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Abstract

We present the ASCA results of spatially resolved X-ray spectra in the central regions of
the Virgo cluster, near to the central elliptical galaxy M87. We also present the result of
mapping observation of the northwest region of the Virgo cluster. Since the spectra of the M87
region is complex, an adequate fit requires at least two thin thermal-plasma components. The
temperatures of the hot and cool components are approximately 2.9 and 1.3 keV, respectively,
and the temperature of these components are both nearly constant over the central 10’ radius
from the center of M87. However, the flux of the cool component is more concentrated toward
the center than that of the hot component. Furthermore the surface brightness profile of
the hot component can be extrapolated smoothly to that of the intracluster medium (ICM)
beyond 40’ from the center. These suggest that the cool component of M87 can be attributed
the interstellar matter of M87, while the hot component is the ICM of the Virgo main body.
The abundances of Fe, Si, and S rise towards the center of M87, though the ratios of Si/Fe
and S/Si remain constant. We also found, contrary to the Einstein results, that the abundance
ratio of oxygen to iron (O/Fe) is smaller than the solar value. These strongly constrain the
chemical evolution scenario. The X-ray spectra of the ICM at regions beyond 40’ from the
center of M87 can be represented by a single temperature plasma. The temperature of the
ICM decreases with radius from 0’ to 50/, and it is almost spatially constant beyond 50’. The
metal abundance also decrease with radius from 0’ to 50’and almost spatially constant beyond
50’. These temperature and abundance profiles can be a good clue to investigate the cluster

formation history and cosmological parameters.
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Chapter 1

Introduction

The intergalactic space of a cluster of galaxies is filled with hot (~ 1 — 10 keV) and tenuous (~
1x10~% cm™%) plasma, which is called the intracluster medium (ICM). The mass of the ICM
is equal to or greater than that in the stellar component of the galaxies. Therefore, knowledge
of the origin and evolution of the ICM is required to understand the evolution of clusters of
galaxies and galaxies within them.

Major part of total gravitating mass of a cluster of galaxies is attributed to the dark matter,
which cannot be observed at any wavelength. However, since the ICM is thought to be bounded
in the gravitational potential of the cluster, one can estimate the amount and distribution of
the dark matter using the spatial distributions of density and temperature of the ICM.

After the big-bang, only hydrogen and helium existed in the universe. However, heavy
elements such as C, N, O, Ne, Mg, Si, S, Ar, Ca, Fe, Ni, and so on, which are called metals in
astrophysics, are rich now. It is one of the major subjects of astrophysics to know how and when
metals have increased in the universe. The fact that the ICM contains heavy elements suggests
that material processed through stars can be ejected into the ICM, since heavy elements can
be produced only through thermonuclear reactions in stars or by supernovae. Therefore we can
know the chemical evolution of the universe by measuring the amount and spatial distribution
of heavy elements in the ICM.

Thus, to know the physical condition of the ICM provides good clues to reveal the nature
of the dynamical and chemical evolution of clusters and their dark-matter distributions. Since
the ICM can be observed only in the X-ray band, we can get such important information only
through X-ray observations of clusters of galaxies.

The ASCA satellite’s (Tanaka et al. 1994 [131]) has good energy resolution over a wide

energy band (0.4 10 keV) which has not been available with previous satellites. but its spatial
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resolution is moderate. However, since Virgo is the nearest cluster which lies ~ 15 Mpc from
us, we can spatially resolve it enough. Furthermore its high flux gives us X-ray data of the best
quality. Especially, measurement of the spatial distribution of oxygen is possible only for the
Virgo cluster. Since the O/Fe ratio is considered to be a key to clear the chemical evolution,
X-ray observation of the Virgo cluster with ASCA is rather essential for the study the chemical
evolution.

The Virgo cluster is commonly believed to be dynamically young (Binggeli et al. 1987
[13]). In this case, X-ray observation is the only possible way to map the distribution of the
gravitating mass. For example, comparison of the distribution of the gravitating mass with
that of the galaxies may give important information about evolution of clusters of galaxies.

The origin of metals in the ICM is considered to be elliptical galaxies (eg. Arnaud et al.
1992 [5]). Especially, giant elliptical galaxies at the center of clusters are considered to affect
the physical state of the ICM based on the X-ray imaging observations (eg. Jones and Forman
1984 [70]). The Virgo cluster has the central dominant elliptical galaxy, M87. Therefore we
can reveal what interaction exist between the galaxy and ICM.

ASCA observed M87 in 1993, and conducted mapping observation of the northwest region
of the Virgo cluster in 1996 and 1997. We present a detailed analysis of the data from a 10’
circle centered on M87, and from the mapping observation of the Virgo cluster, and we discuss
the spatial distribution of the temperature and chemical abundances of the ICM.

In this thesis, we assume the distance of M87 to be 15 Mpc, so that a radius of 1’ corresponds

to 4.4 kpc (see chapter 4).



Chapter 2

Review of Clusters of Galaxies

2.1 Overview of Clusters of Galaxies

Clusters of galaxies are gravitationally bound systems of tens, hundreds, or even thousands of
galaxies. They are among the largest known objects in the universe, having typical dimensions
of roughly 1 — 6 Mpc across. Observations suggest that most galaxies belong to groups of
various sizes. However, it is estimated that only 5 — 10 % of all galaxies in the universe reside
in richly populated clusters. Thus, though very rich clusters of galaxies are rather impressive,
they are relatively rare.

Rich clusters usually show a smooth, centrally concentrated galaxy distribution. On the
other hand, poor clusters usually show little overall symmetry or central concentration. The
closest example of a very rich regular cluster is the Coma cluster which lies at a distance of ~
70 Mpc, while the Virgo cluster, which is the nearest cluster, is a typical example of a poor
irregular cluster.

Clusters can also be classified according to their galaxy content. The galaxy population
of rich regular clusters tend to be composed primarily of elliptical and SO galaxies, with only
a small fraction of spirals. For example, 80 % of the brightest galaxies in the Coma cluster
may be ellipticals, and the few spirals are found at the outer regions of the cluster. In general,
elliptical and SO galaxies are by far the most common galaxies in the central region of rich.
regular clusters. This is the converse of the situation outside of clusters, where majority of
galaxies in isolation or in small groups are spirals. On the other hand, irregular clusters have a
mixture of different galaxy types. For example, more than half of the brightest member galaxies
in the Virgo cluster are spirals.

At the central region of many clusters. there are sometimes the largest known elliptical
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galaxies in the universe, called c¢D galaxies. A cD galaxy is characterized by a very extended
envelope of diffuse stellar light surrounding what may be an otherwise normal nucleus of a
elliptical galaxy. Since the visible extent of a ¢D galaxy may be as much as 10 — 100 times that
of a normal galaxy, the total luminosity associated with these galaxies is extremely large. The
fact that many cD galaxies have multiple nuclei suggests that they may have grown through
mergers of smaller galaxies.

Galaxies in a cluster move under the influence of gravity in orbits about their common center
of mass. Unfortunately, it is impossible to measure the three dimensional spatial velocities of
galaxies. However, we can estimate the component of velocity along the line of sight (i.e.
the radial velocity) by measuring the redshift of a galaxy. Such measurements show that the
member galaxies are all moving with different speeds about the cluster. Therefore, a cluster can
be characterized by its velocity dispersion, which is a measure of the typical speed with which
the galaxies are moving in the cluster. The typical value of the velocity dispersion of a rich
cluster is ~ 1000 km/s. The velocity dispersion in many clusters shows a systematic decrease
as the distance from the cluster center increases. The crossing time of a member galaxy in
the inner region of a rich cluster is generally on the order of 10° yr (see Eq. (2.20)), which
is less than the age of the Universe (the Hubble time, ~ 10'° yr). This suggests that clusters
of galaxies are well mixed, and that the regular clusters have reached a state of dynamical
equilibrium, sometimes called as relaxation. On the other hand, irregular clusters are probably
unrelaxed systems, having not yet reached a steady state.

We consider the simplest case of the circular Kepler motion. If a test particle of mass of m

are rotating around an object of mass of M (assuming M > m), the equation of motion is

v2 Mm
m—=G—5,
r r

(2.1)
where v is the velocity of the test particle, and r is the orbital radius. This equation reduces to
2T +W =0, (2.2)

where T is the kinematic energy defined as T = mv?/2, and W is the gravitational energy
defined as W = —GMm/r. Eq. (2.2) is the virial theorem, which holds for more complex
situations if the system is in dynamical equilibrium. Assuming that the clusters of galaxies
are in dynamical equilibrium, it is possible to determine their total gravitating mass using the
virial theorem. In this case, Eq. (2.2) reduces to

<v’>R

Mo = ,

(2.3)
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where M, is the total gravitating mass of the cluster, R is its characteristic size, and < v? > is
the average of three dimensional velocities of member galaxies. Because < v*> > = 302, where

o, is the cluster velocity dispersion, we get

3Ra?
G

2

Miot = = 7.0x10%Mo [ lOOOUkTm/sec] [ll\?pc] ' (2:4)
One can estimate the visible mass by simply counting the number of galaxies (This mass should
probably be doubled to also include the X-ray intracluster gas). The visible mass thus obtained
is usually 10 % of the virial gravitating mass. This is the missing mass problem, which is one of
the most important unsolved problems of modern astrophysics. What it tells us that as much
as 90 % of the matter in clusters is in a form that is invisible and can be detected only by the
gravitational influence. The invisible matter is called the dark matter. What the dark matter
may be is still pure speculation at present. There have been many suggestions, raging from
faint low-mass stars, to black holes, to exotic forms of matter predicted by elementary particle
physics.

In the following section, we summarize the X-ray properties of the clusters of galaxies,

especially focusing on the recent ASCA results.

2.2 X-ray Properties of Clusters of Galaxies

2.2.1 Overview

The luminous material in clusters of galaxies falls primarily into two forms: (1) the visible
galaxies; (2) the hot and tenuous gas which fills the whole region of the clusters of galaxies. The
latter is called the IntraCluster Medium (ICM). Although emission from individual galaxies in
a cluster is sometimes seen, the primary source of X-ray emission from clusters of galaxies is the
hot ICM. X-ray luminosity of clusters range from 1x10%2 — 1x10% erg/s with gas temperatures
of 1 - 10 keV, which is comparable to the equivalent temperatures as measured by the velocity
dispersions for the galaxies in the cluster (i.e. Fspec ~ 1; see section 2.3). The ICM is a major
observed luminous component of clusters with a mass equal to or greater than that in the stellar
component of the galaxies. However, the visible galaxies and the X-ray emitting ICM do not
comprise most of the cluster mass, most of which is the dark matter. Though the dark matter
is not directly observable at any wavelength. one can estimate the amount and distribution of

the dark matter using the X-ray data.
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Table 2.1: Cluster morphology and dynamical evolution (Forman and Jones 1982).

—_— m—— —

X-ray-dominant galaxy (XD)
Low L, <10% ergs/sec

Cool gas Ty=1—4 keV

Central galaxy x-ray halo
Irregular x-ray distribution
High spiral fraction > 40%
Low central galaxy density
Prototype: Virgo/M87

Non-x-ray-dominant galaxy (nXD)

Irregular Low L, <10% ergs/sec

“(less evolved) ~ Cool gas Ty=1—4 keV
X-ray emission around many galaxies
Irregular x-ray distribution
High spiral fraction >40%
Low central galaxy density
Prototype: A1367

High L,>3x10* ergs/sec

Hot gas T, >6 keV

Cooling flow onto central galaxy
Compact, smooth x-ray distribution
Low spiral fraction <20%

High central galaxy density
Prototype: Perseus (A426)

e e e e

Regular High L, >10% ergs/sec

Hot gas Ty >6 keV

No cooling flow

Smooth x-ray distribution
Low spiral fraction <20%
High central galaxy density
Prototype: Coma (A1656)

(morq evolved)

2.2.2 Morphology

Forman and Jones (1982) [44] and Jones and Forman (1984) [70] proposed a two-dimensional
cluster classification system for the X-ray morphology of galaxies, which they relate to the evo-
lutionary state of the cluster as determined by its optical properties. The system is summarized
in table 2.1. In this scheme, an X-ray cluster having a central dominant galaxy is called an XD
cluster, while a cluster with no central dominant galaxy is called a nXD cluster. The Virgo

cluster is a typical example of the XD and irregular (less evolved) cluster.

2.2.3 Gas Temperature

If gas densities in the central region of the cluster is enough high, the gas can radiate its energy.
and cool on relatively short time scales (~ 10° yr). The cooled gas is then expected to flow
toward the cluster center, which is called a cooling flow (a detailed review of the cooling flow
can be seen in Fabian (1994) [36]).

Fukazawa (1997) [47] observed a large sample of XD clusters with ASCA, and found that
there are at least two temperature-plasma components at the central region of all the XD
clusters. Since the cool component cannot be seen in the outer region of the clusters, it can be
attributed to the central dominant galaxy, and may be due to the cooling flow. On the other

hand, the hot component is likely to be the ICM of the cluster.
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Markevitch et al. 1997 [87] analyzed spatially res‘olved X-ray spectra of 26 bright clusters
obtained with ASCA, and found that most of them show a temperature decrease with radius.
Honda et al. (1996) [62] found that the Coma cluster have significant temperature variation.
This strongly suggest that the Coma cluster is not a dynamically relaxed system, though its
optical appearance is quite smooth and rich. 'i‘hese temperature profile can be a good clue to

investigate the cluster formation history and cosmological parameters.

2.2.4 Metal Abundance

There are emission lines from iron and other heavy elements in the energy spectrum of the
ICM. Since heavy elements can be produced only through thermonuclear reactions in stars
or by supernovae, these emission lines suggest that material processed through stars can be
ejected into the ICM. The correlation of total Fe mass with total light from member elliptical
galaxies suggested that the metals in the ICM originated from elliptical galaxies and that the
metals were driven out into the ICM by supernova (SN) driven winds (Arnaud et al. 1992 [5];
Tsuru 1993 [137]). The type Ia SNe, whose progenitors are old, light stars, make mainly iron,
while the type II SNe, which occur at the death of massive stars, make mainly the o elements
(O, Ne, Mg, Si, and S) (figure 2.1). Since a low mass star have a long time life, the SNe Ia
are thought to be important in relatively recent chemical enrichment, while SNe II are thought
to be important at the early galaxy formation phase of the cluster. Thus we can know the
chemical evolution of the universe by measuring the amount and spatial distribution of heavy
elements in the ICM. The abundance ratio of « element (especially oxygen) to iron is one of
the most important parameters.

The range of the iron abundance seen in rich clusters are rather narrow (0.25 - 0.4 solar) (eg.
Edge and Stewart 1991 [32]; Yamashita 1992 [144]) as opposed to the wide range seen in poor
clusters from 0.1 (NGC2300; Davis et al. 1996 [27]) to 1.0 solar (central region of Centaurus;
Fukazawa et al. 1994 [45]).

Mushotzky et al. (1996) [105] measured the abundances of O, Ne, Mg, Si, S, Ca, Ar, and Fe
for 4 clusters of galaxies using the ASCA data, and found that the obtained abundance ratio
is similar to that of the SN IL

With ASCA data, it was found that some of such XD clusters as the Centaurus (Fukazawa
et al. 1994 [45]; Tkebe 1996 [64]), AWMT (Ohashi et al. 1994 [108]; Xu et al. 1997 [142]; Ezawa
et al. 1997 [35]), and Hydra-A cluster (Ikebe et al. 1997 [66]) have abundance increase towards

the cluster centers. Fukazawa (1997) [47]. using a larger sample of XD clusters. found that this
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abundance increase is common for the XD clusters. Therefore he concluded that this is due
to the metal ejection from dominant galaxies. One of the exception is A1060, the ASCA data
of which were analyzed by Tamura et al. (1996) [130]. A1060 is a XD cluster, but shows no
abundance gradient. This may be due to the dynamical nature of the dominant galaxy, which
has an accompanying giant elliptical galaxy at the projected distance of 35 kpc and is very
likely to form a tight binary with the galaxy.

Ezawa et al. (1997) [35] observed AWM?7 with ASCA and found that the iron distribution
traces the galaxy distribution. This discovery and the metal concentrations around dominant

galaxies are the direct evidence that metals are ejected from galaxies.

2.2.5 Gravitational Potential

From X-ray surface brightness distribution, we can know the density profile of the ICM. Assum-
ing the hydrostatic equilibrium of the ICM, one can estimate the structure of the gravitational
potential of the clusters of galaxies (see section 2.3).

If one fit the X-ray surface brightness profile with the § model (Eq. (2.39)), many XD
clusters have excess emissions at the central regions (Jones and Forman 1984 [70]). This
central excess was considered to be due to the cooling flow in the cluster core, because the
flow is expected to make the gas density and emissivity further high at the central region of
the cluster. If this explanation is true, one can not see the central excess in the X-ray surface
brightness profile obtained in the high energy band (> 4 keV). ASCA is the first satellite
having capability of imaging in the high energy band. Ikebe et al. (1997) [66] analyzed the

X-ray brightness profile of the Hydra-A cluster. and found that the central excess can be seen
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in the high energy band as well as in the soft energy band. This discovery suggests that the
central excess is not due to the dense cool gas, but is due to the structure of the gravitational
potential of the cluster. The potential structure must have an additional central dimple, which
can be attributed to the central dominant galaxy and at least partially causes the central excess
brightness. This suggests that the dark matter exhibits hierarchical clustering. The Centaurus

cluster is almost identical with the Hydra-A (Ikebe 1996 [64]).

More convincing result was obtained by the observation of the Fornax cluster (Ikebe et al.
1996 [65]). The ICM of the Fornax cluster is almost spatially constant with ~ 1 keV, and hence
is considered to have no cooling flow. The surface brightness profile can not be fitted with a
single-component § model, but can be fitted with a two-component 3 model. The extent of
each component corresponds to the central dominant galaxy NGC1399, and to the whole region

of the Fornax cluster. This also resulted in the double structure of the gravitational potential

(figure 2.2).

However it seems to be strange for us that though we can see the hierarchical structure in
the distribution of the dark matter, we cannot see that in the stellar distribution at all. Since
the § model is not a good approximation of the ICM distribution beyond 5 times the core
radius (see section 2.3), we think the shoulder-like structure of the dark matter distribution

may be depend on surface brightness models.
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2.2.6 Evolution of Clusters of Galaxies

The X-ray luminosity of cluster (Lx) is correlated with the temperature (T,) as Lx oc Tp
(Mushotzky 1984 [101]: Edge and Stewart 1991 [32]; Hatsukade [57]; David et al. 1993 [25]).
This correlation is considered to be the evidence of cluster evolution (see section 2.3).

Mushotzky and Loewenstein (1997) [103] found no evolution of metal abundance from z ~
0.5 till now. Furthermore, Mushotzky and Scharf (1997) [104] found no evidence for evolution
in the Lx — T, relation out to z ~ 0.5. Similar results have been obtained by Tsuru et al.
(1997a) [138] and Tsuru et al. (1997b) [139].

However, Hattori et al. (1997) [58] discovered an X-ray cluster, AXJ2019+1127 at z=1,
which has been known as a gravitational object. Though only the two galaxies has been found
in this cluster, this cluster contains iron as many as nearby cluster. Furthermore, Tsuru (1997b)
[139] found that the iron masses of the two very distant clusters at z ~ 0.8 — 1.0 are significantly
different from each other, and that the gas masses of two clusters at z ~ 0.8 ~1.0 and some
clusters around z ~ 0.6 are significantly lower than those of nearby clusters. These results

indicate a hint of evolution of clusters of galaxies.

2.3 Theoretical Backgrounds

In this section, we briefly summarize some physical backgrounds which relate to X-ray emissions

from clusters of galaxies.

2.3.1 X-ray Emission from Thin Thermal Plasma

Because the ICM is low density (~ 1072 cm™3) and high temperature (~ 10® K) plasma, it
emits most of its energy into the X-ray band. We summarize some theoretical aspects to deduce
physical condition of the ICM such as temperature, metallicity, density, and so on, using the
X-ray spectral information from the ICM.

Radiative processes which relate to thermal electrons in hot plasma are divided primarily

into three groups based on their transitions;

1. free-free emission

A free electron emits when it is scattered by the Coulomb field of an ion. This radiation

is called bremsstrahlung, or free-free emission. This mechanism contributes to X-ray

continuum emission.
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2. free-bound emission

Free-bound emission is accompanied by recombination between a free electron and an ion.
Therefore this radiation is called recombination emission, too. This mechanism as well

as the free-free emission contributes to continuum emission.

3. bound-bound emission

Radiation accompanied by transition of an electron bound to an ion between different
energy levels is called bound-bound emission. This is generally known as line emission.
However, if two photons are emitted by one transition, which is called two-photon decay,

this mechanism contributes to continuum emission.

For the free-free and free-bound emissions, it is clear that the emissivities of these processes,
which are defined as the emitted energy per unit time, frequency, and volume, are determined by
a rate of collision of ions with electrons. Because the ICM is low density and high temperature,
the coronal limit is usually assumed (eg. Sarazin 1986 [116], p66). In this case, a rate of
the bound-bound emission is determined by the number of excited ions, and thus by a rate
of collisional excitation. Therefore the emissivity of the bound-bound process also depends on
the rate of collision of ions with electrons. Thus the total emissivity, dL/dV dv, where L is the

X-ray luminosity, V is the volume, and v is the frequency, can be expressed as

dL | | )
m; = ;CU(XZ,Tg)n(XZ)ne, (20)

where ¢, is the emission per ion at unit electron density, 7; is the plasma temperature, n(X?)
is the number density of the ion X* (X is the element), and n. is the electron number density.
The ionization degree, 7, is defined as 7 = n. X Tage, where Tog is the plasma age in the
unit of second. If 72102 sec cm™3, the plasma is considered to be in collisional ionization
equilibrium (Masai 1994 [88]). Since n, and T, of the ICM are typically 1x107% ¢cm™3 and
1010 yr (3x10'7 sec), respectively, the ICM is in collisional ionization equilibrium. Therefore,
if n(X) is the total density of the element X, the ionization fractions f(X*) = n(X*)/n(X)
depend only on the temperature. Thus Eq. (2.5) becomes

dL (X)), i -
p— ) £ ‘ v JYI, 2.
= nyne6,(Ty, A1, Az, .0), (2.7)

where n,, is the proton number density and Ay = n(X)/n(H) is the abundance of the element

X. (T, Ay, As, ...) is called spectral emissivity. We define the emission integral .E1, as

El= / nen,dV. (2.8)
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Then the shape of the spectrum depends only on the abundance of each element and the
distribution of temperatures d(ET)/dT,.

