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Abstract

We present results of X-ray observations of two groups of galaxies, a spiral-only group HCG 80
(z = 0.03), observed with Chandra, and an elliptical dominant group HCG 62 (z = 0.01), studied
with Chandra and XMM-Newton. For HCG 80, we searched for diffuse X-ray emission from the
intragroup medium (IGM); however, no significant emission was detected. We placed a tight

0%0 erg s~!, which is about

upper limit on the X-ray luminosity of the diffuse gas as Lx < 6 x 1
a hundred times lower than the typical luminosity of elliptical dominant groups. On the other
hand, X-ray emission from three of the four member galaxies were detected the high angular
resolution (0.5”) of Chandra. In particular, we discovered huge halo emission from HCG 80a
that extends on a scale of ~ 30 kpc perpendicular to the galactic disk, whose X-ray temperature
and luminosity were measured to be ~ 0.6 keV and ~ 4 x 10% erg s~! in the 0.5-2 keV band,
respectively. It is most likely to be an outflow powered by intense starburst activity.

In the elliptical dominant group HCG 62, there are two X-ray cavities at about 30" northeast
and 20" southwest of the central galaxy in the Chandra image. The energy spectrum shows no
significant change in the cavity compared with that in the surrounding region. We studied radial
distributions of temperature and metal abundance with joint spectral fit for the Chandra and
XMM-Newton data, and two temperatures were required in the inner r» < 2’ (35 kpc) region.
The sharp drop of temperature at r ~ 5" implies the gravitational mass density even lower than
the gas density, suggesting the gas may not be in hydrostatic equilibrium. Fe and Si abundances
are 1-2 solar at the center and drop to about 0.1 solar at r ~ 10’. O abundance is less than 0.5
solar and shows a flatter profile. Observed metal distribution supports the view that iron and
silicon are produced by type Ia supernova in the central galaxy, while galactic winds by type II
supernova have caused wider distribution of oxygen. The supporting mechanism of the cavity
is discussed. Pressure for the sum of electrons and magnetic field is too low to displace the hot
group gas, and the required pressure due to high energy protons are nearly 700 times higher
than the electron pressure. The upper limit of the X-ray luminosity of the central active galactic
nucleus is 1000 times lower than the neccesary energy supply to support the cavity. This leaves
the origin of the cavities as a puzzle, and we discuss other possible origins.

It was confirmed that there was no significant diffuse X-ray emission in the spiral-only group
HCG 80, in contrast to the high luminosity (~ 4 x 10%2 erg s~!) of the elliptical dominant
group HCG 62. These two systems are considered to be in a very different stage of the group
formation process: HCG 80 in a early stage and HCG 62 in an evolved phase. The group
environment would cause enhanced starformation activity through galaxy-galaxy interactions,
as observed in HCG 80. The metallicy structure in HCG 62 further indicates that a significant
fraction of metals are supplied by the central elliptical galaxy. We also found in HCG 62 that



the cavity formation is strongly related with the activity of the central elliptical galaxy, whose
precise mechanism is unclear yet. Therefore, elliptical galaxies in the center of groups play an

important role in supplying energy and heavy elements in the central region of the groups.



