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Abstract

Clusters of galaxies are the largest gravitationally bound systems in the universe. Clusters
contain not only galaxies and X-ray emitting hot gas, but also a huge amount of dark
matter that, though not seen, is needed to bind the galaxies and hot gas in clusters.
Although the origin of the dark matter is still an open question, the Cold Dark Matter
(CDM) model has become a standard paradigm for explaining observations on the large-
scale structure of the universe. The central region of clusters is one of the most important
fields in which to examine the CDM model, and X-ray observation of hot gas is the most
powerful tool to probe it.

We study the total gravitating mass distribution in the central region of 23 clusters of
galaxies with Chandra. Using a new deprojection technique, we measure the temperature
and gas density in the very central region of the clusters as a function of radius without
assuming any particular models. Under the assumptions of hydrostatic equilibrium and
spherical symmetry, we obtain the deprojected mass profiles of these clusters.

The mass profiles are nicely scalable with a characteristic radius (r00) and mass (Magg)
on the large scale of r > 0.1ry00. In contrast, the central (r < 0.1rgg) mass profiles have
a large scatter even after the scaling. The core radii of the total mass density profiles are
systematically larger than those of the gas density profiles, suggesting that gas is more
concentrated than dark matter.

The inner slope « of the total mass density profile (p(r) o r®) is derived from the
slope of the integrated mass profile. The values of the inner slope o at the radius of
0.027r200 (o) span a wide range from 0 to 2.3. For 6 out of 20 clusters, oy is lower than
unity at a 90 % confidence level. CDM simulations predict that the inner slope « is in
the range 1 < a < 2, which is inconsistent with our results.

Density profiles flatter than those expected from CDM simulations are also seen in
galaxies, and are considered to represent a serious problem for the standard CDM model.
We investigate three alternative theories that have been proposed to resolve this problem:
Modified Newtonian Dynamics (MOND), the Self-Interacting Dark Matter (SIDM) model,
and the Dynamical Friction (DF) model. The MOND fails to reproduce the observed

‘temperature profile. The SIDM predicts that core radii comparable to those observed,

but some of our results are not consistent with the SIDM predictions. On the other
hand, the DF model accounts not only for the flat slope we observed but also for the
negative correlation we obtained between the inner slope ag and the gas fraction within
the framework of the CDM model.
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Chapter 1
Introduction

The Cold Dark Matter (CDM) model has become the standard paradigm for explaining
observations of the large-scale structure of the universe. In the CDM model, dark matter
consists of non-baryonic, collisionless, cold particle. The properties of dark matter density
profiles in the CDM model have been investigated extensively through numerous N-body
simulations. Navarro, Frenk, & White (1997) (hereafter NFW) claimed that the dark
matter density profiles in the CDM model are reasonably approximated by a universal
form with singular behavior in its central region. Several N-body simulations predict that
the density of dark matter increases as a power law p(r) o< r*, with « in the range of
1 to 2, in the central region (e.g., @ = 1 by NFW; o = 1.5 by Moore et al. (1998)).
Measurements of the inner slope « of dark matter density profiles offer a powerful test of

the CDM model.

The observational efforts in this respect have been in the form of dynamical studies
of low surface brightness and dwarf galaxies. The observations obtained in those studies
suggest the presence of a relatively flat core: 0 < a < 1 (e.g. Firmani et al. 2001). Grav-
itational lensing has made some observational constraints available at the scale of galaxy
clusters. For instance, Sand, Treu, & Ellis (2002) showed that steep inner slopes (a > 1)
are ruled out at better than 99 %, for the lensing cluster MS2137-23. Although grav-
itational lensing studies provide a unique and important probe of dark matter profiles,
they generally can be applied only to a limited sample of clusters that satisfy a specific
lensing condition. X-ray observations of the density and temperature of a hot intracluster
medium (ICM), on the other hand, probe the mass of a cluster of galaxies under the
assumption of hydrostatic equilibrium. This could be a powerful tool to investigate dark
matter profiles in the central regions of clusters. However, for previous X-ray satellites,
such as ROSAT and ASCA, the detailed study of ICM temperature and density profiles

at small scales has been difficult because of limitations on the performance of imaging or

1



2 CHAPTER 1. INTRODUCTION

spectroscopic instruments. The high spatial resolution imaging spectroscopy of Chandra
enables the measurement of mass profiles in the very central regions of clusters of galax-
ies. Several groups have obtained X-ray constraints on the dark matter profiles of some
clusters. These results are apparently consistent with the CDM model (e.g. David et al.
2001; Arabadjis, Bautz, & Garmire 2002). However, Ettori, Fabian, Allen, & Johnstone
(2002) showed that the mass profile of A1795 flattens within 100 kpc. Systematic studies
are thus required for a large sample of clusters.

In this thesis, we systematically study the mass profiles of 23 clusters of galaxies.
In Chapter 2 we briefly review the current understanding of galaxy clusters. Chapter 3
describes the details of the Chandra X-ray observatory and its main instruments utilized
in this analysis. Chapter 4 presents the sample selection and our deprojection technique.
We show our main results (the temperature, density, and mass profile of each of the 23
sample clusters and the inner slope of each mass profile) in Chapter 5. In Chapter 6, we
summarize our results and discuss the cause of the flattening of the mass profiles in the
central region. We assume ), = 1, Q) = 0, and Hy = 50 km s~! Mpc~! throughout this

paper. Unless otherwise noted, all errors are 1o (68.3 %) confidence intervals.



Chapter 2

Overview of Clusters of GGalaxies

2.1 Clusters of galaxies

Clusters of galaxies contain about ten to thousands of galaxies within a radius of sev-
eral Mpc, so they are usually observed as regions which show an enhancement of the
surface galaxy number density over the empty field. Clusters of galaxies are the largest
gravitationally bound systems in the universe, therefore they set clear constraints on the
formation of the structure and composition of the universe.

Optically, clusters of galaxies are classified according to the number of member galax-
ies. Clusters containing many galaxies, up to a few thousands, are called rich, while those
with fewer members, ten or so, are called poor. The most extensive and often cited cata-
logs of rich clusters are those of Abell (1958) and Zwicky et al. (1961-1968). They used
the Palomar Observatory Sky Survey (POSS) plates for the northern sky and searched for
the galaxy enhancements by eye, using somewhat different criteria to identify the clus-
ters. Later, Abell’s catalogue was extended to the southern sky by his co-workers (Abell,
Corwin, & Olowin 1989). For example, Abell cataloged systems which contain more than
50 galaxies in the magnitude range of [m3, mg + 2] (where mg is the magnitude of the
third brightest galaxy) within a circular region of radius R4 = 1.7/z arc minutes (referred
to as “Abell radius”) as a cluster of galaxies. These large catalogs enabled us to make a
statistical study of clusters of galaxies and large scale structures in the universe.

Clusters of galaxies often contain a particularly large, bright elliptical galaxy at the
center. Dynamically, the heliocentric velocity of such a giant elliptical galaxy usually
agrees with that of the cluster mean redshift. Therefore, it is believed to sit at the
bottom of the cluster potential well. Such a galaxy is identified as a ¢D or D galaxy. ¢D
galaxies are also embedded in an extended stellar halo of low surface brightness. About

20 % of all rich clusters have ¢cD galaxies (Sarazin 1988).

3



4 CHAPTER 2. OVERVIEW OF CLUSTERS OF GALAXIES

Since galaxies in a cluster are bounded by the cluster’s gravitational potential, their
line-of-sight velocities exhibit a noticeable scatter around a mean recession velocity. This
scatter, called the velocity dispersion o, is typically in the order of several hundreds km/s
in poor clusters, and exceeds 1000 kmn /s in rich clusters. The total mass of the cluster is es-
timated by the virial assumption, GM/Rg ~ 02, tobe M ~ 1.5x10'*(¢/10® km/s)?(Rg/1 Mpc) M.
It is an order of magnitude larger than the total mass of individual galaxies. This is known
as the “missing mass” problem, and clearly indicates the necessity of non-luminous mat-
ter, namely dark matter. Indeed, the nature of dark matter has long been one of the

fundamental unsolved problem in astrophysics.

2.2 X-ray observations of clusters of galaxies

2.2.1 X-ray emission from a cluster of galaxies

It was one of the most surprising discoveries in the history of X-ray astronomy that clus-
ters of galaxies are powerful X-ray emitters. In the 1960’s, X-ray emissions from clusters
of galaxies were detected from the Virgo cluster, the Coma cluster (Byram, Chubb, &
Friedman 1966), and the Perseus cluster (Fritz, Davidsen, Meekins, & Friedman 1971)
using a sounding rocket. The launch of the first X-ray astronomy satellite Uhuru estab-
lished that most clusters are generally bright X-ray sources with an X-ray luminosity of
10*-10% erg sec™!. The X-ray emissions from clusters are extended, so that there are
two alternative explanations; thermal bremsstrahlung from hot plasma, or inverse Comp-
ton of cosmic micro-wave background by high-energy electrons. In 1976, He-like Fe-K
line emissions were detected from the Perseus cluster (Mitchell, Culhane, Davison, & Ives
1976), which revealed that X-ray emissions are emitted from a hot intracluster medium
(ICM) with a temperature of 10”8 K.

2.2.2 X-ray spectrum from the ICM

Since the ICM is low density (~ 1073 cm~3) and high temperature (~ 10® K) plasma, the
main radiation mechanism of the continuum emission is thermal bremsstrahlung (free-free
radiation) and various atomic emission lines. The emissivity, which is the energy emitted

from the unit volume during the unit time per unit frequency, is given by

e/ =6.8x10738 Z anen.iTg“l/l)e"h"/kTgyﬁ (erg s™' em™® Hz ™) (2.1)
i

where Z; and n; are the charge and number density of the iron i, n. is the electron

number density in cgs units, and g5y is the Gaunt factor which is weakly dependent on
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the temperature and frequency (Rybicki & Lightman 1979). The bolometric emissivity is

O
el = / eff dv
0

~ 14 x 10"277L97"L14,Tg"1/2 Z Zkgs (ergs™' em™3) (2.2)
i

then

where the averaged Gaunt factor gz is 1.1-1.5. The X-ray luminosity in a given bandpass,

11 < v < 1y, is obtained by integrating Equation (2.1) over the frequency and the cluster

Lx = / dv / el dv. (2.3)

Emission of atomic lines becomes significant when the ICM temperature falls below a

volume;

few keV. Since the temperature of the ICM is of the same order as the K-shell ionization
potentials of heavy elements such as O, Ne, Mg, Si, S, and Fe, these elements become
mainly He/H-like ions and are completely ionized. These ions are collisionally excited,
and then emit their resonance K-lines. In lower temperature clusters, in which Fe ions
are not only He-like or H-like but also of a low ionization status, the spectrum exhibits
resonance L-lines at ~ 1 keV. The emission line spectra from the ionization equilibrium
plasma have been calculated by various authors, e.g. Raymond & Smith (1977), Kaastra
& Mewe (1993), and so on. In this thesis, we use the MEKAL code, which is based on
the model calculations of Mewe, Lemen, & van den Oord (1986) and Kaastra & Mewe
(1993) with Fe L calculations by Liedahl, Osterheld, & Goldstein (1995), in the XSPEC

data analysis package.

2.3 Mass distribution in a cluster of galaxies

2.3.1 Hydrostatic equilibrium

Sound crossing time in the ICM is given by

(2.4)

T, D
3 g
teross ~ 6.6 x 107 yr (108 K)(m)

Since this sound crossing time is considerably shorter than the age of the Universe, We
can assumne the ICM is in hydrostatic equilibrium. The force balance between the gas

pressure P, and the gravitational force, both acting on the ICM, is expressed as:

TPy=—pgv ¢ (2.5)
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where ¢ is the gravitational potential and p, is the gas density which can be written as
pg = pngmy. Here ng is the number density including electron and ions, p(~ 0.6) is the
mean molecular weight, and m,, is the proton mass.

If we assume spherically symmetry, the above equation is reduced

ar, B do
'—dT = ——p,ngmp;i—;. (26)

where r is the three dimensional radius. Because of the low density (ny, < 1072 cm™?),

the ICM can be treated as an ideal gas that follows the equation of state as
Py = ngkT,. (2.7)

Let M (< r) denote the total gravitating mass within a radius . Then combining Newton'’s

equation
do(r) GM(<r)
dr 72 (28)
with 2.6, we can express M(< r) as
2
M(< 1) = 1 ridB(r) _ _kTg('r)r(dlnTg(r) N dlnng(r)). (2.9)

- ung(rym, G dr pmpG ©  dlnr dlnr
Therefore, we can obtain the mass profile M(< r) from the measurements of the density

distribution ny(r) and the temperature distribution T,(r). Furthermore, knowledge of

ng(r) readily allows us to estimate the ICM mass profile M,(r), which is written as
r
My(r) = / Anr pmpng(r')dr'. (2.10)
0

Thus, we can estimate the baryonic fraction as a function of r by incorporating optical

data on the galaxy distribution.

2.3.2 King profile

We consider a cluster of galaxies to be a self-gravitational system consisting of collision-
less particles of a single species, although a cluster is in fact a multi-component system
consisting of at least galaxies, hot ICM, and dark matter. We assume the particles to
.have a mass m, a density profile n(r), and an isotropic-uniform velocity dispersion of o,.

The hydro-static equation for the particles can be written as:

dg(r) _ dinn(r)

dr T o dr

which may be integrated and solved for n(r) as

(2.11)

n(r) = noexp[—%(zl]. (2.12)
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We may combine this with the Poisson equation
V2P(r) = 4rGmn(r) (2.13)

to determine n(r) and ¢(r), where G is the constant of gravity.
Although Equation (2.12) and Equation (2.13) do not give a trivial solution, King

(1962) derived an approximate solution for n(r) and ¢(r) as

21(1/2)
b(r) = —anGngmr2 W& F (1: z) ) (2.14)

and

n(r) = no(1 + 2)=3/2. (2.15)
where 7. is a characteristic radius called the core radius, and z=r/r.. These two expression
satisfy the Poisson equation (Equation (2.13)) exactly, while they only approximately
satisfy the hydrostatic equilibrium equation (Equation (2.11)). The mass enclosed within

a radius r in the King profile is given by
Mging(< 1) = / 4 p(r)dr’'
0

= dmpori(lnfr + V1 + 22| —

xz

) (2.16)

2.3.3 Isothermal 3 model

We next consider the ICM density profile in the King potential. For simplicity we may
approximate the ICM to be isothermal (T, =constant). Then, as the hot ICM and the
particles considered in the previous subsection must obey the same gravitational potential
@(r), we can equate Equation (2.9) and Equation (2.11) as

kT, dlnng(r) o dlnn(r)

- 2.17
pmy, dr Ir dr ( )
or i
n
'('l;j["g(r) —n(r)’] =0 (2.18)
with )
_ HIMyp0,
= —T 2.19
o= o2 (2.19)

Integrating Equation (2.18), we get
ng(r) = ngo exp(=0[¢(r) — $(0)]), (2.20)

where ngo is the central density of the ICM. Substituting Equation (2.14) for Equation

(2.20), ngy(r) can be approximately expressed only at small radii (r < 6r.) as

ng(r) = ngo (14 2%)7%° (2.21)
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Equation (2.21) is called the 3 model.
When the ICM density is given by the 8 model, from Equation (2.9) we readily get

_ 3kT,pr  a?
T opm,G (1 +22)

M(< 1) (2.22)

2.3.4 NFW density profile

Present cosmology predicts that dark matter consists of non-baryonic, collisionless parti-
cles, so called Cold Dark Matter (CDM). Recent high resolution N-body /hydrodynamical
simulations in the CDM model have strongly suggested that the dark matter halos of clus-
ter scales are described by a family of fairly universal density profiles. Navarro, Frenk, &
White (1996, 1997, hereafter NFW) proposed a profile,

. 6c,0crit
pnEw(T) = 0t ) (2.23)

where perir = 3H(2)?/87G is the critical density of the universe at a redshift z; ry is a
scaled radius; and 4. is the concentration parameter, which can be expressed in terms of
the concentration parameter (¢ = ryg/7s, Wwhere ryq is the radius within which the mean
halo density is 200pc,i;) as

200 3

e N YGRS gy g1

(2.24)

The NFW density profile varies from pypwoxr™! to pypwoxr=3. For a given cosmology,
the concentration parameter decreases with an increase of the halo mass.
Although the density is diverse at the center, the mass enclosed within a radius r,

x
Mpr(< 7’) = 47T(5c Perit ’I”g [ln(l + .’L‘) + 1—:+_—$ (2.25)

converges to 0 as r — 0.

2.3.5 Gas distribution in the NFW density profile

We can analytically calculate properties of an isothermal gas sphere hydrostatically con-
fined in a NFW halo given by Equation (2.23). Assuming that the masses of gas and
galaxies are negligibly small compared to the dark matter, the ICM density can be de-

rived as
In(1 + 2)

x

Pgas(T) = Pgaso exp[—B(1 — )] (2.26)

where B is a constant defined by

47rGump5cpcritT§

B=
kT,

(2.27)
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(Makino, Sasaki, & Suto 1998). Then the mass of the gas within a radius r is given by

X
Myns(< 1) = Ampa(O5? |21+ ). (2.28)
0

2.3.6 Other profiles

Several CDM simulations result in density profiles, for masses in the range 10"M, —

10 My, that agree with a density profile of the general form,

S e (229

where pg is the characteristic density of the halo, and ry is its characteristic scale radius.

For example, the King profile and the NFW profile correspond to (a, 3,7) = (0,2, 3) and
(a, B,7) = (1,1, 3), respectively. Here, we show other profiles proposed by some authors.

Moore profile

Higher resolution simulations followed the NF'W simulation found a somewhat steeper
profile. Moore et al. (1998) and Moore et al. (1999) showed that the density profile can be
described p(r) o [(r/7s)3(1 4 (r/rs)*3)]~}, which corresponds to (o, 3,7) = (1.5,1.5,3)
(in Moore et al. (1998), @ = 1.4). A similar steeper profile is also reported by other
authors (Fukushige & Makino 1997; Ghigna et al. 2000; Fukushige & Makino 2001).

Hernquist profile
Hernquist (1990) derived the analytic mass profile for elliptical galaxies. This density
profile is described as p(r) o [(r/rs)(1 + (r/7,))3]~!, which corresponding to (a,3,7) =

(1,1,4). Hernquist profile decreases p(r) oc 7=* in the outer regions.

Burkert profile
Burkert (1995) proposed empirical density profile from the observed mass profiles of

dwarf spiral galaxies. The Burkert profile is given by

p(mrkert(r) = porg (230)
(r+7rs)(r2+r2)

where pg and 7, represent the central density and a scale radius, respectively. As well as

the King profile, the Burkert profile has a core and is flat in the central region.