We consider the simple case that the ICM is isothermal. The continuum emission at 108
K is mainly comes from the free-free emission (see figure 2.3). Furthermore, since hydrogen is
the most common element, the continuum emission is mainly due to collisions of protons with
electrons. Therefore we can deduce T, and [n.n,dV from the continuum. Another way to
deduce the temperature is to estimate flux ratio between two lines, each of which comes from
the same element but from different ionization state, because the ratio reflects the ionization
fraction, f(X), and f(X) depends only on the temperature. Measuring the line flux, we can also
deduce [ nenxdV. Therefore we can estimate the abundance of the element X by combining
information of [ n.n,dV and [n.nxdV.

Many authors calculated €,(Ty, A1, A2, ...) and they are often different from each other,
especially around 1 keV (v ~ 2.42x10'" Hz). This is mainly due to the difference of the
treatment of the Fe L emission lines (Fabian et al. 1994 [37]; Fukazawa et al. 1996 [46];
Arimoto et al. 1997 [3]; Matsushita 1997 [90]; Matsushita et al. 1997 [91]). In this thesis,
we use two spectral emissivities. One is the revised version of the Raymond-Smith model
(Raymond and Smith, 1977 [110]) and the other is the Mewe-Kaastra-Liedahl model (Mewe,
Gronenschild, and van den Oord 1985 [95]; Mewe, Lemen, and van den Oord 1986 [96]; Kaastra
1992 [71]; Liedahl, Osterheld, and Goldstein 1995 [79]; Arnaud and Rothenflug 1985 [4]). For

example, the differences of these two models can be seen in figure B.1.

The bolometric emissivity, A(Ty, Ax), which is defined as
A(T,, Ay, A, ...) = /eV(Tg,Al,Ag, 2)dv, (2.9)

is called the cooling function. We show an example of A(Ty, Ay, Ay, ...) calculated using the
Raymond-Smith model and assuming the cosmic abundances of Allen (1973) [1] in figure 2.3
(Gehrels and Williams 1993 [50]). As can be seen from this figure, X-ray emission from a cluster
of galaxies is mainly dominated by the bremsstrahlung continuum and line emissions contribute
to small part of it. Therefore we can express the X-ray luminosity of a cluster of galaxies, L,

approximately as

L~ EI x A o< nen,V /Ty, (2.10)

where Af/ is the cooling function on the part of the free-free emission which is proportional to

/Ty (eg. Rybicki and Lightman 1979 [115]).
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Figure 2.3: The temperature dependence of the cooling function and its components for an

optically thin plasma of the cosmic abundance of Allen (1973) (Gehrels and Williams 1993).
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2.3.2 Mass Distribution

We summarize below some theoretical aspects to derive the ICM mass and total gravitating

mass from X-ray data.

The King Model (Distribution of Gravitating Matter)

We consider about spherically symmetric mass distribution of isothermal gravitating matter.

We assume as follows;

1. Velocity distribution of particles of the gravitating matter is isotropic and independent

of position.

2. The radial velocity distribution has a Gaussian profile, and the velocity dispersion is

independent of position (i.e. isothermal).
3. The particle distribution is stationary.
4. Particle positions are uncorrelated.

Then we can write the particle phase-space density, f(7,¥), as

1 1 /v)\2 Prd®
—(2W0r2)3/2 exp | 3 (U_r) rd°v, (2.11)

where 7 and ¥ is position and velocity, R is the three dimensional radius, o is the radial velocity

f(7, 9)d®rd®v = n(R) x

dispersion, and n(R) is the spatial number density of particles at a distance R from the center.
If the gravitating particle is assumed to be collisionless, the phase space density f is a
function of only the integrals of the motion. Because we consider the velocity distribution is
isotropic, the integral of the motion cannot be the orbital angular momentum of particles, and
can only be the energy per unit mass, €, which can be expressed as
v?
where ¢(R) is the gravitational potential. In this case, we can express n(R) as
$(R
n(R) = ngexp |— s
()= noesp |24

r

(2.13)
where ng is the central density. Poisson’s equation for the gravitational potential is

Vo = 47Gm / F(7, D), (2.14)
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A

where m is the mass per particle. Substituting Egs. (2.11) and (2.13) for Eq. (2.14), we get

1 d | _,do| [
R dr [R E] = 47 Gpy exp <—0'3) . (2.15)

where py = ngm. If we define the mass density distribution, p(R), as

p(R) = m / £(7, 9)d% (2.16)
= poexp <—£2>, (2.17)
UT
Eq. (2.15) becomes
d ,dlnp\  47GR%p
P .

This differential equation has a solution of p(R) = 02/2rGR?. However, we usually do not use

this solution, because this function diverges at R = 0. The function of

wn-n[+(B)] =22 219

was found to be a good approximation to the inner region of the numerical solution of Eq.
(2.18) which is obtained with boundary conditions of p(0) = py and dp/dR = 0 at R =0. R, is
called the core radius. This function was first presented by King (1962) [74] to represent surface

density distributions of globular clusters and is called King approximation or King model. In
figure 2.4, we show the numerical solution of Eq. (2.18) and the King model. As can be seen
from this figure, the King model is not a good approximation beyond R/R. ~ 5.

The crossing time of member galaxies, t..(R) can be expressed as

R R o B
it 9 r
ter(R) = o, Ix10%yr [1 Mpc] [1000 km/sec] ' (220)

The two body gravitational interaction time scale, t,,, is estimated to be larger than 3x 10!! years
(Sarazin 1986 [116], p20). Because t.. < t4., the member galaxies can be considered to be a
collisionless gas. Real distribution of member galaxies in a relaxed cluster can be fitted with

the King model with R, ~ 250 kpc.

The  Model (Distribution of the ICM)

The sound speed in plasma which consist of hydrogen, c;, can be expressed as

29kT, 108 T, : 2.
e =, m, = 1.7x10%m/s {1031{] . (2.21)
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Figure 2.4: Numerical solution of Poisson’s equation (solid line) and the King model (dashed

line).

where +y is the ratio of specific heats (Spitzer 1962 [124], p58). Then the sound crossing time
of the ICM, t,, is given by

1
T, 172 D
~ 5. 8 J : 2.22
t, 58xH)yrth] [lme (2.22)
where D is the cluster diameter. The cooling time due to the free-free emission, tcool, 18
1
_ 10 L o { T ]2 2.23
teoot = 8.9%x10% yr [10‘3cm‘3 K] (2.23)

If we consider the heating of the ICM due to infall of the primordial gas into the cluster and

compression, the heating time scale, tpeqs, is equal to the free-fall time scale, and is given by

D [ M |7
_ 9 2.24
Fheat = 3-1x10 yr[l hdpc] [1014AJ®} ’ (224

where M is the total mass of the cluster. Because ¢, is less than the Hubble time (~ 10 yr),
teoor a0d thear, the ICM can be considered to be hydrostatic:

VP = —p,Vé(R), (2.25)
where P is the gas pressure and p, is the gas mass density, which can be expressed as

Pg = NelMe + Nphlp = Ng My, (2.26)
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where m, and m, are the masses of electron and proton, ngy = n,+n,. is the gas number density,
and p is mean molecular weight. We assume pu = 0.6 in this thesis. Because of the low density

and high temperature, the ICM can be treated as an ideal gas, and the equation of state is

given by
kT,
P =n kT, = 229 (2.27)
Hmp
Eq. (2.25) reduces to
1dP _ _d¢(R) _ _M(<R) (228)
pgdR~ dR R? '

where M(< R) is the total mass of the cluster within a radius R.
If we assume that the cluster gravitational potential is that of a self-gravitating isothermal
sphere, we can use the King model as the mass density profile of the gravitating matter,

approximately. Therefore the mass density, total cluster mass, and gravitational potential are

given by
p(R) = po(1+2%)7% (2.29)
_ 3 - z
M(< R) = d4mpyR; (In[x +V1+ 22 m) (2.30)

Vitaf] (2.31)

HR) = —anGpR2 T

where z = R/R.. Using Eq. (2.19),

o2 = 4rGpoR: _ _‘Ib(o).
" 9 9

Then we consider the situation that the ICM is bounded by the gravitational potential given
by equation (2.31). Substituting the equation of state (2.27) for Eq. (2.28), we get

(2.32)

dR kT, dR ‘
Integrating Eq. (2.33), we get
Ao(R) = pexp (~2210(R) - ¢(o>1) | (2.34)
9

where pg is the central mass density of the ICM.
Substituting Eq. (2.31) for Eq. (2.34). py(R) can be approximately expressed only at small
radii (R £ 6R,) as

po(R) = pyo [1 + (;?)jﬁ (2.35)

pmyo? o 1T, 17!
3 = 2T (. - . 2.36
b kT, v 3[10001;111/4 [1081{] (2.36)

=1
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[ is the ratio of the kinematic energy of the gravitating matter per unit mass to the thermal
energy of the ICM per unit mass. Equation (2.35) is called the § model. We show Eq. (2.34)
and the beta model in figure 2.5. Note that the beta model is not a good approximation of Eq.
(2.34) beyond R ~ 6R,.
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Figure 2.5: Distribution of the ICM.
Solid line shows Eq. (2.34), while dashed line shows the  model.

X-ray Surface Brightness Distribution

The X-ray surface brightness at a projected radius r is proportional to the emission measure,
EM, defined as
EM = / nenydl, (2.37)

where [ is the distance along the line-of-sight through the cluster at a projected radius r. If we

use the # model as the distribution of the ICM, the emission measure is,

EM - \/7?(%2) nﬁORcmgT‘ﬁ?/z) [1 + (RL)Z]

where I" is the gamma function and n, and n. are the central number densities of proton and

-36+% 1

electron. Therefore the X-ray surface brightness, S(r), can be expressed as

S(r) = S, [1 + (é—)Q] o , (2.39)
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where Sy is the central surface brightness density. The average value of § determined by fits to

the X-ray surface brightness of a large number of clusters was found to be
Bfit ~ 0.65 (2.40)

(Jones and Forman 1984 [70]).
Another way to estimate [ is to use Eq. (2.36) assuming the distribution of the member

galaxies, pgq1, is proportional to that of the gravitating matter, which means
; 2.41
Pg X Pgqi- ( : )

In this case, the velocity dispersion of the member galaxies can be considered to be the same
as that of the gravitating matter. Substituting the velocity dispersion of the galaxies and the

gas temperature deduced from the X-ray spectrum for Eq. (2.36), the average value of j3 is
ﬂspec ~12~2Xx ,Bf-it (242)

(Sarazin 1986 [116]). This discrepancy between f,p. and By is called the § problem. Many
suggestions have been made as to the origin of this discrepancy (eg. Kent and Sargent 1983
[72]; Mushotzky 1984 [101]; Henriksen and Mushotzky 1985 [60]; Bahcall and Lubin 1994 [9]).
For example, this discrepancy may suggest that the velocity dispersion of the galaxies are not
the same as that of the gravitating matter (Metzler and Evrard [93]).

It is important to know that both the King and § models are not good approximations
beyond five times the core radius (figures 2.4 and 2.5). Therefore we have to pay attention to

adopt the § profile to the whole region of the cluster.

Total Gravitating Mass

From Eq. (2.28), the total gravitating matter within a radius R cab be expressed as

_ kT R? dln(n,Ty)
um,G dR
kTyR (dInT . dlnn,
dlnR dln R

M(<R) =

(2.43)

a wm, G

Therefore measurements of the gas density distribution and the temperature distribution are

the key to estimate the mass of the total gravitating matter.
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2.3.3 Simple Model for Cluster Evolution

We consider two simple models for evolution of the clusters of galaxies: (a) the spherical cluster
containing fixed mass of gas and dark matter contracts. (b) gas and dark matter falls into the
cluster with fixed radius R. The schematic view of them are shown in figure 2.6. In both cases,
we assume that the gas mass is proportional to the total mass of the cluster, M.

In these cases, since T, o GM/R, V o< R?, and n, ~ n, oc M/R* Eq. (2.10) reduces to

2 1
I (%) R} (%)2 - MiR}. (2.44)

Eliminating R from Eq. (2.44), we get
LT3 (2.45)

for the case of (a). For the case of (b), eliminating M from Eq. (2.44), we get
L« T3S (2.46)

The real evolution is probably the intermediate between (a) and (b). Therefore the relation of
L o< T* with o = 2.5 — 3.5 is expected. Though our model is too simple, this expected value is
consistent with the observation. Therefore the observed relation of L o Tg3 can be considered

to be the evidence of the evolution of clusters of galaxies.

(@) ® |

i

Figure 2.6: Schematic view of the simple mod-
els for the cluster evolution. (a) the total mass

of the cluster is fixed. (b) the radius of the

cluster is fixed.



Chapter 3

Review of MS87

3.1 Overview

M87 (NGC4486), which is associated with the radio source Virgo A, is a giant elliptical galaxy
at the center of the Virgo cluster (figure 3.1). Its position is (&, 6)s2000 = (12h30m49.7s,
12d23m24s), and its B magnitude, BY, is 9.47 mag (de Vaucouleurs et al., 1991 [29]), which
corresponds to log(Lp/Ls) = 10.73 assuming the distance of 15 Mpc. Though it has fairly
extended optical emission (de Vaucouleurs and Nieto 1978), it is not classified as a cD galaxy

(Schombert 1986 [120]).

MS8T7 is the first source to be found to have a jet. The jet can be seen both in the optical
and radio bands (figure 3.2 (a) and (b)). Objects which have the optical jets like M87 is rather
rare. Most jets can be seen only in the radio band. The jet shown here is about 3 kpc long,
and emanates from a source in the core of M87. Complex substructure can be seen in the jet,
as well as a sudden transition from well-collimated to more disordered flow. The mechanism
of the optical and radio emissions of the jet is considered to be a synchrotron radiation due to
high speed electrons in a magnetic field. This jet sits inside a larger envelope of diffuse radio

halo emission (figure 3.3).

MB8T is the first extragalactic X-ray source to be identified (Byram, Chubb. and Friedman
1966 [21]; Bradt et al. 1967 [19]). In the following section, we summarize the X-ray properties

of M87, especially focusing on the results obtained with the Einstein satellite and ROSAT.
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Figure 3.1: Giant elliptical galaxy M87. Several globular clusters can be seen in this photograph,

appearing as small fuzzy points surrounding the core of M87 (Audouze and Israél 1994).

Figure 3.2: (a) HST image of M87 (Ford et al. 1994). (b) VLA image of M87 (Eilek 1992).
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Figure 3.3: VLA image of M87 at 1667 MHz. The image is 21.33 X 21.33 arcmin square
(Bohringer et al. 1995)

36 CHAPTER 3. REVIEW OF M87
3.2 X-ray Properties

We show the X-ray image and surface brightness profile of M87 obtained with the Einstein
IPC in figure 3.4 (a) and (b). As can be seen from this figure, the X-ray image of MS87 is
roughly circular. The X-ray surface brightness profile can be fitted by the § model with the
core radius of 1'.6 and the slope (=38 —1/2) of 0.81 (Fabricant and Gorenstein [41]). However,
in a higher-resolution X-ray image of M87, we can see X-ray emission produced in the nucleus
and jet (Schreier, Gorenstein, and Feigelson 1983 [123]; figure 3.5). Schreier, Gorenstein, and
Feigelson (1982) found four components from these images: (1) a broad diffuse component
associated with the hot gas in M87; (2) a diffuse, asymmetrical X-ray distribution to the east
and southwest, which appears similar to the radio morphology and is consistent with inverse
Compton model; (3) an X-ray source centered on the nucleus of M87, which is extended by
2" - 3" and may be due to thermal bremsstrahlung; (4) a structure correlated with the
radio-optical jet. Feigelson et al. (1987) [42] studied the HRI image and VLA 1.4 GHz map.
They subtracted a spherically symmetric component from the X-ray image, and compared the
residual structure with the VLA image. They found that the residual X-ray emission and the
radio halo are clearly associated with each other, but are not identical in structure. If this
asymmetric component is due to the inverse Compton as suggested by Schreier, Gorenstein,
and Feigelson (1982) [123], the average magnetic field must be 3 — 8 times weaker than the
equipartition values of ~ 2 — 5 uG. Therefore they suggested that the asymmetrical X-ray
component is due to a local enhancement of thermal X-ray emission caused by compression of
the interstellar medium by the outflowing jets. Biretta, Stern, and Harris (1991) [15] further
analyzed the HRI images along with new optical and radio data, and argued that most of the
core emission ((3) of Schreier, Gorenstein, and Feigelson (1982) [123]) was unresolved, and thus

could be similar to nuclear emission from other AGN.

Fabricant and Gorenstein (1983) [41] fitted the radial profile (figure 3.4) with the 8 model
and got the density profile of the interstellar medium. They also fitted the spatially resolved X-
ray spectra obtained with the IPC and determined the temperature profile, though the errors
are rather large because the energy resolution of the IPC is not good. Substituting these
temperature profile and density profile for Eq. (2.43), they found the total gravitating mass
shown in figure 3.6. The integral mass-to-light ratio of M87 (in solar unit) must increase from
5-15at 1’ to over 180 at 20'. This is the further evidence for the massive dark halo of M87,
which was suggested previously by Bahcall and Sarazin (1977) 8] and Fabricant, Lecar, and

Gorenstein (1980) [40].
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Figure 3.4: (a) X-ray contour map of M87 in the 0.3 — 4.0 keV band obtained with the Einstein
IPC. (b) The 0.2 - 4.0 keV surface brightness profile of M87. The curve indicates S oc [1 +
(r/1.6)?]798L. Both figures are from Fabricant and Gorenstein (1983).
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Figure 3.5: Higher-resolution X-ray image of M87 obtained with the Einstein HRI (Schreier,

Gorenstein, and Feigelson 1982). (a) X-ray contour map of the 25'region centered on M87. (b)

X-ray contour map of the central 2'region centered on MS87.

The Ko line from He-like Fe (6.7 keV) from the Virgo was detected with various instruments
like OSO-8 (Serlemitsos et al. 1977 [121]; Mushotzky et al. 1978 [100]; Rothenflug and Arnaud
1985 [114]), HEAO-1 (Mushotzky 1984 [101]), EXOSAT (Edge, Stewart, and Smith 1988 [33]),
and Ginga (Koyama, Takano and Tawara 1991 [75]; Takano 1990 [128]; Hatsukade 1989 [57]).
The K lines from Mg, Si, and S and the L lines from Fe as well as the Fe K line were detected
with the Einstein SSS (figure 3.7 (a); Lea et al. 1982 [77]). These lines indicate that the gas
temperature is about 2 keV. This spectrum can be represented with a two-temperature thermal
plasma model plus a heavily absorbed power-law model. The temperatures of the plasmas are
0.6 and 1.4 keV and the metal abundances are about 1 solar. The photon index of the power
component is fixed to be 1.75 (Lea et al. 1982 [77]). The cool component could not be detected
at the region 7/ away from the center of M87. This suggests there is the cooling flow at the
central region of M87. Comparing with the cooling flow model (Mathews and Bregman 1978
[89]), the mass accretion rate was deduced to be 10 ~ 20 Mg /yr. Since the power law component
also could not be seen at the region 7 away from the center, its origin is probably the nucleus
of M87. Mushotzky and Szymkowiak [106] fitted the SSS spectrum with their cooling flow

model and concluded the mass accretion rate is about 4 Mg /yr.

Figure 3.7 (b) shows an example of the very high-resolution X-ray spectrum of M87 obtained
with the Einstein FPCS (Canizares et al. 1979 [22]). The OVIII Ly« line (0.65 keV) was
detected. The FPCS also detected the FeXVII line (0.83keV) (Canizares et al. 1982 [23]:
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see table 6.8). The energy dependences of the ernis‘sivities of these two lines are almost the
same. Therefore one can estimate the abundance ratio of oxygen to iron directly from the line
flux ratio of these two lines without considering the temperature distribution of the plasma.
Canizares et al. (1982) [23] concluded that the abundance ratio of oxygen to iron is 3 — 5 times
the solar ratio. Using other emission lines, Canizares et al. (1982) [23] derived the temperature

distribution of the plasma, and concluded that the mass accretion rate is 3 — 4Mg/yr.
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Figure 3.7: X-ray spectra obtained with the Einstein satellite. (a) The moderate-resolution
spectrum obtained with the SSS (Lea et al. 1982). (b) The very high-resolution spectrum
obtained with the FPCS (Canizares et al. 1979).

Stewart et al. (1984) [125] obtained the structure of the hot gas and gravitating matter
around M87 using both X-ray images and spectroscopic observations, particularly of the Fe
L lines. The data were obtained with the Einstein IPC, HRI, SSS, and FPCS. Imaging data
obtained with the IPC and HRI were analyzed with various assumed gravitational potentials,
and then predicted spectra were compared to the spectra measured with the SSS and FPCS.

The mass profile they obtained is consistent with that of Fabricant and Gorenstein (1983)
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[41] (figure 3.6). They also found that the gas temp‘erature varies slowly beyond 5, and this
profile is consistent with the cooling flow model. The mass accretion rate varies with radius as
M ~ 3(R/10kpc)*/®* Mg /yr from 1 to 70 kpc, assuming the distance of 15 Mpc. This suggests
a dropping out of an accreting mass with radius.

Tsai (1994) [134] and Tsai (1994b) [135] reanalyzed the density and temperature profiles
of the X-ray emitting gas around M87. For given assumed density and temperature profile,
he predicted the Einstein HRI and IPC surface brightness distributions as well as FPCS line
fluxes, and then he compared them with the data. He found that some models give a good fit
to the data, and the O/Fe abundance ratio is also larger than the solar ratio. However, the
models could not explain the data obtained with the SSS (figure 3.8). He suggests that there
probably remain calibration problems with the SSS or both the SSS and FPCS.
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Figure 3.8: SSS spectrum of M87. The solid line shows the model giving a good fit to the data
of IPC, HRI, and FPCS simultaneously (Tsai 1994).

