed massive clusters,
Abell 478, Abell 1689, and Abell 2029, which are ob-
served with both Suzaku and Planck. Suzaku pressure
profiles of these three clusters agree very well with each
other, and also agree with those observed with Planck
out to 2r500. The agreement between the Planck and
Suzaku can strongly constrains the multi-phase structure
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Fig. 3. Radial profiles of the scaled pressure for the Abell 478
(Mochizuki et al. 2014), Abell 1689 (Kawaharada et al. 2010),
and Abell 2029 (Walker et al. 2012) observed with Suzaku (dia-
monds) and those by Planck (Planck Collaboration et al. 2013).
Here, the errors represent 68 % confidence level. The dashed
and dot-dashed lines show the best-fit models for the cool-core
clusters with XMM (Arnaud et al. 2010) and Planck (Planck
Collaboration et al. 2013), respectively.

like gas clumping and multi-temperature structure. The
effect of the gas clumping is relatively small, or the tem-
peratures of the clumps are significantly lower than that
of regions outside clumps.

1.5. Comparison of the mass profiles with gravitational
lensing observations

A gravitational lensing study is complementary to X-
ray measurements, because lensing observables do not
require any assumptions on the dynamical states of the
ICM, although the weak-lensing mass is sensitive to all
structures along the line-of-sight. Weak gravitational
lensing analysis is a powerful technique to measure the
mass distribution from outside the core to the virial ra-
dius. The exquisite Subaru/Suprime-Cam lensing data
allows us to study properties of cluster mass distribution,
thanks to its high image quality and wide field-of-view
(e.g. Okabe et al. 2010). Comparisons of X-ray ob-
servables with weak lensing mass allow us to conduct a
powerful diagnostic of the ICM states, including a strin-
gent test for hydrostatic equilibrium. Kawaharada et al.
(2010) found in Abell 1689, incorporating Suzaku X-ray
and lensing data, a large discrepancy between hydro-
static equilibrium (H.E.) and lensing masses, especially
discovered that H.E. mass significantly drops off in the
outskirts (r > r500).

Figure 4 shows the gas mass fraction of Abell 1835
observed with Suzaku using the H. E. and lensing mass
(Ichikawa et al. 2013). Beyond r500, the gas mass frac-
tion derived by X-ray data increases monotonically with
increasing radius. In contrast, with the weak-lensing
mass, the gas mass fraction in the range of r2500 and
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Fig. 4. Cumulative gas mass fraction, fgas(< r), averaged over
all azimuthal directions of Abell 1835 observed with Suzaku
(Ichikawa et al. 2013). The solid and dashed lines repre-
sent the results obtained with the lensing-based total mass,

f
(lens)
gas (< r) = Mgas/Mlens, and with the hydrostatic mass as-

suming hydrostatic equilibrium, f
(H.E.)
gas (< r) = Mgas/MH.E.,

respectively. Black, red, and green solid lines represent the gas
mass fraction for different cases of background analysis. The in-
ner and outer two lines are the best-fit values and the 68% CL
uncertainty errors, respectively. Horizontal solid two lines show
the error range of the cosmic mean baryon fraction, Ωb/Ωm from
WMAP (Komatsu et al. 2011).

rvir is approximately constant, accounting for the cos-
mic mean baryon fraction, Ωb/Ωm, derived from seven-
year data of Wilkinson microwave anisotropy probe (Ko-
matsu et al. 2011). The gas mass fraction, along with
the low temperature and entropy in the cluster outskirts,
support that the underestimate in H.E. mass is due to
the breakdown of hydrostatic equilibrium in cluster out-
skirts. To balance fully the gravity of lensing mass, we
need additional pressure supports such as turbulences
and bulk motions caused by infalling matter at the clus-
ter outskirts.