In Figure 2.1, all dark matter density profiles shown in this section are plotted in
arbitrary units. As shown in Figure 2.1, the main difference of these profiles is the inner

slope . Most CDM simulations predict that « is in the range from 1 to 2.
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Figure 2.1: Dark matter density profiles shown in this section. The solid line, dashed line,
dash-dotted line, dotted line, and dash-three-dotted line represent the King profile, the NFW
profile, the Moore profile, the Hernquist profile and the Burkert profile, respectively

2.4 Cooling flow

2.4.1 Cooling flow studies before Chandra and XMM-Newton

Some clusters of galaxies show a strongly peaked emission exceeding the conventional (3
profile in the central several tens kpce. The presence of such a central excess X-ray emission
has usually been interpreted as evidence of cooling flow at the cluster center. The basic
idea of the cooling flow is straightforward: the cooling time of the ICM near the cluster
center is much less than the Hubble time Hi'. As the gas cools off, the reduction of the
pressure would cause the overlying gas to drop slowly if no extra heat source is present.
The mass deposition rate, M can be estimated from the imaging observation if we
assume that the central excess emission arises from cooled material accreting toward the
center. We assume spherical symmetry and a steady state flow. If the flow speed v is
much slower than the sound speed of the ICM, the ICM is approximately in hydrostatic

equilibrium. For the mass accretion rate M, the mass conservation law is written as
M = 4rripy. (2.31)
The hydrostatic equilibrium can be written in Equation (2.6). The energy conservation

law (The Beroulli theorem) is

d v* Py 3kT,
, FL 4+ 229 4 ) = nn,A(T, 2.32
pgvdr(Q Pg  2pmy ¢) TleTtp (T) ( )
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Because the flow speed v is much slower than the sound speed of the ICM (~ \/P/py),
we can neglect the term v?/2 in Equation (2.32). If we assume constant pressure of the

ICM, we get from Equation (2.6)

do
— =0. .
- (2.33)
Therefore, using Equation (2.31) and Equation (2.32) becomes
M 5k dT,
= nenpA(Ty). (2.34)

4rr? 2umy, dr
The ICM between r and r + dr, which has a temperature in the range T, to Ty + dTy,

emits a luminosity of excess component dLexcess:

ALoxcess = MeMpA(Ty) X drridr

5 M
= §M—W;deg (2.35)

for steady-state isobaric cooling flow, where p and m,, are the mean atomic weight and
proton mass, respectively. The M has been estimated for hundreds of clusters, White,
Jones, & Forman (1997) compiled Einstein data of 201 clusters and revealed that 63*12% of
their sample had a cooling flow whose mass deposition rate was up to M~ 740M year™!
. ROSAT observation revealed more massive cooling flows (Allen 2000).

A significant advance in the understanding of cool gas has been brought by ASCA.
ASCA has enabled a wide energy (0.5-10 keV) band, moderately high resolution (E/AE ~
45 at 5.9 keV) spectroscopic observations and has revealed that at least two temperature
components are needed to explain the spectra in cooling flow clusters. The observed spec-
tra for several clusters suggest that the cool gas has a temperature of typically 1 keV, and
luminosity of the cool gas is estimated to be less than 10 % of the total X-ray luminosity
of the cluster (Fukazawa et al. 1994).

Ikebe et al. (1995) carefully analyzed ASCA data of the Centaurus cluster, which is
a well studied cooling flow cluster, and showed that its X-ray spectra were expressed by
the two temperature Raymond-Smith model. The temperature of each component stays
almost constant from the center to a radius of 40, not showing a gradual decrease. The
fraction of emission measure of the cool component is larger in the inner ~ 2’ region (~
50%) and then rapidly decreases to 10 % in the outer region. The latter result indicates
that the hot component of the ICM is still present at the very center of the cluster. The
continuous decrease of the temperature toward the cluster center is seen in a single tem-
perature fitting for ROSAT /PSPC spectrum should be the result of the relative amount
of two temperature components and it seems natural to interpret that the ICM in the

Centaurus cluster is really two-phase and the cool component is rather restricted within

the center.
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2.4.2 Current status of cooling flow studies

New X-ray observations with Chandra and XMM-Newton have revised the conventional
picture of cooling flow. The high resolution spectroscopy with XMM-Newton has shown
a lack of emission lines from gas cooling below 1-2 keV (e.g. A1795 (Tamura et al. 2001),
A1835 (Peterson et al. 2001)). The cooling rates found by Chandra and XMM-Newton
are much smaller than previously reported.

These results suggest a heating mechanism is required in the central regions of cooling
flow clusters. One of the heating source candidates is a central radio source. The high
resolution X-ray image with Chandra has revealed a remarkable structure in the cores of
cooling flow clusters (e.g. Hydra A (McNamara et al. 2000), the Perseus cluster (Fabian et
al. 2000), the Centaurus cluster (Sanders & Fabian 2002; Taylor, Fabian, & Allen 2002)).
X-ray cavities in the central region of cooling flow clusters (see Figure 2.2) is clear evidence
of the interactions between the ICM and the powerful radio source. Using simulations of
jets expanding into the ICM, Heinz, Reynolds, & Begelman (1998) argued that the cavities
were caused by strong shock waves generated by relativistic jets. However, a problem with
this scenario is the large energy input required (Fabian et al. 2001). An alternative heating
source is a magnetic field near the cD galaxies. Makishima et al. (2001) suggested that
motions of the member galaxies cause magnetohydrodynamics (MHD) turbulence and
frequent magnetic reconnection as suggested by Norman & Meiksin (1996).

Although cooling flow studies with Chandra and XMM-Newton are still in progress,
and several interpretations still contain some problems, further investigation with high

resolution spectroscopy with ASTRO-EII should clear this cooling flow problem.
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Figure 2.2: Adaptively smoothed 0.5-7 keV image of the core of the Perseus cluster
observed with Chandra (Fabian et al. 2000). The X-ray cavities in the emission associated

with the inner radio lobes of 3C84 are clearly seen.






Chapter 3
The Chandra X-ray Observatory

This chapter gives a brief description of the Chandra X-ray observatory, and the on-board
instruments utilized in our observations, the High Resolution Mirror Assembly (HRMA)
and the Advanced CCD Imaging Spectrometer (ACIS). It begins with an overview of the
Chandra mission. In §3.2 and §3.3, we describe the characteristics of the HRMA and the
ACIS, respectively. More details can be found in Chandra Proposers’ Observatory Guide
2002'.

3.1 Chandra X-ray Observatory

3.1.1 Mission overview

The Chandra X-ray Observatory (Weisskopf et al. 2000), named in honor of Dr. Sub-
rahmanyan Chandrasekhar, is the X-ray component of NASA’s four Great Observatories,
including the Hubble Space Telescope, the Compton Gamma-Ray Observatory, and the
Space Infra-Red Telescope Facility. Chandra was launched and deployed by NASA’s Space
Shuttle Columbia on July 23, 1999.

Chandra was launched into an elliptical orbit, as of November 1999 the apogee was
~138,800 km and the perigee was ~10,100 km, allowing for uninterrupted observing
intervals of more than 170 ks due to its orbital period of 63.5 hours. An outline drawing
of Chandra is shown in Figure 3.1. The dry weight and size are approximately 4790 kg,

14 m long x and 19.5 m wide (solar arrays deployed), respectively.

Thttp://asc.harvard.edu/udocs/docs/POG/MPOG /index.html
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Figure 3.1: A schematic (top) and expanded (bottom) view of Chandra X-ray observatory.

§3.1.2 gives the descriptions of each of the scientific instruments.
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3.1.2 Scientific instruments

Chandra’s X-ray telescope consists of four pairs of concentric mirrors, denoted as the
High Resolution Mirror Assembly (HRMA; van Speybroeck et al. 1997; Weisskopf &
O’dell 1997; Zhao, Cohen, & van Speybroeck 1997). Located at the aft of the HRMA are
two objective transmission gratings (OTG), the High Energy Transmission Grating and
(HETG; Canizares er al. 2001) the Low Energy Transmission Grating (LETG; Brinkman
et al. 2000). On the focal plane, there are two sets of detectors, one being the imaging
spectroscopic CCD arrays, the Advanced CCD Imaging Spectrometer (ACIS; Garmire et
al. 2001), and the other being the imaging microchannel plate, the High Resolution Cam-
era (HRC; Murray et al. 1998). Both detectors are housed in the scientific instrumental
module (SIM). The SIM is a movable bench to adjust the detector position.

The HRMA'’s unprecedented spatial resolution, with a half-power diameter (HPD) of
the point spread function (PSF) of < 05, characterizes the Chandra mission, representing
an order-of-magnitude advance over previous X-ray astronomy missions.

The use of the OTG is selective among HETG, LETG, or none. The high spectral
resolving power (i.e. E/AE up to 1000) is suitable for studies of plasma through emission
lines, absorption lines and absorption edges. Since the OTG was developed for point
sources, observations of extended sources, especially in cases of sources with spatial-
spectral variations, adds complexity.

Two focal plane detectors are distinguished by their unique capabilities. The HRC was
designed to have better spatial resolution, 07132 pixel size (span of electronic readout),
than the ACIS whose CCD pixel size is 07492. The time resolution of the HRC is 16 usec,
while that of the ACIS is limited by the frame time, 3.2 seconds is nominal. On the other
hand, the ACIS offers much better spectral resolution and higher detective efficiency than

the HRC. Only one device may be selected at a time.

3.2 High Resolution Mirror Assembly (HRMA)

3.2.1 Overview

The HRMA are four pairs of concentric thin-walled, grazing-incidence Wolter Type-1 mir-
rors. Given the tendency of X-rays to either penetrate or be absorbed by materials, the
most efficient optical configuration for X-ray imaging consists of grazing incidence op-
tics where X-ray photons experience total internal reflection. The Wolter Type-I mirror
consists of a primary paraboloid and a secondary hyperboloid surface to reduce aberra-

tions. Figure 3.2 illustrates the geometry of the Wolter Type-I optics as it pertains to the
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HRMA.
The mirror pair diameters range from 0.65 to 1.23 meters. The focal point is 10 meters

behind the HRMA center separating the paraboloid and hyperboloid mirrors. Some other

characteristics are given in Table 3.1.

Figure 3.2: The geometry of the Wolter Type-I optics as it pertains to the HRMA.

Table 3.1: Design parameters of the HRMA.

Mirror Substrate Zerodur®
(23.6, 18.3, 16.5, and 15.9 mm®)
Mirror Surface Iridium (330 A)
Mirror Length (primary or secondary) 0.84 m
(pre-collimator to post-collimator) 2.76 m
Mirror Diameter 1.23, 0.99, 0.87, 0.65 m®
Mirror Weight 1484 kg
Focal Length 10.066 + 0.002 m
Unobscured clear aperture 1145 cm?
Grazing Angle Range 52, 42, 37, and 27 arcminutes?
Field of View (Ghost-free) 30 arcminuts diameter

@ glass ceramic made by Schott in Germany

b from outer to inner

3.2.2 Effective area

Since the X-ray reflectivity depends on both the energy and grazing angle, the HRMA
throughput varies with the X-ray energy and source off-axis angle. Figure 3.3 shows the
dependence of effective area on the energy and off-axis angle. The effects of both the

energy variation and off-axis vignetting are strongly coupled.
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Figure 3.3: Left: The HRMA effective area versus energy. The solid line is the total effective

area and the other four lines indicate the contributions from each mirror. The outer mirror

pair is number 1, and, progressing inwards, 3, 4, and 6. (The original design had six mirror

pairs; numbers 2 and 5 were eliminated.) The outer mirror has a larger effective area of soft

energies resulting from its larger diameter, while the inner mirror is responsible at hard energies

resulting from its small grazing angle. The structure near 2 keV is due to the iridium M-edge.
Right: The HRMA eflective area versus off-axis angle, averaged over the 4 mirror pairs and

azimuth. The curves show the off-axis behavior at four selected energies, with the values being

normalized to the on-axis value at that energy. Note that the effective area decreases sharply

at large off-axis angles and its slope steepens as a function of energy.
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Figure 3.3 are based upon the raytrace simulation. The deviation between the effective
area predicted for the ground calibration using the simulation and the actual measurement
are less than a few percent. A comparison of data from the ground calibration with those
obtained in orbit was performed via a Flux Contamination Monitor (FCM), a system of
16 radioactive calibration sources that were exposed immediately prior to opening the
sun-shade door. The FCM is installed in the contamination cover of the HRMA (Figure

3.1). No change in performance was detected.

3.2.3 Point Spread Function (PSF)

As with the effective area, the point spread function (PSF) also depends upon the energy
and off-axis angle, due to larger X-ray scattering as the X-ray energy increases and mirror
aberrations, respectively. Figure 3.4 shows these dependences. To demonstrate these
dependencies, Figure 3.4 shows the encircled energy fraction (the two-dimensional integral

of the PSF) as a function of radius from the image center.
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Figure 3.4: Left: The encircled energy fraction as a function of radius from the image center.
Shown is the behavior for an on-axis point-source over a range of selected X-ray energies. The
curves are the combined response of the four mirror pairs. At high energies, the encircled energy
fraction decreases due to larger scattering. Right: The 50% and 90% encircled energy radius
at 1.5 and 6.4 keV as a function of off-axis angle. The encircled energy radius increases as a

function of the increasing off-axis angle, with higher energies requiring a larger radius.

The PSF is sharply peaked and has a low-level, long tail wing (Jerius et al. 2000).
On-axis, the normalized flux levels of wing (arcsec™2s™! / s~!) are approximately 107>

and 10~7 at 10 and 100 arcsec from the image center, respectively. Thus these low-level
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wings are only a concern for bright sources, and especially those with hard spectra, when

there are enough counts to adequately fill the PSF.

3.3 Advanced CCD Imaging Spectrometer (ACIS)

3.3.1 Overview

The ACIS contains ten MIT Lincoln Laboratory CCID17 charge coupled devices (CCDs).
The CCID17 is a three-phase, frame transfer imager (Burke et al. 1997). Four of the ten
chips are abutted into a 2x2 array (ACIS-I) used for imaging, and the other six chips are
arranged in a 1x6 array (ACIS-S) used either for imaging or as a grating readout. The
configuration of ACIS chips are shown in Figure 3.5. Two of ACIS-S CCDs are back-
illuminated (BI), while the rest of ACIS-S and all of ACIS-I are front-illuminated (FI).
There are two choices for the on-axis position of the HRMA, one is ACIS-S3 and another
is ACIS-I3. Due to the telemetry limits, only six chips can be activated in observation.
There are particular observational advantages to using the ACIS-I and ACIS-S. ACIS-I
has a larger field of view (17 x 17’) and lower background. Since the BI chip has superior
low-energy quantum efficiency and is positioned at the nominal aim point of ACIS-S,
ACIS-S has the benefit to observe a target whose spectrum is dominated by low energy

emission. Other characteristics are summarized in Table 3.2.

Table 3.2: Design parameters of the ACIS.

Architecture 3-phase, frame-transfer, 3-side-abuttable
CCD Format 1024 x1024 pixels
Pixel Size 24.0 microns (0.492 £ 0.0001 arcsec)
Array Size 16.9x16.9 arcmin (ACIS-I)
8.3x50.6 arcmin (ACIS-S)
Nominal Frame Time 3.2 sec (full frame)
Operating Temperature -120 degrees
Readout Noise (system) 2-3 e~ RMS

Charge Transfer Inefficiency < 3 x 107% per pixel transfer (FI)
< 1-3 x 107° per pixel transfer (BI)

Mean Dark Current <5 x 1072e~ s I pixel ™!

After the contamination cover was opened and the ACIS was exposed, the charge
transfer inefficiency (CTI) of the FI CCDs increased in a few passages through the radi-

ation belts which is considered due to the radiation damage by low energy protons (see
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Figure 3.5: A scﬁematic drawing of the ACIS configuration. The view is along the optical axis,
from the source towards the detectors. A guide to the terminology is given at the bottom. The
nominal aim points are plotted as x and + on I3 and S3, respectively. The node numbering
scheme is illustrated in the lower center. Since ACIS-S chips are also used for readout of the

HETG observation, the arrangement is along the direction of dispersion.
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§3.3.6). Since the ACIS is no longer left at the focal plane position during the radiation
belt passage, no further degradation in performance has been encountered. The BI CCDs
were almost unaffected, because the buried channels of the BI CCDs face in the direction
opposite to the HRMA.

3.3.2 Basic principle of event detection

A CCD is a pixel array of Metal-Oxide Semiconductor capacitors composed primarily
of silicon. Photoelectric absorption of an incident X-ray photon in silicon results in the
liberation of a proportional number of electrons (an average of one electron-hole pair for
each ~3.71 eV of photon energy absorbed; Canali et al. (1972)). The charge cloud is
drawn toward the electrode along the electric field and collected in a potential well. After
exposure for a fixed amount of time (full frame ~3.2 sec), the charge is then transferred
from pixel to pixel into the frame store (~40 msec total).

Since the charge cloud size (a few pm) is smaller than the pixel size (24pm) (Tsunemi
et al. 1999) and does not split into more than four pixels, an “event” is identified within
3x 3 pixel island centered on the local charge maximum. First, the on-board processor ex-
amines every pixel in the full CCD image and selects pixels as events with bias-subtracted
values that both exceed the event threshold and are greater than all of the touching or
neighboring pixels (i.e., a local maximum). Next, the surrounding 3x3 neighboring pixels
are then compared to the bias-subtracted split-event threshold. Those that are above the
threshold establish the pixel pattern. On the basis of this pattern, the event is assigned
a “grade”. The grade information is helpful in distinguishing between X-ray events and
non-X-ray events. This way to recognize events using grades was originally adopted by
ASCA satellite. Whole event patterns are divided into eight ASCA grades. The ACIS
follows the ASCA grade standard, but the ACIS has its own grade, where events are
assigned to one of 256 ACIS grades. The calibration of the ACIS is based on a specific
subset of the grades comprising the ASCA grade 0, 2, 3, 4, and 6, because it is likely
that other grades do not originate from a single X-ray photon. Figure 3.6 and Table 3.3
provide a definition of the ASCA grade set.

3.3.3 Telemetry formats

There are three telemetry formats available. The number of bits per event depends on
which operating mode and which telemetry format is selected. The number of bits per
event determines the threshold of event rate at which the telemetry will saturate and data

will be lost until the onboard-buffer empties. The formats are described in the following
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single event single-sided L event Square event
split event
Figure 3.6: The X-ray event pattern of the CCDs.
Table 3.3: definition of the ASCA grade set.
grade name split pattern
0 single’ center
1 single+ center (+ detouched corner(s))
2 vertical split center + top or bottom (+ detouched corner(s))
3 left split center + left (+ detouched corner(s))
4 right split center + right (4 detouched corner(s))
5 single-sided+ single-sided split + touched corner pixel(s)
(+ detouched corner(s))

6 L or square L or square split (+ detouched corner(s))
7 Others all others
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paragraphs.

Faint Faint format provides the event position in detector coordinates, an arrival time,
an event amplitude, and the contents of the 3x3 island that characterizes the event

grade.

Very Faint Very Faint format provides the same information as the faint format but
the pixel values are in a 5x5 island. This format is only available with the Timed

Exposure mode. Events are still graded by the contents of the central 3x3 island.

Graded Graded format provides event position in detector coordinates, an event ampli-

tude, the arrival time, and the event grade.

3.3.4 Dither

The spacecraft is dithered during observations to provide some exposure in the gaps
between the CCDs and to smooth out pixel-to-pixel variations in the response. The
dither pattern is a Lissajous figure and spans 16 arcsec peak to peak. The sub-pixel
offsets due to dither motion results in an image with higher spatial resolution compared

to one without dither.