We show the ROSAT PSPC image of M8T in figure 3.9 (a) and (b) (Bohringer et al. 1995
[17]: (a) is the X-ray contour map in the 0.5 — 2 keV band; (b) is the residuals of the X-ray
image after subtraction of a spherically symmetric model from figure 3.9 (a). It is interesting
that the X-ray residual structure to the east coincides with a radio feature in that direction
with ends in a structure shaped like an ’ear’ (figure 3.3). Furthermore, the radio ’tail’ to the
other side bends down to the southwest so that the X-ray residual appears to lie along its core.

These suggests the interaction between the radio halo and interstellar gas of M87. Bohringer

et al. (1995) [17] found that the X-ray spectrum obtained with the ROSAT PSPC for the outer
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part of the eastern residual can not be fitted with a power-law model and can be fitted with
a thermal plasma model with a temperature of ~ 1.3 keV, which is lower than that of the
surrounding gas (~ 1.5 — 2 keV). This may imply that, in the radio halo of M87, the presence
of relativistic plasma and the associated magnetic fields has led to enhanced cooling of the gas
rather than to heating by energy dissipation. Enhanced cooling may be explained either by
disruption of previously condensed material in the cooling flow or by a higher cooling rate due
to inhomogeneities introduced into the gas distribution by plasma waves and instabilities.

Nulsen and Bohringer [107] used the ROSAT PSPC data and derived the mass profile of
M87. The profile they found agrees well with determinations from the dynamics of the stars
in M87 (Sargent et al. 1978 [119]), from the dynamics of the globular clusters in M87 (Mould
et al. 1990 [99]; though less well with Merritt and Tremblay 1993 [92]), and from the previous
X-ray observation (Stewart et al. 1984 [125]), although it is marginally consistent with the
results of Fabricant and Gorenstein (1983) [41] (figure 3.6).
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Figure 3.9: (a) ROSAT PSPC image of M8T7 in the 0.5 — 2 keV band. (b) Residuals of the
X-ray image of the halo region of M87 after subtraction of a spherically symmetric model from

figure (a).

Harris, Biretta, and Junor (1997) [56] analyzed higher-resolution X-ray images of MS87
obtained by the multiple observations with the ROSAT HRI. They found the intensity of jet
(knot A) as well as the core intensity shows a time variability. Although the core variability is

consistent with general expectations for AGN nuclei, the changes in the jet (knot A) provide
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constraints on the X-ray emission process and geometry. Therefore they suggested that the X-
ray morphology of the jet (knot A) will differ significantly from the radio and optical structure.

We summarize below the previous results:

1. The distribution and temperature of the hot gas in M87 gives strong evidence for a massive
dark halo.

2. There are a cooling flow with 3 - 10 M, yr~!, and the mass accreting rate is proportional

to a radius from the center of M87.

3. The innermost region of M87 exhibits spatially complex X-ray emission with several
components (viz. a hot intracluster gas around MS87, a jet-like structure, a compact

nuclear source, and an asymmetrical component correlated with the radio halo).

4. The X-ray spectrum for the asymmetrical component can be expressed as a thermal

plasma model of a temperature lower than that of a surrounding gas.
5. Both the X-ray intensities of the core and jet (knot A) show time variabilities.

6. The abundance ratio of oxygen to iron (O/Fe) is about 3 — 5 times larger than the solar

ratio.



Chapter 4

Review of the Virgo Cluster of

(Galaxies

4.1 Optical Properties

The Virgo cluster is the closest and best-studied cluster of galaxies, lying at a distance of
approximately 15 Mpc. Cosmographycally, the Virgo cluster is the nucleus of the Local Su-
percluster of galaxies, in whose outskirts we are situated. We can observe large numbers of
galaxies of all types and luminosities in great detail in the Virgo cluster. Therefore this cluster
is an ideal laboratory for the study of the systematic properties of galaxies and a fundamental
stepping stone for the cosmological distance scale. Thus the Virgo cluster has been, and still
is, one of the most important object for extragalactic astronomy.

We show the map of the Virgo cluster in figure 4.1. The cluster covers a large, roughly
circular sky area of approximately 10° diameter. The Virgo cluster is a fairly poor, loosely
concentrated, irregularly shaped cluster of galaxies. Binggeli, Sandage, and Tammann (1985)
[12] cataloged 2096 galaxies and found 1277 of the cataloged galaxies are considered to be
members of the Virgo cluster. and 574 to be possible members. Table 4.1 shows the number of
known member galaxies. An abundance of spiral galaxies among the bright cluster members
is high. This property can be seen in many clusters. Rich, dense, regularly shaped clusters
whose member galaxies are dominated by E and SO galaxies are much rarer. However, since the
Virgo is the most nearest cluster, we can map it to an unsurpassed level of depth. Therefore
the Virgo cluster is the richest cluster of galaxies in terms of the number of known member

galaxies. As table 4.1 shows, dwarf galaxies. particularly dwarf ellipticals, numerically the

cluster population.
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Table 4.1: Known member galaxies if the Virgo cluster (Binggeli 1992)

Morphological Type Number
Elliptical 30
SO 49
Spiral 128
Dwarf elliptical 828
Dwarf SO 30
Dwarf irregular 89
Dwarf irregular/elliptical 89
Other 34
Total 1277
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Figure 4.1: Plot of all members and possible members in the Virgo cluster: (a) Dots show the
galaxies. Five main concentrations indicated by circles, are evident; (b) Luminosity-weighted
map of the Virgo cluster. The symbol size (area) is proportional to the luminosity of the galaxy

(Binggeli, Tammann, and Sandage, 1987).
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Several subconcentrations can be seen in figure 4.1. A major subcluster of galaxies exists
around the giant E galaxy M87 (M87 cluster or subcluster A), and there is a smaller, less dense
subcluster around the brightest cluster member M49 (M49 cluster or subcluster B). Although
M87 is most often taken as the center of the Virgo cluster, it is 1° away from the density peak
of the subcluster A toward the east. With respect to morphological type, the elliptical and
SO member galaxies are the most strongly clustered types. They constitute the “skeleton” of
the cluster. The E type galaxies, in particular, are distributed along an axis which is extended
toward the east from the subcluster A. The jet of M87 is aligned with this axis. Spiral and
irregular galaxies, on the other hand, are scattered over the whole region of the cluster with no
obvious concentration.

The irregular structure of the Virgo cluster suggests that the cluster is not a state of dy-
namical equilibrium, even in the central region. There is evidence that the cluster is still in the
making.

From the presently known radial velocities of about 350, mostly bright Virgo members,
Binggeli, Tammann, and Sandage (1987) [13] derive a mean heliocentric, systematic velocity of
the cluster of < vy > ~ 1100 km/s. Though this mean is common for all morphological types
of galaxies, the velocity dispersion differs substantially for different galaxy types. Late-type
galaxies (spiral and irregular) have a larger velocity dispersion of .~ 890 km/s than early
type galaxies (E, S0, dE, dS0) which have o~ 570 km/s. The late type galaxies are thus more
dispersed, not only in space, but also in velocity, than the early type galaxies. This suggests
that late type galaxies have only recently (in the last few 10° yr) fallen, or are still falling into
the cluster from the environment.

The subcluster A is made up predominantly of early type galaxies, while the subcluster B
contains mainly late type galaxies. Though the subcluster B has a higher spiral abundance, the
subcluster A has a larger velocity dispersion of o, ~ 760 km/s than the subcluster B which
has 0, ~ 390 km/s. The mean heliocentric velocities of the cluster A and B are 1060 km/s and
963 km/s, respectively. Since the cluster B is suggested to be more distant than the cluster A
by ~ 5 Mpc, the cluster B may be infalling to the cluster A from the far side.

The well concentrated early type galaxies of the subcluster A is considered to be the oldest
members. However, these galaxies do not constitute a dynamically relaxed cluster core. The
central part of the Virgo cluster seems to consist of a small number of subclumps of galaxies, one
of which is defined by MS8T alone. Although its enormous mass deduced by X-ray observations
(5x10'3 M,,; eg. Fabricant and Gorenstein 1983 [41]). M87 is off the cluster center in space

and velocity (Av ~ 200 km/s). However. the subclumps will rapidly merge. We may. in
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fact, be living in a very special time, shortly before (~ 10° yr) the final formation of a relaxed
cluster core in Virgo. An analysis of the velocity dispersion of galaxies around M86 by Binggeli,
Popescu, and Tammann (1993) [14] has shown that there is an asymmetric blue-shifted tail in
the distribution, consisting mainly of dwarf ellipticals, implying that M86 is actually part of a
small subclump in the subcluster A. M86 is presumably falling into the cluster from behind.
Fukugita, Okamura, and Yasuda (1993) carried out a Tully-Fisher analysis for a complete
sample of spiral galaxies in the Virgo cluster. They presented the evidence that spiral galaxies in
the Virgo cluster are distributed in an elongated region, like a filament, which extends from 13
to 30 Mpc almost along the line of sight with the maximum of the density distribution at around
15 Mpc. Furthermore, the luminosity function and surface brightness fluctuation of planetary
nebulae indicates that bright ellipticals as typically represented by M87 are concentrated around
15 Mpc. Therefore, in this thesis, we use 15 Mpc as the distance of the Virgo cluster and M87,

so that a radius of 1’ corresponds to 4.4 kpc.

4.2 X-ray Properties

Before the Ginga satellite, the detected X-ray emission from Virgo was strongly concentrated
in the region around M87, and its extent was much smaller than that of the member galaxies
(Malina et al. 1976 [84]; Gorenstein et al. 1977 [52]; Fabricant and Gorenstein 1983 [41]).
Furthermore, the deduced gas temperature of 2.5 keV is cooler than is usually associated with
cluster emission (Lea et al. 1982 [77]). Therefore, X-ray emission of Virgo was considered to
be associated with M87 itself, rather than the cluster as a whole.

Mapping observations with Ginga revealed existence of a large scale extended X-ray emission
which fills the whole region of the Virgo cluster for the first time (Takano et al. 1989 [127];
Takano 1990 [128]). The diffuse X-ray emission is strongly peaked at M87 rather than the
density peak of the subcluster A. The surface brightness distribution is radially symmetric
around M87, and is well described by the § model (Eq. (2.39)) with R, of 1’.62 and 3 of 0.436,
except for the southern outer part around M49 (figure 4.2). In the southern outer part, the X-
ray surface brightness distribution shows significant flattening with 3 of 0.357. Figure 4.3 shows
that the gas temperature around MS87 is almost isothermal with kT ~ 2.2 keV, but the gas
temperature at the southern outer region around M49 is 3.4 keV which is significantly larger
than that around M87 (Koyama, Takano and Tawara 1991 [75]; Takano 1990 [128]). These
suggest that the ICM of the Virgo cluster consists of two components: one is associated with

the subcluster A (M87 cluster), and the other is associated with the subcluster B (M49 cluster).
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Though the subcluster B has a lower velocity dispersion (o, ~ 390 km/s) than the subcluster ‘
|
A (0, ~ 760 km/s), the temperature is higher at the subcluster B, which is inconsistent with
a general tendency that clusters with larger velocity dispersions have higher gas temperatures
(eg. Hatsukade 1989 [57]). This may suggest that the Virgo cluster is not a dynamically relaxed . T T T
system. The physical parameters are summarized in table 4.2. E 4b -
= A3 B 'I" B
=
Table 4.2: Physical parameters of the subcluster A and B. S oL Tty e -
A (M87 cluster) B (M49 cluster) | a
Temperature 2.2 keV 3.4 keV l g 1+ h
Lxt 3x10% erg/s 4x10*2 erg/s — | H L
Gas Mass 2x10% Mg 5x10'2 Mg l F e

from M87 (deg)
t: X-ray luminosity in the 2 — 10 keV band. Angle fr g

Figure 4.3: ICM temperature distribution obtained with Ginga (Koyama, Takano, and Tawara

1991).
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One of the most important results of the Ginga observation is that an iron abundance rise s 3 v{-v
= = —t ~
towards the center of the Virgo cluster which is shown in figure 4.4 (Koyama, Takano, and | '[ ,
Tawara 1991 [75]; Takano 1990 [128]). The iron abundance is at least about half the cosmic | 00" "s 3 21 0 1 2 3 4 5

Angle from M87 (deg)

value in the innermost region of the subcluster A and significantly decreases outwards.

The Virgo region was observed with ROSAT during the ROSAT all-sky survey between
Figure 4.4: Iron abundance distribution obtained with Ginga (Koyama, Takano, and Tawara

1991).

November 1990 and January 1991, and the results have been already published by Bohringer et
al. (1994) [16]. Figure 4.5 (a) and (b) show contour maps of the X-ray surface brightness of the
Virgo cluster in a hard (0.4 - 2.4 keV) and soft (0.1 - 0.4 keV) band, respectively. The X-ray

morphology is very similar to the structure in the galaxy distribution (Binggeli, Sandage, and
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Tammann 1985 [12]). However, the M49 halo is so much smaller in the X-ray image compared
to the optical appearance of the subcluster B. The X-ray surface brightness around M87 can
be fitted by the # model with R, = 2'.3, and /3 = 0.45 (figure 4.6 (a)). The overall temperature
determined for the region within 1° radius of M87 is ~ 2.4 keV, which is consistent with the
Ginga result. However, ROSAT did not detect any evidence of temperature increase around
M49, which is a serious discrepancy between the ROSAT and Ginga results (figure 4.6 (b)).
ASCA will conduct mapping observations of the link-region between the subcluster A and B in
1998 to clear whether the temperature gradient obtained with Ginga exists or not. From the
ROSAT results one can estimate the total gravitating masses associated with the halos of M87,

M86 and M49. They are (1.5 - 6)x10* Mg for M87, and (1 - 3)x 10" Mg for M86 and M49,

respectively.
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Figure 4.5: Contour Plot of the X-ray image of the Virgo cluster obtained with ROSAT
(Bohringer et al. 1994): (a) 0.4 — 2.4 keV band, The galaxy density distribution is shown

in grey scale; (b) 0.1 = 0.4 keV band.

M86 (NGC4406) is a dominant galaxy of a small subclump in the subcluster A. The peculiar
X-ray morphology of an extended plume is thought to be evidence of ram-pressure interaction
with the ICM of the Virgo cluster (figure 4.7). Iwasawa, White and Fabian (1996) [69] did
detailed study of spatial variations in X-ray spectral properties with ASCA, and revealed that
the X-ray emission from the galaxy core region consists of at least two different temperature

components (~ 0.6 keV and ~ 1 keV), while that from the plume is well described by a single
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Figure 4.6: (a) Azimuthally averaged surface brightness profile for the X-ray halo around M87
(data points) and result of a fit of the § model to the data (line). (b) Radial temperature
profile of the X-ray luminous halo around M87. The diamonds give the values determined from
the ROSAT data, and continuous lines show the results obtained with Ginga. Both figures are
from Bohringer et al. (1994).

phase thermal emission, and has similar properties to those of the hot component associated
with the galaxy main body. Since the hot component is the pre-cooling interstellar matter of

M86, the ram pressure stripping is a viable scenario to explain the X-ray morphology of M86.

4.3 Other Properties

In general, spiral and irregular galaxies contain neutral hydrogen gas which emits the 21-cm
line emission, and isolated galaxies have almost the same mass of the neutral hydrogen, if they
have the same type and size. Radio observations of spiral galaxies of the Virgo cluster revealed
that many members have smaller content of the neutral hydrogen than filed galaxies and that
those HI deficient galaxies are concentrated toward the center of the cluster (Giovanelli and
Haynes 1983 [51]). This suggests that a sweeping mechanism that removes the interstellar gas
from late type galaxies plays a significant role in the cluster center.

The Extreme-UltraViolet Explorer (EUVE) observed the Virgo cluster in the 0.065 — 0.245
keV energy band and detected an extended emission halo of radius 20'(Lieu et al. 1996b [81]).
This is the first detection of cluster gas emission in the EUV band. After this discovery, Coma

cluster (Lieu et al. 1996a [80]), A1795 (Mittaz, Lieu, and Lockman 1997 [97]), A2199 and
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Figure 4.7: X-ray image of M86 (NGC4406) obtained with the Einstein IPC (Fabbiano, Kim

and Trinchieri (1992)).
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A4038 (Bowyer, Lieu, and Mittaz 1997 [18]) were als'o found to have the EUV emission. The
emission cannot be explained by the well-known cluster gas at X-ray temperatures. Though
its origin is not clear so far, Sarazin and Lieu (1997) [118] suggest that the EUV emission is
inverse Compton scattering of cosmic microwave background radiation by low energy cosmic

ray electrons in the ICM.



Chapter 5

Instrumentation

5.1 The ASCA Satellite

The atmosphere of the Earth blocks the cosmic X-rays by photoelectric absorption, hence, we

are required to use balloons, rockets, or satellites for the observations of cosmic X-ray sources.

Advanced Satellite for Cosmology and Astrophysics — ASCA — is the fourth Japanese X-
ray astronomy satellite and was launched by the Institute of Space and Astronautical Science
(ISAS) on 1993 February 20, with the M-3S-II rocket, and put into an approximately circular
orbit with a perigee and apogee of 520 and 620 km, respectively, and an inclination of 31.1°.
The orbital period is approximately 96 min. The schematic view of the ASCA satellite is shown
in figure 5.1.

The spacecraft mass is 417 kg, and its length is 4.7 m along the telescope axis. The spacecraft
is three-axis stabilized; the pointing accuracy is approximately 30" with a stability of better
than 10”. Orientation of the space craft is limited by the power constraint that the direction
of the solar paddles must be within 30° from the Sun. This limits the observable sky at a time
in a belt within which the Sun angle is between 60° and 120°. Thus the entire sky is accessible

every half year.

ASCA carries the four X-Ray Telescopes (XRT), and four focal plane detectors, two of
which are the Gas Imaging Spectrometers (GIS) and the other two are the Solid-state Imaging
Spectrometers (SIS). All four detectors are operated simultaneously all the time, and data

obtained from each of them are separately available. Overview of them are described below.

General descriptions of ASCA are given in Tanaka, Inoue. and Holt (1994) [131].

33
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ASCA Satellnte

Focal Length

\/ 3.5m
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Figure 5.1: Schematic view of the ASCA satellite in orbit.

5.2 X-Ray telescope (XRT)

ASCA carries four identical grazing-incidence X-ray telescopes (XRT) each equipped with an
imaging spectrometer at its focal plane. The telescope utilizes multi-nested (119 layers) thin-
foil conical optics, a technology developed by Serlemitsos et al. (1995) [122]. This technology
allows maximum use of the aperture for X-ray reflection, and enables a large effective area
with small mass. We show the total effective area of four telescopes plotted as a function of
photon energy in figure 5.2 (a). In this figure, we can also see that the effective area of the XRT
depends on an incident angle as well as on energy of X-ray photon, which is called vignetting.
In figure 5.2 (b), we compare the effective area of the ASCA XRT with those of other satellites.

The focal length of the telescopes is 3.5 m. These telescopes are mounted on an extensible
optical bench. Because of the limited length available within the rocket nose fairing, the optical
bench was held inside the spacecraft during launch and extended by 1.2 m in orbit to achieve
the designed focal length.

The angular resolution of the telescope is modest, with a half power diameter (diameter
which encircles 50% of the photons of a point source image) of approximately 3'. However, the
point spread functions has a cusp-shaped peak, and 20% of photons are concentrated within

a circle of 1’ diameter, producing a sharp image core. This feature allows us to resolve two
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sources separated by 1’. In figure 5.3 show the point spread function (PSF) of the XRT.
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Figure 5.3: Simulated point spread function for photons of 1.5, 4.5, and 8.0 keV. Measured

data for photons of 4.5 keV are also shown with crosses (Serlemitsos et al. 1995).

Even if a point source is outside of the field of view, the XRT of ASCA allows some fraction
of the X-ray photons from the source to reach the focal plane detectors. These X-rays are called
stray lights. Figure 5.4 shows an example of stray lights taken by the GIS. The Crab nebulae
is placed at the position of the filled circle, 60’ offset from the optical axis. When we analyze
the data of the mapping observation of the Virgo cluster, we have to take stray lights from M87
into account (chapter 7).

Details concerning the XRT can be found in Serlemitsos et al. (1995) [122].

5.3 Solid-state Imaging Spectrometer (SIS)

The Solid-state Imaging Spectrometer (SIS) is the first CCD camera for X-ray astronomy.
ASCA has two SISs (SISO and SIS1). Each SIS has a 22 mm X 22 mm square area for X-ray
detection and consists of 4 CCD chips. Each CCD is approximately 380 pum thick, and the
depletion layer of each chip is about 25 — 30 um. We illustrate the quantum efficiency of the
SIS as a function of X-ray energy in figure 5.5 (a). The hard X-ray efficiency is determined by
thickness of the depletion layer, while the soft X-ray efficiency is limited by X-ray absorption

in optical blocking filter, dead layer in the CCD, and other components in front of it. The
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Figure 5.4: Three of the Crab stray light images taken by the GIS3 in the 0.7 - 10 keV band.

The location of the Crab is indicated with a filled circle, and the optical axis for each observation

is offset by 60’ from the Crab (Ishisaki 1996).

combination of the XRT and the SIS provides an X-ray imaging and spectral capability in the
effective energy range of 0.4 — 10 keV. We also show the energy resolution of the SIS in figure
5.5 (b). The energy resolution of the SIS can be expressed as FWHM ~ 2(E/5.9keV)1/2 % (120
eV at 5.9 keV) just after the launch, where E denotes energy. However, after a few years from
the launch, we found a significant degradation of the CCD performance, which was mainly
caused by particle irradiation while in orbit. For example, the energy resolution in the 1 CCD
mode was degraded to 250 eV after 2.5 years in orbit (Yamashita 1995 [143]; Dotani et al. 1996
[30]). This radiation damage makes quality of the SIS data of the Virgo mapping observation
significantly worse than that of the data of M87.
Details about the SIS can be found in Burke et al. (1991) [20].