2. Metal-mass-to-light ratio out to the virial radius

2.1. Introduction

The ICM contains a large amount of metals, synthesized
by supernovae (SNe) in cluster galaxies. Thus, the dis-
tribution of metals in the ICM provides important infor-
mation on the chemical history and evolution of clusters.
Because metals were synthesized in galaxies, the ratios of
metal mass in the ICM to the total light from galaxies in
clusters or groups, (i.e., metal-mass-to-light ratios) are
key parameters in investigating the chemical evolution of
the ICM. Using Einstein and Ginga data, Arnaud et al.
(1992) and Tsuru (1992) derived ratios of Fe mass in the
ICM to the total light from galaxies, which is the iron-
mass-to-light ratio (IMLR). To account for the observed
IMLR, either the past average rate of SN Ia was at least
higher by a factor of 10 than the present rate or mas-
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sive stars in clusters formed with a very flat initial mass
function (IMF; Renzini et al. 1993). With ASCA ob-
servations, the derived IMLR within a radius Using Ein-
stein and Ginga data, Arnaud et al. (1992) and Tsuru
(1992) derived ratios of Fe mass in the ICM to the total
light from galaxies, which is the iron-mass-to-light ratio
(IMLR). To account for the observed IMLR, either the
past average rate of SN Ia was at least higher by a factor
of 10 than the present rate or massive stars in clusters
formed with a very flat initial mass function (IMF; Ren-
zini et al. 1993). With ASCA observations, the derived
IMLR is nearly constant in rich clusters and decreases
toward poorer systems (Makishima et al. 2001). In in-
dividual clusters, the IMLR is lower around the center,
indicating that Fe in the ICM extends farther than stars.
Therefore, to derive the total Fe mass in the ICM, we
need observations out to the virial radius. Suzaku first
measured the Fe abundance of the ICM beyond 0.5r180

(Fujita et al. 2008, Simionescu et al. 2011, Sato et al.
2012, Simionescu et al. 2013).

2.2. The Si/Fe ratio out to ∼ 0.5 r180

Since Fe is synthesized by both SNe Ia and by core-
collapse SNe (hereafter SNecc), we need measurements
of abundances of various elements to constrain contribu-
tions from the two types of SNe. As shown in Figure 5,
the Si/Fe ratios in the ICM of four galaxy groups and
four clusters observed with Suzaku and XMM do not de-
pend on the system mass or distance from the core re-
gions, and almost constant at about unity in solar units
out to 0.5 r180. Here, we derived the Si/Fe ratios in the
ICM of the Coma and the Perseus cluster from the flux
ratios of the Lyα lines of H-like Si and S to the Kα line
of He-like Fe. The small temperature dependence of the
line ratio limits the systematic uncertainty in the derived
abundance ratio.

If the IMF is close to that in our Galaxy and if most
of stars in our Galaxy and clusters were already formed
before a few Gyr ago, the abundance pattern (including
the ICM and stars in cluster galaxies) should naturally
be similar to the solar abundance pattern. The value
of the Si/Fe ratio in the ICM indicates that using W7
model by Iwamoto et al. (1999) for the SN Ia yield,
most of Fe and Si are synthesized by SNe Ia and SNecc,
respectively.

2.3. Iron and silicon mass-to-light ratios in the Perseus
cluster

Because the K-band luminosity of a galaxy correlates
well with the stellar mass, we collected K-band luminosi-
ties in galaxies detected with two micron all sky survey
(2MASS) and derived the cumulative radial profile of
the K-band luminosity of stars in clusters observed with
Suzaku. Using the Suzaku and XMM data of the Perseus
cluster by Simionescu et al. (2011) and Matsushita et
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Fig. 5. Radial profiles of the Si/Fe ratios of clusters and groups of
galaxies observed with Suzaku out to 0.5 r180 (Matsushita et al.
2013ab, Sato et al. 2008, 2009, Sasaki et al. 2014). Diamonds
show the radial profile of the weighted average of the Si/Fe ratio
of groups observed with Chandra (Rasmussen & Ponman 2007).
Black, light gray, and dark gray dashed lines show the Si/Fe ratios
of SN Ia yields of W7, WDD1, WDD3 model (Iwamoto et al.
1999), respectively. Black dotted line also shows the ratios of
SNcc yields (Nomoto et al. 2006).

al. (2013a), respectively, we calculated the cumulative
iron-mass-to-light ratio (IMLR) and si-mass-to-light ra-
tio (SMLR) profiles out to ∼ r180, and ∼ 0.5 r180, respec-
tively (Figure 6). When we assume that the Si/Fe ratio
beyond 0.5r180 is the same as that within the radius,
the SMLR out to ∼ r180 becomes 0.004–0.005 M¯/LK,¯
(Figure 6). In addition, the Si abundance is not ex-
pected to increase with radius, because gas is more ex-
tended than stars. Thus, the upper limit of the SMLR
at ∼ r180 becomes 0.005 M¯/LK,¯. If the metallicity
of stars in cluster galaxies is solar, the SMLR trapped
in stars is 0.001 M¯/LK,¯, which is significantly lower
than that for the ICM. Theoretical models predict that
the oxygen-mass-to-light ratio and SMLR of a cluster
(in stars and ICM) are very sensitive functions of the
slope of the IMF (Renzini 2005). The observed SMLR
of the Perseus cluster out to the virial radius is an or-
der of magnitude smaller than that expected from the
top-heavy IMF, and is more consistent of a slope of the
Salpeter IMF with a slope of 2.35. Using the W7 yields
by Iwamoto et al. (1999), the total SMLR out to the
virial radius from SNcc corresponds to a slope of ∼2.
Therefore, the extrapolated value of the SMLR out to
the virial radius does not need the top-heavy IMF.