3.3.5 Combined HRMA /ACIS spatial resolution

The HPD of the PSF of the Chandra mirror is comparable to the pixel size of the CCD
of the ACIS, and thus the spatial resolution for on-axis imaging is limited by ACIS.
Furthermore, since chip coordinate values are randomized uniformly by + 0.5 pixel size
when they are transformed to sky coordinate values, this can also affect the overall spatial
resolution. Figure 3.7 shows an on-orbit encircled energy fraction as a function of radius

from the image center. A comparison with Figure 3.4 shows such effects.

3.3.6 Energy resolution

The energy resolution of an X-ray CCD is characterized by three factors: statistical
fluctuation in the number of primary electrons, the thermal noise, and the pre-amplifier
read-out noise. The thermal noise is negligible at the ACIS operating temperature of

—120°C. Thus, the energy resolution can be expressed as following,

AE(FWHM) = 3.71vV8T024 /0%, + F x % (eV) (3.1)
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Figure 3.7: The on-orbit encircled energy fraction as a function of radius for an ACIS observa-

tion of point source PG1634-706. The effective energy is 1keV.

Here oy is equivalent pre-amplifier read-out noise (in electrons rms), F is a Fano factor
which is 0.135 for crystalline silicon, E is the energy of the incident X-ray photon, and W
is the mean ionization energy of silicon, 3.71 eV /e~ at the CCD operating temperature
of —120°C (Canali et al. 1972).

Figure 3.8 shows the pre-launch energy resolution as a function of energy. The BI
CCDs exhibited poorer resolution. Due to the radiation damage, the energy resolution
of the FI CCDs has become a function of the row number, being near pre-launch values
close to the frame store region and substantially degraded in the farthest row, while the

BI CCDs were not impacted. Such effects are illustrated in Figure 3.9.

3.3.7 Quantum efficiency and combined HRMA /ACIS effective

area

The quantum efficiencies for the ACIS CCDs for the standard grade set (ASCA grade
.02346), including the optical blocking filters which are placed over the CCDs between the
chips and the HRMA, are shown in Figure 3.10. In the case of the FI CCDs, the gate
structure faces in the direction of the HRMA and functions as a “dead” layer which limits
the quantum efficiency at low energies. Since the BI CCDs’ gate structures are mounted
in the direction opposite to the HRMA, the BI is more sensitive at low energies than FI.
In contrast, FI is sensitive at high energies because of its thicker depletion region versus

that of the BI. The combined HRMA /ACIS on-axis effective areas are shown in Figure
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Figure 3.8: The ACIS pre-launch energy resolution as a function of energy. The FI CCDs

approached the theoretical limit for the energy resolution at almost all energies, while the BI

CCDs exhibited poorer resolution.
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Figure 3.9: The energy resolution of $3 and I3 as a function of row number. The row number
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28 CHAPTER 3. THE CHANDRA X-RAY OBSERVATORY

3.11.

Quantum Efficiency * filt.trans.
1.00 ' L R S

QE (G02346)
(=]
o

- - BI Chips
— FI Chips

0.01 L . N N . A
0.1 1.0 10.0
Energy (keV)

Figure 3.10: The quantum efficiency, convolved with the transmission of the appropriate optical
blocking filter of the FI CCDs (from a row nearest the readout) and the two BI CCDs as
a function of energy. The FI and BI CCDs have higher efficiency at high and low energies,

respectively.

3.3.8 On-orbit background of ACIS

The ACIS background consists of a relatively soft Cosmic X-ray Background (CXB) con-
tribution and cosmic ray-induced events with a hard spectrum. There is an occasional
strong third component producing background flares. The flares are thought to be caused
by proton scatter through the mirror system. During the flare, the count rate of the
background increases by two orders of magnitude. Figure 3.12 shows a comparison of two
background spectra during the flaring and quiescent period. Since the nature of the flar-
ing component is still unknown, the quiescent periods are used for the analysis, especially
for the diffuse source.

Figure 3.13 shows the quiescent background spectrum for an FI CCD (S2) (left) and a
BI CCD (83)(right). The cosmic ray component dominates above 5 keV. The background
count rate of the BI is about three times higher than that of the FI in 0.3-10 keV. This is
due to the difference of the depletion layer of the BI and FI. The charge cloud generated
by particles hit into the FI largely diffracts until it reaches the electrode. Most of these
events end up as ASCA grade 7, and are thus rejected with high efficiency. On the other
hand, for the BI, the charge cloud does not diffract largely in comparison with the FI,
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Figure 3.11: The HRMA/ACIS predicted effective area as a function of energy on a log scale.
The solid line is for the FI CCD I3, and the dashed line is for the BI CCD S3.

since these are generated near the electrode. It is thus difficult to remove these events as
backgrounds.

Markevitch (2001) shows the time dependence of the background count rate. Figure
3.14 shows the quiescent background count rates in different observations vs. time, for
the ACIS-I and ACIS-S3 in soft (0.3-5 keV) and hard (5-10 keV) energy bands. The
background count rate was almost constant within 10 % during the ACIS operation tem-
perature —110°C. However, it declined about 20 % during the —120°C period until Fall
2000, after which it leveled off and started increasing.

3.3.9 Low energy quantum efficiency degradation in ACIS

An examination of archived astronomical observations and data acquired from the on-
board ACIS calibration source (55Fe) shows that there has been a slow continuous degra-
dation in the ACIS quantum efficiency since launch. This is considered due to molecular
contamination building up on the cold optical blocking filter, and/or the CCD chips. This
degradation is the most severe at low energies. Above 1 keV, the degradation is less than
10%. Analysis of the on-board calibration source shows that the L-complex (about half
Mn-L and half Fe-L lines) to Mn-Ka line ratio has decreased at a steady rate since launch

corresponding to a decrease in the quantum efficiency at 670 eV of about 10% per year.



30 CHAPTER 3. THE CHANDRA X-RAY OBSERVATORY

date and folded model
highbg_grp.pha Iowbg_grp.pho

e
gy

—+ Bl

T 4 ]

oy

+
++4++H +

b

0.5

normalized counts/sec/keV
0.2

+
i

0.2

0.15

0.05

H

0.5

L
1

2

i
5 10

channel energy (keV)

maxim 27-Aug~1999 14:08

Figure 3.12: ACIS background spectra during flaring and quiescent period.
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Figure 3.14: Time dependence of quiescent background count rates, for the ACIS-I (left) and
ACIS-S3 (right) in the soft (0.3-5 keV) and hard (5-10 keV) energy bands.

In Figure 3.15, we show a comparison of the spectra of A1795 observed with ACIS-S
in April 2000 and in June 2002. The C K-edge (284 €V) is clearly detected. Since the

contamination rate well constrained, we can correct the effective area file based on the

observing date.
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Figure 3.15: (left) ACIS-S spectra of A1795 from observations in April 2000 (black) and June
2002 (red). (right) Ratio of the June 2002 to the April 2000 spectrum of A1795.






Chapter 4

Observations and Data Analysis

4.1 Observations and Sample Selection

We selected our sample from Chandra archival data of galaxy clusters. To obtain spatially
resolved spectra, we restricted the observations to those in which ACIS were employed
without gratings. By the end of September 2002, the archive contained observation data
for about 150 clusters (~ 200 pointings) that met this criterion. Among the 150 clusters,
7 clusters were observed as calibration (CAL) targets; of the remainder, half were done as
Guaranteed Time Observer (GTO) targets and the other half as General Observer (GO)
targets.

We applied the following criteria for further selection of the data in order to meet
our main concern, investigation of the central mass profiles of galaxy clusters. First,
clusters must be bright enough to provide spatially resolved spectra with good statistics.
For this we referred to the catalog of Reiprich & Bohringer (2002), which consists of 106
bright clusters compiled from several catalogs based on the ROSAT All-Sky X-ray Survey
(Voges et al. 1999). The minimum X-ray flux among the Reiprich samples is 0.234 x
107! ergs s7! em~2 (0.1-2.4 keV). This is bright enough for our analysis under typical
observational conditions. Among the 106 clusters in Reiprich sample, 43 clusters are
included in the Chandra data archive. Secondly, clusters should be spherically symmetric
as our deprojection analysis assumes the spherical symmetry. We thus excluded merging
clusters like A754 (Henriksen & Markevitch 1996). Although this second criterion is
somewhat ambiguous, we will examine how this spherical symmetry assumption affects
the final result in Chapter 5. The last criterion is that the X-ray emission from the outer
region of a cluster must be covered by the detectors used in the observations. This is
because the deprojection analysis depends on accurate measurement of temperatures and

densities of the outer regions of clusters. Data for 20 clusters met all of these criteria.

33
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We also employed three distant clusters, A1835, A963, and ZW3146, that are bright and
spherically symmetric but that are not included in Reiprich & Bohringer (2002).

The observation log and the properties of each cluster are summarized in Table 4.1
and Table 4.2, respectively. The redshifts of the 23 sample clusters range from 0.0110 to
0.2906, with a median of 0.0852.

4.2 Data reductions

Data reduction and analysis were performed with the Chandra Interactive Analysis of
Observations package, CIAO-2.2, with calibration database CALDB-2.12, as provided
by the Chandra X-ray Center (CXC). We started the reduction from the standard level
2 event files archived at CXC, which are the products of the pipeline processing. We
adopted the standard reduction scheme by following the CIAO threads’.

As shown in §3.3.8, the Chandra background is strongly affected by particle flare
events. To remove the flare events, we performed lightcurve screening using the CIAO
task lc_clean. We first made a background lightcurve, a time history of the event rate
taken from a source-free region on the detector, with a time bin size of 259.28 s using the
CIAO task lightcurve. Figure 4.1 shows an example of the lightcurve screening for the
A2199 observation. During the first part of the observation, the background was stably
low. The last 2 ks, however, was heavily affected by a flare. In order to exclude flare
events like this, we discarded the data taken at the time the count rate deviates from the

mean by +3c0, where the mean value is defined during the quiescent period.

4.3 Analysis

4.3.1 Spectra and backgrounds

Using the event file filtered by the lightcurve screening described in the §4.2 above, we
extracted spectra in concentric annuli centered on the peak of the X-ray emission through

the following steps.

1. Removal of point sources

Many point sources, such as active galactic nuclei, galaxies, and stars, are detected
in the X-ray images of target clusters. We removed the contamination of these

sources by setting excluded areas on the X-ray images. Point source detection

Thttp://asc.harvard.edu/ciao/threads
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Table 4.1: Observation log of the sample clusters.

ID Cluster Obs. Ra (deg)® Dec (deg)® Observation date Exp. Screened® ACIS®
1D (ks) Exp. (ks) chip

A1060 2220 159.073 -27.569 2001-06-04 04:43:23 31.9 30.0 I
2 Al133 2203 15.689 -21.882 2000-10-13 22:27:02 35.5 34.5 S
3 A1795 493  207.205 26.608 2000-03-21 07:54:49 19.6 19.6 S
3666 207.204 26.576 2002-06-10 16:21:19 144 13.8 S
494  207.236 26.607 1999-12-20 05:00:57 19.5 17.6 S
4 A1835 495  210.272 2.895 1999-12-11 16:48:33 19.5 19.5 S
496  210.222 2.867 2000-04-29 06:55:44 10.7 10.7 S
A2029 891 227.725 5.764 2000-04-12 06:38:56 19.8 19.8 S
A2052 890  229.182 7.012 2000-09-03 06:01:22 36.8 36.8 S
A2199 498  247.188 39.553 1999-12-11 10:47:37 189 18.9 S
497  247.135 39.560 2000-05-13 17:36:15 19.5 17.9 S
A2204 499  248.185 5.557 2000-07-29 02:49:42 10.1 10.1 S
9 A2597 922  351.337 -12.135 2000-07-28 05:13:47 39.4 25.1 S
10 A401 518  44.727 13.579 1999-09-17 21:35:26 18.0 18.0 I
2309 44.732 13.461 2000-11-03 19:10:36 11.6 11.6 1
11 A478 1669 63.362 10.436 2001-01-27 03:28:03 424 424 1
12 A644 2211 124.329 -7.543 2001-03-26 00:27:49 29.7 29.2 S
13  A85 904 10.442 -9.374 2000-08-19 07:06:52 38.4 384 I
14 A963 903 154.284 39.063 2000-10-11 00:01:18 36.3 36.3 S
15 AWMY7 908  43.665 41.664 2000-08-19 18:30:01 479 479 I
16 Centaurus - 504 192.207 -41.334 2000-05-22 00:33:17 31.7 28.8 S
505 192.199 -41.334 2000-06-08 00:51:50 10.0 10.0 S
17 Hydra A 575 139.527 -12.091 1999-10-30 07:29:02 23.8 23.8 I
576 139.527 -12.091 1999-11-02 11:31:54 19.5 19.5 S
18 MKW3S 900  230.488 7.757 2000-04-03 12:26:13 57.3 57.3 I
19 NGC5044 798 198.859 -16.378 2000-03-19 15:42:42 20.5 19.8 S
20 PKS0745-191 2427 116.860 -19.306 2001-06-16 05:32:52 179 179 S
508 116.870 -19.277 2000-08-28 22:15:31 28.0 4.6 S
. 21 Sersicl59-03 1668 348.515 -42.713 2001-08-13 16:41:20 9.9 9.9 S
22 ZW3146 909 155.905 4.166 2000-05-10 03:20:25 46.0 46.0 1
23  2A03354+096 919 54.666 10.008 2000-09-06 00:03:13 19.7 14.1 S

@ Nominal pointing position of the observation in Equinox 2000.0
b Exposure time after lightcurve screening (see §4.2)

¢ Detector on the aim point
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Table 4.2: Properties of the sample clusters. We show the redshifts, hydrogen column den-
sities of the galactic absorption, temperatures, and X-ray fluxes of the sample clusters. The
temperatures are referred to Reiprich & Bohringer (2002), Ota (2000), and Allen et al. (1996).

Cluster redshift Ng kT fxb Ref. ©
(10 cm~2]  [keV] (10~ ergs s™! em™2)
A1060 0.0126  4.79 3.24100¢ 9.95 R
A133 0.0570  1.55 3.8012%0 2.12 R
A1795 0.0622  1.20 7.80171-00  6.27 R
A1835 0.2530  2.30 7421080 147 0
A2029 0.0780  3.07 9.10H1-00  6.94 R
A2052 0.0345  2.78 3.03109% 471 R
A2199 0.0310  0.87 4.107008  10.64 R
A2204 0.1511  5.66 7.211025 275 R
A2597 0.0822  2.50 4.4070:20  2.21 R
A401 0.0748  10.3 8.001045  5.28 R
A478 0.0881 14.8 8.401980 5.15 R
A644 0.0704  6.95 7.9015-80  4.02 R
A85 0.0557  3.37 6.9010%0  7.43 R
A963 0.2057  1.40 6.831031  0.59 0
AWM7 0.0172  9.91 3.75100%  1.58 R
Centraurus ~ 0.0110  8.07 3.687000 27.19 R
Hydra A - 0.0538 4.90 4.3010:95 478 R
MKW3S 0.0450  3.04 3.7010:20  3.30 R
NGC5044 0.0089  5.03 1.071900 5,51 R
PKS0745-191 0.1028  40.7 7.217010 2.44 R
Sersic159-03  0.0580  1.76 3.007320  2.49 R
ZW3146 0.2906  2.94 6.1019-30  0.66 A
2A0335+096 0.0349 17.6 3.011007 9.16 R

"¢ Hydrogen column density of the galactic absorption.

b X-ray flux in units of 107! ergs s~! cm™2. The energy bands are 0.1-2.4 keV for R and 2-10 keV for
O and A.

¢ References R:Reiprich & Bohringer (2002), O:Ota (2000), and A:Allen et al. (1996).
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Figure 4.1: Example of lightcurve screening. The upper panel shows the background lightcurve

in the A2199 observation (The observation ID is 497). The background increased significantly

in the last 2 ks, owing to a flare event. The lower panel shows the histogram of the lightcurve

count rate. In order to exclude all flare events, the time periods when the count rate deviates

from the mean by +3o¢ are discarded, where the mean value is defined in the quiescent periods.

Open circles and filled circles in the upper panel represent discarded portions and used portions

of the lightcurve, respectively.
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was performed with the CIAO wavelet source detection routine wavdetect with a
significance parameter 107%. We made a 0.3-10 keV image binned by using a bin
size of about 2 x 2" (4 x 4 pixels). The area around the detected point sources was
excluded in the following analysis. The upper panels of Figure 4.2 are the 0.3-10
keV images of MKW3S and A2029 from which point sources are removed. The
overlaid contours indicate 0.1-2.0 keV images of ROSAT PSPC, in which the lowest

contours are at the 4-0 background level.

. Background estimation

In order to estimate the background level to be subtracted from the X-ray spectra
and images, we applied the blank-sky data compiled by Markevitch (2001) as back-
ground data. These background data are event files made with the same lightcurve
screening process described in §4.2. These background event files are prepared with
respect to each chip, aimpoint, and time of observation. Appropriate background
files were selected with the script acis_bkgrnd_lookup provided by CXC. The back-
ground image was then mapped onto the sky with the same aspect solution as in
the observation. The middle panels of Figure 4.2 show the background images for
MKW3S and A2029.

. Extraction of the source and background spectra

The spectra were extracted in the concentric annuli centered on the X-ray peak with
different widths to ensure similar statistics in the background-subtracted spectra.
The X-ray peak was determined with the X-ray images from which point sources
were removed. We examine what the appropriate setup is for the width of the annuli,
or equivalently, the statistics of each spectrum, using the simulation in §4.3.3. The
radius of the outermost annulus was determined to cover the 4-o background level of
the ROSAT PSPC image. The lower panels of Figure 4.2 show the adopted annuli.
The background spectra were extracted from the background data with the same

regions on the detector.

. Building the instrumental response

Redistribution Matrix Files (RMF) and Auxiliary Response Files (ARF) were made
using the CIAO tasks of mkrmf and mkwarf. These tasks make a weighted RMF
and a weighted ARF for the spectral analysis based on a 32 x 32 pixel grid of
calibration files. This is because the RMF and ARF vary with detector location.
To compensate for the degradation in low-energy efficiency shown in §3.3.9, we used

the tool corrarf provided by CXC. The corrarf corrects the ARF according to the



4.3. ANALYSIS 39

observation date. In some cases, like A2029 in Figure 4.2, some annular regions
stick out from the ACIS chip. We scaled the spectrum by the ratio of the covered

region to the entire annular region.

4.3.2 Deprojection analysis

When we observe extended optically thin objects, we always measure the emission inte-
grated along the line of sight. However, making some assumptions about three-dimensional
structures, in which spherical symmetry is usually adopted as the simplest case, we can ob-
tain a three-dimensional emissivity profile without assuming any particular model. Such
a technique is called deprojection analysis or the deconvolution method, and it has been
applied to cluster X-ray emission profiles (Fabian et al. 1980; Fabian, Hu, Cowie, & Grind-
lay 1981). As mentioned in (Sarazin 1988), if both spectral and spatial information is
available, deprojection analysis will provide both the gas density profile ng(r) and the
temperature profile k7(r). However, in most of the previous deprojection analyses of
cluster X-ray emissions, limited instrument capability allowed only X-ray spatial profiles
and not spectral information. Therefore, a further assumption usually had to be made
for either temperature profile kT'(r), gas density profile ng(r), or gravitational potential
profile ¢(r). New generation instruments, such as Chandra or XMM-Newton, enable us
to utilize both spectral and spatial information, so no such additional assumption is nec-
essary in deprojection analysis. Arabadjis, Bautz, & Garmire (2002) developed a new
deprojection technique and applied it to Chandra data for the cluster EMSS 1358+6245.
We principally follow the technique of Arabadjis, Bautz, & Garmire (2002), We introduce

this deprojection analysis in this subsection.