5.4 Gas Imaging Spectrometer (GIS)

The Gas Imaging Spectrometer (GIS) is an imaging gas scintillation proportional counter.
ASCA has two GISs (GIS2 and GIS3). The GIS has larger field of view (~ 50' in diameter).

better time resolution, and higher efficiency at high energy range (above 3 keV) than those
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Figure 5.5: (a) Quantum efficiency of the SIS as a function of incident X-ray energy excluding
the XRT response. (b) Energy resolution of the SIS as a function of incident X-ray energy.
Energy resolutions with different read-out noise are plotted separately. The read-out noise

levels are given as the equivalent number of electrons.

of the SIS. Therefore the GIS is a complementary detector of the SIS. We show the detection
efficiency of the GIS in figure 5.6 (a) as a function of energy. The low-energy efficiency is
determined by the beryllium entrance window of the GIS, while the high-energy efficiency is
determined by the stopping power of the drift region. Figure 5.6 (b) shows the energy resolution
of the GIS, which is expressed as FWHM ~ 7.8(E/5.9keV)!/2 % (460 eV at 5.9 keV). The energy
resolution of the GIS is worse by a factor 4 than that of the SIS.

Details concerning the instruments can be found in Makishima et al. (1996) [83], and Ohashi
et al. (1996) [109].

We summarize the performance of the SIS and GIS in table 5.1.
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Tablg_j.l: grformance of the SIS and GIS.

Covered Energy Band! 0.4 — 10 keV 0.7 — 10 keV
Energy Resolution at 5.9 keV 21 % 7.9%
Field of View 20'x 20 50'in diameter
Pixel size 27 pm 0.5 mm?®
Spatial Resolution ! ~3 ~3

16 sec (¢CCD mode) 60 usec (PH mode)
500 cts/sec 10000 cts/sec

Maximum Time Resolution
Maximum Count Rate

1: When used with the XRT.

§: Virtual pixel in the signal process.
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Chapter 6

ASCA observation of M 87

6.1 Observation and Data Reduction

MB87 was observed on 1994 June 7 and 8, during the PV phase program, pointed at (a, §) 2000
= (12"30™323, 12°25'57"). The observation was made with the two SISs and the two GISs at
the foci of 4 thin-foil XRT onboard the ASCA satellite.

The SIS data were obtained mainly with the 4-CCD bright mode, including a small fraction
of the 4-CCD faint mode. We therefore used the data taken with the 4-CCD bright mode. The
GIS data were obtained with the normal PH mode. Both the SIS and GIS data were screened
with the nominal selection criteria in order to exclude the data affected by the South Atlantic
Anomaly, Earth occultation, and in the regions of low geomagnetic rigidity. We also excluded
any data contaminated by stray light from the bright Earth, removed hot and flickering pixels
for the SIS data, and applied a rise-time rejection technique to reject particle events in the GIS
data.

After the above mentioned data screening, we combined the SISO and SIS1 data from the
4-CCD chips, and the GIS2 and GIS3 data, after correcting for the pulse-height gain.

The X-ray image of M87 obtained with ASCA is shown in figure 6.1. In the higher-resolution
X-ray images obtained with the Einstein and ROSAT satellites, we can see the X-ray emissions
from the core of M87 which is thought to harbor massive black hole, jet, and radio halo
(Schreier, Gorenstein, and Feigelson 1982 [123]; Feigelson et al. 1987 [42]; Bohringer et al.
1995 [17]; Harris, Biretta, and Junor 1997 [56]). However, we cannot see these structures in the
ASCA image, because the spatial resolution of ASCA is worse than those of the Einstein and
ROSAT satellites. Since the X-ray image obtained with ASCA is roughly circular, we assumed

spherical symmetry for simplicity. For a further analysis, we divided the central region of M87

60
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(the region within 10’ radius from M87) into 5 concentric annuli, each with a 2 width, and
obtained X-ray spectra from each annulus. We also analyzed the entire M87 spectrum from a
circular region of 10’ radius centered on M87. These spectra are shown in figure A.1 (SIS) and
A.2 (GIS).

Since the extent of the X-ray emission from the intracluster gas extends over a region larger
than the field of view of ASCA, we used for the background spectrum data obtained from
blank-sky regions provided by the ASCA Guest Observer Facility of NASA. We then rebinned

the data so that each spectral bin contained at least 20 counts in order to use the x? statistics.

M87 0.7 - 10 keV MB87 0.7 — 10 keV

ASCA SIS 1993 Jun 7 Exposure: 31787 s ASCA GIS 1993 Jun 7 Exposure: 30607 s
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Figure 6.1: The X-ray image of M87 obtained with ASCA. The left and right panels show the
SIS and GIS images respectively.

6.2 Spectral Analysis and Results

6.2.1 Response Matrix

In spectral fitting, we used the “XSPEC” spectral fitting package ver 9.0. The XSPEC calcu-
lates an expected pulse height distribution on a detector S(PI) using model spectrum M (E)
and response matrix K(PI; E) as follows;

S(PI) =) K(PI;E)M(E), (6.1)
E
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where E' denotes energy, and PI represents pulse invariant, which is the pulse height after
gain corrections. The XSPEC adjusts model parameters so that S(PI) can fit the pulse height

distribution which is really observed with the detector as possible.

K(PI; E) can be split into two parts, which are a redistribution matrix file (RMF) RM F(PI; E)

and an ancillary response file (ARF) ARF(E);
K(PI;E) = RMF(PI; E)ARF(E). (6.2)

The RMF specifies the channel probability distribution for a photon of given energy, and
the ARF specifies the telescope effective area and window absorption. Because the RMF is
determined only by the elementary process of the detector, we need only one RMF for one
detector. We used the standard RMF provided by the GIS team for the GIS data, while we
generated the RMF of the SIS with the “sis_bldrsp2” package ver 1.6.

We calculated the ARF as follows;

ARF(E) = / dri S(7)EA(E, 7) / drsP(E, 7, 73), (6.3)

where 77 is an incident direction of an X-ray photon, and 73 is a vector directed to a point
within the region on the detector from which we extracted the spectrum. S(r7) denotes a
surface brightness distribution of objects which is normalized as [ S(r})dri = 1, P(E, 7, 73)
represents probability of reflection of an X-ray photon of energy F from 7] to 73 (i.e. point-
spread function) including quantum efficiency, and EA(F, 1) is the effective area of the XRT
for a X-ray photon with an incident direction of 77 and energy of F. Since the PSF of the
ASCA XRT is rather extended, individual annular regions on the focal plane have inevitable
contribution of flux from other annuli (Ikebe 1996 [64]; Ikebe et al. 1997 [66]; Takahashi et
al. 1995 [126]; Markevitch et al. 1996 [85]). To simulate this situation approximately, we used
the X-ray image detected with ASCA as S(77) and calculated the ARF for each annulus region
using the “jbldarf” package ver 2.10.

6.2.2 Thermal Bremsstrahlung and Narrow line Model

As shown in figure A.1 and A.2, the X-ray spectra of M37 obtained with ASCA exhibit many
emission lines, which contain crucial information for determining the physical state of the
plasma. Since the emission-line structures in the high-energy band (1.6 - 10 keV) are simple
compared to those in the lower energy band, we fitted the high-energy band spectra of the SIS

extracted from the (/- 10’region with the thermal bremsstrahlung model plus several Gaussian
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profile lines. At least 8 lines in the high-energy band e.u'e required with best-fit energies of 1.84,
1.99, 2.45, 2.61, 3.12, 3.89, 6.67 and 7.86 keV. These lines can be assigned to He-like Si Ka (Si
xur at 1.87 keV), H-like Si Ka (Si x1v at 2.01 keV), He-like S Ko (S xv at 2.46 keV), H-like S
Ko (S xvi at 2.62 keV), He-like Ar Ko (Ar xvir at 3.14 keV), He-like Ca Ko (Ca xix at 3.91
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(a) (b)

(M87 SIS 0'-2")/(M87 SIS 8'-10")

10

keV), He-like Fe Ko (Fe xxv at 6.67 keV), and blend of He-like Ni Ka (Ni xxvir at 7.80 keV)
and He-like Fe K3 (Fe xxv at 7.90 keV), respectively. The results of this model fitting is shown

in figure 6.2.
ot o o o Brems kT(keV) 2.29 & 0.03
g M87 SIS 0'-10' x%/d.o.f. 475.4/355
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Figure 6.2: The result of the thermal bremsstrahlung plus Gaussian line model fitting for the

SIS spectrum of 0'~ 10’region. Errors are 90% confidence limit for one interesting parameter.

In figure 6.3, the SIS spectra of the two regions from 0’ — 2’ annulus and 8 ~ 10’ annulus and
their ratio are given. We can see clear radial variations of the spectra. The most prominent
changes are evident near to 1 keV.

To quantify these changes we fitted the high-energy spatially resolved spectra of the SIS
with the same model as that used for the entire spectrum: a thermal bremsstrahlung plus
Gaussian lines. Since the lines of Ar xvir and Ca xix, and the blend of Fe xxv and Ni xxvir are
not very strong in the spatially resolved spectra, we fixed the center energy of these lines to be
3.12, 3.89 and 7.86 keV, respectively. The results are shown in table 6.1 and figure A.3.

For a consistency check, we also performed the same model fits to the GIS spectra in the 3
— 10 keV band, where the only relevant lines are Fe xxv and the blend of Fe xxv and Ni xxvir.
The best-fit parameters are listed in table 6.2 and figure A.4. The results for the GIS data are
consistent with those for the SIS data within the errors.

If the plasma is isothermal, we can estimate the plasma temperature using the ratio of the
H-like to He-like line ratios of Si and S. For this purpose, we used the MEKXAL code (Mewe,
Gronenschild, and van den Oord 1985 [95]: Mewe, Lemen. and van den Oord 1986 [96]: Kaastra
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Figure 6.3: (a) SIS spectra of M87 from the 0’ — 2" annulus and the 8 — 10’ annulus. (b) Ratio

of count rate of 0'~ 2'spectrum to that of 8~ 10'spectrum.

1992 [71]; Liedahl, Osterheld, and Goldstein 1995 [79]; Arnaud and Rothenflug 1985 [4]). The
results are given in figure 6.4, together with the best-fit bremsstrahlung temperature as a
function of the radius from the M87 center. The temperatures inferred by the Si line ratio show
good agreement with those deduced from the S line ratio. However, these temperatures are
systematically lower than the bremsstrahlung temperature. Furthermore, the bremsstrahlung
temperature gradually goes high with the distance from the center. These suggests that the
plasma in the M87 region is not isothermal, as has already been reported with the Einstein
satellite (eg. Canizares et al. 1982 [23]; Lea et al. 1982 [77]; Tsai 1994 [134]), and that the
temperature in the outer region is higher than in the inner region.

We show the equivalent widths of emission lines as a function of the distance from the M87
center in figure 6.5. The equivalent widths of Si XIII and XIV, S XV and XVI, and Fe XXV
rapidly decrease as the radius increases. This may indicate that the abundances of Fe, Si, and
S are larger in the center of M87 than in the outer regions. On the other hand, equivalent
widths of Ar XVII, Ca XIX and the blend of Ni XXVII and Fe XXV show no clear gradient,

though the statistical errors are very large.
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Table 6.1: The result of the thermal bremsstrahlung and narrow line model fitting to the SIS
spectra.”

Radius 072" 2747 476" 6'-8' 8'-10" 0'-10 Identify
Brems kT 2.00 2.18 2.31 2.46 2.55 2.29
(keV) (1.93-2.07) (2.12-2.24) (2.24-2.38) (2.38-2.55) (2.45-2.66)  (2.25-2.32)
X2 /d.o.f. 240.1/206  328.7/251  279.4/253  262.1/246  239.3/231  475.4/355
Center 1.83 1.84 1.84 1.86 1.81 1.84 Si X111
(keV) (1.83-1.84) (1.83-1.85) (1.83-1.87) (1.83-1.90) (1.76-1.84) (1.83-1.84)
Flux 1.71 1.72 0.78 0.61 0.41 4.62
(10~*ph cm~2 s=1)  (1.43-1.98) (1.25-2.18) (0.42-1.10) (0.36-0.86) (0.23-0.60)  (3.75-5.54)
' 'S Equivalent Width 43 30 18 17 14 23
(eV) (36-51) (24-38) (10-26) (10-25) (8-21) (19-28)
(a) (b) | Center 1.98 1.99 1.99 1.99 1.98 1.99 Si xIv
(keV) (1.97-1.98)  (1.99-2.00) (1.98-1.99) (1.99-2.00) (1.97-1.99)  (1.99-1.99)
Temperature inferred by the bremsstrahlung model Temperature inferred by the line ratios ' Flux 2.77 3.23 1.96 1.33 0.82 9.67
. ' ' " ) (10~4ph cm=2 s=1)  (2.47-3.08) (2.94-3.53) (1.70-2.21) (1.09-1.55) (8.63-1.01) (9.11-10.24)
L ! T T T ] A L R ] , Equivalent Width 84 73 53 44 34 57
- 1 - 1 (eV) (73-93) (66-80) (45-60) (36-50) (26—43) (53-60)
ol ] [ ] Center 243 2.46 2.46 245 2.44 345 Sxv

—~ ] 4 9t o si § (keV) (2.42-2.44) (245-2.47) (2.45-2.48) (2.42-2.48) (2.38-2.48)  (2.44-2.46)

T | + :____+:“ T =S ] Flux 1.46 1.82 0.80 0.55 0.37 4.71

o S < | (10-%ph cm=2 s=1)  (1.21-1.72) (1.57-2.08) (0.59-1.01) (0.36-0.74) (0.21-0.54)  (4.23-5.20)

5 ] 5 oL h Equivalent Width 73 68 36 29 25 45

5 [ 1 % + ] (eV) (59-86) (58-78) (26—45) (19-39) (13-36) (40-50)

a r e SIS 1 3 r + Center 2.59 2.62 2.62 2.62 2.62 2.61 S Xv1

E 4o ] E —«{s— 1 (keV) (2.58-2.60) (2.61-2.63) (2.60-2.64) (2.59-2.65) (2.60-2.64)  (2.61-2.62)

L 4 Foep . Flux 1.28 1.26 0.63 0.41 0.46 3.86

- (10~4ph cm=2 s=1)  (1.05-1.51) (1.04-148) (0.44-0.82) (0.24-0.58) (0.31-0.62)  (3.43-4.29)
Equivalent Width 74 55 33 25 36 43
N I (eV) (61-89) (45-64) (23-42) (15-36) (24-50) (38—48)
0 2 4 5 8 10 0 2 4 6 8 10 Center ‘ 3.12(fix) 3.12(fix) 3.12(fix) 3.12(fix) 3.12(fix) 3.12 Ar XvIi1
Radius (arcmin) Radius (arcmin) %‘kleV) 0_40 0_54 0;8 0_24 _0‘ (3~1{)‘1?5-14)
ux . . . . .
. L . . 10~*ph cm~2 s~1 25-0. 38-0. 0.21 0.11-0.37 0.07 0.88-1.48
Figure 6.4: Temperature distribution as a function of the distance from the center of M87: (a) ~ | ™ quuivﬁ,’lem Width ) 3_5? 55) (@ 370 70) (<6 ) 23 ) (<0 ) ( 21 :
) ) (eV) (24-55) (26—49) (<17) (11-35 (<9) (16-26)
the temperature of thermal bremsstrahlung model for the SIS (circles) and GIS (triangles); (b) | Center 3.80(fix)  3.80(Ax)  3.89(hx) 3.89(ﬁx)) 3.89(fix) 3.89 Ca XIX
) ) ) ) (keV) — — — — — (3.87-3.90)
the temperature inferred by the line ratios of Si (closed squares) and S (open squares) Flux 0.22 0.36 0.14 0.18 0.07 1.00
(10~%ph cm=2 s™1)  (0.10-0.33) (0.24-0.48) (0.04-0.24) (0.08-0.28)  (<0.15) (0.76-1.22)
Equivalent Width 42 48 21 32 15 33
(eV) (20-64) (32-64) (5-37) (15-49) (<34) (26-41)
Center 6.69 6.65 6.68 6.68 6.64 6.67 ~ Fe XXV
(keV) (6.67-6.72)  (6.62-6.69) (6.66-6.70) (6.67-6.70) (6.62-6.66)  (6.66-6.68)
Flux 0.69 0.83 0.68 0.78 0.54 4.44
(10~4ph cm™2 s=1)  (0.54-0.85) (0.68-0.98) (0.55-0.82) (0.64-0.92) (0.42-0.66)  (4.04-4.83)
Equivalent Width 1154 824 735 906 739 1060
(eV) (888-1455)  (674-1000)  (587-897)  (734-1088)  (568-921)  (958-1165)
Center 7.86(ix) 7.86(fix) 7.86(fix) 7.86(fix) 7.86(fix) 7.86 Fe XXV
(keV) — — — — — (7.75-7.92) and Ni xXvII
Flux 0.23 0.10 0.31 0.20 0.14 0.55
(10~%ph cm=2 s=1)  (0.05-0.41)  (<0.22)  (0.17-0.46) (0.06-0.35) (0.02-0.25)  (0.30-0.79)
Equivalent Width 860 220 711 474 378 277
(eV) (196-1572)  (<493)  (371-1066)  (134-829)  (61-712) (152-405)

* The errors in the brackets are at 90% confidence level.




6.2. SPECTRAL ANALYSIS AND RESULTS

67

Table 6.2: The result of the thermal bremsstrahlung and narrow line model fitting to the GIS

spectra.”
Radius 0'-2 2'4' 476 6'-8’ 8/-10’ 0'-10’ Identify
Brems kT 2.05 2.38 2.42 2.54 2.47 2.31
(keV) (1.90-2.21)  (2.23-2.55) (2.26-2.58) (2.37-2.73) (2.28-2.68) (2.24-2.39)
x?/d.o.f. 163.8/128 173.2/176 193.4/185 150.8/178 196.8/164  404.3/356
Center 6.64 6.69 6.63 6.60 6.60 6.63 Fe xXv
(keV) (6.59-6.69)  (6.63-6.74) (6.57-6.69) (6.55-6.65) (6.54-6.67) (6.60—6.65)
Flux 1.05 0.83 0.78 0.81 0.59 4.20
(10~*ph cm~2 s~1)  (0.86-1.23)  (0.67-1.00) (0.62-0.94) (0.66-0.97) (0.45-0.74) (3.77-4.64)
Equivalent Width 1415 807 733 834 712 944
(eV) (1098-1777)  (617-1015)  (562-929)  (652-1031)  (517-926)  (825-1074)
Center 7.82(fix) 7.82(fix) 7.82(fix) 7.82(fix) 7.82(fix) 7.82 Fe XXV
(keV) — — — — — (7.75-7.90)  and Ni XXVvII
Flux 0.30 0.27 0.30 0.13 0.16 1.10
(10~*ph cm~2 s~1)  (0.16-0.45)  (0.13-0.41) (0.16-0.44) (0.01-0.25) (0.03-0.28)  (0.83-1.39)
Equivalent Width 897 521 580 276 388 527
(eV) (432-1438) (242-835) (295-895) (24-553) (79-736) (382-681)

* The errors in the brackets are at 90% confidence level.
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6.2.3 Thin Thermal Plasma Model

Many emission lines detected with ASCA tells us that the X-ray emission of M87 is due to
optically thin plasma. Therefore, we tried to fit the SIS and GIS spectra simultaneously with
a thin thermal plasma model modified by interstellar absorption over the entire energy band of
0.4 — 10 keV for the SIS and 0.7 — 10 keV for the GIS. The plasma temperature, normalizations
(i.e. emission integral; hereafter EI) for the SIS and GIS, interstellar absorptions for the SIS
and GIS and metal abundances of O, Mg, Si, S, Ar, Ca, and Fe were free parameters. We used
the metal abundances given by Anders and Grevesse (1989) (2] as the solar values (table E.1).
We fixed the abundances of C, N and Ne to be the same as that of O. Furthermore, we set
the Ni abundance equal to that of Fe. The other elements in table E.1 like He, Na, Al and so
on are fixed to be the solar values. For the plasma model, we used the Raymond-Smith model
(hereafter RS model; the revised version of Raymond and Smith (1977) [110]). Comparison
between the RS model and MEKAL model is given in Appendix B.

The best-fit x?/d.o.f is given in table 6.3. This model is rejected in view of the large
values of x?/d.o.f.. In figure A.5, we give best-fit model curves and their residuals. Significant
residuals were found around 1 keV and above 7 keV; also, the isothermal model gave a poorer

fit in the inner regions rather than in the outer regions.

Table 6.3: The x?/d.o.f values of the one-temperature RS model fitting.
0-2' 24 4'-6' 6'-8' 8- 10
chi’[d.o.f. 1821/629 1882/716 1209/726 985.1/712 914.5/682

We then tried a two-temperature model. In the two-temperature model fits, the free pa-
rameters were the temperatures of the hot and cool components, the abundances of O, Si, S,
Ar, Ca, and Fe, the normalizations of the hot component for the SIS and the GIS, the ratio
of normalization of the cool component to that of the hot component, and the interstellar
absorptions for the SIS and the GIS .

We assumed that the metal abundances for the cool component is the same as that of
the hot component. Without this assumption for elements other than Fe, the present data
gave virtually no constraint on the abundances in each plasma component. Fe is reasonably
constrained without this assumption. However, the result strongly depends on plasma model.
In figure 6.6, we show confidence contours of Fe abundance. when we fitted the spectra of the

innermost region of M87 (0’ 2) with the RS and MEKAL model. In case of the RS model, Fe
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abundance of the cool component is almost the same as that of the hot component. On the other
hand, when we used the MEKAL model, Fe abundance of the hot component is significantly
larger than that of the cool component. This difference between the RS and MEKAL model
is due to the difference in estimation of the Fe-L shell emission lines. Therefore we should not
separate Fe abundance of the cool component from that of the hot component until this Fe-L
shell emission problem will be solved. If we assumed that Fe abundance of the cool component
is the same as that of the hot component, there is no clear difference in Fe abundance between

the RS and MEKAL model (see Appendix B.)

Confidence contours Confidence contours
M87 Q' - 2' 2RS M87 Q' — 2' 2MEKAL
. - — v T

- T T v T T T

T T N T
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Fe Abundance of Cool Component (solar)

Figure 6.6: Confidence contours of Fe abundance when we fitted the spectra of the innermost
region of M87 (0’~2') with the two-temperature plasma model. The horizontal axis shows the Fe
abundance of cool component, and the vertical shows that of hot component. Three contours

of each panel show Ax? = 2.71, 4.61, 9.21: (a) RS model, (b) MEKAL model.