2.3.1. Iron mass to light ratios of clusters and groups of
galaxies observed with Suzaku

Figure 7 compares the cumulative IMLR profile of the
Perseus cluster with that of clusters of galaxies observed
with Suzaku or XMM out to 0.5–1.0r180 including Coma
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Fig. 6. Radial profiles of the cumulative iron-mass-to-light ratio with
XMM (black closed circles) and Suzaku (green open circles) and
silicon-mass-to-light ratio with XMM (red crosses) of the Perseus
cluster (Matsushita et al. 2013a). Here, we used the weighted av-
erage of the east and north-west results of Suzaku by Simionescu
et al. (2011) and assumed spherical symmetry. The orange star
indicates the silicon-mass-to-light ratio assuming the Si/Fe ratio
beyond 0.5 r180 has the same value within 0.5 r180.

(8 keV; Matsushita et al. 2013b), Perseus (6 keV; Mat-
sushita et al. 2013a), Abell 262 (2 keV; Sato et al.
2009b), AWM 7 (3.6 keV; Sato et al. 2008), and the
Hydra A (3.0 keV; Sato et al. 2012) clusters. The IMLR
profiles of three cool-core clusters at a similar redshift,
Abell 262, AWM 7, and the Perseus cluster agree very
well with each other at 0.2–0.5 r180, whereas the Coma
cluster has a lower IMLR at 0.5 r180. There is no sig-
nificant temperature dependence on the derived IMLR
profiles.

Accumulating the present SN Ia rate over the Hub-
ble time, the expected IMLR from SN Ia is an over an
oder of magnitude smaller than the observed IMLR out
to 0.5 ∼ 1.0r180. The increase of the radial profile of
the IMLR with radius of clusters indicates that Fe in the
ICM extends farther than stars, at least out to 0.5 r180.
Matsushita (2011) discovered that the Fe abundance pro-
files of the ICM within r500 are flatter than expected
from the numerical simulations, without AGN feedback.
These results indicate that a significant fraction of Fe is
synthesized in an early phase of cluster evolution, be-
cause if metal enrichment occurs after the formation of
clusters, the metal distribution is expected to follow the
stellar distribution. Considering that most Fe is synthe-
sized by SN Ia, the lifetimes of most of SN Ia are much
shorter than the Hubble time, and the SN Ia rate in
cluster galaxies was much higher in the past.

Fig. 7. Profiles of IMLR plotted against radius scaled with r180 of the
Perseus cluster (closed squares with XMM and open squares with
Suzaku), AWM 7 (open triangles; Sato et al. 2008; K. Yokota et
al. 2014), A262 (open diamonds; Sato et al. 2009a), Hydra A
cluster (crosses; Sato et al. 2012), and the Coma cluster (closed
circles; Matsushita et al. 2013b).

2.4. Gas-mass-to-light ratio out to the virial radius

The integrated gas-mass-to-light ratio of the Perseus
cluster increases with radius out to ∼ r180, where Mgas(<
r)/LK(< r) = 16 M¯/L¯. This value is not so different
from 21 ± 4 M¯/L¯ for the Hydra A cluster (< kT >=3
keV) near the virial radius. The stellar and gas mass
fractions within r500 depend on the total system mass
(e.g. Zhang et al. 2010). The gas density profiles in the
central regions of groups and poor clusters were observed
to be shallower than those obtained by the self-similar
model, and the relative entropy level was correspond-
ingly higher than that in rich clusters (e.g. Ponman et
al. 1999). Then, the difference in the ratio of gas mass to
stellar mass might reflect differences in distributions of
gas and stars, which reflects the history of energy injec-
tion from galaxies into the ICM. To study the fractions
of stars and gas in clusters of galaxies, and their depen-
dence on the system mass, measurements beyond r500 of
other clusters are required.
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