CONTENTS

1 Introduction

2 Review

2.1
2.2

2.3

24

2.5

2.6
2.7
2.8
2.9

3.1

Group of Galaxies . . . . . . . . . . . e
Galaxies . . . . . .. e
2.2.1 Classifications of galaxies . . . . . . . ... ... .. ... ... ...
2.2.2 Spiral galaxies . . . . .. .. e
2.2.3 Elliptical galaxies . . . . . . . . . . ...
2.24 cDgalaxies . . . . . ...
X-ray Gasin Groups . . . . . . . oL
2.3.1 Existence of intragroup medium . . . . . ... ... Lo
2.3.2  Chemical properties . . . . . . . . . . .
2.3.3 Lx-kT relation . . . . . . . . . . . . . . . e
X-ray Emission Other Than Diffuse Hot Gas . . . . . . ... ... .. ......
2.4.1 X-ray emission from discrete sources . . . . . ... ...
2.4.2 Hard X-ray emission . . . . . . . . . . ...
Galaxy Interaction . . . . . . . . . . .
2.5.1 Starbursts . . . ...
2.5.2 Cavities . . . . . . . e e
X-ray Gas Distribution . . . . . . ... o
Mass Distribution . . . . . ... oL Lo
HCG 80 . . . . .
HCG 62 . . . . e
3 Instrumentation
Chandra X-ray Observatory . . . . . . . . . . . . .
3.1.1 Overview of the Chandra Satellite . . ... ... ... ... ........
3.1.2  High Resolulusion Mirror Assembly (HRMA) . . .. ... ... ... ...
3.1.3 Advanced CCD Imaging Spestrometer (ACIS) . . ... ... ... ....
XMM-Newton . . . . . . . o oo

3.2

10
10
11
12
12
12
14
16
19
19
19
20
22
22
22
25
26
27
27



CONTENTS

3.2.1 Overview of the XMM-Newton Satellite . . . . .. ... ... ... .... 32
3.22 X-ray telescope . . . . .. 33
3.2.3 European Photon Imaging Camera (EPIC) . . ... ... ... ...... 35
3.3 Compare Chandra with XMM-Newton . . . . . . ... .. ... ... ....... 36
HCG 80 39
4.1 Chandra Observation of HCG 80 . . . . . . . ... ... . ... ... ....... 39
4.2 Data Reduction . . . . . . . ..o 39
4.3 Source Detection in the ACIS-S3 Field . . . . ... ... ... ... .. ...... 41
4.4 X-Ray Morphologies of Member Galaxies . . .. ... .. ... ... ....... 42
441 HCG80a . . . . . . . 42
442 HCGS80b . . . . . . 45
4.5 Hardness Ratio Analysis . . . . . . . . ... 46
4.6 X-Ray Spectra of Member Galaxies . . . . . . . . . ... ... ... .. ...... 47
4.7 Constraints on the Hot Diffuse Emission . . . . . . .. .. ... ... ... .... 49
4.8 Nucluous/Starburst Activities of Member Galaxies . . . . . ... ... ... ... 50
4.8.1 Lx-Lprelations . . . . . . . . . . . e 50
4.8.2 Starburst Activity in HCG 80a . . . . . . . . . ... ... 51
4.9 Diffuse Hot Gasin HCG 80 . . . . . . . . . . . .. . . 54
HCG 62 57
5.1 Chandra and XMM-Newton Observations of HCG62 . . . . . . ... ... .... 57
5.2 Data Reduction . . . . . . . ... L L 57
52.1 Chandra . . . . . . . . . .. 57
5.2.2 XMM-Newton . . . . . . . . . e 59
5.2.3 Background estimation. . . . .. ... ... L Lo 59
5.3 Xeray Image . . . . . . oL 61
5.3.1 Chandraimage . . . . . . . . . . . e 61
5.3.2 XMM-Newton image . . . . . . . . . . .. L 63
5.3.3 Surface brightness profile . . . .. ... ... ... L. 64
5.4 X-ray Cavity . . . . . o Lo 67
5.4.1 Flux depression & temperature map . . . . . . . . . . . ... ... ... 67
5.4.2 Spectral comparison between cavity & non-cavity regions . . . .. .. .. 69
5.4.3 Hollow sphere model . . . . . . . .. ... o 71
5.5 Radial Profiles of Temperature & Abundance . . . .. .. ... ... ....... 73
5.5.1 Consistency between Chandra & XMM-Newton . . . . . .. ... .. ... 73
5.5.2 Mekal vs APEC model & notes on abundance . . . . . . . ... ... ... 74
5.5.3 Deprojection analysis . . . . . . . . ... Lo 75