A Schematic view of the deprojection analysis is shown in Figure 4.3. In this example,
we extract spectra from IV concentric annular regions. The projected luminosity S; in a
given energy band on the jth annulus is expressed by the integration of emissivities along
the line of sight. The relationship between S; and the volume emissivity e; of the ith

spherical shell is expressed as

N
Sj = Z Vijei. (41)
=

where V;; is the volume of the ith spherical shell intersected by a cylindrical shell whose
radius equals the jth projected annulus. Note that we have to make sure, or make the

assumption that, X-ray emission is negligible outside of the outermost annulus. Vj; is
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MKW3S ACIS+PSPC : A2029 ACIS+PS§3

R

A2029 background

MKW3S annuli A2029 annuli

Figure 4.2: (Top) 0.3-10 keV Chandra images of MKW3S (left) and A2029 (right). The
overlaid contours are the 0.1-2.0 keV ROSAT PSPC images. The contour levels correspond to
n times the 1o background levels for n = 4, 8, 12, 18, 36, 72, 144, and 200. (Middle) ACIS
background images mapped onto the sky with the same aspect solution as in the observation.

(Bottom) Annuli adopted in the spectral analysis.
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geometrically calculated as

4 ‘ .
‘g”[(ﬁzﬂ - b]2')3/2 - (Tz?+1 - b?+1)3/2 - (Tf - b]?)3/2 + (7"12 - b§+1)3/2} (i <J)

(4.2)

Vi =
= 0 (i<j),
where r; and r;41 are the inner and outer radii of the ith spherical shell, and b; and b;4

are the inner and outer radii of the jth annulus, which equal r; and 7,4, respectively.

Equation (4.1) can also be written for all annuli as

[ So (Voo Voo - Vi Von-1 \ ( e )
Sy 0 Vi Vij Vin-1 el
‘ L @)
S; 0 O Vis Vin-1 e
\ Sn-1 ) \ 0 0 0 Vn_in— ) \GN—1 }
that is,
S=V-e. (4.4)

Since V is a triangle matrix, we can obtain the e by solving the inverse matrix V1.
Note that this equation is for luminosity and emissivity for a single energy band in this
explanation, but the same equation with the same matrix V is valid for any energy band.
Therefore, this equation means that a set of X-ray spectra from different projected annuli
are determined by a set of X-ray emissivities at different spherical radii. The inverse is
true if the spectral resolution is negligibly small.

As mentioned above, in most previous deprojection analyses, only X-ray spatial infor-
mation was utilized and an additional assumption on kT(r) or ¢(r) was necessary. Even
when both types of information are available, some authors assume the potential profile
¢(r), or equivalently, the gravitational mass density profile p(r), beforehand. However,
the method by Arabadjis, Bautz, & Garmire (2002) does not make such assumptions.
We first make a trial model for volume emissivity e at each spherical radius, which is
a function of gas temperature kT(r), gas density ng(r) and gas abundance Z(r) when
we employ some an X-ray emissivity model of thin thermal plasma. We adopted the
MEKAL (Mewe, Gronenschild, & van den Oord 1985; Mewe, Lemen, & van den Oord
1986; Kaastra & Mewe 1993; Liedahl, Osterheld, & Goldstein 1995) model in the XSPEC
data analysis package for our X-ray emissivity model, in which normalization K is used
instead of gas density ng(r). Therefore, the number of free parameters to be determined

is 3x N except for an additional free parameter for the interstellar absorption. We can
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Figure 4.3: Schematic view of the deprojection analysis.

examine how this trial model fits the set of spectra by x? value, and we can improve the
fit by changing the parameter values kT'(r) and ny(r). This procedure is done with the
XSPEC data analysis package as a simultaneous spectral fitting of N spectra.

In Figure 4.4, we show an example of the deprojection analysis in a case where spectra
are extracted from 12 concentric annuli. Since the spectrum of the outermost annulus
consists of the emission from only the outermost spherical shell, one MEKAL component
is applied for the outermost spectrum. On the other hand, the rest of the spectra are
superposed along the line of sight. Thus, the summation of multiple MEKAL components,
which are weighted by the (fixed) ratio of V;; to V;;, is compared with the inner spectra.
As mentioned above, the free parameters are temperature k7;, normalization K;, and
abundance Z;, where ¢ indicates those values at each spherical radius. In addition to
the MEKAL model, we take into account the interstellar photoelectric absorption model
using Wisconsin (Morrison & McCammon 1983) cross-sections (WABS). The gas density
ng, is derived from the normalization K; of the MEKAL model. K is defined as

10—14
K = .oy / nenydV. (4.5)

where D, is the angular size distance to the source, and n. and n, are the electron and

.proton densities. We assume n, = 0.82n, in the ionized ICM and ng; = n.;.

4.3.3 Simulation for deprojection analysis

In our deprojection analysis, limited photon counts in each spectrum sometimes cause
spurious results in the numerical iterations in XSPEC (Arabadjis, Bautz, & Garmire

2002). We performed a simulation to estimate the photon counts needed to constrain the
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Figure 4.4: Models for the spectra extracted from j = 0,5,11 annuli in the case that the cluster
consists of N = 12 shells.

temperature and density profiles, or, equivalently, to optimize the number of annuli to
take for a given statistic of a spectrum.

We first constructed a model for the cluster consisting of NV = 8 shells. We assumed
the temperature is constant (kT=9keV) for all shells, and the gas density is described
with the 3 model, of which # = 0.6 and the core radius . = 35 kpc. From these models,
we created the spectra expected to be observed for the projected annuli with the XSPEC
fakeit command. We simulated six cases, each for a projected spectrum containing a
different number of photons: 5 x 103, 1 x 10%, 2 x 10%, 3 x 10, 4 x 10%, or 5 x 10* photons.

The temperature and density profiles are obtained with the same deprojection tech-
nique shown in §4.3.2. Figure 4.5 shows the temperature and density profiles of the
simulated spectra. The density profiles derived are well consistent with the input model
within the range of error, while the temperature profiles show a “jog”, especially in the
spectra with lower counts. This kind of jog in temperature profiles is also reported in
Arabadjis, Bautz, & Garmire (2002). They attributed the jogs to the unexceptional
statistical fluctuation.

In order to examine the jogs, we simulated the case in which the cluster consists of
various numbers of shells (N =6,8,12, and 24). Figure 4.6 shows the temperature profiles
in these cases. Bach spectrum has the same photon count (2 x 10* counts); that is, the
total counts are 1.2 x 10°, 1.6 x 10°, 2.4 x 10°, and 4.8 x 10°, respectively. The amplitude

of the jog is larger for a larger number of shells. This structure is probably due to the
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Figure 4.5: Temperature and density profiles of the simulated spectra. Black, blue, and red
data represent projected spectra is containing 5 x 103, 2 x 10%, and 5 x 10* photons, respectively.

Black dashed lines represent the models assumed in the simulation.
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Figure 4.6: Simulated temperature profiles in cases with clusters consisting of consists various
numbers of shells:- N = 6 (black),8 (red), 12 (green), and 24 (blue).

interference between two neighboring spectra, since the jogs at two adjacent radius bins
go in different directions. From these simulations, in order to suppress the jog in the
temperature profile, we restricted the photon count per each annulus and the number of

annuli, as follows: followings:
e The photon count per each annulus must be at least 1 x 10* | and
e The number of annuli N must be 5 < N < 10.

In Table 4.3, we show the parameters we used in the extraction of spectra.
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Table 4.3: Parameters used in the extraction of the spectra.

Cluster X-ray center® Number® Counts® Outermost radius
(Ra, Dec) of annuli /spectrum (')  (kpc)
A1060 159.178 -27.529 7 30000 16.4 353.3
A133 15.673  -21.883 7 20000 8.2 740.5
A1795 207.218 26.593 8 80000 12.3  1201.5
A1835 210.258 2.879 7 10000 2.7 801.6
A2029 227.732 5.744 7 43000 82 978.6
A2052 229.185 7.021 5 40000 6.9 391.0
A2199 247.160 39.551 10 60000 16.4 841.3
A2204 248.196 5.575 6 10000 4.1 84438
A2597 351.332 -12.124 7 20000 6.6 819.5
A401 44.743 13583 5 30000 9.0 1037.5
A478 63.354  10.465 9 40000 82 1087.3
A644 124.357 -7.511 6 30000 10.7 1162.8
A85 10459  -9.302 8 40000 82 7247
A963 154.266 39.047 5 10000 4.1 1059.8
AWMY7 43.615 41579 7 80000 16.4 478.2
Centaurus 192.203 -41.312 10 80000 18.9 355.3
Hydra A 139.524 -12.096 7 40000 8.2 702.6
MKW3S . 230.466 7.709 8 25000 5.8 424.6
NGC5044 198.850 -16.386 10 20000 10.7 163.0
PKS0745-191 116.880 -19.295 6 25000 3.8 570.1
Sersic159-03  348.494 -42.726 5 10000 49 4511
ZW3146 155.915 4.186 5 12000 3.3 1062.3
2A0335+096 54.671  9.967 7 40000 9.8 5644

¢ Position of the center determined from the X-ray peak in Equinox 2000.0.

b Number of annuli adopted in the extraction of spectra.

¢ Total source photon counts per each annulus in 0.3-10 keV.
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4.3.4 Fitting of the spectra

We extracted the X-ray spectra following the procedures show in §4.2. The spectra were
grouped such that there were a minimum of 20 counts channel™'. The simultaneous fit
of the spectra was performed with the XSPEC, Version 11.2.0 package. Because the
uncertainty in the instrumental response is relatively significant in the lower energy band,
and the background is dominant in the higher energy band (see §3.3.8), we limited the
energy band to be used in the fitting to 0.5-7.0 keV2. The hydrogen column density Ny
was determined as a free parameter in the spectral fitting at the same time. However,
for some clusters, the column density was poorly constrained. In such case, we fixed the
absorption column to the Galactic value. The values of the hydrogen column density we
measured or used in the fitting are listed in Table 5.1.

In Figure 4.7 and Figure 4.8, we show an example of the spectrum fitting. As men-
tioned in §4.3.2, the deprojected temperature kT, gas density n., and abundance Z are
obtained for each shell. Although the abundance profile, which concerns the metal en-
richment process in the ICM, is an interesting topic on the X-ray study of clusters (see,
e.g., Fukazawa 1997), we focus on the temperature and gas density profiles in this thesis

to investigate the central mass profile of galaxy clusters.

2For Centaurus cluster, we also excluded 1.5-2.5 keV, because the calibration uncertainty is significant.



4.3. ANALYSIS 47

A1835 # 0
> > >
- (]
% E % s 33
- §
s 33 o
K K i:
o 7 =
L, . %
% . é'& é :
: A
ig g 73 e
~ o
x o x o 2o
ol o
! |
N v
1 2 5 ! 2
channel energy (keV) channel energy (keV)
A1835 # 3 A1835 § 4 A1B35 § &
% % %
3 ; %
< 2
S
= S &
L) -}
58 g3 g
3 < ] g3
3 3
It Iy ]
§ " £
= 7
H ) E g2
<k
> ; B e
T 7
2 2 2
channel energy (keV) channel energy (keV) channel energy (keV)
A1835 4 8
%
3
e
g
v
H
£
g

2
channel energy (keV)

Figure 4.7: An example of the spectrum fitting. In this example (A1835), we fitted the N =7

spectra for two data sets simultaneously. Observation IDs of each data set are 495 (red) and
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Chapter 5

Results

5.1 Temperature and gas density profiles

Temperature and density profiles as a function of radius have been extensively studied
since the discovery of X-ray emissions from clusters. Systematic studies for a large number
of clusters using the X-ray data from previous missions, such as ROSAT or ASCA have
been published by several authors (e.g. Markevitch et al. 1998; White & Buote 2000).
However, the high spatial resolution imaging spectroscopy of Chandra enables us to mea-
sure both the temperatures and gas densities in the very central region of a cluster of
galaxies. It also enables us to apply the new deprojection technique in which the tem-
perature and density profiles are derived without assuming any particular models. In
the next section, we focus on the spatial distribution of total gravitational mass, which
is calculated directly from the temperature and gas density profiles we derived. In this
section, we examine the temperature and gas density profiles themselves.

The temperature and gas (electron) density profiles of all sample clusters are shown
in Appendix B. In each panel, we also show the pressure profile, which is simply derived
from the temperature and gas density with the equation of the state of ideal gas: P =
n.kT. To examine the validity of our spectral analysis, we compare the spatially averaged
temperatures of our results with the temperatures previously measured with ASCA or
ROSAT (see Table 4.2). We defined the spatially averaged temperature as

T — Zivzl ngl‘/l V 717—’1 (5 1)
average — s .
Zz’IL n2Viv'Ti

where V;, ne;, and T; are the volume, gas density, and temperature of the ith spherical

shell, respectively.
The spatially averaged temperatures calculated in this way are summarized in Table

5.1 and compared with the previous measurements in Figure 5.1. Note that each temper-
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Figure 5.1: Comparison of the spatially averaged temperatures we derived with those in previous
measurements reported in the literature. The temperatures from our measurement and those

from previous reports are consistent within about 30 % (dashed lines).

ature value among the previous measurements is usually derived from an X-ray spectrum
of the whole cluster region, which is not necessarily the same region as that used in our
analysis. Nevertheless, our temperature values and the previous ones are consistent within
about 30 %.

We attempted to model the temperature and density profiles with analytic functions.
Note that the total mass profile can be calculated without employing such models, as
shown in the next section. However, we investigated for another way to obtain the total
mass profile, to which end such models are employed. We examined the following two

empirical models for the temperature profiles: (1) exponential + constant model given by
T(r) = To + Tyexp(—r/rr); (5.2)

and (2) simple power-law model given by
T(r) = To(r/rr)°. (5.3)

The fitting results are summarized in Table 5.2 and Table 5.3. The averages of reduced
x? (x?/dof) were 16.7 for the exponential + constant model and 25.1 for the power-

law model, indicating that neither model provides an acceptable fit for most clusters.
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Table 5.1: Fitting results of the spectra of the sample clusters. The photon weighted average

temperatures (kT avarage), hydrogen column density Ny, and the x? values with the number of

degrees of freedom (dof) are shown.

Cluster kTavarage Ny x2/dof
[keV] [1020 cm_g]
A1060 3.08+0.16 9.457%13 2594.8/2188
A133 3.99+£0.26 1.55 (fixed) 2548.9/1718
A1795 524 +0.19 1.20 (fixed) 10070.6/7532
A1835 8.73+1.00 22875 2613.4/2251
A2029 8.57 £0.62 3.07 (fixed) 3310.2/2673
A2052 3124009 149730  3163.4/1652
A2199 4.67+0.19 0.87 (fixed) 9142.0/6237
A2204 829+ 1.11 2.877012 1440.9/1185
A2597 428 £0.30 2.50 (fixed) 2406.1/1770
A401 7.71+£0.60 14.09731%  4091.1/2715
A478 6.67+0.38 25967005  4942.8/3253
A644 6.51 +£0.44 13.94703%  2493.5/2199
A85 597 +£0.33 4521005  4384.0/2957
A963 6.27 £0.82 1.40 (fixed) 1221.3/1051
"AWM7 3.67+0.11 13.827007  4291.1/2909
Centaurus  3.89+0.16 10.021005  6394.7/3741
Hydra A 3.57+0.13 7.29701 7277.9/3686
MKW3S 3.63+022 5387032  3834.6/2863
NGC5044 1.07+£0.03 11521002  2604.9/1474
PKS0745-191 821+ 0.53 34.87101%  3766.6/3014
Sersic159-03  2.42+0.15 1.76 (fixed) 1079.0/831
ZW3146 7.15+0.61 5461030  1512.7/1192
2A0335+006 3.13+0.14 22.057019  3331.4/1883
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These large reduced x? values are likely to be due to local fluctuations in the intrinsic
temperature profiles or to unknown systematic errors in our analysis procedure. Note
that we integrate the above model functions within one radius bin to obtain each model
point. Thus, a coarse sampling is not the cause of the large x? values. Although we could
not determine which model is appropriate in either case, we adopted the exponential +
constant model in the following analysis. One of the reasons to adopt this model is that
the temperature profile is expected to asymptote to a certain temperature at large radii.
Another reason is that recent Chandra and XMM-Newton observations of cooling flow
clusters suggest that there are certain lower cut-off temperatures in the central region of
the cluster (Tamura et al. 2001; Peterson et al. 2001).

Three parameters in the exponential + constant model were determined by the x?
fitting, but their error estimation was not trivial when the fitting was unacceptable. In
order to estimate conservative errors for the parameters, we assigned a systematic error
to each data point in the temperature profile. The systematic error of the temperature
is assumed to be the constant fraction of the measured temperature for all the data
points, where the fraction is determined so as to obtain the reduced x? of unity in each
temperature profile. Note that the total error is calculated to be the square root of the
quadratic sum of the statistical and systematic errors. For some clusters, the original
(i.e., before assignment of the systematic error) reduced x? is small enough to accept the
fit. We assigned the systematic error only for the clusters for which the original fitting
was rejected by the x2 test with a significance level less than 1 %. In Table 5.3, we
show the best fit values of the parameters and their 1o errors obtained in this manner.
The temperature profiles of A1060, A401, and A644 are almost constant, and we set the
constant temperatures (isothermal) for these clusters in the following analysis.

Aln addition to fitting the temperature profiles, we fitted the density profiles with
following two models: (1) isothermal 8 model given by Equation (2.21):

ng(r) = neo (1+ (r/re)?) 2%,

and (2) NFW gas density model given by Equation (2.26):
In(1+ (r/rs))
(r/rs)
The fitting results are summarized in Table 5.4 and Table 5.5. The averages of the
original reduced x? are 469.6 for the 3 model and 421.6 for the NFW gas density model,

indicating that the fit is far from acceptable. In fact, the fitting models are rejected for

)l

ng(r) = neo exp[—B(1 —

all the clusters with a significance level less than 1 %. Hence, as was the case for the

temperature profiles, we adopted the systematic error for all the clusters. The values and
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Table 5.2: Fitting results of the temperature profiles with the power-law model.