We demonstrate the best-fit model curves in figure A.6, which can be compared to figure
A.5. We found that the two-temperature model gives a significant improvement on the single-
temperature model. The best-fit parameters from each region are given in table 6.4. The derived
kT for the lower temperature component is consistent with that derived by the Einstein 5SS
(Lea et al. 1982 [77]).

In terms of the x2?/d.o.f. value, the two-temperature model was still rejected statistically.
We therefore further tried a 3-temperature model, but obtained no improvement in the x?/d.o.f.
value. The large x? values come primarily from residuals near to 1 keV and 0.5 keV. The large

residuals around 1 keV is consistent with an origin in the Fe-L complex. Since the atomic data
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' of these lines still have considerable ambiguity, the residual structure may depend on the thin
thermal model that we used. We therefore tried the MEKAL model and found no essential
difference from the RS model (Appendix B). We defer any discussion of the 1 keV structure in

further detail until more reliable iron L-shell data become available to the thin plasma codes.

A lts of the two-temperature RS model fitting.” . . _
Rﬁ?ible 6.4 The resu ;_2, > 2 T T 5—10’ ' For the large residuals around 0.5 keV, Yamashita (1995) [143] reported that many objects
Na(SIS 5.78 6.59 6.25 5.04 5.41 | . . o . . .
(lgzocm)-z) (5.22-6.36) (6,1;_168,96) (5.72?—2%74) (4.53;%.55) (4,3225%02) ) show the structures like this and concluded that this is possibly due to a calibration problem
f‘{‘gé? ‘I,iz-z) (1.8%347.90) (1.84-3.98) (0.89-3.71)  (<2.05)  (0.03-3.85) of the SIS. Accordingly, we presently consider the two-temperature model to be an adequate
P%@) 117 1.36 T4l 14 143 tati £ the dat
ik;V) (1.1;—511.24) (1.3;1;12.38) (1.33?-2;.44) (1.43—217.61) (1.3;15]567) representation of the data.
(ke2V) (2.37-2.81) (3.01-4.01) (2.92-3.57)  (3.06-3.80) (2.78-3.90) We found that the temperatures of the hot and cool components are almost constant within
Abundance (Solar) . ) . )
0 0.32 0.35 0.44 0.33 0.29 l"'" f~  the M87 region which are shown in 6.7. The mean value of the best-fit temperature of the hot
(0.23-0.42) (0.27-0.43) (0.34-0.54) (0.23-0.45)  (0.17-0.43)
Mg 0.00 0.00 0.00 0.00 0.00 ‘ and cool component weighted using relative errors is 2.9 and 1.4 keV.
(<0.01) (<0.01) (<0.02) (<0.03) (<0.11)
Si 0.76 0.68 0.60 0.62 0.47
(0.68-0.83) (0.62-0.74) (0.54-0.67) (0.55-0.69)  (0.39-0.55) Temperature Distribution
S 0.74 0.66 0.49 0.50 0.42
(0.66-0.82) (0.60-0.73) (0.42-0.55) (0.42-0.58) (0.33-0.52) « — ——
Ar 0.57 0.74 0.33 0.53 0.34 i ‘
0.34-0.80) (0.54-0.88) (0.13-0.53) (0.29-0.77)  (0.09-0.60) I
Ca ( 0.89 0.96 0.36 0.54 0.38 [ 4%7—59—
(0.55-1.24) (0.65-1.18) (0.07-0.65) (0.21-0.87)  (0.04-0.73) = "r
Fe 0.55 0.45 0.37 0.35 0.29 T |0
(0.51-0.59)  (0.42-0.48)  (0.34-0.40) (0.32-0.38)  (0.26-0.33) = —ql:‘—-
EI(SIS)S 7.89 7.25 7.24 6.80 6.08 5 oL ]
(108 ¢cm—3) (6.19-8.73)  (5.57-8.50) (6.09-8.35) (4.81-7.47) (3.70-7.32) 3] L
EI(GIS)S 8.48 6.33 7.38 6.75 6.81 f 2 L b
(108 cm—3) (6.65-9.40) (4.94-7.43) (6.21-8.52) (4.77-7.42) (4.18-8.21) \ E, [ e
EI ratiot 0.94 1.76 1.14 0.80 0.60 -r y
(cool-kT/hot-kT) (0.72-1.52)  (1.32-2.68)  (0.83-1.59) (0.62-1.55) (0.31-1.65) i
Cool Component i :
F"S(Ilg—n erg/s/cm?)} ‘.40 ' 1583 539 153 0.99 ob— R é e Figure 6.7: Temperature distribution of the
. . . : . 5 :
71 3.57 2.64 1.71 1.19 . i
Lx‘ffgu erg/s)tt ? reay — Radius (arcmin) two-temperature RS model.
SIS 7.29 11.71 7.28 4.22 gg;
GIS 7.84 10.23 7.43 4. .
H°}f&'35?1" i':; /s /em?)t | We show in figure 6.8(a) the distribution of the ratio of EI of the cool component to that of
SGI[SS §j2§ 3:;2 3:‘2’2 §j§i 313?, the hot component. There is only weak evidence of a radial variation of the EI ratio within its
41
Bl e . 9.17 8.83 8.28 7.02 large errors. However, since the EI and temperature of each component are strongly coupled in
SIS 8.99 g p g p
GIS 9.65 8.00 9.00 8.22 7.87 , . ‘
x2]d.o.1. 1016/627  1127/714 _ 971.2/724 _ 850.5/710  851.4/680 | the fitting procedure, we fixed the temperature of the hot component to be its mean value (2.9

+ The errors in the brackets are at 90% confidence level. keV) and re-evaluated the spectral parameters. The best-fit parameters and model curves are

§ EL is Emission Integral of hot component. shown in table 6.5 and figure A.7. Except for EI, flux, luminosity of each component and EI
1 Ratio of EI of cool component to that of hot component.
t X-ray flux in the 0.5 — 10 keV band from each annulus.

tt X-ray luminosity in the 0.5 ~ 10 keV band from each annulus. we can find that the cool component decreases more rapidly than that of the hot component.

ratio, we can see no essential differences between table 6.4 and 6.5. However, in figure 6.8(b),

Plots of the radial distribution of the best-fit abundances for each element are given in figure
6.9. We can see that the abundances of Si, S, and Fe have a strong concentration toward the
MST center, as suggested in subsection 6.2.2. On the other hand, the O abundance is rather

constant from place to place. We can say nothing about the distributions of Ar and Ca, because
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(a)

El ratio (cool/hot)

” T ' ' ! ' ' ' ' ' Table 6.5: The results of the two-temperature RS model fitting. The temperature of the hot
i 1 component is fixed to 2.9 keV.*
i 1 Radius =2 24 -6 68 §-107
- 1 Nu(SIS) 5.95 6.45 6.17 499 5.35
~ F i (1020cm=2) (5.39-6.52) (6.02-6.89) (5.71-6.63) (4.49-5.49) (4.77-5.93)
i Ny (GIS) 3.48 3.18 2.25 0.51 2.80
2 — ] (102° cm~2) (1.97-5.02) (1.72-4.39)  (0.85-3.65)  (<2.07)  (0.29-3.83)
o g . kT1(keV) 1.25 1.33 1.39 1.42 1.40
- | (1.23-1.27)  (1.31-1.34)  (1.36-1.41) (1.39-1.47) (1.34-1.44)
i f | F gt kT2(keV) 2.9(fix) 2.9(fix) 2.9(fix) 2.9(fix) 2.9(fix)
— ] Abundance (Solar)
o] 0.29 0.38 0.46 0.40 0.31
. (0.21-0.39)  (0.29-0.46)  (0.36-0.56)  (0.29-0.52)  (0.18-0.45)
- Mg 0.00 0.00 0.00 0.00 0.00
i | (<0.01) (<0.01) (<0.03) (<0.04) (<0.13)
| Si 0.71 0.72 0.63 0.65 0.48
- A 1 . 1 ‘ 1 . | ] | (0.65-0.77)  (0.67-0.77)  (0.58-0.69) (0.58-0.73)  (0.41-0.57)
S 0.72 0.69 0.50 0.50 0.43
0 2 4 6 8 10 (0.64-0.80)  (0.62-0.76)  (0.43-0.57) (0.41-0.58)  (0.33-0.52)
Radius(arcmin) Ar 0.65 0.68 0.29 0.46 0.32
(0.42-0.88)  (0.49-0.87) (0.10-0.48) (0.23-0.68)  (0.07-0.57)
Ca 0.97 0.87 0.33 0.50 0.36
(b) . (0.61-1.33)  (0.60-1.15)  (0.06-0.60) (0.20-0.80)  (0.03-0.69)
: ' Fe 0.52 0.48 0.39 0.37 0.31
El ratio (cool/hot) (0.49-0.55) (0.45-0.50) (0.36-0.41) (0.35-0.40)  (0.28-0.33)
. , : i , ' . i | EI(SIS)3 5.84 8.91 8.40 8.02 6.69
i | - (10%¢ cm™?) (5.52-6.16) (8.55-9.27) (8.06-8.74) (7.69-8.35) (6.38-7.04)
i ' EI(GIS)S 6.28 7.78 8.57 7.96 7.51
T (1054 cm=3) (5.94-6.61) (7.47-8.09) (8.23-8.92) (7.64-8.27) (7.17-7.85)
I 1 EI ratiot 1.68 1.19 0.82 0.50 0.44
- : (low-kT/high-kT) (1.52-1.86) (1.10-1.30)  (0.71-0.91)  (0.43-0.57)  (0.37-0.52)
~N . Cool Component
| | Fx(10711 erg/s/cm?)t
= _+__ i | SIS 3.07 3.29 2.02 1.19 0.83
o 1 GIS 3.47 3.07 2.23 1.29 0.96
o " : || Lx(10%! erg/s)tt
L —_— ] SIS 9.32 10.05 6.16 3.52 2.41
- L GIS 10.03 8.79 6.29 3.50 2.70
7] Hot Component
I —_’+—" ] Fx(10™11 erg/s/cm?)t
- : | SIS 2.42 3.66 3.39 3.26 2.61
i —_— 4 -_ GIS 2.68 3.34 3.64 3.45 3.06
g Lx(10*! erg/s)tt
o . 1 . 1 . ' . 1 SIS 7.02 10.71 9.88 9.37 7.55
: : GIS 7.54 9.36 10.09 9.31 8.47
0 2 4 6 8 10 x2]/d.0.]. 1020/625  1131/715  974.1/725 _ 858.9/711 __ 852.7/681
Radius(arcmin)
* The errors in the brackets are at 90% confidence level.
§ EI is Emission Integral of hot component.
. . .. . t Ratio of EI of cool component to that of hot component.
Figure 6.8: Ratio of emission integral of the cool component to that of the hot component ' t X-ray flux in the 0.5 fo keV band from each annulus

plotted as a function of the radius from the center of M87: (a)both temperatures of the hot | tt X-ray luminosity in the 0.5 - 10 keV band from each annulus.

and cool components are free parameters, (b)temperature of the hot component is fixed to be
2.9 keV.
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the errors are relatively large. There is no evidence of a gradient of S/Fe or Si/S over the entire

image, and the observed Si/Fe ratio is similar to that found in clusters of galaxies (Mushotzky

et al. 1996 [105]).
The obvious spectral distinctions between the “cluster gas” and the gas associated with

MB87 is the rise in the absolute abundance and the increasing prominence of a cooler spectral

component.
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Figure 6.9: Abundance distribution of O, Si, S, Ar, Ca, and Fe. In this analysis, the temperature

of each component is a free parameter.
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6.2.4 X-ray Emission from AGN of M87

A power-law component, probably due to an AGN located in the nucleus of M87, has previously
been reported with HEAO-1, Einstein, and Ginga (eg. Lea et al. 1981 [78]; Schreier et al. 1982
[123]; Takano 1990 [128]; Takano and Koyama 1991 [129]; Hatsukade 1989 [57]). We therefore
examined for the presence or absence of this power-law component in the ASCA spectra and
image.

The power-law component dominates the Ginga spectra above the 4 keV band (Takano
1990 [128]; Takano and Koyama 1991 [129]; Hatsukade 1989 [57]). Therefore we study the hard
band image of M87. In figure 6.10(a), we show the X-ray image of M87 taken with the GIS in
the 7 — 10 keV band. Figure 6.10(b) shows the radial profile of this image and the point spread
function (PSF). Since the radial profile is much broader than the PSF, we concluded that we
can see no point-like object at the position of M87 in the ASCA image.

(a) (b)
MB7 GIS 7 — 10 keV

ASCA GIS3 1993 Jun 7 Exposure: 30557 s
12"32m22 1235m 8t 12"30™13° 12"29™09" - M87 GIS 7 — 10 keV
;

T
T T T ] O F
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Figure 6.10: (a) Hard band (7 - 10 keV) X-ray image of M87 taken with the GIS; (b) Radial

profile of (a). The solid line shows the expected radial profile for a point-like source.

When we fitted the ASCA spectra of the innermost region of M87 with the two-temperature
thermal plasma model, there is no significant residual in the high energy band, which can be
seen in figure A.6 and A.7. Therefore we concluded that we can find no power-law component
in the ASCA spectra.

To estimate the upper limit of the flux of the power-law component, we added the power-

law model to the two-temperature RS model and fitted the ASCA spectra of the innermost
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.

region of M87 with this model. The photon index of the power-law component is fixed to be
1.7, which is the typical value for AGN (Mushotzky et al. 1993 [102]). Furthermore, because
the flux of the power-law component and the temperature of the hot component is strongly
coupled, we fixed the temperature of the hot component to be 2.9 keV. The upper limit of the
absorption-corrected flux in the 0.5 — 10 keV band of the power-law component is 2.2x 1072
erg/cm?/s for the SIS and 2.7x107!2 erg/cm?/s for the GIS.

6.2.5 Cooling Flow Model

Many X-ray observations of M87 reported the existence of the cooling flow at the center of
M87 with the mass deposition rate of 3 — 20 Mg /yr (Fabricant et al. 1980 [40]; Fabricant and
Gorenstein 1983 [41]; Canizares et al. 1979 [22]; Canizares et al. 1982 [23]; Lea et al. 1982 [77];
Mushotzky 1984 [101]; Stewart et al. 1984 [125]).

Therefore we fitted both the SIS and GIS spectra within 10’ radius from the center with the
constant-pressure cooling flow model (hereafter “cflow” model) (Mushotzky and Szymkowiak
1988 [106]) plus an additional thermal plasma model modified by interstellar absorption; this

model is expressed as

AB(Npg) x [CF(M s Trmins Trmaz, Abundances) + P(T,.., Abundances, EI)], (6.4)

where AB is the interstellar absorption model, CF' is the cflow model and P is the additional
thermal plasma model which represents the hot plasma that has not yet cooled down. CF
is a function of the mass deposition rate M, the maximum temperature T;,,, from which the
gas cools down, the minimum temperature T;,;, to which the gas cools. the temperature is
distributed continuously from T,,.. to T, and each temperature component has emission
integral which is inversely (EI) proportional to the total emissivity of that temperature. The
additional thermal plasma component must have the same temperature as 7T,,,,. In this fitting,
the free parameters were the normalization of the cflow model (i.e. M) for the SIS and GIS,
T'maz, the abundances of O, Si, S, Ar, Ca, and Fe, the ratio of the normalization of the additional
thermal component (i.e. EI) to that of the cflow model, and the interstellar absorptions for
the SIS and the GIS. We tied the abundance of each element of the additional thermal plasma
component to be the same as that of the cflow model. Because M and Tnin are strongly
coupled, we have to fix T},;,. According to Fabian et al. 1994 [37], the lowest temperature of
the cooling flow should be below 0.1 keV. Therefore we fixed T},;, to be 0.1 keV.

The best-fit parameters and model curves are shown in figure 6.11 and table 6.6. The

large residuals and y?/d.o.f. show that this model cannot fit the ASCA spectra successfully.
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We think the reason for this failure is that the cflow model is too simple; 1) the cflow model
data and folded model data and folded model
assumes that all of the cooling flow is within the beam of the spectrometer. Since the nominal Q M87 SIS 0 — 10 g W87 GIS 0 — 10 ]
cooling radius is larger than 10’ (Stewart et al. 1984 [125]), this is an important effect for an 3 = > 2
analysis of the M87 data; 2) the cflow model does not take into account of a “dropping out” E - g -
38 3 8l
of mass with radius; 3) the cflow model does not include the abundance gradient; 4) the cflow 3 €3
model assumes that the pressure of the plasma is constant. Therefore we do not discuss about ° ,;9 ° ,:52
@] (=]
this result any further. ; ;
X o X O
L? E o dl.’ o
0.5 1 2 5 10
f"\ F channel energy (keV) channel energy (keV)

Figure 6.11: The ASCA spectrum of M87 in the 0/~ 10’ region. The solid line shows the

best-fitting cooling flow plus additional thermal plasma model.

Table 6.6: Results of the cflow model fitting

Ng(SIS) (em™2)  (6.1£0.3)x10%°
Ng(GIS) (em™2)  (2.440.7)x10%

KT in (KEV) 0.1(fix)
| T s (keV) 2.140.01
Abundance (solar)
0) 0.68+0.05
Mg 0(<0.06)
o 4 Si 0.69+0.03
' S 0.57%0.04
Ar 0.40+£0.10
Ca 0.71£0.13
Fe 0.48+0.01
M (SIS)(Mg/yr) 1.0+0.3
M (GIS)(Mg /yr) 1.240.3
' norm ratiol 0.3+0.1
chiZ]d.o.f. 957971006

The errors are at 90% confidence level.

norm of additional thermal plasma model

norm ratio =
f norm of cflow model
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6.3 Discussion

6.3.1 Interstellar Absorption

The column density for the interstellar absorption due to our Galaxy is Ng=2.6x10% cm~
(Heiles 1975 [59]). In fact, the HEAO-1 observation (Lea et al. 1979 [76]) and the Einstein
IPC observation (Fabricant, Gorenstein 1983 [41]) gave this value. The Einstein SSS spectrum
gives higher values of (5 - 20)x10?° cm™2 (Lea et al. 1982 [77]) and 17.5x10% cm~2 (White
et al. 1991 [141]). However, Tsai (1994) [134] found no evidence that the absorption is larger
than the Galactic value in the SSS spectrum, and claimed that the large value of the previous
report may have been due to remaining calibration problems.

In our analysis, although the GIS data give column densities that are consistent with the
Galactic value, those from the SIS data are ~ 5 x10% cm~2, twice the Galactic absorption.
Since the thickness of the thermal shield of the XRT and SiO, of the CCD electrode is equivalent
to ~3.5x10% cm~2 (Miyata et al. 1994 [98]), the SIS is originally not so sensitive to the Galactic
value. Therefore we think this difference of column density between the SIS and GIS is within
the errors of the present calibration of the SIS and GIS.

We should note that the GIS data give a lower column density for the mapping observation
of the Virgo cluster (see chapter 7). This suggests that the absorption seen in the central
regions of the M87 region may be real, and larger than that at the regions far from M87. This
may be due to the cooling flow (White et al. 1991 [141]).

6.3.2 Nuclear Activity of M87

We detected no strong X-ray activity due to the AGN of M87. Because M87 has the nuclear
black hole of 3x10° Mg(Ford et al. 1994 [43]; Harms et al. 1994 [55]), if an accretion from
the ICM with M ~ 10 Mg/yr occurs, it would produce quasar-like luminosity of ~ 1x10%
erg/s. It is a puzzle that such luminosity are not observed. To solve this puzzle, Reynolds et
al. (1996) [113] adopted a model of the advection-dominated accretion disc and found that the
model can explain the core flux from radio through to X-ray wavelengths.

Some of previous X-ray observations of M87 reported the luminosity of the power-law com-
ponent or the upper limit of this component (Schreier, Gorenstein and Feigelson 1982 [123];
Lea et al. 1982 [77]; Hanson et al. 1990 [54]; Takano and Koyama 1991 [129]). We converted
these values to those in the 0.5 - 10 keV band assuming the distance to M87 is 15 Mpc and

show them in table 6.7 and figure 6.12. Thus, the nucleus of M8T7 has exhibited a long-term

r\'
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variability from the Einstein to ASCA observations.

Table 6.7: Luminosity of the power-law component in the 0.5 — 10 keV band.

Detector Observation Lx(erg/ Bl Reference

HEAO-1 A2 + A4 1977 Dec. 17-31 (3.1£1.0)x10* Lea et al. 1981 [78]
HEAO-1 A2 + A4 1978 June 13 - 26 (8.1£3.7)x10%2  Lea et al. 1981 [78]
Einstein SSS 1978 June 22 - 26 (2.640.4)x10%?  Lea et al. 1982 [77]
HEAO-1 A2 + A4 1978 Dec. 16 - 1979 Jan. 1 (7.442.1)x10% Lea et al. 1981 [78]

Einstein HRI 1979 July 5 - 9 <1.4x10% Schreier et al. 1982 [123]
SI-J2XRT 1985 July 29 & Aug 6 <3.6x104 Hanson et al. 1990 [54]
Ginga LAC 1988 June 6 — 9 (6.6+1.1)x10%  Takano et al. 1991 [129]

ASCA SIS and GIS 1993 June 7 <6.6x10%0 This thesis
tLuminosity in the 0.5 ~ 10 keV band. We assume the distance to M87 is 15 Mpc.

Time Variation of the Power—Law Component of M87
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Figure 6.12: Time variability of the power law component of M87. The downward arrows show

the upper limit.
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6.3.3 Temperature Structure

We found the need for at least two spectral components in the X-ray emitting plasma in the
M87 region. The temperature of the hot component is found to be about 2.9 keV, with no
significant radial variation. The temperature of the hot component is slightly higher than that,
as found with Ginga (Takano 1990 [128]; Takano, Koyama 1991 [129]; Hatsukade 1989 [57]).
Ginga detected X-rays above 2 keV energy. If we fit the ASCA data above 2 keV with a
single-temperature model in order to simulate a Ginga observation, we derive a temperature
consistent with the Ginga result. Bohringer et al. (1994) [16] fitted isothermal models to the
ROSAT data, and derived a slightly lower temperature than that found by ASCA. However,
the range of the energy band of ROSAT is below 2.5 keV and its energy resolution is limited.
We simulated the ROSAT result by fitting a single-temperature plasma to the ASCA data in
the limited energy band below 2.5 keV, after summing the data to have an energy resolution
comparable to that of ROSAT. We find a kT consistent with the Bohringer et al. (1994) [16]
result. Therefore, the apparent difference in the estimated temperatures between the ASCA,
Ginga, and ROSAT is due to the difference in the energy bands, energy resolution, and fitted
model.