5.5.4 Temperature profile . . . . . . . ... o 76



CONTENTS

5.5.5 Abundance profile . . . . .. ... ...
5.6 Mass Profiles . . . . . . .
5.6.1 Formulation of two-phase gas . . . . . .. ... ... ...
5.6.2 Dark matter and gasmass . . . . . . . ... oo
5.6.3 Stellar mass . . . . . ...
5.7 ICM properties . . . . . . v v i v i e e e e e
5.8 Supporting mechanisms of X-ray cavities . . . . . . . . .. ... ... ... ...
5.8.1 Characteristics in X-ray, optical, and radio . . . . ... .. .. ... ...
5.8.2 Gas pressure & non-thermal pressure . . . . . . .. ...
5.8.3 Timescales . . . . . . . . .
5.84 Energetics . . . . . . .o
5.8.5 Difficulties in non-thermal pressure support by jets . . . . . . . ... ...
5.8.6 Another supporting mechanism — hot gas clump — . . . . . . ... ...
5.8.7 Another formation scenario — galaxy motion — . . . . . ... .. .. ..

6 Summary and Conclusion

6.1 HCG 80 . . . . . e e
6.2 HCG 62 . . . . . e e
6.3 Hot Gas in Groups of Galaxies . . . . .. . . . . ... .. ... ... ... ....

A Energy spectra for HCG 62
Al 1-Tresults. . . . . e e e
A2 2-Tresults. . . . . . e

B Soft background estimation
C Deprojection

D The ratio of Si abundance

78
80
80
83
84
85
87
87
88
89
90
91
92
93

95
95
95
96

97
97
99

101

105

107






Chapter 1

Introduction

The majority of galaxies are found to reside in groups of galaxies (Tully 1987), and the intragroup
medium may dominate the total baryon density of the local universe (Fukugita et al. 1998). In
many cases, the groups are filled with hot (0.3 ~ 1.8 keV), low-density (~ 1072 cm™3) gas, and
the X-ray emission is extended often beyond the optical extent of the group. The detection of
extended X-ray emission has at least shown that a number of groups are gravitationally bound
systems. The X-ray hot gas also contains a large amount of metals, so that, it offers important
information in examining the process of the metal enrichment over 10'0 years since the universe

has begun.

There are 3 scientific aims in this thesis study, which involves detailed X-ray observations
of 2 groups of galaxies, HCG 80 and HCG 62. The first purpose is the detailed X-ray study
of a spiral dominant group. The previous survey study from ROSAT showed that the group-
wide hot gas is almost exclusively seen in groups which contain at least one elliptical galaxy
(§2.3). Later, a couple of reports on the detection of extended X-ray emission from spiral-only
groups were given, however we need to explore other groups with high sensitivity to establish the
origin of the hot gas. For this purpose, using Chandra X-ray Observatory, we observed HCG 80
which is another group consisting of only spiral galaxies. This observation will also show us
the activities in individual galaxies in the group environment. The galaxy density is extremely
high in compact groups with a typical separation of ~ 20 kpc. Close encounters of galaxies
may drive starformation activities and enhance metal production, which eventually leads to the
metal enrichment of intergalactic space through outflows of the hot gas. Previous observations
suggested a causal link between the starburst activity and the galaxy interactions (Kennicutt
1998). Since in clusters of galaxies the intracluster medium is too bright and direct study of
individual galaxies are rather difficult, groups of galaxies give us the best opportunity to look

into the activities of galaxies.
The second aim is the detailed study of metal distribution in the intragroup medium. Groups
of galaxies can be regarded as a bridge which connects galaxies and clusters of galaxies, and

metallicity information about groups is very imporatant to know the injection process from in-
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dividual galaxies and to know how intergalactic space has been metal enriched. The observation
of metal content in groups was initiated by ASCA, and it is known that a large amount of
metals need to be produced in the galaxy formation epoch and the subsequent supernova activ-
ities, since the current supply from the stellar mass loss is unable to explain the metal content
(Arnaud et al. 1992). The gas temperatures characteristic for groups are cooler (~ 1 keV) then
typical clusters, and the energy spectrum shows many strong emission lines. Detailed study of
metallicity distribution in bright group of galaxies will give us imortant information about the

metal production and enrichment processes (§2.3).