Cluster Ty [keV] ry [kpc] a x?%/dof
A1060 5.30+£0.36  995.74660.6 -0.11+0.01 69.3/5
A133 0.66+£0.02 94.1+£12.8  0.33£0.01 40.5/5
A1795 1.704£0.06  159.3+13.8  0.204£0.01 155.8/6
A1835 1.4840.12  103.4+28.2 0.33+0.02 8.9/5
A2029 2.69+0.16  144.4422.7 0.21+0.01 8.5/5
A2052 0.60+0.01  17.8+2.8 0.32£0.01  438.4/3
A2199 1.404+0.04  57.845.2 0.22+0.01 278.9/8
A2204 1.58+£0.11  60.74+9.4 0.26+£0.02  65.9/4
A2597 0.86+0.06 162.7429.1  0.31+0.01  2.0/5
A401 13.63+£2.60 13.1+718.1  -0.10£0.03 9.5/3
A478 1.714£0.06  50.847.9 0.24+0.01  131.2/7
A644 5.25+0.49  14.4+1.3 0.03+£0.02 37.7/4
A85 1.5440.06  70.0+£8.4 0.23+£0.01  110.3/6
A963 4.0140.77  13.3+6.1 0.084£0.04 1.8/3
AWM?7 2.44+0.08  7.140.1 0.08+0.01 222.3/5
Centaurus 0.4840.01  87.6+4.2 0.4140.00 1077.1/8
Hydra A 2.40+0.07 91.9423.7  0.08+£0.01 35.2/5
MKW3S 3.114£0.16  21.0+8.8 0.02+0.01  54.5/8

NGC5044 0.35+£0.01 92.6+8.3 0.26+0.00 378.9/8
PKS0745-191 1.04+0.06 154.6+25.7 0.39+0.01 5.9/4
Sersic159-03  1.13£0.08  58.0+15.7 0.16+0.02 7.5/3
ZW3146 1.67+0.12  57.2+13.0 0.26£0.02 42.3/3
2A0335+096 0.44£0.01 106.8+7.7 0.39+0.01  96.5/5
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Table 5.3: Fitting results of the temperature profiles with the exponential + constant model.

CHAPTER 5. RESULTS

Cluster Ty [keV]e Ty [keV]® ré [kpc] x%/dof®  Systematic
error®
A1060 3.16 £0.22 -0.00 + 0.80 850.0 + 9185 126.4/4 0.183
A133 452 £0.36 -3.45 + 0.33 90.9 £+ 28.5 20.7/4 0.082
A1795 6.03 £ 0.51 -3.36 = 0.57 1514 £ 63.1 105.1/5  0.099
A1835 10.10 £ 0.69 -7.60 + 0.56 1034 + 28.2 10.2/4
A2029 9.890 £0.30 -5.73 £0.34 144.4 + 22.7 3.9/4
A2052 3.20 £ 0.27  -5.67 £ 8.39 149 + 224 24.8/2 0.734
A2199 492 +£0.32 -3.34 + 0.41 57.2 + 22.2 97.3/7 0.093
A2204 845 £ 1.29 -7.21 £ 1.80 58.1 £ 34.0 26.1/3 0.235
A2597 6.02 £ 0.39 -4.33 £ 0.35 162.7 - 29.1 6.6/4 .
A401 7.71 £0.62 0.00 + 29.09 12.9 £ 0.1 19.0/2 0.170
A478 7.03 £0.35 -5.52 £+ 0.78 48.4 £+ 20.0 33.6/6 0.076
A644 6.47 £ 0.39  -28.72 £ 28.72 149 + 27.3 27.6/3 0.128
A85 6.44 £ 0.27 -4.56 + 0.46 78.4 £+ 21.6 26.0/5 0.065
A963 6.22 £0.25 -29.78 £ 23.80 13.3 £ 6.1 1.5/2 .
AWMT 3.78 £ 0.10 -29.60 £ 2794 7.2 £ 3.8 52.8/4 0.064
Centaurus 4.63 £ 0.90 -3.92 + 0.86 78.0 £ 35.2 1167.4/7 0.215
Hydra A 3.80 £0.24 -0.95 + 0.28 113.3 £ 95.0 33.4/4 0.064
MKW3S - 3.71+£0.14 -1.10 £ 0.59 30.9 & 23.2 42.3/7 0.078
NGC5044 1.65 £ 0.39  -1.10 £ 0.37 102.9 £ 54.5 168.6/7  0.065
PKS0745-191 11.16 + 0.65 -8.89 + 0.57 154.6 = 25.7 9.9/3
Sersic159-03  2.69 £ 0.09 -1.31 £ 0.13 58.0 £ 15.7 1.8/2
ZW 3146 8.04 £0.31 -6.86 + 0.58 57.2 £ 13.0 0.6/2
2A03354+096 3.96 + 0.40 -3.18 + 0.35 97.1 &+ 30.2 60.6/4 0.089

¢ Errors are estimated by including a systematic error (see text).

b Original reduced x? before including a systematic error.

¢ Systematic error adopted so as to get the reduced x? value of unity
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errors in Table 5.4 and Table 5.5 were made considering the systematic errors. Of these
two models, we selected the NFW gas density model for the following reason. The X-ray
surface brightness profiles of some clusters show the central excess components. These are
well described by a double 3 model in which another 3-model component is incorporated
(e.g. Mohr, Mathiesen, & Evrard 1999; Ota 2000). Thus, use of the single 3 model might
allow us to miss a central excess component. On the other hand, the NFW gas density
model shows a cuspy profile similar to that of the double 3 model and is a good alternative
to it at the cluster center.

Suto, Sasaki, & Makino (1998) examined the gas distributions expected from the
NFW profile. They fitted the simulated gas density profile with the NFW gas density
model and found that the parameter B is in the range from 5 to 20. The parameter B
we measured is consistent with Suto, Sasaki, & Makino (1998). We also investigated the
relationship between the core radius r, and the scale radius rs. As shown in Figure 5.2, the
relationship between rg and 7. is well described by 75 = (0.26 £0.01)r, except for A401. A
similar correlation was obtained by Ota (2000) with the ROSAT observations, and was
noted by Makino, Sasaki, & Suto (1998) in their simulation. Note that although A401
(z = 0.0748) shows a symmetric X-ray surface brightness profile, there is a neighboring
cluster (A399) in the ~ 40’ southwest direction. Whether the A401 and A399 pair is
pre-merger (Fujita, Koyama, Tsuru, & Matsumoto 1996) or post-merger (Fabian, Peres,
& White 1997) is still an open question. The deviation of A401 may reflect such a peculiar

condition.

5.2 Mass profiles

Under the assumptions of hydrostatic equilibrium and spherical symmetry, we can obtain

the total gravitating mass profile as a function of radius using Equation (2.9):

a5 _ . 90
dr HTg Pdr
GM(<r
- —p,ngmp—————r(2 ) (5.4)

We derived this mass profile by two different methods in order to check its consistency.
The first method employs the temperature and density profile models obtained in §5.1.
Substituting Equation (5.2) and Equation (2.26) for Equation (2.9), we obtain the mass
profile in an analytic form. The second method does not employ the temperature and

density profile models. Instead, the mass profile is derived by approximating Equation
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Table 5.4: Fitting results of the gas density profiles with the 3 model.

Cluster neo (1072 em~3]%  r. [kpc|® o x2/dof®  Systematic
error®
A1060 0.68+0.05 41.946.8 0.36+0.03 378.0/4 0.044
Al133 3.784+0.70 21.6+5.2 0.43+0.02 1567.3/4 0.086
A1795 3.69+0.42 64.2+9.0 0.58+0.03 9422.3/5 0.085
A1835 17.50+0.99 30.6+2.1 0.49+0.01 153.4/4 0.031
A2029 4.4740.43 55.2+7.5 0.504+0.02 1461.1/4 0.057
A2052 3.814+0.26 18.8+2.1 0.41+£0.01 227.9/2 0.024
A2199 2.34+0.32 56.2+10.9 0.55+0.04 3695.6/7 0.109
A2204 17.90+2.09 22.7+3.2 0.494+0.02 344.7/3  0.057
A2597 5.99+0.19 43.0+1.7 0.62+0.01 100.6/4 0.022
A401 0.60+0.02 258.1+16.1 0.58+0.03 75.5/2 0.013
A478 5.00+1.48 75.3+27.8 0.63+0.08 5260.8/6 0.215
A644 1.25+0.05 128.148.1 0.56+0.02 160.7/3  0.025
A85 3.27+0.37 32.7+£5.2 0.40+0.02 1897.4/5 0.055
A963 2.17+0.18 109.4+14.5 0.57+0.04 154.1/2  0.042
AWM?7 1.11+£0.13 33.2+7.3 0.33+0.02 1699.1/4 0.056
Centaurus 7.90+1.87 4.9+1.5 0.37+0.02 4418.3/6 0.104
Hydra A 5.93+1.18 22.4+5.6 0.46+0.03 5302.3/4 0.112
MKW3S < 2.59+0.24 30.7+x4.4 0.424+0.02 516.1/7  0.063
NGC5044 3.11+1.61 9.6+8.0 0.43+£0.10 4220.4/7 0.156
PKS0745-191 9.38+0.57 39.5+3.4 0.514+0.02 282.9/3 0.031
Sersic159-03  4.05+0.41 47.947.5 0.64+0.05 207.8/2 0.054
ZW 3146 11.20+2.74 59.94+18.3  0.63+0.07 1427.9/2 0.111
2A0335+096  7.07+0.79 25.9+3.6 0.52+0.02 1169.1/4 0.069

@ Brrors are estimated by including a systematic error (see text).
b Reduced x? before including a systematic error.

¢ Systematic error adopted so as to make the reduced x? value unity.
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Table 5.5: Fitting results of the gas density profiles with the NFW gas density model.

o7

Cluster nep [1072 em™3]%  rg [kpc)® B¢ x?/dof®*  Systematic
error®
A1060 0.83+0.09 145.1+48.2 5.13+1.08 565.3/4 0.078
A133 4.21+0.80 91.6+£21.9 6.401+0.37 1584.3/4  0.121
A1795 4.76+£0.45 252.8+£37.6 8.54+0.50 6460.0/5  0.084
A1835 22.10+£1.52 112.14+9.3 7.04%0.16 257.3/4 0.051
A2029 5.841+0.08 193.7+4.5 7.1140.06 31.9/5 0.011
A2052 4.744+0.24 64.5+5.3 5.724+0.13 144.1/2 0.029
A2199 3.0010.26 235.1+£40.6 8.521+0.66 5112.0/7  0.079
A2204 21.60£3.10 89.3+14.4 7.15+0.28 557.3/3 0.10
A2597 8.114+0.62 157.4+17.6 8.94j:0.38 537.9/4 0.071
A401 0.71+£0.03 2842.0+664.9 19.05+10.64 97.6/2 0.035
A478 6.46+1.25 338.3+118.0  9.99+1.53 13901.8/6 0.155
A644 1.63+0.17 493.6+£125.8 8.30£1.05 972.4/3 0.085
A85 3.86+0.48 122.5+21.6 5.76+0.26 2246.4/5  0.081
A963 2.76£0.13 477.2+£58.5 9.07+0.57 39.3/2 0.033
AWM7 1.26+0.14 140.7+£17.7 5.00£0.26 2899.1/4  0.083
Centaurus 7.79£1.75 24.7+5.5 5.72+0.23 6499.1/7  0.143
Hydra A 7.03£1.53 87.9+22.7 6.6710.43 6555.0/4  0.151
MKW3S .3.231+0.33 106.71+20.5 5.95+£0.41 608.8/7 0.083
NGC5044 3.984+0.95 34.8+£15.5 6.22+0.95 3186.8/7 0.163
PKS0745-191 12.0040.38 145.61+8.1 7.394+0.16 72.3/3 0.022
Sersicl59-03  5.14+0.40 240.51+54.8 11.084+1.46  101.5/2 0.057
ZW3146 14.3041.99 258.2+63.0 9.74+1.00 473.6/2 0.096
2A0335+096  9.23+£1.30 90.5+17.3 7.41+0.47 1887.5/4  0.111

@ Errors are estimated by including a systematic error (see text).
> Reduced x? before including a systematic error.

¢ Systematic error adopted so as to make the reduced x? value unity.
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Figure 5.2: Relation between ry and r.. The solid line represents the best-fit relation ry, =
(0.26 & 0.01)r. except for one deviant data of A401.

(2.9) as simple differences:

1 r?2 AP(r)
M(<r)~ T G Ar (5.5)

We calculated AP(r)/Ar as
Ar rgn - '

where P; and r; are the pressure and radius of the ith shell. The radius r and gas density
ng(r) are given by r = (riy1 + 7:)/2 and ng(r) = (Nei+1 + Nes) /2, respectively.

Results of these two methods are shown in Appendix C for all the clusters. The
plots also show the 1o confidence levels for the analytic mass profile, which is derived by
considering the errors of the parameters describing the temperature and density profile
models. The mass profiles derived by the two different methods were consistent in most of
the cases. Note that we could not constrain the 1o confidence levels of the mass profile of
A2052 due to the large uncertainty of the temperature profile. In the case that Py, > P,
—, the pressure of the outer shell is larger than that of the inner shell, and the mass
profile shows the negative mass M < 0. This is likely caused by the local temperature
fluctuation intrinsic at some radius of the clusters or by systematic errors in our analysis,
as described in the §4.3.3. We excluded these unphysical points in the analysis, though
such points are only seen in NGC5044 (2nd point) and Centaurs (3rd point). Of the
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two derivation methods, the first one using the modeled temperature and density profiles
is easy to handle, but it involves sacrificing one important point of the deprojection
analysis; i.e., no reliance on any particular profile models. On the other hand, the second
method is more straightforward, but it suffers large error owing to local fluctuations in
the temperature and density profiles. In the following analysis, we principally use the

mass profiles from the second method unless noted.

5.3 Scaling of mass profiles

In the following sections, we discuss a comparison of the total mass profiles we derived
with the results of CDM simulations. The total mass we dealt with included gas, stars in
galaxies, and dark matter. Since clusters are dark matter dominant systems as described
in Chapter 2, we neglect the contribution from masses other than dark matter, while we
will examine its validity in Chapter 6. Assuming the cluster to be dominated by dark
matter, the total mass profile we derived corresponds to an implicit dark matter density
profile.

In Figure 5.3, we show the analytic mass profiles of 23 sample clusters in one plot,
illustrating the scatters among them. CDM simulations predict that the density profiles of
dark matter are universal in form across a wide range of mass scales (e.g., Navarro, Frenk,
& White 1995, 1996). We scaled our analytic mass profiles with rep0 and Magg, where o9
is the radius within which the mean halo density is 200 times the critical density of the
universe, and My is the total mass enclosed within r299. As shown by Navarro, Frenk,
& White (1995, 1996), clusters of different mass are expected to show similar structures
when scaled to such a characteristic radius and mass. For the calculation of ryg9, we
used the relation obtained from the numerical simulation by Evrard, Metzler, & Navarro
(1996):

Ta00 = 3.690 (T/10keV)%® (1+ 2)~'® [Mpc], (5.7)

where T is the emission-weighted temperature, and z is the redshift. We used the Tyerage

in Table 5.1 as the emission weighted temperature. My is calculated by
4
M200 = §7r(200pcm(z)) TSOO' (58)

We show the scaled mass profiles in Figure 5.4. On a large scale (r > 0.1r0), the scaled
mass profiles agree with each other better than did the original mass profiles, except in
the case of one deviant profile of A401. This findings suggest that the mass profiles have
a similar form on a large scale; in other words, the scaling with 7,09 and My is effective

at least on this scale. The standard deviation of the mass profiles is 41 % at 200 kpc
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for the original mass profiles, and that for the scaled profiles is 21 % at 0.17209, Which
corresponds to about 160-300 kpc. In contrast, the standard deviations on the small scale
(r < 0.17ry) are not significantly different: 55 % at 20 kpc for the original mass profiles,
and 60 % at 0.017yy for the scaled mass profiles.

When the density profile of dark matter is described with the power-law expression

p(1) = po(r/70)®, the mass integrated over the volume is described by

4”007“8(1”_)3—(1. (59)

,,
M< — 4 1 I2d1___
(<) / mplo! ' = T

Therefore, when the logarithmic slope o« is flatter than (@ — 0), the integrated mass
profile has a steeper slope. We overlaid the M oc '3 (o = 1.5), M o r* (@ = 1) and
M o 73 (a = 0) lines on the scaled mass profiles in Figure 5.4. It was found that the
slope o was in the range of 0 to 1.5, and it was flatter (smaller) on the small scale. The

slope a at the cluster center is quantitatively examined in §5.5

5.4 Comparison with theoretical models

In this section, we compare the measured mass profiles with the King and NFW profiles
shown in Chapter 2. As described in §2.3.2, the King profile is an approximation of the
equation of a self-gravitating sphere and is flat (@ = 0) in the central region, whereas the
NFW profile, is an analytic formula obtained from CDM simulation, is cuspy (a = 1) (see
§2.3.4). We employ the discrete mass profiles, which were obtained from Equation (5.5)
without using temperature and gas density profile models. The King density profile is
given by
p(r) = po "E(L+ (r/re)?) 2,

where pE™ is the central density and 7. is the core radius. The integrated mass profile
is analytically given by Equation (2.16), to which we fit our measured mass profiles. The
free parameters to be determined are péﬁ"g and 7r.. On the other hand, the NFW density

profile is given by Equation (2.23):

p(r) = cpcrit[(r/rs)(l + T/"'s)2]_1,

where
200 3
3 [In(l4¢)—c/(1+c)]

(see §2.3.4). The integrated mass profile is given by Equation (2.25), where the free

O =

parameters of the fitting are ¢ and rs. We limited the range of the concentration parameter

¢ > 1 to prevent models in which the scale radius rs was larger than rygo.
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(a =1.5), Mxr? (a = 1) and Mxr?® (a = 0), respectively.
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The results of the fitting are summarized in Table 5.6 and Table 5.7. The best-fit
mass profiles from the two density profile models are compared in Appendix D. When
we consider only a statistical error for each data point of the measured mass profile, the
fits are not acceptable at significance levels less than 1 % with either model, except in
the case of PKS0745-191 and ZW3146 with the King profile, and in that of A2029 with
the NFW profile. In addition to the fitting of the temperature and gas density profiles
shown in §5.1, we assigned systematic errors of a constant fraction of the measured mass
s0 as to obtain the reduced x? of unity when the original fit is not acceptable. The
parameter values and errors in Table 5.6 and Table 5.7 are those obtained considering
the systematic error. Although introducing this systematic error prevented us from doing
statistical tests to determine which model is preferable, some clusters showed a mass
profile steeper (smaller ) than the NFW profile in the central region. This is clearly seen
in A2597, PKS0745-191, ZW3146, and 2A0335.

The core radii of the King profile are in the range from 8.7 to 265.8 kpc with a median
of 104.4 kpc, whereas the scale radii of the NFW profile were in the larger range from
25.0 to 4293.3 kpc, with a median of 1345.5 kpc. We compared the core radius of the
gas density profile (rgas) in Table 5.4 with that of the mass profile (r mass) in Figure 5.5.
The core radii of the mass profiles are systematically larger than those of the gas density
profiles, suggesting that the gas is more concentrated than the total mass or dark matter.
We also showed the relation of the scale radii of the gas profiles rgg,s and those of the
mass profiles in Figure 5.6.

We next compared the concentration parameters obtained from the NFW fit with
those predicted by a CDM simulation. We employed a function that was derived by
fitting the simulation data of Bullock et al. (2001) to approximate the concentration

parameter Cgm,
(5.10)

Coim = 9 ( Myir )-0.137

14 2°1.5 x 1083h-1 M,
where M,;; is the virial mass of a cluster. In the evaluation of ¢y, we used Mygg calculated
by Equation (5.8) as M. As shown in Figure 5.7, the numerical simulation by Bullock
et al. (2001) predicted concentration parameters in the range of 4.2 to 7.2, whereas the
concentration parameters observed were in the wider range of 1.00 to 15.29. Although the
error for each data point is large, the concentration parameter observed is smaller than
that in the CDM simulation for most of the clusters. We should note that the results of
the NFW mass profile fit are consistent with previous measurements with Chandra by
Schmidt, Allen, & Fabian (2001) (A1835; r, = 640213 kpc and ¢ = 4.070:23), by Lewis,
Buote, & Stocke (2002) (A2029; ry = 540 & 90h-; kpc and ¢ = 4.1 £ 0.8), and by David
et al. (2001) (rs = 77 & 10hy; kpc and ¢ = 12.3 £ 0.18) within errors.
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Table 5.6: Fitting results of the mass profiles with the King model.