Since the temperature of the hot component obtained with ASCA is almost the same as
that obtained with non-imaging instruments with a wider field of view than ASCA, and since
the hot component extends beyond 40’ from the center (see chapter 7), we conclude that the
hot component is due to the intracluster plasma which pervades the Virgo cluster with a nearly
constant temperature of 2.9 keV [however, we note that the temperature near to the M49
subcluster has been reported to be higher than that of the M87 main cluster (Koyama, Takano,
and Tawara 1991 [75]; Takano 1990 [128])]. Since the EI of the cool component drops more
rapidly with distance from M87 than that of the hot component, and the temperature of the cool
component is also constant within the 10’ region centered on M87, it is tempting to associate the
cool component not with the intracluster gas, but rather with the M87 galaxy. Alternatively,
the cool component could be directly associated with the postulated cooling flow, since the
cooling times in the central region are very small: based on our spatially resolved spectra, less
than 2 x 10° yr in the central 2’ radius. If we attribute the luminosity of the cool component
to the cooling flow, we can estimate the mass deposition rate (M) using the relation of

5 M

= 6.5
2 kT (6.5)

L cool =

(Stewart et al. 1984 [125]), where Lcoo is bolometric X-ray luminosity of the cool component

which is equal to the energy loss rate of the cooling flow. and AT is the temperature at the
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cooling radius. Substitute our results to this equation, we get M ~ 1 Mg /yr. Since the cooling
radius of M87 is larger than 10'and we do not see the whole cooling region, this value is thought

to be the lower limit and consistent with the previous observations.

6.3.4 Abundance Structure

Although a marked gradient in the Fe abundance has been found in some clusters of galaxies
(Ohashi et al. 1994 [108]; Fukazawa et al. 1994 [45]; Ikebe 1996 [64]), such a gradient has not
been previously observed in the Si and S abundances.

We have confirmed the Ginga (Koyama, Takano, and Tawara 1991 [75]; Takano 1990 [128])
result that Fe is concentrated toward the M87 center, and have extended this result to the inner
region of M87. However, the O abundance shows no significant radial variation.

With the ASCA data of M87, the Fe abundance is determined by both the Fe K and L
lines. Therefore this Fe concentration is due not only to the increase of equivalent width of the
Fe-K emission (figure 6.5) but also to the Fe-L emissions. This is confirmed by Hwang et al.
(1997) [63], who reported that the Fe abundance derived only by the Fe-K line is consistent with
that derived only by the Fe-L lines using the ASCA M87 data. This consistency of abundance
measurements between Fe K and Fe L is also reported by Mushotzky et al. (1996) [105] and
Fukazawa (1997) [47] using ASCA data of other clusters of galaxies.

We fitted the abundance profile of iron with an analytic function of the form,
Zpe(T) = Zope — Z, (1 - eXp(—g)) - (6.6)

The best-fitting parameters and errors are 0.62+0.07 solar for Zyp., 0.38+0.11 solar for Z, and
5'.244'.5 for A\. Assuming that the density profile of the plasma of M87 is the beta profile,
we can estimate the mass of iron within 10’ from the center. According to the results of the
Einstein observation, we assumed the central proton density, beta and core radius are 3.6x 102
cm™3, 0.44 and 1.6, respectively (Fabricant and Gorenstein 1983 [41]), and calculated the iron
mass within 10’ to be 4.3x10"Mg. If the gas had a spatially uniform iron abundance at 0.3
solar, which is the abundance of the outermost region, the iron mass would be 3.6x10"Mg. We
define the difference between them, i.e. 0.7x10%Myas an “extra” mass of iron, and compared it
with the results of the stellar mass loss rate; the standard mass-loss rate is 1.5x107!'Mg/Lg/yr,
where Lp is a B-band luminosity of a galaxy in a Solar unit (Awaki et al. 1994[7]; Ciotti et
al. 1991 [24]). According to the luminosity profile of de Vaucouleurs and Nieto (1978) [2§]
with an assumption of B-band absorption of 0.06 mag (Tsai 1993 [133]), M87 has the B-band
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luminosity of Ly ~ 4.5x10'° within 10/, and we thus estimated the mass loss rate of M87 to be
0.68 Mg /yr. Assuming that iron abundance of the stellar mass loss is one solar, we found that
it would take ~ 4x10° yr for the stellar mass loss to produce the needed amount of “extra”
iron. Since the abundance ratio does not change towards the center, this also strongly limits the
contribution of a type-I SN to the production of additional metals, since they would primarily
produce Fe, and thus change the abundance ratios. A detailed calculation of the metallicity
gradient in each species would also have to include the effects of the cooling flow (Reisenegger,
Miralda-Escudé, and Waxman 1996 [111]).

The abundance ratio of O/Fe is found to be smaller than the solar value, which disagrees
with the Einstein FPCS result; the O/Fe ratio is 3 — 5 times the solar value (Canizares et al.
1982 [23]; Tsai 1994 [134]).

One may argue that the abundance of oxygen strongly depends on the column density of
the interstellar absorption. To make this clear, we performed a two-temperature analysis for
the 0’ — 10’ spectrum, in which the column density was assumed to be 1 X 10%! cm™2, about
two-times larger than the maximum value of the best-fit Nys. Still the ratio of O/Fe is found
to be at most 1.5 the solar value. Therefore, the smaller O/Fe in the ASCA data compared to
the Einstein result is not an artifact due to a possible ambiguity in the fitted column density.

For a further check of whether the line fluxes detected with FPCS (table 6.8 which is from
the table 1 of Canizares et al. 1982 [23]) are consistent with the ASCA SIS spectrum in the 0' -
10’ region, we simulated a FPCS spectrum, convolved it with the SIS response and compared it
with the ASCA SIS spectrum in the 0.4 — 6 keV band. We made a convolved FPCS spectrum by
applying a thermal bremsstrahlung model for a continuum modified by interstellar absorption,
then added 10 narrow lines with the fixed-flux ratio given in table 6.8. To this spectrum we
further added narrow lines whose center energies are outside of the energy band of FPCS (>
1.2 keV) one by one until we obtained no significant decrease in the x? value. Figure 6.13 is
the result of this “simulation spectrum” together with the real SIS spectrum of the M87 region.
The best-fit “simulated” values of the column density and temperature were found to be Ny
= 9.6 x 10 cm~? and kT = 2.1 keV, respectively. This column density is about 4 — 5 times
the Galactic value. Even with this unreasonable large Ny, we found a large model excess of
around 0.65 keV at the energy of the O vir Lya line. This suggests that the flux of the O v
Lya line estimated by Canizares et al. (1982) [23] is significantly larger than that seen in the
ASCA spectrum.

On the other hand, we noticed that there is an excess of data compared to the model at the

O vi K-a line energy of 0.56 keV. One may argue that, adding this line to the above model
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Table 6.8: X-ray lines from M87 detected with the Einstein FPCS (Canizares et al. 1982)

Line Rest Energy Corrected Line Flux! Dominant Ions
(eV) 1073 ph em™2 57}

O VIII Ly« 654 9.4+3.1 O VIII

O VIII Lyg 774 <1.2 O VIII

Blend 1 945 - 978 2.1+0.4 Fe XX, XXI, XXII

Blend 1.5 980 999 <0.56

Blend 2 1000 - 1029 1.91+04 Ne X, Fe XVII, XX, XXI, XXII

Blend 3 1030 - 1052 1.6+0.4 Fe XXI, XXII

Blend 4 1116 - 1138 0.9£0.4 Fe XIX

Blend 5 1145 1192 1.0+0.2 Fe XIX, XXIV

Blend 6 1194 1223 0.6+0.3 Fe XX

Fe XVII 826 1.230.5 Fe XVII

1 Corrected for a column density of 2x10%° cm —2.
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Figure 6.13: Result of bremsstrahlung and line-emission model fitting, where some of the lines

are in accordance with table 3.8.
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and increasing the column density, the residuals around 0.65 keV may disappear. We therefore
estimated the flux of the O vii K-a line to be one-fifth of that of the O vin Lya line using
the EI distribution of Canizares et al. (1982) [23], and added this line to the above model.
However, the result essentially did not change. We also noticed a large excess compared to the
best fit two-temperature model around 1.07 keV, which is attributable to the L-shell transitions
of Fe xxu — xxul1 Since FPCS did not detect any strong emission lines near to 1.07 keV, this
may be another discrepancy between the ASCA and FPCS data. One possible explanation of
this apparent discrepancy is attributable to the different fields of view between the ASCA and
FPCS. However, in this case, we are required to postulate large and asymmetric abundance
variations within about 30’ regions of M87, which are not clear in our data, and are inconsistent
with the ROSAT analysis of Bohringer et al. (1995) [17]. Note that the discrepancy between
the ASCA data and simulated FPCS spectrum is almost the same as that between the FPCS
and SSS data (Tsai 1994; figure 3.8). We think this suggests some problems exist in the FPCS
data rather than in the ASCA data.

We found that the abundances of S and Si in the inner regions are larger than those of O
and Fe, with no significant gradients on the ratios of Si:S:Fe. The Si:Fe ratio is rather similar
to that found in rich clusters, while the S:Fe ratio is rather larger (Mushotzky et al. 1996 [105];
Fukazawa 1997 [47]).

The abundance ratio of O/Fe is smaller than the solar ratio. This combination of low O:Fe
and high Si:Fe is rather difficult to account for in relatively straightforward models of chemical
evolution (Loewenstein, and Mushotzky 1996 [82]), since both O and Si tend to come from the

same massive stars.

Chapter 7

ASCA Mapping Observation of the
Virgo Cluster

7.1 Observations and Data Reduction

ASCA observed the region 40’ northwest of M87 (hereafter “M87NW”) on 1994 June 8. Fur-
thermore, ASCA conducted mapping observations of the Virgo cluster from 1996 December 25
to 28 and from 1997 June 14 to 18. The log and positions of the observation are shown in table
7.1 and figure 7.1.

The SIS data were obtained with the 4-CCD bright mode for the M87 NW region, and the
2-CCD faint mode for the other observations. However, since the SIS was heavily damaged by
proton irradiation while in orbit, the energy resolution and dark current of the SIS at the time
of the Virgo mapping observation were significantly degraded and increased compared with
those just after the launch of ASCA (Yamashita 1995 [143]; Dotani et al. 1996 [30]; Tomida et
al. 1997 [132]). Therefore we did not used the SIS data.

The GIS data were obtained with the normal PH mode. We excluded the data affected by
the South Atlantic Anomaly, Earth occultation, and regions of low geomagnetic rigidity. We
also applied a rise-time rejection to exclude particle events.

From the ROSAT observations (Bohringer et al. 1994 [16]), it is predicted that the X-ray
flux from the Virgo cluster at the position far from M87 (like P1, P7, P8 and P9) is comparable
to the background level (i.e. sum of the Cosmic X-ray Background (CXB) and Non X-ray
Background (NXB)). Therefore, we further apply the “flare-cut” criteria to exclude the NXB
events as many as possible (Ishisaki 1996 [67]; Ishisaki et al. 1997 [68]).

After the above mentioned data screening, we corrected the pulse height gain, and combined

88
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Table 7.1: Log of ASCA observations of the Virgo cluster.
Filed Position(J2000) Distance Date (UT)T Exposure§ Né
RA(HM S) DEC(D M S) arcmin Start End (sec) (10?0 cm—2)

M87 NW 1228 24.14 12 38 50.64  37.78 93/06/08 07:11 93/06/08 18:36 27528 2.62
P1 1222 56.21 1341 53.16 138.51 96/12/25 19:15 96/12/26 11:20 39054 3.00
P2 12 23 33.29 1307 13.80 114.13 96/12/26 11:20 96/12/26 22:19 39044 2.88
P3 12 25 15.38 1332 32.28 105.85 96/12/26 22:21 96/12/27 15:20 40644 2.92
P4 12 27 34.03 13 23 21.84 75.66 96/12/27 15:21 96/12/27 20:30 17914 2.78
P5 12 29 15.82 13 48 50.04  87.67 96/12/27 20:30 96/12/28 03:47 17302 2.73
P7 12 24 02.98 14 41 27.60 168.86 97/06/14 22:05 97/06/15 15:51 53200 2.70
P8 12 24 36.48 14 07 56.28 137.51 97/06/15 16:26 97/06/16 06:44 39156 2.86
P9 12 26 19.03 14 32 45.60 144.25 97/06/16 06:15 97/06/16 20:46 37890 2.67
P10 12 26 58.08 13 59 48.48 110.78 97/06/16 21:18 97/06/17 09:25 39136 2.79
P11 12 28 34.06 14 22 36.12 122.91 97/06/17 08:56 97/06/18 01:47 34818 2.63
P12 12 30 12.98 13 18 25.56 55.05 97/06/14 11:37 97/06/14 22:10 20052 2.65

q Distance from the center of M87. The coordinate of the center of M87 is («, &) 2000 = (12
30 46.46, 12 23 59.28).

T The start and end time of observation in year/month/day hour:minutes.

§ Total exposure time of the GIS 2 and 3 after the data screening described in section 7.1.

1 Galactic line of sight column density from Einstein On-line Service(EINLINE)

5~ NGCa579

12h55m

M87|

12hB50m

i
12h25m

e 412400

12h20m

Virgo GIS2+3 image

Figure 7.1:

(Kikuchi 1997).

X-ray image of the
Virgo cluster obtained with the GIS
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the GIS2 and GIS3 data.

7.2 Analysis and Results

7.2.1 Source Detection

‘The GIS images in the 0.7 - 10 keV and 3 - 10 keV bands are shown in figure C.1. We can see
some X-ray peaks in these images.

To study the X-ray spectrum from the ICM in the Virgo cluster, we have to exclude con-
tamination of X-ray sources other than ICM. For this purpose, we did source detection for
these images in the 0.7 — 10 keV band. We extracted a peak count rate from a 1'.3 x 1.3
square region, and estimated background counts using a source-free region near to the peak in
the same field of view. After subtracting the background count rate from that of the peak, we
regarded the peak having signal-to-noise ratio greater than 5.0 as a source. We calculated the
real source count rate correcting for the point spread function (the 1’.3 x 1'.3 square region
includes about 36% of the incident flux) and the XRT vignetting. We then converted these
count rates to absorption corrected X-ray fluxes assuming photon indices of their spectra are
equal to 1.7 which is the typical value for AGN (Mushotzky, Done and Pounds 1993 [102]) and
Galactic column densities shown in table 7.1. We summarized the results in table 7.2. In table
7.3, we show the candidates for the sources of which S/N ratios are greater than 4.5 and less
than 5.0. In these tables, we also showed the source count rates estimated using images in the
3 — 10 keV band. Note that the three sources in P12 are extremely brighter than the other
sources. Since P12 is close to M87 which is a very bright X-ray source, the region is heavily
contaminated by the stray light from M87. Furthermore, all the positions of the three sources
are at the nearest side of M87. Therefore we think these are probably artifacts due to the stray
light from MS87.

Using sources in table 7.2, we can estimate the Log N - Log S relation. To derive this

relation, we have to count the number of sources with flux greater than S, and calculate

Number of Sources (flux > §)
Q(S) 7

N(>$) = (7.1)

where (U(S) represents the net area where the sensitivity limit is achieved to be less than S
(eg. Ueda 1996 [140]). Therefore we have to estimate the completeness area, 2(S). Since the
sensitivity limit depends on parameters such as the exposure. vignetting, and background level,

it is different from point to point even in the same field of view. Thus it is very complicated
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and difficult work to estimate Q(S) correctly (Ueda ‘1996 [140]), and it is beyond the scope of
this thesis. Therefore, we used the net observed area as Q(S). In this case, we have to regard
N(> S) as the lower limit. Excluding the regions of M87TNW and P12 because these two have
strong contamination of the stray light from MB87, Q(S) is 3.3 deg?. Then we calculated the
Log N - Log S relation, which is shown in figure 7.2. Note that the area upper than the solid
line is the allowed region by our analysis. In this figure, we also show the result of the ASCA
CXB study (Ueda 1996 [140]). Though the relation we derived is the lower limit, it is almost
the same as that of the ASCA CXB study above 1.0x107!3 erg/cm?/s in the 2 — 10 keV band.
Since the difference between our Q(S) and the real Q(S) is expected to decrease as .S goes high,
we think our estimation of N(> S) is a good approximation of the real N(> S) in a high flux
region. Therefore this suggests that though there are many galaxies in the Virgo cluster, most
of them emit no strong X-rays. This can be seen in figure C.1, where positions of most of the
VCC sources (Binggeli et al. 1985 [12]) are not coincident with X-ray structures detected with
ASCA.

o Log N — Log S relation

T T T T T T T

10

T T
Lo1otran

T
|
|
L

10

T

N(>S) (deg™?)

---Ueda 1996

T

1073 10
2 — 10 keV Flux (ergs/cm?/sec)

Fo- 14

Figure 7.2: Log N - Log S relation derived by the Virgo mapping observation. Note that the
region upper than the solid line is allowed by our analysis. Dashed line shows the result of the

ASCA CXB analysis (Ueda 1996).
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Table 7.2: ASCA GIS detections in the Virgo Cluster Region.

Filed No.  Position(J2000) Count Ratet Flux) S/N3 ID Reft
RA DEC All Band Hard Band
HMS DMS (0.7-10keV) (3-10keV) (0.5-10keV) (2-10keV)

1 1 1222 21.8 13 48 15.8 8.77+1.56 2.44+0.81 4.0£0.7 2.6£0.5 5.61 121957+135702 BBNO91

1 2 1223225 134138.2 5274096 2.26+0.57 24404 1.6£0.3 5.52

1 3 1222309 134009.8 9.53+1.52 6.34+0.89 4.3£0.7 2.840.4 6.23

2 1 1223 11.1 13 04 09.8 9.74+1.27 3.02+0.70 4.410.6 2.9+04 7.65 PGC40202 RC3

2 2 12 23 51.9 13 04 09.8 4.88+0.96 1.22+0.52 22404 1.4+03 5.11

2 3 122416.6 1301055 9.94+1.63 3.94+0.96 4.5£0.7 2.94+0.5 6.11 VCC0723 VCC

3 1 12 26 06.4 13 24 18.2 10.3£2.02 3.23+1.11 4.7+£0.9 3.0+£0.6 5.09

3 2 1226023 1320521 159+2.55 1.58+1.10 7.2+£1.2 4.740.7 6.21

3 3 122526.5 1323196 7.77£1.50 0.48+0.65 3.5£0.7 2.3+0.4 5.18

5 1* 1229315 1346 00.0 14.6+1.98 3.32t1.06 6.6+0.9 4.3+0.6 7.39 12274140 HB8&9

5 2* 1229279 1344322 14.24+1.94 4.11+1.13 6.5+0.9 4.240.6 7.32

7 1 12 23 47.7 1439 00.7 3.77+0.68 1.41+0.42 1.7+0.3 1.1+£0.2 5.52

8 1 1224 02.5 14 12578 7.79£1.31 3.14+0.81 3.51+0.6 2.3+04 5.95

8 2 12 24 50.7 14 15 47.3 7.40+1.35 2.37+0.78 3.41£0.6 2.24+0.4 5.47 12224145 HB89

8 3 1224 32.4 1407 11.8 4.63+0.85 1.30+0.47 2.1+£0.4 1.440.3 5.43 12224143 TXS

9 1 12 26 08.4 14 33 37.5 4.31+0.78 1.75+0.48 2.0+0.4 1.34+0.2 5.54

9 2 12 26 36.3 14 31 02.9 12.5+1.27 3.57+0.70 5.74£0.6 3.7404 9.81

10 1* 122653.0 135537.6 8.95+1.13 2.80+0.60 4.1+0.5 2.6+0.3 7.90

10 2* 122631.8 1352555 6.96+1.24 1.99+0.64 3.2+0.6 2.0+0.4 5.60 122400.4+140831 87GB
- or VCC924 VCC

10 3* 1226282 135508.0 7.81+1.28 3.05+0.71 3.6+0.6 2.3+0.4 6.13

12 1 123047.2 1302 13.6 49.1+7.50 4.48+3.04 22.3+3.4 14.4+2.2 6.55

12 2 12 30 05.9 13 02 58.0 47.1+£5.85 2.72+2.17 21.4+2.7 13.8+1.7 8.04

12 3 12 29 42.7 1303 05.3 32.8+6.16 1.91+2.52 14.942.8 9.6+1.8 5.33 VCC1229 vCC

*: Contaminates with each other.

{: After corrections of the point spread function and the vignetting. The unit is 10~3 counts/sec.

§: Signal-to-Noise ratio in the 0.7 — 10 keV band. Only the sources with S/N > 5.0 are shown in this table.

9q: Absorption corrected X-ray flux calculated from the count rate in the 0.7 - 10 keV band assuming the photon index of 1.7 and

Galactic column density in table 7.1. The unit is 10713 erg/sec/cm?

t: VCC = Binggeli, Sandage and Tammann 1985 [12]
BBN91 = Batuski et al. 1991 [10]
RC3 = de Vaucouleurs et al. 1991 [29]
HB89 = Hewitt and Burbidge 1989 [61]
TXS = Douglas et al. 1996 [31]
87GB = Gregory and Condon 1991 [53]

Table 7.3: Source candidates detected with the ASCA GIS in the Virgo Cluster Region.