The third aim is the study of the origin of non-thermal and non-gravitational energy in groups.
The observed X-ray luminosities of clusters and groups of galaxies show strong correlation with
the gas temperature, whose slope disagrees with the self-similar cluster formation picture. The
observed slope for groups is even steeper than those for clusters, implying that the hot gas
in groups of galaxies are relatively more heated than in clusters by some non-gravitational
processes. This indicates that groups of galaxies are key objects in understanding the problem
of non-gravitational heating of the extended hot gas. Another striking gas feature connected
with the non-gravitational energy input is the X-ray cavities. These are X-ray holes near the
bright central galaxies often overlapping with radio lobes. Clearly, non-thermal pressure is strong
enough to displace the hot gas. A detailed X-ray study of cavities and temperature structures
in bright groups will give us new insight about the scale and strength of non-thermal energy
input in groups and clusters (§2.4).

In this thesis, I selected two groups of HCG 80 (§2.8) and HCG 62 (§2.9). Table 1.1 summa-
rizes their properties, comparing with other well-studied groups of HCG 57 and HCG 16. The
groups of galaxies play a connecting role for galaxies and clusters of galaxies in many respects,
and can be regarded as the key objects in the hierarchical structure of the universe. The present
research will bring us new X-ray features about the groups of galaxies and will significantly raise

the importance of their study in understanding the evolution of the universe.

Throughout this thesis, Qy = 1 — Qy = 0.73 and h7g = Ho/(70 km s~ Mpc™!) = 1 are

Table 1.1: Properties of four well-studied spiral dominant group: k7 indicates approximate
temperature when a thermal spectrum is assumed, and Lx is the bolometric luminosity of the

diffuse emission only.

name z fspiral kT Log Lx
(keV)  (erg/s)
HCG 57 | 0.0304 0.43 1.1 41.92
HCG 16 | 0.0131 0.86 0.4 40.74
HCG 80 | 0.0299 1.00 0.8 41.92
HCG 62 | 0.0145 047 1.0 42.69




assumed. The quoted errors indicate the 90% confidence range, and the solar abundance ratio

of Anders & Grevesse (1989) is implied, unless otherwise stated.






Chapter 2

Review

2.1 Group of Galaxies

Groups of galaxies are smaller systems than clusters of galaxies, with a typical group containing
only a few luminous galaxies, and have a scale of 250 ~ 500 kpc. They are also mainly identified
on optical plates. At present, the hierarchical clustering scenario is widely supported, as it is
naturally expected from the cold dark matter model. Also, the fact that the galaxies at redshifts
of ~ 5 have been observed, whereas the most distant observed clusters are at z ~ 1, indicating
that the smaller systems have been formed earlier. According to the bottom-up scenario, large-
scale structures of the universe have been formed from infinitesimally small density perturbations
at the early universe through the gravitational interaction. A number of numerical simulations
for the structure formation show hierarchical clustering of the hot gas and dark matter, and
indicate that the clusters are formed through subcluster mergers and/or acquisition of groups of
galaxies. Groups should thus provide useful probes of structure formation in the universe, yet

their physical nature is still highly unclear [see Hickson (1997) and Mulchaey (2000) for reviews].
Hickson (1982) cataloged 100 compact groups (Hickson’s Compact Groups; HCGs), which

form one of the best studied catalogs among the groups searched by Palomer Observatory Sky
Survey red points. A group is called “compact” when there are several galaxies within a limited
radius (Hickson 1982), and called “loose” when there are not. According to Hickson (1982), a
compact group is defined by the following criteria: N > 4, 05 > 30q, i < 26.0, where N is the
total number of galaxies within 3 mag of the brightest one, tig is the total magnitude of these

galaxies per arcsec?

a averaged over the smallest circle (angular diameter 6g) that contains their
geometric centers, and Ay is the angular diameter of the largest concentric circle that contains
no other galaxies within this magnitude range or brighter. The radius is about 100 kpc. The
short crossing times implied for HCGs suggest either they are chance alignments of unrelated
galaxies within looser systems (Mamon 1986; Walke & Mamon 1989) or short-lived (~ 1 Gyr)

bound configurations within loose groups (Diaferio et al. 1994; Governato et al. 1996).