Cluster oo "8 Mg pe3]® 1. [kpe]® x?/dof®  Systematic error®
A1060 1.01£2.19x1073  56.6+7.4 117.51/4 0.193
Al133 7.69£4.63x1073  60.5+23.5 101.53/4 0.430
A1795 5.1242.57x107%  96.9+32.4 425.34/5 0.481
A1835 1.0742.87x1073  96.8+16.9 14.22/4  0.242
A2029 1.014£3.43x1073  91.6+20.9 43.02/5  0.260
A2052 2.65+1.05x10~3  133.4+52.8 267.00/2 0.460
A2199 3.79+1.73x10™%  110.7+39.5 110.43/7 0.415
A2204 1.06£7.72x1073  80.8+43.6 48.21/3  0.553
A2597 5.77+1.08x10~%  101.0+13.2 27.57/4  0.194
A401 1.47+2.20x107%  265.84+31.1 22.60/2 0.110
A478 3.62+1.18x1073  173.9+41.3 93.79/6  0.406
A644 2.18+9.62x10~*  197.4+60.7 64.83/3  0.416
A85H 2.87+1.99x1073  153.8+82.8 116.91/5 0.432
A963 3.81£1.12x1073  146.1+26.4 4.46/2 0.186
AWMT 4.64+1.09x107%  90.1£+13.4 57.98/4  0.241
Centaurus 4.7842.91x1072  19.0+6.3 580.93/5 0.571
Hydra A 4.154+3.72x10~%  28.0+12.1 481.84/4 0.505
MKW3S . 1.164£2.34x107%  63.9+8.1 30.22/7  0.165

NGC5044 1.0749.63x10"2  8.7+£3.9 185.19/6 0.344
PKS0745-191 7.18+7.88x10~* 118.7+8.6 4.09/3 ..
Sersic159-03  5.86+2.05x107%  73.3+19.9 17.94/2  0.282
ZW3146 5.83+6.49x107%  146.249.2 0.03/2 ..
2A03354+096 5.33+6.71x10~* 87.9+8.4  20.19/4 0.157

¢ Errors are estimated by including a systematic error (see text).
% Reduced x? before including a systematic error.

¢ Systematic error adopted so as to make the reduced x? value of unity.
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Table 5.7: Fitting results of the mass profiles with the NFW model.

Cluster c® rs [kpc]® x%/dof® Systematic error®
A1060 5.63+£4.07 142.31+145.2 143.0/4 0.511
A133 3.52+2.46 313.2+335.5 37.2/4  0.360
A1795 3.17+2.28 439.24+479.4 211.0/5 0.442
A1835 3.34£1.40 582.9+387.9 291.0/4 0.319
A2029 3.04+£0.48 768.0£178.8 7.0/4
A2052 1.00£2.76 1597.31+627.2 453.1/2 0.710
A2199 1.00+1.11 2323.71447.2 41.9/7 0.444
A2204 1.554+11.86  2198.5+17554.4 9.3/3 0.433
A2597 1.084+12.64  2299.1+6777.9 64.8/4 0.431
A401 1.4949.83 1446.1+6614.5  21.3/2  0.503
A478 1.00£1.05 2268.6+707.7 106.2/5 0.685
A644 1.00+6.23 2629.6+:504.7 71.0/3  0.447
A85 1.00+2.80 2898.9+370.1 98.3/5 0.326
A963 2.72+1.51 627.6+507.3 11.7/2 0.284
AWM7 3.15+£1.47 372.1+261.6 131.9/4 0.359
Centaurus 12.11+6.42  44.3+32.3 613.1/5 0.583
Hydra A 14.524+20.68 50.01+:89.2 296.0/4 0.500
MKW3S 5.00£1.07 250.8£82.6 27.6/5 0.180
NGC5044 15.294+9.59  25.01+21.9 87.4/6  0.261

PKS0745-191 1.00+4.77 4293.3£733.3 30.0/3  0.361
Sersic159-03  1.51+£5.48 1267.7+4728.8 19.5/2  0.307
ZW3146 1.59+1.55 1832.3+2946.3 16.6/2  0.300
2A0335+096  1.00£5.90 2276.3+393.8 152.0/4 0.418

@ Errors are estimated by including a systematic error (see text).
. ® Reduced x? before including a systematic error.

¢ Systematic error adopted so as to make the reduced x? value unity.
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Figure 5.7: Concentration parameters predicted by the numerical simulation v.s. those we

measured. The dashed line represents csim = Cobs-

5.5 Inner slope of dark matter distribution

As described in Chapter 2, the shape of the dark matter distribution near the center of
a cluster is sensitive to the theoretical models adopted. In this section, we focus on the
observed shape of the total mass distribution in terms of the slope of the density profile
at the inner part of a cluster. The inner slope of the density profile is obtained by fitting
the total mass profile we obtained with a model mass profile calculated from an assumed
density profile. Although we employed the King and NFW profiles as density profile
models in the previous section, a more generalized form is used in this section. That form

was

_ Po
P = Gt /) (5.11)

where p, is the central density, r is its scale radius, and o is the asymptotic slope of the
profile at small radii. This form of density profile requires numerical integration to derive
the integrated mass profile.

The asymptotic slope o in Equation (5.11) can be used as the inner slope. However,

it was found that the o and the scale radius r¢ are coupled strongly, and therefore difficult

to determine independently. Thus, we focus on the slope of the density profile at a finite
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radius and used it as the inner slope. The slope at a radius 79, ag(ro) is given by

dlnp(r)

ap(ry) = — Ty [— (5.12)
Using Equation (5.11), we get
_ (a+(ry/rs))
a()('f'o) = ———_(1 T (7'0/7”5)) . (513)

We employ ag(ry) instead of a, in addition to py and rg, as a free parameter of the fitting.
We fixed 7y to 0.02r599, which corresponds to about 40 kpc. The choice of 7y is not trivial,
but we fix this value so that the radius is appropriate for a comparison of the theoretical
models and is covered by observed data points in the mass profile. Nevertheless, A401,
A644, and A963, due to a lack of data points within 0.02r;yy, were discarded from the
following analysis.

The results of the fitting are summarized in Table 5.8, and the best-fit values and
errors of the inner slope ag(rg) are plotted in Figure 5.8. We also show the total mass
profiles with best-fit parameters for the general form of the density profile in Appendix
E. The inner slope ag spans a wide range with 0 < agp < 2.3. We found that the 90%
upper bound of o was lower than unity for 6/20 (~ 41 %) clusters (A2052, A2597, A478,
PKS0745-191, ZW3146, and 2A0335+096), suggesting that the dark matter distribution
in a significant fraction of clusters was flatter than that in CDM halo models such as the
NFW profile or the Moore profile.

5.6 Examination of the systematic effects

We have demonstrated that the inner slope oy shows a large scatter and is less than unity
for 30% of the clusters in our sample. Before discussing these results in greater detail,
we would like to address their validity and the systematic effects that may affect the
measured inner slope from various points of view.

The key assumptions of our analysis are hydrostatic equilibrium of the gas and spher-
ical symmetry. Although the hydrostatic equilibrium assumption is difficult to confirm
_observationally, deviation from the spherical symmetry projected on the sky is measur-
able in terms of eccentricity or substructures of the X-ray emission. We evaluated those
systematic effects by examining the possible dependence of the deviations from the spher-
ical symmetry on the inner slope ap. We also assume that the hot gas is in the single
phase (i.e., single temperature at one radius). However, there are indications that some
clusters have two-phase gas with different temperatures. Although examination of the

two-temperature model for all the sample clusters is beyond the scope of this paper, we
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Table 5.8: Fitting results of the mass profile with the general form of density profile given by

Equation (5.11). The errors are 90 % confidence intervals. pp and rg

Cluster po [Mg pc3]@ rs [kpc]® 20(0.02r200) ¢ x?/dof’ Systematic
error®
A1060 12.5+25.7 6.0+4.2 1.17+0.38 120.3/3 0.225
A133 0.87+3.15x1075  3483.6+6825.6 1.34+0.34 31.8/3 0.398
A1795 0.894+2.65x 10~% 4171.548738.0 1.34+0.35 194.2/4 0.482
A1835 0.14+1.45 51.1+200.1 0.81£0.47 13.9/3  0.278
A2029 0.35+4.33x 1073  760.0+8648.0 1.2010.45 7.0/3
A2052 1.43+9.07x 102 3.4+8.1 -0.14+0.94 176.4/1 0.524
A2199 0.614£0.51x 1072 163.34+8.2 '0.64+0.50 36.8/6  0.440
A2204 0.994+10.7x 10~° 10671.3+67949.5 1.1640.50 19.0/2  0.525
A2597 0.84+7.98 21.8+£76.6 0.52+0.33 20.9/3  0.192
AA4T8 5.36+16.2x 10? 3.1+£3.5 0.17+0.46 23.8/4 0.308
AB5 0.64+0.16x 10™* 2602.04£66453.9  0.9940.37 95.6/4 0.365
AWM7 13.3+45.2 7.1+8.1 0.48+0.57 70.7/3  0.290
Centaurus 0.53+3.04 10.0+20.8 2.28+0.46 549.7/4 0.640
Hydra A 0.10+0.48x 10~* 1203.84+2394.9 1.8540.50 237.3/3 0.556
MKW3S 0.174£0.50x 10~! 86.44+101.8 1.1410.14 17.1/4 ...
NGC5044 0.2540.61x 1075 1812.0+2488.6 1.75+0.21 32.8/5 0.217
PKS0745-191 3.12+3.28 17.4+6.6 0.68+0.18 2.3/2
Sersic159-03  0.2540.09x 10~! 64.5425.0 0.71£0.58 15.1/1  0.378
ZW3146 0.10+0.04 69.4+9.0 0.19£0.20 0.3/1
2A03354+096  1.44+9.11 15.4+35.3 0.56£0.10 11.9/3

@ Errors are estimated by including a systematic error (see text).
b Reduced x? before including a systematic error.

¢ Systematic error adopted so as to make the reduced x? value unity.
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Figure 5.8: Values of the Inner slope ag at the radius of 0.02r50 for 20 clusters in Table 5.8.
A401, A644, and A963 were removed due to a lack of data points within 0.02r299. The horizontal
dashed lines represent o = 1.5 (Moore), @ = 1.0 (NFW), and a = 0.0 (King). Error bars are
shown at 90 % confidence level.
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apply the model to one cluster. Even when the spherical symmetry holds, observational
uncertainty in determining the center of a cluster remains. In this section, we also evalu-
ate this uncertainty. Furthermore, we compare our results with those in previous reports

for some clusters included in our sample.

5.6.1 Center position

We can define three types of positions as the center of a cluster: (1) the X-ray emission
peak of cluster hot gas; (2) the X-ray centroid; and (3) the position of the Brightest
Cluster Galaxy (BCG). We chose the X-ray emission peak as the center of the annuli to
extract spectra (see §4.3.1). Since these three positions are slightly different, the selection
of the center position may affect our results.

We first examined the position of the BCG in our sample clusters. The BCG is defined
as the brightest galaxies among the member galaxies of a cluster. Since the BCGs are
usually located at the center of a cluster and have velocities very near the mean velocity of
galaxies in the cluster, they are considered to sit at the bottom of the cluster gravitational
potential well.

In Table 5.9, we show the position of the BCG in 23 sample clusters. The positions of
BCGs were taken from the NASA /IPAC Extragalactic Database (NED)!. We calculated
the offset between the X-ray peak shown in Table 4.3 and the position of the BCG. When
the offset was larger than or comparable to the radius of the innermost annulus, the
temperature or density profiles will be affected by the selection of the center. In Figure
5.9, the offsets of the BCG are plotted against the radii of the innermost annulus. The
offsets of the BCG are smaller than the radius of the innermost annulus (~ 30 % at the
maximum) except for 2A0335, suggesting that the difference in cluster center between
these two definitions did not affect our results significantly.

Katayama et al. (2003) found that the offset of the BCG is correlated with the virial
density p.i;, which represents the formation epoch of a cluster. The small offsets of
our sample clusters thus suggest that these clusters are a well relaxed system (see also

Hashimotodani 1999).
‘ We next examined the offset between the X-ray peak and the X-ray centroid. To
derive the X-ray centroid, we used the X-ray images in which point sources were removed
following the procedures shown in §4.3.1. We replaced each embedded source with the
local diffuse X-ray emission surrounding the source by using the CIAO task dmfilth. This

task replaces the counts within the source regions with the values sampled from the

Thttp://nedwww.ipac.caltech.edu
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Table 5.9: Positions and optical magnitudes of the BCG of 23 sample clusters

Cluster BCG position Offset® m%  Name of the BCG®
ra dec [l [kpc]

A1060 159.179 -27.527 6.5 2.3 12.08 NGC 3311

A133 15.674  -21.882 44 6.7 14.27 ESO 541- G 013

A1795 207.218  26.593 1.8 29 14.67 CGCG 162-010

A1835 210.258 2.879 23 113 ‘e MAPS-NGP 0_560.1447890

A2029 227.734 5.745 6.5 12.8 1430 IC 1101

A2052 229.185 7.021 0.5 0.4 13.76  UGC 09799

A2199 247.159 39.551 0.6 0.5 ‘e NGC 6166 NEDO1

A2204 248.196 5.576 1.8 6.3 .. TXS 1630+056

A2597 351.333 -12.124 1.8 3.7 ‘.- NPMI1G -12.0625

A401 44.741  13.583 74  14.1 ‘.- UGC 02450

A478 63.355  10.465 29 64 .- PGC 014685

A644 124.356 -7.512 64 116 .- PGC 023233

A85 10459  -9.303 36 53 14.71 MCG -02-02-086

A963 154.265 39.047 20 87 e 2MASXi J1017036+390249

AWMT7 43.615  41.578 3.0 1.5 13.03 NGC 1129

Centaurus 192.205 -41.311 6.5 2.0 10.85 NGC 4696

Hydra A 139.524 -12.096 1.7 25 13.46 MCG -02-24-007

MKW3S 1230.466  7.709 04 0.5 14.68 NGC 5920

NGC5044 198.850 -16.385 0.4 09 .. NGC5044

PKS0745-191 116.881 -19.294 23 5.7 e PKS 0745-19

Sersic159-03  348.495 -42.727 6.2 95 14.34 PGC 070747

ZW3146 155.915 4.187 26 139 e ZwCl 1021.0+0426

2A03354-096 54.669  9.970 139 133 - PGC 013424

¢ Offset between the X-ray peak and the BCG.

" b B-band magnitude taken from “The Third Reference Catalogue of Bright Galaxies” by de Vaucouleurs
et al. (1991).

¢ Name in the NED.
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Figure 5.9: Radius of the innermost annulus vs. offset between the X-ray peak and the BCG.

The dashed line represents 50 % of the radius of the innermost annulus.

background regions. As shown in Appendix A, the ACIS CCDs do not cover the entire X-
ray emission for most clusters. We thus define the X-ray centroid within a circular region
that is centered on the X-ray peak and has a radius that is tangent to the detector edge.
The X-ray centroid, offset, and radius used in deriving the centroid are summarized in
Table 5.10. The offsets between the X-ray peak and the X-ray centroid are plotted against
the radii of the innermost annulus in Figure 5.10. The offsets of the X-ray centroid are
slightly larger than the offsets of the BCG but are smaller than the radii of the innermost
annulus. The offset is at most 74 % (for A644) of the radius of the innermost annulus,
suggesting that the difference in these definitions of a cluster center does not significantly

affect the results.

To estimate the effect of cluster center selection on the resultant mass profiles, we
explicitly derived the mass profiles of PKS0745-191 (offset = 8.5 £0.2) and 2A0335+096
(offset = 13.5+0.2) from the spectra extracted from the concentric annuli centered on the
X-ray centroid. The mass profiles derived from the X-ray peak and the X-ray centroid are
compared in Figure 5.11. The two mass profiles are consistent within the error bars. In
the innermost radius, the differences between these two mass profiles are 15 % and 26 %
for PKS0745-191 and 2A03354096, respectively. In Table 5.11, we show the inner slope

ap at a radius of ry for these mass profiles. The inner slopes are also consistent within
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Figure 5.10: Radius of the innermost annulus vs. offset between the X-ray peak and the X-ray

centroid. The dashed line represents 50 % of the radius of the innermost annulus.

the 90 % confidence error. We thus conclude that the selection of the cluster center did

not significantly affect our results of the inner slope.

5.6.2 Spherical symmetry

As described in §4.2, we identified by eye a number of spherically symmetric clusters to use
as our sample clusters. To quantify the spherical symmetry, we measured the ellipticity
(¢) and the position angle (PA) from the projected X-ray image. We used an iterative
moment technique derived from the treatment of the dispersion ellipse of the bivariate
normal frequency function of position vectors used by Carter & Metcalfe (1980). We first
calculated the moments of the observed X-ray images. From an image of P pixels having

n; counts in pixel 7, we computed the moment
1 F
Hmn = D ni(zi— D™ - 9" (mn<2), (5.14)
i=1

where N = Zi . M, and (Z,7) is the centroid. Then ellipticity e is

A
=1 5.15
€ A+7 ( )
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Table 5.10: Centroid positions of the 23 sample clusters.

Cluster Centroid position Offset® Radius?
ra dec ("] (kpe] ("]

A1060 159.174 -27.535 8.0+0.5 2.940.2 216.8
A133 15.674  -21.881 3.3+£0.2 5.0+0.3 157.5
A1795 207.219 26.594 514+0.2 8.4+0.3 196.8
A1835 210.258 2.878 53+0.2 264%1.1 196.8
A2029 227.733  5.744 214+0.2 4.2+04 196.8
A2052 229.185 7.021 1.7+£0.2 1.6+0.2 157.4
A2199 247.158 39.550 6.4+0.2 5.5+0.2 196.8
A2204 248.196 5.576 03+£03 0.9+£1.0 196.8
A2597 351.332 -12.125 3.0£0.1 6.3+£0.2 78.7
A401 44.740 13.576 18.1+0.7 34.7+1.2 393.6
A478 63.355 10.466 3.6 +0.1 8.0£0.3 196.8
A644 124.354 -7.515 40.7£04 T74.1£0.8 354.2
A85 10.461  -9.306 13.7+ 0.3 20.2+0.4 275.5
A963 154.265 39.047 1.7£04 7.4£1.6 196.8
AWM?7T 43.617  41.580 74+03 3.6%0.1 236.2
Centaurus 192.202 -41.310 7.3+0.2 23+0.1 196.8
Hydra A 139.523 -12.096 0.6+04 0.940.6 393.6
MKW3S 230.464 7.706 11.3+0.3 13.7+0.4 354.2

NGC5044 198.850 -16.388 9.3+0.3 20.8%+0.6 196.8
PKS0745-191 116.881 -19.296 85+0.2 21.5+0.5 177.1
Sersic159-03  348.494 -42.727 20+04 3.1£06 196.8
ZW 3146 155.915 4.187 24+03 12.7x14 196.8
2A0335+096 54.669 9.970 14.1+£0.2 13.5+0.2 236.2

¢ Offset between the X-ray peak and the X-ray centroid.

b Radius used to derive the centroid.