Field No.  Position(J2000) Count Ratet Flux" /N8 ID Ref!
RA DEC All Band Hard Band
HMS DMS  (0.7-10keV) (3-10keV) (0.5-10keV) (2-10keV)

1222 48.1 1349 00.2 5.14+£1.06 0.96%0.54 2.3+0.5 1.5+£0.3 4.83

12 24 18.1 1307 21.1 6.78+1.38 2.11+0.78 3.1+£0.6 2.0+0.4 4.90

1225 154 1334 37.2 4.35+0.92 2.32+0.56 2.0+0.4 1.3+0.3 4.72

12 26 08.4 1327 07.6 8.86+1.80 1.55+0.89 4.0+0.8 2.6+£0.5 4.91

1225 16.9 1316 56.7 10.4+2.19 1.35+1.04 4.7t1.0 3.1£06 4.74 VCCO0789 vCcC
1225 11.9 1322428 6.57+1.45 1.25£0.67 3.0+0.7 1.9+04 4.52

1224 39.0 14 53 44.3 7.18+1.45 0.62+0.71 3.3+0.7 2.1+£0.4 4.94

1224 20.7 14 40 21.7 3.83+£0.78 1.19%0.46 1.743.5 1.1£0.2 4.92

12 23 27.4 14 38 23.7 4.07+£0.85 1.33£0.50 1.940.4 1.240.3 4.78

0 1227 279 1356 58.5 6.45+1.11 2.98+0.78 2.940.6 1.940.4 4.56 122457.8+141307 87GB
0 1227234 1353102 6.98+1.49 3.214+0.82 3.240.7 2.1£04 4.70

t: After corrections of the point spread function and the vignetting. The unit is 103 count/sec.

§: Signal-to-Noise ratio in the 0.7 — 10 keV band. The candidates for the sources with 4.5 < S/N < 5.0 are shown in this table.

i IR IR IO SO SO R
PN O R Y

[

q: Absorption corrected X-ray flux calculated from the count rate in the 0.7 — 10 keV band assuming the photon index of 1.7 and

Galactic column density in table 7.1. The unit is 10713 erg/sec/cm?
t: VCC Binggeli, Sandage and Tammann 1985 [12]
87GB Gregory and Condon 1991 {53}
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7.2.2 Spectral Analysis i

For the data of each pointing, we made an X-ray spectrum of the ICM using the events within
18’ from the center of the field of view after excluding contaminations from the sources in table
7.2 and 7.3. To exclude the contamination from each source, we discard the events within the
circular region cantered on the source whose radius is typically 3'. For a bright source, we used
larger radius than 3.

We could not use the same background as that in the case of the analysis of M87, since
that background is made with no adoption of the flare-cut criteria. Therefore we have to use
the data of other observation as a background. Because the Galactic latitude of the Virgo
cluster is rather high (the Galactic coordinate of the Virgo cluster is (I, b) = (279.7, 74.5)),
we have to use data of a region of high Galactic latitude to exclude contamination from the
Galactic ridge emission. Therefore we selected three regions of QSF3, Jupiter and Lockman
Hole as background data which are shown in table 7.4. Though the “Jupiter” observation was
conducted to observe Jupiter, it was very faint. Therefore we decided to use the field as a
background. As for QSF3, we combined the data of the 4 pointings. These have characteristics

summarized as follows;

1. These are high Galactic-latitude observations.

2. Jupiter and Lockman Hole are at the north side of the Galactic plane, while QSF3 is at

the south side.

3. The date of observation of Jupiter is near to those of QSF3. However, the observation
of Lockman Hole was conducted in 1997. Therefore, comparing them, we can study the

effect by the long-term NXB increase (Ishisali 1996 [67]; Ishisaki et al. 1997 [68]).

For these background data, we adopted the same criteria of the data screening as those
for the Virgo cluster to exclude the data affected by the the South Atlantic Anomaly, Earth
occultation, regions of low geomagnetic rigidity, and flare events. We also applied a rise-time
rejection to exclude particle events. We then did the source search in the same way as described
in the subsection 7.2.1, which resulted in the detection of 2, 6, and 5 sources in the Jupiter,
QSF3 and Lockman Hole fields. After excluding these sources, we extracted X-ray spectrum
from each observation using the events within 18" racdius from the center of the field of view.
We show the GIS spectra of these regious in figure 7.3. To study the spectral changes between

these regions, we calculated the ratio of count rate between these three regions, which are shown

=
¥
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Table 7.4: Log of observation of the background region.

Name Date Position™ ExposureT count rate' P13
YY/MM/DD 1 b (sec) c/s/detector
Jupiter 93/06/06  286.2 61.2 62160 0.219 PV
QSF3 93/07/11 250.8 -52.0 67778 0.207 PV
QSF3 93/09/10 250.8 -52.0 41481 PV
QSF3 93/09/15 250.8 -52.0 47069 PV
QSF3 93/09/21 250.8 -52.0 35836 PV
Lockman Hole  97/04/29  149.2 53.2 170384 0.265 Ishisaki, Y.

Galactic coordinates of the center of the field of view.

Total exposure time of the GIS2 and 3 after data screening.

Count rate after correcting differences of the spectral extraction area.

Principal Investigator. PV means observations in the Performance Verification phase.

o — — %

in figure 7.4, and found that the spectral shapes of these three regions are almost identical.
However, the absolute count rate of Lockman Hole is larger than those of Jupiter and QSF3,
while these two have almost the same absolute fluxes; after correcting the differences of the
spectral extraction area, the count rates in the 0.7 — 10 keV band of Jupiter, QSF3 and Lockman
Hole are 0.219, 0.207 and 0.265 counts/sec/detector, respectively.

One may argue that the difference between the count rates is due to the long-term NXB
increase (Ishisaki 1996 [67]; Ishisaki et al. 1997 [68]). To study this, we made the X-ray spectra
of night Earth in June 1993 and June 1997 using the data of the pointing observations of QSF3,
NGC4365, NGC4472, and NGC720 in 1993 and the Virgo mapping observations in 1997. We
screened the data affected by the South Atlantic Anomaly, regions of low geomagnetic rigidity.
We also excluded the flare events and applied a rise-time rejection to exclude particle events.
After the above data screening, we extracted X-ray spectra using the data obtained while ASCA
was looking at the night Earth, which are shown in figure 7.5. Although the spectral shape
of them are almost identical, the count rates of NXB in 1993 and 1997 are 0.070 and 0.085
counts/sec/detector, respectively. This increase of the NXB count rate is consistent with that
reported by Ishisaki (1996) [67] and Ishisaki et al. (1997) [68], and is too small to explain the
differences of count rates between QSF3, Jupiter and Lockman hole. Therefore we conclude
the differences of the count rates between QSF3, Jupiter and Lockman Hole is due to the
fluctuation of the CXB. According to the éXB analysis done by Ishisaki (1996) [67], the fluxes
of Jupiter and QSF3 are consistent with the average flux of the CXB within the errors, and
the relative flux uncertainty of the CXB from field to field is about 2 %. Because the count
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Figure 7.3: GIS spectra used as a background; (a) Jupiter, (b) QSF3, and (¢) Lockman Hole.
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rate of Lockman Hole is 21 % brighter than that of Jupiter, we regard Jupiter and QSF3 as a
standard background, and Lockman Hole as a extremely bright example.

Since the X-ray emission of the Virgo cluster extends over a region much larger than the
ASCA field of view, stray lights occupy a significant fraction of the photons detected at each
region. For example, in the case of the uniformly extended CXB, if we integrate X-ray photons
within the radius of 20/ from optical axis, the number ratio of the X-ray photons which come
from the region outer than 20 ' to that of the total X-ray photons is about 45 % at 1 keV
(Ishisaki 1996 [67]). In our case, M87 is extremely brighter than the surface brightness of each
region, the ratio of the contamination is expected to be larger than 45 % at 1 keV. Therefore
we have to take the stray light effect into account for the Virgo analysis. According to Ishisaki
(1996) [67], it is enough to take into account stray lights which come from the region within
180 'from the optical axis. To do this approximately, we assumed the beta model as S (71) in
Eq. (6.3), setting the the core radius and beta equal to 2.3 and 0.45, respectively, according
to the results of the ROSAT observation (Bohringer et al. 1994 [16]). To calculate the ARF,
we used the “SimARF” package. We used the standard RMF provided the GIS team.

We then fitted the X-ray spectra in the 0.7 — 10 keV band with a one-temperature RS
model modified by interstellar absorption. Free parameters are the plasma temperature, metal
abundance, and normalization. We assumed that the relative ratios of abundances between
heavy elements are the same as the solar ratios (table E.1). If we set the interstellar absorption
to be free, the best-fit values are 0 in the all observed regions. Comparing with the results
of M87 (chapter 6), this suggests that the interstellar absorption toward the center of M87 is
Jarger than that toward the region far from M87. However, since the statistical errors are large
and the confidence ranges are consistent with the Galactic values in table 7.1, we fixed them
to the Galactic values. The best-fit parameters and model curves are shown in table 7.5 and
figure D.1. The best-fit x* values show this model can fit the data quite well.

The temperature and abundance distributions are shown in figure 7.6. Though the statistical
errors are very large, both the temperature and abundance distribution seem to have spherical
symmetry. Therefore, we fitted the data of the regions having the similar radii from M87
simultaneously with the one-temperature RS model to reduce the statistical errors excluding P1.
The plasma temperature, abundance, and normalization for each region are the free parameters.
We also fixed the column density of each re‘gion to be the Galactic value in table 7.1. The best-
fit values of the x?/d.o.f. show this model can fit the spectra quite well. We show the best-fit
parameters in table 7.6. The spatial distributions of the temperature and abundance are shown

in figure 7.7.
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Table 7.5: The best-fit parameters and 90% confidence errors from the one-temperature RS

model fitting.

Name BGDY Temperature Abundance Surface BrightnessT x2/d.o.f
(keV)' (sola.r)‘ (erg/ch/s/amjn )
M87TNW ] 2. 67+§ 1§ 0. 26+§ })g 3.807004 X107 233.5/274
Q 2.657519 0.2515 08 3.821’0_05x10‘14 234.7/274
L 2.521019 0.22i3_33 3.651002x1014  235.1/274
P1 J 1,73’:”;% 0.177537 4.57T025:x107 0 54.00/59
Q 1.70704 0.13153 31 4. 89+§ 2x10715  58.53/59
L 1, 23,0 2 0. 07_0 o 3.76%5 22x10—15 45.38/59
P2 J 2. 19+§ 5§ 0.331“’_“’8 5. 43“_“”.‘°x 1071 46.06/76
Q 2. 10+8 §? 0.25703 5.701022x10715  48.51/76
L 1.4175:5] 0. 06_0 o 438102 ><10-15 39.09/76
P3 J 2. 18+§ 4*‘?’ 0. 28+" 4 6. 37+° lgxlo I 62.88/80
Q 2.1310:3 0.22752 6.617023x10715  68.86/80
L 1. 61+0 2 0. 13_0 i 5. 32+0 31x10715  65.37/80
P4 J 2.39702% 0.3275%2 1. 31+U ”“xlO -4 53.74/81
Q 2. 35+8 2 0. 29+§ it 1. 33+§ §§x10‘l4 56.06/81
L 2.0775:59 0.21%%: §3 1.211003x10714  51.77/81
P5 J 2177038 0.277054 8. 99+“ x10~1° 51.39/56
8 %8 7038 7033 1015
Q 215203 0.2415:3% 9.2270:39x10 49.15/56
L 1727534 0.1510 %g 7.96+031x10-15  45.14/56
P7 J 3.177 7 1§ 1.13755 1o 2. 78+§ §2x10-15 22.41/39
Q 2. 49+° 0.35703:  2.87t019x10715  31.61/39
L 1.0910:1 X 0.0979-69 1.5370:19x10~15  28.76/39
P8 J 3. 24+8 1.0875:7% 4.9710 6"><10—15 34.25/37
Q 2. 94+82 0. 73+8 3 5. 11+° x10715 38.46/37
L 1671533 0.18151% 3.3415: 22><10-15 29.50/37
P9 J 2.867535 0.627 552 447708 x10"15 15.62/35
B A 3
Q 2.55t8;§4 0.31793 4, 65+8 g><10-15 17.26/35
L 1.5570:33 0. 06_0 o 3.17%¢: §2 x10~1%  15.90/35
P10 J 2.5470-32 0 437 ‘§§ 7.6579 2% 75 % 100 29.22/46
Q 2.42j§;g§ 2+§ 35; 7. 86+° ix1071%  38.83/46
L 1.78195 0.13&0 23 632102 24><10 15 27.27/46
P11 J 2.467075 0.3570% 6. 04+3 sex1071° 27.18/41
Q 2.271042 0.21103 6.2470 ggx 10715 35.26/41
L s Bt 54 480102410715 34.68/41
-0. —0.14 =0.23 :
P12 J 2. 27+8 gg 0.17154Y 1.74790: %10~ 100.8/95
Q 2.24%07 0.1619:15 1.767004x10714  96.57/95
L 2. 08+0 W 01243 1651 °3><10—14 88.95/95

|
t

Backgroud used for the analysis.
“J7. “Q”, and “L” represent Jupiter, QSF3, and Lockman Hole, respectively.
Absoption corrected value in the 0.5 — 10 keV band.
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Figure 7.6: Results of the one-temperature model fitting of the Virgo cluster; (a) temperature,
and (b) abundance. We also plot the results of M87. Dots, triangles and squares represent the
cases that we used the data of Jupiter, QSF3, and Lockman Hole as a background.
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=1
bo

Table 7.6: The best-fit parameters and 90 % confidence errors of the one-temperature model
fitting. In this case, we fitted the data of the regions having the similar radii from the center

of M87 simultaneously.

Region BGDY TenEpera)ture Abundailce x%/d.o.f.
keV (solar

MBTNW J 267012 0.26708  233.5/274
Q 2.6570:18 0.251002  234.7/274
B L 2.521510 0.221595  235.1/274
P12 J 2.2770%% 0.177577  100.8/95
Q 2.2470-% 0.167315  96.57/95
L 2.0810:1% 0.124313  88.95/95

F0.30 FU0.22
P4+P5 J 2.2770.39 0.29%022 " 105.8/139
Q 2.2410:% 0.267013  105.7/139
L 1.991017 0.20831%  99.37/139
P2+P3+P10+P11 J 2.3970%% 0.37%51s  167.3/249
Q 2.2170-18 0.247043  193.4/249

0
L 1.661311 0.12189  170.1/249
P1+P8+P9 J 2.6470%1 0.61753% 110.9/135
Q 2.2470:47 029703 123.5/135

17
L 1.4010% 0.081382  96.60/135
P7 J 31718 11377 22.41/39
Q 2.491958 0.351091  31.61/39
L 1.091931 0.09758  28.76/39

§: Backgroud used for the analysis.
“J7 “Q”, and “L” represent Jupiter, QSF3, and Lockman Hole, respectively.
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Figure 7.7: (a) Temperature and (b) abundance distribution of the Virgo cluster. We also plot
the results of M87. In this case, we fitted the data of the regions having the similar radii from
the center of M87 simultaneously. Dots, triangles and squares represent the cases that we used

the data of Jupiter, QSF3, and Lockman Hole as a background.



7.2. ANALYSIS AND RESULTS 103

Note that whatever background we used, the temperature goes down with radius from about
2.9 keV at the center of M87 to about 2.2 keV at the region 50’ from the center. If we used
Jupiter or QSF3 as a background, the outer part of the temperature profile beyond 50" is
consistent with a constant temperature. On the other hand, if we used the data of Lockman
Hole as a background, the temperature still continues to decrease with radius beyond 50; at
the outermost region, the temperature reaches to about 1.0 keV. However, the flux of Lockman
Hole is extremely bright compared with the average CXB + NXB as mentioned above, this
decrease may be an artifact.

In this case, the metal abundance is primary determined by the Fe L lines. Therefore we
should regard this metal abundance as that of Fe. Though the statistical errors are rather
large, the abundance of each region is less than that at the central region of M87 and consistent
with a spatially constant profile in all cases. Therefore we can conclude that the Fe abundance
decreases with radius from the center of M87 to 40’ radius. Beyond this radius, the metallicity

is almost spatially constant at 0.3 solar.

104 CHAPTER 7. ASCA MAPPING OBSERVATION OF THE VIRGO CLUSTER
7.3 Discussion

7.3.1 Mass Distribution

The surface brightness distribution are shown in figure 7.8, in which we also show the result
of the two-temperature model fitting to the data of M87 fixing the temperature of the hot
component to be 2.9 keV (table 6.5). We can see that the hot component of M87 can be
smoothly extrapolated to the ICM of the Virgo cluster, which suggests that the hot and cool
components are the gases associated with the Virgo cluster and M87, respectively. This is the
same situation as other clusters of galaxies having cool components at the regions of the central
dominant galaxies (Ikebe 1996 [64], Fukazawa 1997 [47]).

We fitted these profiles from 40" to 200° with the beta model fixing the core radius to
be 2.3 (Bohringer 1994 [16]). The best-fit parameters are summarized in table 7.7, which are
consistent with the previous observations (Fabricant and Gorenstein 1983 [41]; Bohringer 1994
[16]; Fukazawa 1997 [47]). We converted the central surface brightness, Sx(0), to the central
proton density, n(0), assuming the temperature and abundance of the ICM are the same as
their averaged values; 2.55 keV and 0.27 solar for the case of Jupiter, 2.47 keV and 0.24 solar
for the case of QSF3, and 1.94 keV and 0.15 solar for the case of Lockman Hole.

We fitted the radial temperature profile of figure 7.7 (b) with an analytic function of the

form,
T(r)=To— T, (1 — exp(—%)) . (7.2)

We fixed the central temperature, Ty to be 2.9 keV. The free parameters are A and T,. The

best-fit parameters are summarized in table 7.8.

Table 7.7: Surface brightness fit with the beta modell.

BGD 8 Sx(0) n(0)8
erg/cm?/s/amin? em™3
Jupiter 0.43+£0.1 (2.94£0.4)x10™ (3.00£0.03)x 102
QSF3 0.4340.1 (3.340.2)x107'2  (3.1040.02)x10~2

Lockman Hole 0.47+0.1 (6.540.7)x107'2 (3.092£0.03)x 102

T: From expression surface brightness Sx = Sx(0)[1 + (r/r.)%(=3+95), We fixed r. to be 2'.3.
§: Central proton density.
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Figure 7.8: The 0.5 — 10 keV surface brightness profile of the Virgo cluster. Dots, triangles
and squares represent the cases we used the data of Jupiter, QSF3, and Lockman Hole as a
background, respectively. Stars and diamonds show those of the hot and cool components in
M87, respectively. In this case, we fitted the spectra of M87 with the two-temperature RS
model fixing the temperature of the hot component to be 2.9 keV.
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Al

Table 7.8: Analytic form of the radial temperature proﬁleT.

BGDY T, )
(keV) (arcmin)

Jupiter  0.53£0.34 49.3(<111.8)

QSF3 0.9740.80 96.1(<218.9)

Lockman Hole 6.9(<20.9) 575.8(<1867)

1: We fitted the radial temperature profile of figure 7.7 with a function of
T(r) =Ty — Ts (1 — exp(—r/})).

We fixed Tj to be 2.9 keV.

q: Data used for the background.

Substituting these results for Eq. (2.43), we calculated the integrated mass profiles of the
total gravitating matter and ICM. We also calculated the stellar mass distribution using the
optical brightness data of Binggeli, Sandage, Tammann (1985), [12] assuming the mass-to-light
ratio is equal to 5. In figure 7.9, we show the integrated mass profiles of various components
in the Virgo cluster. The mass of the ICM dominates the baryon mass beyond 20’ (~ 87 kpc)
from the center. However, beyond 50’ from the center, the ratio of the mass of the ICM to
that of the stellar mass keeps a constant value of about 5. The baryon fraction is gradually
increases with radius from 0.06 at 40’ (~ 170 kpc) to 0.18 at 200" (~ 870 kpc), because the
slope of the ICM is steeper than that of the total gravitating mass.

7.3.2 Temperature Distribution

Markevitch et al. (1997) [87] and Sarazin, Wise, and Markevitch (1997) [117] observed many
rich clusters of galaxies and found that the temperature

Whatever background we use, the temperature of the Virgo cluster decreases with radius
from 2.9 keV at the center of M87 to 2.2 keV at 50’ radius (~ 220 kpc) from the center. If we
used the data of Jupiter or QSF3 which we think as a standard background, the temperature is
almost spatially constant with radius beyond 50’. In the case of Lockman Hole, the temperature
continues to decrease beyond 50'. However, this may be an artifact because we think Lockman
Hole is an example of an extremely bright background. The temperature decrease with radius
can be seen in many rich clusters of galaxies (Markevitch et al. 1997 [87]; Sarazin, Wise, and

Markevitch 1997 [117]). Though the averaged profile of rich clusters is consistent with our
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profile within large errors, the profile of rich clusters seems to be steeper than that of Virgo.

This may suggest that the rich clusters have steeper profiles than those of low mass clusters.
An entropy distribution of ICM sometimes provides a physically meaningful way of diag-

nosing merging clusters (Markevitch Sarazin, and Irwin 1996 [86]). Assuming the ICM is an

ideal gas of a monoatomic molecule, the entropy per particle, s, is expressed as

3 T
s(n,T) = ikln (n—g_) + a, (7.3)

where n is the number density of ICM, and a is the chemical constant which is independent

from T and n. We then define the extra entropy, As as follows,

As=s—5) = gkln [(%) (%)—§] , (7.4)

where the subscript zero denotes values at any fiducial region in the cluster. Approximating

n/ng ~ Sx/Sxo for a qualitative estimate, where Sx is the X-ray surface brightness of the

@G e

We chose the central point as the fiducial region, and substituted 2.9 keV and the best-fit value

cluster, we get an approximate expression as

As ~ gkln

of Sxo in table 7.7 for Ty and Sxo, respectively. We thus got the entropy distribution of the
Virgo cluster, which is shown in figure 7.10.

In the case of Jupiter and QSF3, the entropy increases with radius, which is usually seen in
many clusters of galaxies (David, Jones and Forman 1996 [26]). This is due to the decrease of
the gas density with radius. On the other hand, when we used the data of Lockman Hole as a
background, the entropy is almost spatially constant, because the temperature decrease cancels
the density decrease. This suggests that the ICM of the Virgo cluster is heated adiabatically.
For example, the ICM has recently mixed turbulently via merging, and the temperature gradient
would then result from the adiabatic compression required to reach hydrostatic equilibrium.
However, since the Lockman hole is an extremely bright example, this spatially constant entropy
may be an artifact.