- Table 5.11: Inner slope «q of mass profiles derived from the X-ray peak and the X-ray centroid
for PKS0745-191 and 2A0335+4096.

Cluster X-ray peak X-ray centroid
PKS0745-191 0.68+0.18 0.72+0.25
2A0335+096 0.56+0.10 0.35+0.18
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Figure 5.11: Comparison of the mass profiles of PKS0745-191 (left) and 2A0335+096 (right)
derived from the X-ray peak (red) and X-ray centroid (black).

Figure 5.12: Definition of the ellipticity and position angle.

and the position angle of the major axis measured north through east in celestial coordi-

nates (see Figure 5.12) is

= M1 ™
PA = tan™} () + =, 5.16
G MR (5.16)
where Ay (A, > A_) are the positive roots of the quadratic equation
— A2
H20 i1 —0 (5.17)

M1 Ho2 — A?

As in the case of the determination of the X-ray centroids, we used the X-ray images
from which point sources were removed and replaced with local diffuse X-ray emission
surrounding the source. We also employed the ROSAT images to determine the elliptici-
ties and position angles in outer regions of clusters. From the ROSAT image, the point

sources were removed but the holes were not replaced with the background. We show the
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Figure 5.13: Ellipticity € vs. central slope ag. The errors are 1o (68.3 %) confidence level.

ellipticities and position angles as a function of the radius scaled with rygy in Appendix
F. The ellipticities and position angles derived from the Chandra and ROSAT images are
almost consistent.

In Table 5.12, we show the ellipticity averaged over all radii, which includes that at
r = 0.05r9 and at r = 0.1ryge. The averaged ellipticities range from 0.042 to 0.223
with a median of 0.139. The ellipticity increases in the outer region for some clusters
(A1795, A2029, A478, A644, AWMT7, MKW3S, and Sersic159-03). We consider that if the
ellipticity of a cluster affects the inner slope g, the ellipticity ¢ and the inner slope a will
show some kind of relation. However, the plot in Figure 5.13 shows no correlation between
the ellipticity € and the central slope g (the correlation coefficient is -0.31). We therefore
conclude that there was no evidence that deviation from spherical symmetry affects the
results on the inner slope g, although we obtain no evidence regarding symmetry along

the line of sight.

5.6.3 Central structure

As described in §2.4.2, recent Chandra observations have revealed remarkable structures in
the hot gas of the central region of some cooling flow clusters. These structures may have
observably affected the temperature and gas density in our measurement. Furthermore,

if these structures indicate a break of hydrostatic equilibrium, they may systematically
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Table 5.12: Ellipticities of the sample clusters (averaged, » = 0.05ry0, and r = 0.1r900)-

Cluster ¢ (averaged)® e(r =0.05r300) €(r = 0.1rg)
A1060 0.042+£0.019  0.036+0.016 0.036+0.008
A133 0.1234+0.014  0.13440.007 0.13140.006
A1795 0.202+0.005 0.211+0.006 0.24240.003
A1835 0.102+0.044  0.12940.009 0.11240.009
A2029 0.184+0.009  0.188+0.006 0.24740.003
A2052 0.129+0.016  0.132+0.006 0.14540.028
A2199 0.125+0.006  0.133+£0.005 0.15940.004
A2204 0.098+0.038  0.096+0.014 0.087+0.016
A2597 0.161+£0.031  0.163£0.009 0.188+0.023
A401 0.165+0.017  0.131+0.014 0.188+0.010
A478 0.208+0.012  0.231+£0.005 0.260£0.003
A644 0.169+£0.020  0.127£0.007 0.189+£0.006
A85 0.123£0.050  0.156+0.007 0.111+0.004
A963 0.095£0.054  0.093£0.021 0.120+0.010
AWMY7T 0.128+0.011  0.155+0.003 0.208+0.016
antaurus 0.107£0.007  0.114+0.008 0.110+0.010
Hydra A 0.120£0.011  0.068+0.010 0.13540.006
MKW3S 0.183+0.017  0.186+0.006 0.22440.006
NGC5044 0.085+0.010 0.102+0.018 0.12240.013
PKS0745-191 0.223+0.023  0.248+0.008 0.27440.005
Sersic159-03  0.157+0.012  0.173+0.009 0.19240.010
ZW3146 0.153+£0.036  0.175+0.010 0.217+0.010
2A0335+096 0.125+£0.010  0.126+0.006 0.122+0.006

77
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Table 5.13: Remarkable structures in the central region of the sample clusters in literatures.

Cluster Structure Reference

A133 tongue Fujita et al. (2002)

A1795 filament Fabian et al. (2001)

A2052 holes Blanton, Sarazin, McNamara, & Wise (2001)
A2199 depression Johnstone, Allen, Fabian, & Sanders (2002)
A2597 cavities McNamara et al. (2001)

Centaurus plume Sanders & Fabian (2002)

Hydra A depression McNamara et al. (2000)

NGC5044 hole Buote et al. (2002)

MKW3S filament & depression Mazzotta et al. (2002)

2A03354+096 cavity in this work

have affected the mass profile we obtained. In Appendix G, we show the central 5’ x 5’
X-ray images of our sample clusters. For 10 clusters in our sample (A133, A1795, A2052,
A2199, A2597, Centaurus, Hydra A, NGC5044, MKW3S, and 2A0335+096), the presence
of central X-ray structures such as a cavity, hole, or plume has been reported with Chandra
observations in the literature. We found a structure like a cavity in the X-ray image of
2A0335+096. This finding might be associated with the radio structure found by Sarazin,
Baum, & O'Dea (1995).

In Figure 5.14, we show the inner slope aq again, indicating 10 clusters for which the
central structure has been found by open circles. It is found that the three clusters in
which ag is as stéep as 2 have central structures, and the range of oy becomes narrower if
we neglect them. However, the distribution of ag from 0 to 1.2 is similar for clusters with
and those without central structures, though this is difficult to conclude quantitatively.
Note that some of the central structures, such as those in A133, A2597, MKW3S, and
2A0335+096, are small enough to be removed from the analysis in the same way the point
sources were. In order to evaluate the observational effect of these structures, we removed
the region of these structures from those clusters and confirmed that the mass profiles

‘were not significantly affected.

5.6.4 Test of the two temperature model

We have assumed that hot gas is in the single phase and has a single temperature within
one spherical shell. However, for some clusters, the spatial co-existence of two distinct

plasma components has been reported by the ASCA and ROSAT observations. Ikebe et al.
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Figure 5.14: Central slope ag of mass profiles. The circles indicate 10 clusters n in the literatures

to have the central structure (see Table 5.13).

(1995, 1999) found that the hot gas in the Centaurus cluster consists of two components,
the cool component of kT, = 1.4 £ 0.2 keV and the hot component of kT, = 3.9 £ 0.1
keV, and that contributions of these two components vary as a function of radius. Similar
results have been reported for the Hydra A cluster (Ikebe et al. 1997) and A1795 (Xu
et al. 1998). Ikebe et al. (1999) also showed that the potential profile of the Centaurus
cluster is deeper-at the center than expected from the King profile, and is consistent with
the NFW model. Although it is not certain that the two temperature model is better
than the single temperature model for most of the clusters, we examine how our results
would be affected if we employ the two temperature model.

We first apply the two temperature model to the Chandra data of the Centaurus
cluster, for which Ikebe et al. (1999) presented the results from the ASCA and ROSAT
data. In Figure 5.15, we present the spectra and the best-fit single temperature models

* for all annuli, and those of the innermost annulus. Large residuals remain below 1.5 keV,
suggesting that more than one component is required. We then applied two kinds of two
temperature models. In one model, we fixed T, and Ty, for all annuli. We call this model
the “two temperature fixed model”. In the other model, we fixed only T¢, and allowed T,
to vary as a function of radius. We call this model the “two temperature free model”.

In Figure 5.16, we show the fitting results of these two models. The two temperature
free model provides a x?/dof of 5594.7/3730, which is much smaller than that of the two
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temperature fixed model (x%/dof of 8672.8/3739). Note that the value of x?/dof for the
single temperature model is in the middle of the two at 6396.5/3741. Although neither of
these two-temperature models is a statistically acceptable, their unacceptability is likely
caused by systematic errors resulting from calibration uncertainty. We proceed, using the
two temperature free model in the following analysis.

In the two temperature model, the volume filling factor of each component is needed
to derive the density profile (see (Fukazawa et al. 1994; Ikebe et al. 1999)). Assuming the
cool component is confined within a volume V with an average volume filling factor 7,
the emission integral of the hot component F I, and that of the cool component FI, can

be written as
ElL,=ni(1-n)V and FEI. =nlyV, (5.18)

where n; and n. are the gas densities of the hot and cool components, respectively.

Employing the assumption of pressure balance between the two components as
ncTc = nhTh, (5.19)

Equation (5.18) yields
EL,

b1
In Figure 5.17, we present the temperature, density, and pressure profiles obtained

n=[1+ (% ¥ (5.20)
with the two temperature free model. We also show the volume filling factor as a function
of radius. Except for the very inner region within 20 kpc, the volume filling factor of the
cool component is lower than 0.1 %. We consider that there is no cool component in the
outer region of r > 20 kpc. The temperatures of the hot and cool components within the
radius of 20 kpc are 1.48 £ 0.02 keV and 0.76 £ 0.01 keV, respectively. The temperature
in the outer region is ~ 4 keV, which is consistent with the value of T}, provided in Ikebe
et al. (1999). Sanders & Fabian (2002) applied a similar two temperature model to one of
the Chandra observations of the Centaurus cluster (the observation ID is 504). Although
they applied this model for the projected spectra, the parameters they derived for the
two components are similar to ours.

The total mass profile is obtained from the profiles shown in Figure 5.17 through
Equation (5.5). We used the averaged gas density defined as ng = nenp + nn(1 — 1) in
the calculation of the gas density. In Figure 5.18, we compare the mass profiles derived
from the single temperature model and the two temperature free model. The mass of
the innermost shell increases from 1.9 & x10' M with the single temperature model to
3.1 &+ x10'" M, with the two temperature model. However, the values of inner slope g
are consistent within the error (2.26 £ 0.46 for the single temperature model, and that of

1.79 £ 0.48 for the two temperature model), where oy is defined at rq = 45 kpc for the
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Centaurus cluster. Therefore, we concluded that adopting either of the single temperature
model or the two temperature model did not, at least for this cluster, significantly affect
the resultant ay.

The origin of a central cool component such as that observed in the Centaurus clus-
ter remains an open question. However, the location and size of the central plume-like
structure shown in the X-ray image of the Centaurus cluster (see Appendix G) implies
that the structure might correspond to the cool component. Hydra A cluster and A1795,
for which the two temperature model was required in the spectral analysis of the ASCA
and ROSAT data, also showed the presence of a central structure as described in §5.6.3.
If these central structures have a close connection with the cool component, we should
not find a cool component in clusters in which such a central structure is not observed.
PKS0745-191, in which remarkable central structures are not found, is such a cluster and
has a long exposure time (see Table 4.1). We applied the two temperature free model
to this cluster. Figure 5.19 shows the spectra and the temperature, density, and pres-
sure profiles obtained with the two temperature free model. The value of x?/dof was
3800.1/3007, whereas that for the single temperature model was 3766.6/3014. The cool
component is required only in the innermost region of r < 40 kpc with the volume fill-
ing factor of 0.2 %. We therefore concluded that the additional cool component is not
required for PKS0745-191, supporting the connection between the central structure and
the cool component. Further study is needed to clarify this point. In fact, Ikebe et al.
(1995) concluded that the cool component in the Centaurus cluster is the hot inter-stellar
medium associated with the ¢D galaxies. Application of the two temperature model to

clusters other than the Centaurus cluster to derive the mass profile is a future task.

5.6.5 Comparison to the literature

Several previous authors have investigated the inner slope of the mass profiles using various
methods. In this section we compare the inner slope we measured with those reported in

recent works.

e A1060
Tamura (1998, 2000) measured the mass profile in the central region of A1060 using
the data from ASCA and ROSAT. They found that the total mass distribution
was better described by the NFW model than by the King-type model. They
also fitted the mass profile with the general form of the density profile given by
Equation (5.11) (they call this the NFW’ model) and constrained the inner slope as
1.42 < a < 1.65, where they fixed 5 to 1 Mpc. Using Equation (5.13), it corresponds
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Figure 5.15: (left) Spectra of the all annuli of the Centaurus cluster, fitted with a single
temperature model. We excluded 1.5-2.5 keV because the calibration uncertainty is significant.
(right) Spectra of the innermost annuli for two data sets (Obs. IDs are 504 and 505). Large

residuals remain below 1.5 keV.
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Figure 5.16: (left) Spectra fitted with the two temperature fixed model (see text). (right)

Spectra fitted with the two temperature free model.
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Figure 5.18: Comparison of mass profiles of the Centaurus cluster derived from the single

temperature model (black) and the two temperature model (red).
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Figure 5.19: (left) Spectra of PKS0745-191 fitted with the two temperature free model. (right)
Temperature, density, and pressure profiles of PKS0745-191 obtained with the two temperature

free model. The red and blue marks represent the hot and cool components, respectively.

to 1.46 < ap < 1.69, which is consistent with our result of oy = 1.20 £ 0.32.

e A1795

Ettori, Fabian, Allen, & Johnstone (2002) analyzed the Chandra data of A1795 and
obtained a mass profile using a deprojection technique different from ours. They
fitted the mass profile between 10 and 100 kpc with the power-law model given by
Equation (5.9), providing a = 0.59 (in the range 0.27-0.81 at a 90 % confidence
level). This value is significantly smaller (flatter) than ours of oy = 1.32 £ 0.41,
which is defined at ro ~ 50 kpe. However, if we look at their mass profile itself, it is
consistent with ours at » > 40 kpc. There is, however, a difference in the innermost
bin of the Iﬁass profiles by Ettori et al. (see Figure 10 in Ettori, Fabian, Allen, &
Johnstone 2002), for which we did not get a data point.

e A2029
Lewis, Buote, & Stocke (2002) obtained the deprojected mass profile of A2029
using the Chandra data. They applied the simple power-law fit in the region of
r < 260hg, kpc and obtained a slope of the density profile of 1.1940.04. This nicely
agrees with our result of oy = 1.20 + 0.36 defined at ry = 60 kpc.

e A2199
Kelson et al. (2002) evaluated the density profile of A2199 from the velocity dis-
persion profile of NGC6166, the c¢D galaxy in A2199. According to their analysis,
under the assumption of isotropy, the observed velocity dispersion profile can be

reproduced only when the density profile has a soft core ( i.e., @ < 1). Their result
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is consistent with our measurement of the inner slope, ag = 0.64 & 0.50, at rg = 48

kpc. Findings by two independent methods support the presence of the soft core.

e Hydra A
David et al. (2001) obtained the deprojected mass profile of Hydra A with the
Chandra data. They presented that the mass profile within the central 30-200 kpc
region scales as p o< =13, This result is lower than ours of oy = 1.86 £ 0.50 at ro=

41 kpc, though they did not show the error of a.

5.6.6 Summary of this section

In this section, we discuss the validity of our measurements of the inner slope from various
aspects. The center position does not significantly affect our results. We could not find any
evidence of the dependence of the results on the deviation from the spherical symmetry.
The two temperature model was applied to the Centaurus cluster, and we found that
the resultant inner slope is not significantly altered from that by the single temperature
model. Further applications of this model lie beyond the scope of this paper, and our
results should therefore be regarded as the single temperature case. On the other hand,
there was a hint that presence or absence of central structures may affect the distribution
of the inner slope. Further study is needed to clarify this point. Consistencies with

previous reports listed in §5.6.5 also imply potential problems in our analysis is small.

5.7 Relations between inner slope and other obser-

vational parameters

As shown in §5.5, the inner slope ag of the density profiles spans a wider range than
that estimated from their errors. Even if we neglect the three clusters in which central
structures might affect the results, ag ranges from 0 to 1.2 and spreads toward a flatter side
than expected based on CDM simulations. If this spread of the distribution is intrinsic,
what is it that determines the inner slope of the density profile? In this section, we explore
observational parameters that primarily determine the inner slope ag, by examining their

correlations.

5.7.1 Redshift vs. o

We first show the relation between the redshift and the central slope ag in Figure 5.20.

The correlation coefficient is -0.25 for this relation. This result suggests that the mass
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profiles do not flatten in the course of cluster evolution.

5.7.2 Temperature vs. o

We plot the averaged temperature £T,verage sShown in Table 5.1 against the central slope
oo in Figure 5.21. The correlation coefficient is 0.01. Simple arguments based on virial
theorem suggest that the mass of a cluster is simply related to the cluster temperature
as M oc T%2. This relation implies that the central slope ay is not related to the scale of
the cluster.

We also examined the relation between variation in the temperature profile T(r) and

the central slope ap. To examine this relation, we defined the variation in temperature as

T T — 4 min
A = X i (5.21)

b
Tavarage

Tavarage

where Tihax and Tyin are the maximum and minimum temperatures of the temperature
profiles shown in Appendix B, respectively. We show the relation between the variation in
temperature profile and the central slope ¢ in Figure 5.22. No correlation was observed
in this relation (the correlation coefficient is 0.03.). Most of our sample clusters were of
the cooling flow type. Thus, this result suggests that a cooling flow is not associated with

the central slope .
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5.7.3 Gas fraction vs. o

We next investigated the relation between the gas fraction and the inner slope ao. The
gas fraction is the ratio of the hot gas mass to the total mass, and is defined as a function

of radius. The integrated gas mass profile Mg,s(< 7) is given by

Mgs(< 1) = / 477" pgas(r)dr’
0
,
= 47mmp/ AT g (r)dr, (5.22)
0

where ng,s(r) is the total number density of electrons and ions, p(= 0.6) is the mean
molecular weight, and m,, is the proton mass. This gas mass profile is obtained with the
observed gas density profile shown in Appendix B. The gas fraction is defined as

Mgas(< 1)

feas(r) = M) (5.23)

In Appendix H, we present the profiles of total mass, gas mass, and gas fraction for 23
sample clusters. It was found that the gas fraction increases toward the center for some
clusters. This is consistent with the result shown in §5.4 that the gas is more concentrated
than the total mass or dark matter.

In Figure 5.23, the gas fractions at the radius of 7 = 0.05r;0 are plotted against the
inner slope ag. A negative correlation was observed with the correlation coefficient of
—0.51, for which case, at a significance level of about 3%, the hypothesis of no correlation
is rejected. This correlation might be a kind of artifact in the analysis, since we derive
both the total mass profile and the gas mass profile from the same gas density profile and
gas temperature profile. However, it is unlikely that the observed correlation is due to
correlated errors between the two parameters, considering the size of the errors.

In order to confirm this correlation is artifact or not, we took Mag, which is deter-
mined solely from the gas temperature and redshift, instead of the integrated mass profile.
We redefined the gas fraction as
Mgas(< 1)

Myo

Sees(T) (5.24)

We plot fg,s at the radius of r = 0.05ry against the inner slope g in Figure 5.24.
Although the correlation coefficient of -0.40 is smaller than that for fgas, the no correlation
hypothesis is rejected at a significance level of less than 10%.

Correlations between the inner slope ag and the gas fraction according indicate that
gas-rich clusters in the central region tend to have a flat core: a < 1. We discuss this

relation in §6.3.3.
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Chapter 6
Discussion and Conclusions

We have analyzed the Chandra data of 23 clusters of galaxies in order to investigate central
mass distribution. The high spatial resolution imaging spectroscopy of Chandra and a
new deprojection technique enable us to measure the temperatures and gas densities
in the very central region of sample clusters without assuming any particular models.
Under the assumptions of hydrostatic equilibrium and spherical symmetry, we obtained

the deprojected mass profiles. Our major results are as follows.

1. The mass profiles scaled with rogy and My agree each other on the large scale

r > 0.1ry0. In contrast, the central (r < 0.1ryo0) mass profiles show a large scatter.

2. We fitted the mass profiles with the King profile and the NFW profile. Some clusters
showed a flatter slope than that with the NFW profile. It was found that the core
(or scale) radii of mass profiles are systematically larger than those of gas profiles,

suggesting that gas is more concentrated than dark matter.

3. The inner slope ag of the density profile was derived by fitting the mass profile with
a general form of dark matter density profile for 20 clusters. The values of o span
a wide range (from 0 to 2.3). For 6 out of 20 clusfers, ag are lower than unity at a
90 % confidence level.

4. We investigated several features that might influence the results of the inner slope,
including center position, ellipticity, central structure of a cluster, and the central
cool component within the framework of the two temperature model. We found
that the systematic effects of these features are not significant except in the case
of the central structure, which may broaden the distribution of the inner slope ap.
However, even if we excluded the clusters in which central structures were seen, the

inner slope o distributes widely in the range from 0 to 1.2.
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5. We examined the relationships between the inner slope ap and other observational
parameters. Although redshift, averaged temperature, and variation in the temper-
ature profile are not correlated with the inner slope «g, gas fraction near the center

of a cluster has a negative correlation with ay.

Among these results, the fact that aq distributes below 1 (i.e., in some clusters in
which the density profile is flatter than r~!), is most important. The correlation between
gas fraction and ap is second-most important. We discuss these points in the following

sections.

6.1 Central baryonic component

As described in §5.3, the inner slope oy we derived is for the density profile of total
mass, and the slope provided by simulations is usually that for dark matter. Masses
other than dark matter, namely baryonic components, surely present at the center of
clusters. As shown in §5.6.1, BCGs, which are typically massive elliptical galaxies, are
located at the central region of all sample clusters. Further, we showed that the gas
fraction increases toward the center for some clusters. Considering the contribution of
these baryonic components, the inner slope for the density profile of dark matter might be
smaller (flatter) than that of ap, which we derived for the total mass profile. This point
should be borne in mind in the following section, where a comparison with simulations is

made.

6.2 Core problem of dark matter density profile

The values of g span a wide range of 0 to 2.3 for 20 clusters. Among these, 6 clusters have
o values lower than unity at a 90 % confidence level. As shown in Chapter 1 and Chapter
2, CDM simulations predict that the inner slope « is in the range 1 < a < 2. Therefore,
our results are inconsistent with the CDM simulations. Our observations provide flatter
_slopes, at least for some clusters, than those expected from the CDM simulations. This
is true even if we neglect the clusters showing central structures (0 < ap < 1.2).

A similar claim has been presented by authors who are investigating the rotation
curve of galaxies and clusters. Firmani et al. (2001) examined the observed rotation
curves of dwarf and low surface brightness (LSB) galaxies, and two clusters of galaxies,
and found that all of those objects have soft cores: a < 1. Swaters et al. (2002) observed

the rotation curve of 15 dwarf and LSB galaxies and found inner slopes in the range of
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0 £ a £ 1 in the majority. This inconsistency between observations and simulations in
terms of the dark matter distribution at the center of galaxies or clusters is called the
core problem. Our results indicate that the core problem exists in a significant fraction of
clusters observed through X-ray observations. Several models to resolve the core problem

have been proposed. In §6.3, we discuss alternative theories to resolve the core problem.

6.3 Alternative theories to resolve the core problem

6.3.1 Modified Newtonian Dynamics (MOND)

Milgrom (1983) proposed Modified Newtonian Dynamics (MOND) , which accounts for
the so-called dark matter problem not by introducing dark matter but by modifying New-
tonian dynamics. The basic assumption of MOND is that Newtonian dynamics breaks
down below an acceleration threshold of ag ~ 1078 cm s72. MOND has successfully ac-
counted for the rotation curves of galaxies with various luminosities (Sanders & Verheijen
1998).

The MOND acceleration of a particle at distance r from a mass M satisfies

MG

p) (6.1)

a = ag

2

when %Q < ag, where ag ~ 1.2 x 1078 cm s72 is a constant of the dimensions of an

acceleration. In MOND, the hydrostatic equilibrium equation can be written as

dInT(r) N dlnp(r) _ pmy . M(<r)G

dinr dnr kT V'O 2 (6.2)

for M(—f})ﬁ & ag. If the density profile p(r) and the total mass profile M(< ) are

given, the latter is calculated from the former since no dark matter is assumed, and the
temperature profile T(r) is predicted.

Aguirre, Schaye, & Quataert (2001) compared the temperature profiles predicted in
this way with observations (ASCA, BeppoSAX, and XMM-Newton) for the Virgo cluster,
Coma cluster, and A2199. They concluded that predictions with MOND were inconsistent
with the observations. In Figure 6.1, we compare the temperature profile predicted with
MOND by Aguirre et al. with the observed profile we obtained with Chandra for A2199.
The observed temperature, which is consistent with ASCA measurements by Markevitch,
Vikhlinin, Forman, & Sarazin (1999), is 2-3 times higher than that predicted with MOND.
This finding suggests that dark matter is required to describe the mass profiles of clusters,

and that MOND cannot solve the core problem.
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Figure 6.1: The temperature profile of A2199 predicted with MOND by Aguirre, Schaye, &
Quataert (2001) (solid lines) compared with that measured with Chandra.

6.3.2 Self-Interacting Dark Matter (SIDM)

Many authors have proposed new kinds of dark matter alternative to CDM (e.g.,decaying
dark matter (Cen 2001), fluid dark matter (Peebles 2000), and so on) to account for the
core problem. Self-Interacting Dark Matter (SIDM) proposed by Spergel & Steinhardt
(2000) is one of a possible candidate. SIDM assumes that dark matter particles have
weak interactions (other than the gravitational one) with each other and with other kinds
of particles. Since the CDM model successfully reproduces the large scale structure of
the universe (r >>.1 Mpc), the possible collision of SIDM dark matter should be effective
only at scales below 1 Mpc. The required collision cross section oxx for a SIDM particle
of mass myx is obtained by assuming (mxnx)(oxx/mx) ~ 1 where nx is the number

density of dark matter particle and I ~ 1 Mpc is the cluster size. This is written as

4 -1
(UX_X) ~ 1.6h7! cm? g! (10 pcm)(lh lMpC), (6.3)

mx Pe

where p. is the central density of the cluster. The corresponding mean collision time-scale
s l km / l
1000km /s
At = ~ =~ 10°
v ( v N 1h~Mpc
Therefore, a cross section of the order ~ 1 cm? g=! will affect the central portion of the dark
matter profile. Yoshida et al. (2000) and Davé, Spergel, Steinhardt, & Wandelt (2001)

conducted such simulations and found that SIDM dark matter models with %ﬁ ~ 1

Yh~! year. (6.4)

cm? g~! lead to the formation of a flat central profile rather than a cusp. Their models
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simultaneously produce a spherical dark matter halo by the self-interaction of dark matter.

According to Yoshida et al. (2000), the core radii of the simulated dark matter profile
are in the range of 40 kpc to 160 kpc for the collision cross section 0.1-10 cm? g=!. The
core radii we derived with the King profile are comparable to this range if we neglect
some clusters with central structures. However, not all of our results are in agreement
with the SIDM model. Yoshida et al. (2000) mentioned that the SIDM core size agreed
with observations only if oxx o« v~!. This means that self-interactions diminish in hot
clusters. The lack of a correlation between the inner slope ag and the temperature (Figure
5.21) we observed is not qualitatively consistent with this prediction. Further quantitative
tests are needed to adopt or reject the SIDM scenario as a solution of the core problem.

The origin of SIDM also remains a question.

6.3.3 Effect of the dynamical friction between dark matter and

gas

In the central region of clusters, the baryonic components such as hot gas and stars in
a galaxy are not negligible, as discussed in §6.1. These baryonic components are usually
considered to follow the gravitational potential, which is predominantly determined by
dark matter distribution. However, there is a way in which the baryonic components
affect the dark matter distribution. El-Zant, Shlosman, & Hoffman (2001) argued that
the core problem can be resolved within the framework of the standard CDM model by
considering the dynamical friction (DF) between dark matter and gas. El-zant et al.
assumed that the gas is not initially smoothly distributed but is, rather, concentrated in
clumps. Such gaé clumps move through smooth dark matter particles, lose energy to the
central dark halo, and heat it up. This leads to the puffing up of the central regions and to
the flattening of the density profile. Monte Carlo simulation by El-zant et al. successfully
reproduced the observed flat density profile.

This DF model well accounts for our observational results (i.e., the negative correlation
between the inner slope g and the gas fraction, and the higher concentration of the gas
than of dark matter toward the center). In the DF model, the baryonic (gas) component
is more centrally concentrated than dark matter, because gas gives its energy to dark
matter and shrinks toward the center.

The key to this model is the fragmentation of gas, which causes the gas to clump into
superparticles among smoothly distributed dark matter particles. El-zant et al. assumed
the mass of gas clumps to be 108-10° M, for large galaxies. The size of such clumps

is about 5-10 kpc in the central region of clusters, assuming the central gas density
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Pegas = 107% g em™ and M ~ pegaer®. As described in §5.6.3 (see also Appendix G),
10/23 our sample clusters showed a remarkable structure in the central region. Those
structures might be the remnants of the clumps of gas.

In addition to these central structures, X-ray structures associated with the radio
lobes have been found in several clusters and are considered to be hot bubbles in the
ICM (see, e.g., Fabian et al. 2000; McNamara et al. 2000; Fujita et al. 2002). Such hot
bubbles are buoyant, and are considered to be moving outward in the cluster gravitational
potential. For example, the speed of a bubble in A133 is estimated to be v ~ 700 km/s
(Fujita et al. 2002). The rate of energy loss via DF is given by £ = M(dv/dt)v. Although
these bubbles are slightly different from the gas clumps assumed in the simulation by El-
zant et al., at such a high speed and a massive bubble might effectively give its energy to
dark matter. If we adopt this model, the scatter in the inner slope ag may be explained
by the different status of the gas in the central region. If the turbulence of the gas is
predominantly caused by the central radio source, and it results in a flat dark matter
profile, the inner slope oy can be considered to depend on the activity of the central radio
source, including the past activity. |

As described above, there are several favorable aspects of the DF model, the most
important of which is that this model solves the core problem within the framework of
the standard CDM model.

6.4 Distribution of dark matter and gas in hydro-
static equilibrium

In §5.7, we found a correlation between the inner slope and the gas fraction. The DF model
described above provides one of the possible origins of this correlation. We attempted
to account for this correlation from a different point of view, focusing on the hydrostatic
equilibrium.

Let us simplify that both the dark matter density profile and the gas density profile
are the power laws, pg = pgor™*¢ and p, = pgor~s, respectively. Substituting these into
the equation of hydrostatic equilibrium (Equation (2.9)) and making a further assumption

that gas is an isothermal yield, we obtain

kT pratl P tl
— gyl = 47rG[pd0 + Pao
pumy, 3—ay 3 —a,

(6.5)

It is apparent that this equation exactly holds only when each of the slopes a4 and aq

equals 2. If the slope a4 is smaller than 2, the ¢4 should be larger than 2, and the gas
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fraction at the inner scale should be high. Although the slope we obtained is g for the
total mass and not a4 for dark matter, ao should be closer to a4 than to a, when the
dark matter is predominant among several forms of mass.

The explanation above is too much simplified, but it is the bottom line of the cor-
relation we found. Under the assumption of hydrostatic equilibrium, the high gas mass
fraction and the flat slope of the density profile are consistent. On the other hand, if we
can obtain the gas density profile and the dark matter profile independently (e.g.. the
former from X-ray observations and the latter from lensing studies), they may enable us

to check the validity of hydrostatic equilibrium.

6.5 Conclusion

The mass profiles derived from the deprojected temperature and gas density profiles show
a large scatter on the small scale (r < 0.1ry90). We examined the inner slope of the density
profiles. The inner slope ay of the dark matter density profile span a wide range (i.e.,
0 < a £ 2.3). Some clusters have a profile flatter than the NFW profile, and the cuspy
dark matter density profiles with a > 1 predicted by CDM simulations are ruled out for
6/20 clusters. In this work, we first showed that the core problem of the dark matter
profile is common not only for dwarf galaxies but also for clusters.

We evaluated three alternative theories to resolve the core problem of dark matter:
Modified Newtonian Dynamics (MOND), the Self-Interacting Dark Matter (SIDM) model,
and the Dynamical Friction (DF) model. The MOND cannot reproduce the observed
temperature profile, suggesting that the dark matter is required to describe the cluster
mass distribution. The SIDM model appear to account for the observed core radii of
the dark matter profile. However, a contradiction existed between the SIDM and our
observational results. The DF model accounts not only for the flat slope but also for
our observational results that the inner slope correlates with the central gas fraction and
that gas is more concentrated than dark matter in the central region. The DF model is

considered to be the most favorable of the three theories we evaluated.
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Appendix A
All cluster images

We show the 0.3-10 keV raw Chandra images of the 23 sample clusters. The images are

binned with bin size of about 2” (4 pixels). All observations are added into one image, but

the exposure is not corrected. The overlaid contours are ROSAT /PSPC or ROSAT /HRI

(for A963) image. The contour levels correspond to n times the 1-o background for n =

4, 8,12, 18, 36, 72, 144, and 200.
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Appendix B

Temperature, density, and pressure

profiles of the sample clusters

The temperature, electron density, and pressure profiles of the 23 sample clusters are
shown in this Appendix. The solid lines represent best-fit profiles with analytical func-
tions (Equation (5.2) and Equation (2.26)). The pressure is simply derived from the
temperature and gas density with the equation of state of the ideal gas: P = n.kT.
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Appendix C

Mass profiles of the sample clusters

The mass profiles of the 23 sample clusters are shown in this Appendix. The solid curves
represent the mass profile derived from the best-fit parameters of Equation (5.2) and
Equation (2.26). The dashed lines are a confidence level of 68 %. The discrete data with

error bars represent the mass profile calculated using approximate expression given by
5.5.
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Appendix D

Fitting results of the mass profiles
with the King model and NFW

model

In this appendix, we show the best-fit King profiles (solid lines) and NFW profiles (dashed

lines) to the mass profiles of the 23 sample cluster.
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Appendix E

Fitting results of the mass profiles
with the general form of the density
profile

In this appendix, we show the best-fit mass models using the general form of the density
profile. The horizontal dashed lines represent the radius of ro = 0.02r200. The red lines
represent the best-fit slope (M oc r3~? at the radius ro. A401, A644, and A963 are
removed because of the lack of the data within 0.02r3g0.

107 2 108

1014 101

solar]
sdar]

0t 101
g 7
> =
o=1.345
10”5— 1012
1‘02 10° IIO' 10°
radius [kpc] radius [kpc]
A1060 0.027590 = 40.2 kpc A133 0.02r990 = 42.9 kpc

123



1015_ 10 15

1014 1014

e
solar]

%m’j— %10“~
é - o=1.338 é L
10" 10"
10° 10° 1102 10°
radius [kpc] radius [kpc]
A1795 0.021"200 = 48.8 kpC A1835 0.027‘200 =49.2 kpC
10‘5: 1075
10"‘? 101
g"’u' 0=1.203 E”’”"
= [ =
1013 101
E o=-0.141
1lo2 . 10° 1|o "0
radius [kpc] radius [kpc]
A2029 0.027"200 =61.0 kpC A2052 0.027‘200 = 39.2 kpC
1075 5 1015
10l4-_ 10“—
= £ =
3 3
Elo”; Euzo”w
é r é 7T a=1158
[ 0=0.638
lolZE_ 1012E
1I02 T 1102 10°
radius [kpc] radius [kpc]
A2199 0.02759 = 48.2 kpc A2204 0.02r599 = 54.4 kpc

124



]015_ ; 1015
1014 104
]
201 204
2 E 2
& -] [
= = 0=0.172
lolz:_ 1014
Hzlaz T ‘ I ‘IIOZ T l“ulo’
radius [kpc] radius [kpc]
A2597 0.02r990 = 42.9 kpc A478 0.02r599 = 53.1 kpc
107% , 1075
10 104
3 3
2504 201
g g
= =
0% 1012
mlloz T ““103 o 'l‘“”m’ T “‘Lm’
radius [kpc] radius [kpc]
A85 0.027"200 = 52.6 kpc AWMT7T 0.02’)"200 =43.6 kpc
104 : 1075,
10“_ 1014_
3 3
21013 2014
g 2
= p 0=1.855
10" 10'% /_
b
10 R ) T T
radius [kpc] radius [kpc]
Centaurus cluster 0.02r599 = 45.3 kpc Hydra A 0.02r590 = 40.8 kpc

125



IOIS
sz
2501
w
2
= a=1.153
103 3
;
10° 10°
radius [kpc]

MKW3S 0.027"200 =41.0 kpC

1075
10'%
&
i
EIO “:—
5 0=0.684
=
10 12
10° 10°
radius [kpc]

PKS0745-191 0.02r299 = 57.7 kpc

1015
101%
;
&
3
201
E e
o=0.193
1014
1
10° 10°
radius [kpc]

ZW3146 0.02r900 = 42.6 kpc

10"
r
lolj_
&
3
25012
w
] a=1.752
=
101
1 B
1 10°

0
radius [kpc]

NGC5044 0.02r999 = 21.2 kpc

10 15
10"
&
3
2104
2
=
10'% /  a=0707
1
10° 10°
radius [kpc]

Sersic159-03 0.02rz00 = 33.4 kpc

10 15

10 14

nollr]

10134

Mass [M

1013

a1 n " N
10° 10
radius [kpc]

2A0335+096 0.027r500 = 39.2 kpc



Appendix F

Ellipticity and position angle of the

sample clusters

In this appendix, we show the ellipticity and position profiles angle of the sample clusters
as a function of radius computed from the source-free Chandra image (black) and ROSAT

image (red). The definition of the ellipticity and position angle are shown in §5.6.2.
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Appendix G

Central images of the sample clusters

We show the 0.5-7 keV adoptively smoothed Chandra images of the 23 sample clusters.
The image sizes are 5 x 5. The images are binned with bin size of about 1” (2 pixels),
and corrected for the exposure. The white solid line represents a scale of 50 kpc. In some

clusters (A2597, A401, and A644), the detector structure is not fully removed (see also
Appendix A).
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Appendix H

Total mass, gas mass, and gas
fraction profiles of the sample

clusters

In this appendix, we show the total integrated mass, gas mass, and gas fraction profiles
of the 23 sample clusters. The radius is scaled with rygp. We show the total integrated

mass and gas mass profiles in the upper panel, and the gas fraction profile in lower panel.
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