Though P1, P8 and P9 have almost the same radii, P1 has significantly lower entropy than
P8 and P9 in all cases. This is because the temperature at P1 is lower than those at P8 and
P9, which can be seen in figure 7.6 (a). The ROSAT observation shows that P1 has the lowest
level of the X-ray surface brightness, i.e. P1 is the edge of the X-ray emission (Bohringer et al.
1994 [16]). These suggest that the infall primordial gas makes a shock wave at P1, and the gas

is now undergoing shock heating and has not yet got temperature as high as those of P8 and

P9.
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7.3.3 Abundance Distribution

We discovered an abundance gradient in the Virgo cluster. Because iron nuclei have high
atomic weight, the iron tends to settle into the core of the cluster. This effect may cause this
abundance gradient. From now on, we try to estimate this effect quantitatively.

We consider the situation in which a “test particle” moves through an ionized gas. The
test particle has a mass m, a charge Ze, and a velocity v. All field particles with which the
test particles collide have the same mass, my, and charge ,Zre. The number density and
temperature of the field particle is ny and T', respectively. We define the thermal velocity of

the test particle, vy, as

2kT
b=y (7.6)

The rate at which the moving test particle are slowed down by interaction with the field

particles, Av, can be expressed as,
A
Av=-22 (1+ﬂl—) G(i), (7.7)

where the diffusion constant Ap is defined by

8me*nyZ2Z%In A
s

Ap = , (7.8)

where A is the Coulomb logarithm. The function G(z) is defined in terms of the usual error

function, ®(z), by the relationship

Glz) = o(z) - :z:@’(:z:), (7.9)

222
where &(z) is
B(z) = % [ e ay (7.10)
(Spitzer 1962 [124]). If z < 1, substituting 1 — y? for e™¥" in equation (7.10), we get

B(z) ~ -‘/2-;(1 e (7.11)

G(a) ~ f (7.12)

Therefore, if the velocity of the test particle, v, is much smaller than the thermal velocity of

the test particle, vy, we get

Avr=—

16y/me*n ;2% Z21nA
vrensZ 2 (1+ﬂ) v (7.13)

2.3
3m vt mg
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Because this dynamical friction force should balance with the inward gravitational force in a
stationary state, we can estimate the drift speed of the test particle, vp, by equating Av with

the cluster gravitational acceleration, g,

16y/me*ns Z2Z3InA m
= — 14— . .
g 3ol + - Up (7.14)
g can be expressed as
GM(<r
g = —“‘%, (715)

where M (< r) is the total gravitating mass within a radius r. In our case, the test and field
particles are iron and proton, respectively, and 14+ m/mys ~ A, where A is the mass number of
iron (A ~ 56). Therefore the drift speed of the test particle can be written,

o 3 Amlvg
b 164/7 Z2%e*nsIn A’

(7.16)

where m,, is the proton mass (Fabian and Pringle 1977 [38]). We also have to take collisions
with helium nuclei into account in a real situation, which reduce the drift speed by a factor of

1.8. Thus we get the iron drift velocity numerically,
vg = 1.4x1072T2 g/n; cm/sec (7.17)

(Rephaeli 1978 [112]). Using this relation, we estimated the travel distance of iron within the
Hubble time (~ 10'° yr) in the Virgo cluster, which is shown in figure 7.11. We used the results
shown in table 7.8, table 7.7, and figure 7.9 to estimate T, ny, and g. The travel distance
of iron is rather short in all cases. If magnetic fields exist in the Virgo ICM, they are likely
to reduce this distance significantly. Therefore we expect that the present positions of iron
nuclei reflect the positions where they were expelled from member galaxies and that there is
a correlation between the ICM abundance and the positions of member galaxies. We show
distributions of luminosity densities of member galaxies calculated using the data of Binggeli
et al. (1985) [12] in figure 7.12, where dots represent early type galaxies (E 4+ SO + dE + dS0),
while triangles show late type galaxies (S + Irr). The abundance profile is roughly consistent
with the distributions of the luminosity density of early type galaxies, and extremely different
from that of spiral galaxies. This suggests the origin of iron in the ICM of the Virgo cluster

is early type galaxies, which support conclusions of Arnaud et al. (1992) [5] and Tsuru (1993)
[137].
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Conclusion

We observed the Virgo cluster of galaxies with ASCA. We summarize our results as follows:

1.

We detected two-temperature plasma components from the region near to M87. On the
other hand, the ICM of the Virgo cluster at a region beyond 40’ from MS87 is one-

temperature plasma.

The temperature of the hot component of M87 is about 2.9 keV and it is nearly constant
from 0’to 10’. The surface brightness of the hot component is smoothly extrapolated to
that of the ICM beyond 40’. Therefore the hot component is likely to be the ICM of the
Virgo main body.

The temperature of the ICM decreases with radius from 10’ to 50’ from M87. Beyond
50, the temperature of 2.2 keV is almost spatially constant.

The temperature of the cool component of M87 is ~ 1.3 keV, and shows no variation over
the field of M87. The flux of the cool component is more concentrated toward the center

of M87 than that of the hot component.

We found a clear abundance gradient of Fe, Si, and S; for iron the values range from
0.5 of the solar value at the M87 center, and decrease to about 0.2 — 0.3 of the solar
value beyond 40’ from M87. Beyond 40'from M87, the iron abundance is almost spatially

constant. However, there is no significant radial variation in the abundance of O.

We found that the abundances of S and Si in the inner regions are larger than those of
O and Fe, with no significant gradients on the ratios of Si:S:Fe. The Si:Fe ratio is rather
similar to that found in rich clusters (Mushotzky et al. 1996 [105]), while the S:Fe ratio

is rather larger.
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10.

CHAPTER 8. CONCLUSION

. The abundance ratio of O/Fe is smaller than the solar ratio. This combination of low

O:Fe and high Si:Fe is rather difficult to account for in relatively straightforward models
of chemical evolution (Loewenstein, and Mushotzky 1996 [82]), since both O and Si tend

to come from the same massive stars.

. The abundance distribution in the Virgo cluster is consistent with a distribution of lumi-

nosity density of early type galaxies. This suggests the origin of iron in the ICM of the

Virgo cluster is early type galaxies.

. We found a low-temperature region at 140'from M87. This suggests the ICM at the region

1s now undergoing shock heating.

We found no strong nuclear activity from M87. The upper limit of the absorption cor-
rected flux of the power-law component is ~ 2.5 x 10712 erg cm™2 5! in the 0.5-10.0 keV

band. We found a long-term variability of the AGN activity.



Appendix A

ASCA spectra of M87

A.1 The spatially resolaved ASCA spectra of M87

We show the spatially resolved X-ray specta of M87 taken with the SIS and GIS. The back-

ground spectrum is subtracted from each spectrum.
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Figure A.1: The SIS spectra of M87 taken from different annular regions of the radius 0'- 2/,
2- 4 4'- 6, 6'-8, 8-10, and 0'- 10’.
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Figure A.2: The GIS spectra of M87 taken from different annular regions of the radius 0’ 2/,
24" 46 68, 8- 10, and 0~ 10'.
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APPENDIX A. ASCA SPECTRA OF M87

A.2 The bremsstrahlung plus Gaussian lines model fit-

ting

We fitted the SIS (1.6 — 10 keV) and GIS (3.0 — 10 keV) spectra of M87 with the thermal

bremsstrahlung continuum and Gaussian lines model. We show the best-fit model and its

residuals in figure A.3 and A 4.



A.2. THE BREMSSTRAHLUNG PLUS GAUSSIAN LINES MODEL FITTING 119 120 APPENDIX A. ASCA SPECTRA OF M87

’ )

data and folded model data and folded model data and folded model data and folded model
o M87 SIS Q' - 2' o M87 SIS 2" — 4 _ M87 GIS 0' - 2! ' . ' ' _ M87 GIS 2' - 4
3 - 3 - 3 - 3 -
g s g — % o % o
8 o g o & 5 8 5|
3 S 35 % o 5 OF
b ’P 3 IS "P c "I" g "!1 L
Y IS : e 8 2f
<+ F < * T f 4
'O lc) o 9 " 1 n
- - i N ’H H . N : | ‘ . - -
N ~ bt PLYLERTEIRENYES S
x o ’ w +‘.‘i‘+____ > o x Q WW%{ i }fﬂ* Mﬂ #? # {d H ] x © N{T +H++_L_ -
~ N d | f ] o il l }
41 ] 4 ~ r | b 7 N M . R
10 ' 5 10 10
channel energy (keV) channel energy (keV) channel energy (keV) channel energy (keV)
data and folded model data and folded model data and folded model data and folded model
o M87 SIS 4 - 6' o M87 SIS 6' — 8’ _ M87 GIS 4' — 6' _ M87 GIS 6' - 8' B
% - ] 3 - 3 - 3 - ]
&7 2 s e i
8 S - il s} E 3 5 o — o 3
@ Eo ) i o £ o S E
S st | I X = < g N 2 E
8 9 E",f S P fi Y 4 £ < £ . -.2 - ]
S PEL [A ] 5% RS 3 © 1
S oF FER 4-41 8 o o = 7 o - ; o ;
1 ’ﬁ : s Inka 1 f Foo 1 LT
) : i (e} o = o
: ) et " il IR " A m ’Mﬁluw Wt
qL__q H# LR R 4 +++- =
<2l VWWWM W - WW MHM ++ L %W MM Wﬁ* H#Hﬂ : i -
+ . H |1 Il ) +E
10 10 10 5 10
channel energy (keV) channel energy (keV) chcnnel energy (keV) channel energy (keV)
N r Y
data and folded model data and folded model ] data and folded model data and folded model
o M87 SIS 8' — 10' o M87 SIS 0 - 10 M87 GIS 8' — 10' _ M87 GIS 0' — 10
> > i > >
v - 2 . v v
< i < ¢ S ° 3o
Q . [s) - F F
QO O o o ¢ - f Q - r
4 E z] n o o oL
¥ 3 PR 2 o g ot
L = Enf € f
3 3 3
8 o 8 of 8 2F N 8 2F
il T T L £ Tt
o o o 9
~
o S . #“ | ++3L++ -
. Wum—— “ﬁ 3 o W=
(o]
4 | i 4 +
]
10
channel energy (keV) channel energy (keV) chcnnel energy (keV) channel energy (keV)
Figure A.3: The result of the thermal bremsstrahlung plus Gaussian lines model fitting to the Figure A.4: The result of the thermal bremsstrahlung plus Gaussian lines model fitting to the

spatially resolved SIS spectra of the high-energy band (1.6 - 10 keV). spatially resolved GIS spectra of the high-energy band (3 - 10 keV).
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A.3 The spectra of M87 fitted \.?Vith the one-temperature
RS model

We fitted the SIS (0.4 — 10 keV) and GIS (0.7 — 10 keV) spectra of M87 simulatneously with
the one-temperature RS model. The plasma temperature, normalizations for the SIS and GIS,
the interstellar absorptions for the SIS and GIS and metal abundances of O, Mg, Si, S, Ar, Ca,

and Fe were free parameters.

Figure A.5: The spatially resolved SIS and GIS spectra of M87. The solid line shows the
best-fitting one-temperature RS model. The model was fitted with the SIS and GIS data

simultaneously. However, for clarity, we show the SIS and GIS spectra in the left and right

columns separately.
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A.4 The two temperature RS model fitting (I)

We fitted the SIS (0.4 — 10 keV) and GIS (0.7 — 10 keV) spectra of M87 simulatneously with the

two-temperature RS model. In this case, both temperatures of the hot and cool components
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A.5 The two temperature RS model fitting (II)

We fitted the SIS (0.4 - 10 keV) and GIS (0.7 — 10 keV) spectra of M87 simulatneously with
the two-temperature RS model. In this case, the temperature of the hot component is fixed to
2.9 keV.

The free parameters were the temperature of the cool component, the abundances of O,
Si, S, Ar, Ca, and Fe, the normalizations of the hot component for the SIS and the GIS, the
ratio of normalization of the cool component to that of the hot component, and the interstellar
absorptions for the SIS and the GIS. We assumed that the metal abundances for the cool

component is the same as that of the hot component.

Figure A.7: The spatially resolved SIS and GIS spectra of M87. The solid line shows the
best-fitting two-temperature RS model. In this case, the temperature of the hot component is
fixed to 2.9 keV. The model was fitted with the SIS and GIS data simultaneously. However,
for clarity, we show the SIS and GIS spectra in the left and right columns separately.
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Appendix B

The MEKAL model fitting

B.1 RS model vs MEKAL model

In figure B.1, we show model spectra from thin thermal plasma. The temperature of it is 1.4
keV, which is almost the same temperature of the cool component of M87. The abundance of
it is 1.0 solar. We can see clear differences between the RS and MEKAL models around 0.8
- 2 keV. Because this may significantly change our results with the RS model, we used the

MEKAL model to fit the spectra of M87.

(a) (b)
Current model Current model
= 1.4 keV, Abundance = 1 solar) MEKAL model (KT = 1.4 keV, Abundance = 1solar)
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Figure B.1: Model spectra from thin thermal plasma of whose temperature metal abundance

are 1.4 keV and 1.0 solar; (a) RS model; (b) MEICAL model.
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B.2 The one-temperature MEKAL model

First we fitted the spatially spectra taken with the SIS and GIS simultaneously with the one-
temperature MEKAL model modified by interstellar absorption. The free and fixed parameters
are the same as those of the one-temperature RS model (p. 69). The best-fit model curves
and spectra are shown in figure B.2. We show the best-fit x?/d.o.f. in table B.1 which can
be compared with table 6.3. Though the values are significantly smaller than those of the
RS model fitting, the fit is not satisfactory. Therefore we tried the two-temperature MEKAL

model.

Table B.1: The x?/d.o.f values of the one-temperature MEKAL model fitting.
0'-2' 2/—4’ 4'-¢' 6'-8 8'-10
chi®/d.o.f. 1284/629 1250/716 969.4/726 840.7/712 835.3/682
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Figure B.2: The spatially resolved SIS and GIS spectra of M87. The solid line shows the
best-fitting one-temperature MEKAL model. The model was fitted with the SIS and GIS data

simultaneously. However, for clarity, we show the SIS and GIS spectra in the left and right

columns separately.

counts/sec/keV

counts/sec/keV

10

1

0

—5

10

1

5107407%.01 0.1

50

dota and folded model
m87 SIS 0" — 2¢
T

5 1074107%.01 0.1

iu pw " .u,ewwww

g

10

O
chonnel energy (keV)
dote and folded model
M87 SIS 2' — 4!
v v y
E 1
r 1
r 1
r i

1
channel energy (keV)

counts/sec/keV

510“10‘30.01 0.1

counts/sec/keV

51074107%.01 0.1

10

1

0

—5

10

1

0

-5

data and folded model

M87 GIS 0" — 2'
T

-~

chcnnel energy (keV)

data and folded model
M87 GIS 2' — 4'
ey

10

;-;---.WMMWVMW ****

chonnel energy (keV)

O

130

counts/sec/keV

-4-20 2 41074107%0.01 0.1

counts/sec/keV

—4—20 2 4107107%.01 0.1

counts/sec/keV

107%107%.01 0.1

o

1

10

1

10

1

O

—5

APPENDIX B. THE MEKAL MODEL FITTING

data and folded model
M87 SIS 4' - €'

Lo ™

channel energy (keV)

data and folded model
M87 SIS 6' - &'

T

_m ﬂ MMMWMMM

channel energy (keV)

data and folded model
M87 SIS 8 — 10'

channel energy (keV)

counts/sec/keV

—4-20 2 41074107%.01 0.1

counts/sec/keV

-4-20 2 4107*107%.01 0.1

counts/sec/keV

107*107%0.01 0.1

10

1

1

10

1

6]

-5

o MB? GJS 76" - 8

data and folded model
M87 GIS 4' - €'
R

channel energy (keV)

data and folded model

T —— T — T

channel energy (keV)

data and folded model
M87 GIS 8' - 10’

T

channel energy (keV)



B.3. THE TWO-TEMPERATURE MEKAL MODEL 131

B.3 The two-temperature ME‘KAL model

The one-temperature could not fit the spectra, we then tried the two-temperature MEKAL
model. The free and fixed parameters are the same as those of the two-temperature RS model
(p. 69) except for the temperature of the hot component. In the case of this model fitting, the
temperature of the hot component is much strongly coupled with the ratio of normalization of
the cool component to that of the hot component than in the case of the RS model. We thus
fixed the temperature of the hot component to be 2.9 keV, which is the average temperature of
the hot component obtained by the two-temperature RS model fitting. The best-fit parameters
and model curves are shown in table B.2 and figure B.3, respectively.

Comparing table B.2 with table 6.5, the chi? values are significantly smaller than those of
the RS model. However, there is no essential difference between the RS and MEKAL model as

summarized below;

1. Though the temperatures of the cool component of the MEKAL model are slightly higher
than those of the RS model, they are almost spatially constant.

2. The EI of the cool component is more concentrated toward the center of M87 than that

of the hot component.
3. The abundaces of Si, S and Fe show strong concentration toward the M87 center.
4. The abundace of O is almost spatially constant.
5. The abundance ratio of O/Fe is smaller than the solar ratio.

6. The abundance ratios of Si:S:Fe are almost spatially constant.

We thus conclude that the results of our thesis are not essentially changed even if we used

the MEKAL model instead of the RS model.
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Table B.2: The results of the two-temperature MEKAL model fitting. The temperature of the
hot component is fixed to 2.9 keV.”

Radius 0’-2' 24’ 4'-6’ 6'-8' 8'-10/
Nu(S1s) 5.49 5.99 5.54 449 176
(10%%cm—2) (4.94-5.96) (5.54-6.41) (5.09-5.99) (4.02-4.98) (4.20-5.33)
Ny(GIS) 2.72 2.34 1.35 0.00 1.17
(10%° em~2) (1.22-4.18) (1.03-3.66)  (0.00-2.74) (<1.49) (<2.93)
kTi(keV) 141 1.53 1.66 1.74 1,75
(1.39-143)  (1.50-1.56) (1.60-1.73) (1.64-1.86) (1.60-1.82)
kT2 (keV) 2.9(fix) 2.9(fix) 2.9(fix) 2.9(fix) 2.9(fix)
Abundance (Solar)
0 0.21 0.29 0.43 0.32 0.32
(0.13-0.30)  (0.21-0.38)  (0.34-0.54)  (0.20-0.44)  (0.18-0.39)
Mg 0.09 0.06 0.17 0.12 0.21
(<0.18)  (0.00-0.15) (0.07-0.27)  (0.00-0.25) (0.06-0.36)
Si 0.74 0.76 0.68 0.69 0.52
(0.68-0.81) (0.70-0.82) (0.62-0.75) (0.61-0.77)  (0.44-0.61)
S 0.70 0.68 0.51 0.52 0.46
(0.63-0.78)  (0.61-0.75)  (0.44-0.59) (0.43-0.61)  (0.36-0.57)
Ar 0.50 0.58 0.21 0.41 0.29
(0.28-0.72)  (0.39-0.76)  (<0.41)  (0.18-0.65) (0.04-0.55)
Ca 0.98 0.90 0.27 0.49 0.37
(0.61-1.32) (0.62-1.18)  (<0.56)  (0.16-0.82)  (<0.74)
Fe 0.46 0.44 0.38 0.37 0.31
(0.44-0.49)  (0.42-0.46)  (0.36-0.40)  (0.35-0.40)  (0.28-0.34)
EI(SIS)3 5.16 7.73 7.13 7.14 5.87
(1084 cm=3) (5.02-5.28) (7.19-8.23) (6.38-7.70) (6.33-7.77) (4.90-6.50)
EI(GIS)§ 5.53 6.74 7.27 7.11 6.57
(1084 cm—3) (5.35-5.94) (6.28-7.19) (6.52-7.86) (6.30-7.74) (5.50-7.27)
EI ratio} 1.99 . 1.51 1.07 0.64 0.57
(low-kT/high-kT) (1:75-2.25) (1.33-1.70) (0.91-1.31) (0.51-0.85) (0.42-0.87)
Cool Component
Fx(10~! erg/s/cm?)t
SIS 3.34 3.75 2.46 1.50 1.05
GIS 3.77 3.50 2.71 1.62 1.26
Lx(10*! erg/s)tt
SIS 9.99 11.27 7.34 4.37 3.08
GIS 10.12 9.83 7.48 4.34 3.45
Hot Component
Fx(10~1! erg/s/cm?)t
SIS 2.13 3.19 2.93 2.94 2.36
GIS 2.37 2.92 3.17 3.11 2.78
Lx(10* erg/s)tt
SIS 6.15 9.27 8.49 8.40 6.77
GIS 6.59 8.08 8.66 8.35 7.58
x*/d.o.f. 977.6/628 997.8/715 892.2/725 806.8/711 819.0/681

* The errors in the brackets are at 90% confidence level.

§ EI is Emission Integral of hot component.

t Ratio of EI of cool component to that of hot component.

t X-ray flux in the 0.5 — 10 keV band from each annulus.

tt X-ray luminosity in the 0.5 — 10 keV band from each annulus.
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Figure B.3: The spatially resolved SIS and GIS spectra of M87. The solid line shows the
best-fitting two-temperature MEKAL model. The model was fitted with the SIS and GIS data
simultaneously. However, for clarity, we show the SIS and GIS spectra in the left and right
columns separately.
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Figure C.1: The GIS images of the Virgo clusters.
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Virgo P7 0.7 — 10 keV
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Appendix D

ASCA GIS spectra of the Virgo

cluster

We show the GIS spectra of the Virgo mapping observations with the best-fit one-temperature
RS model curves. We used the data of Jupiter, QSF3, and Lockman Hole as a background,

which are shown in the left, middle, and right columns, respectively.
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Figure D.1: ASCA GIS spectra of the Virgo cluster.
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Appendix E

The Solar Abundance

Table E.1: The number ratios of various elements relative to Hydrogen, which are used as the

Solar abundance ratios throughout this thesis. These are from Anders and Grevesse (1989).

1.00
9.77%1072
3.63x107*
1.12x10™*
8.51x10™*
1.23x10~*
2.14x10°6
3.80x107°
2.95%10~¢
3.55%x107°
1.62x1075
1.88x10~7
3.63%x10°6
2.29%x10°6
4.84%x1077
4.68%x1075
1.78x10°6
8.60x10~8
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