The observation of clusters/groups began in the optical band historically. We can understand
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this immediately, since it is defined by the distribution of member galaxies which are identified
in the optical band. However, the discovery that many groups are X-ray sources has provided
considerable new insight. X-ray observations indicate that about half of all poor groups are
luminous X-ray sources. The diffuse X-ray emission can be interpreted in the following way. For
example, we assume a group which is concentrated in a sphere of radius ~ 250 kpc with a mass
of 103 My, If this system is under hydrostatic equilibrium, the kinetic energy is approximately
equal to the gravitational potential energy. This gives an emission in the typical X-ray energy
band, if we calculate the temperature corresponding to this energy. X-ray analysis provides a
powerful tool to measure the temperature, the metal abundance, and the gravitational mass in
groups.

In many cases, the X-ray emission is extended, often beyond the optical extent of the group.
The spatial and spectral properties of the X-ray emission suggest the entire volume of a group
is filled with hot, low-density (~ 1073 cm™3) gas. The derived gas temperatures are in the
range 0.3 ~ 1.8 keV, which is roughly what is expected given the range of observed velocity
dispersions for groups (Ponman et al. 1996; Mulchaey et al. 1996; Mulchaey & Zabludoff 1998;
Helsdon & Ponman 2000). X-ray hot gas component is referred to as the intragroup medium,
in analogy with the diffuse X-ray emitting intracluster medium found in rich clusters (Forman

061—62

& Jones 1982). The total kinetic energy contained in a group becomes ~ 1 erg, so that it

is one of the most energetic objects in the universe.

2.2 Galaxies

2.2.1 Classifications of galaxies

The group of galaxies contain spiral and elliptical galaxies, so their classifications are briefly
mentioned here. Galaxies are found in a wide range of shapes, sizes and masses but can usefully
be divided into several types according to how the total amount of light is divided between two
components, the bulge and the disk.

The bulge dominates the central portions of galaxies and is distinguished by its stellar pop-
ulations and dynamics. The distribution of bulge stars are close to spherically symmetric, and
although they have large radial velocities comparable to their orbital velocities, they are sup-
ported against gravity through stellar “pressure”. The stars are collectively called as Population
II system or a halo population. The Population II stars have aged sufficiently and are believed
to have been formed at the early stage of the galaxy formation. This old population contains
little amount of heavy elements by comparison with the Sun.

The disk is a flattened structure in which the stars move in very nearly circular orbits. The
disk is associated with active star formation (young massive stars) and its associated debris
(interstellar dust and molecular clouds), and classified as Population I or a disk population.

The family of galaxies formed by adding bulges and disks in different proportions is called
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the Hubble sequence (figure 2.1). At the start of the sequence, it consists of elliptical galaxies.
These galaxies have no discernible disks and are usually classified on the basis of axial ratio of
their isophotes: E1 to E6, with the latter denoting a major-to-minor axis ratio of 6. The other
major class, spiral galaxies, are named for the spiral patterns often evident in their disks, and
are divided into three classes Sa, Sb, and Sc, in the order of increasing prominence of both the
disk and the spiral arms. At the junction of the sequence, comes a class of galaxies known as
lenticular galaxies or SO. After the ellipticals the Hubble diagram bifurcates into two branches

and they are designated according to whether or not they are barred.

Edwin Hubble's .
Classification -

sb

Scheme -

Sc b

B Sa
Ellipticals \
SO

E5 E7

EO E3

Spirals

G & . iRy
. > - 4.5
B . A 3 ¥

Fig. 2.1: Hubble tuning-fork diagram.

Because Hubble originally thought of his sequence as being an evolutionary path, ellipticals
and SO’s can be called as early-type galaxies, and spirals as late-type galaxies. Population I and
IT stars are also called early and late spectral types, so that early-type galaxies are dominated

by late-type stars and vice versa.

2.2.2 Spiral galaxies

Many galaxies are examined in X-rays, in particular the near-by galaxies in detail. Chandra
image of M31 (Andromeda Nebula), which is the nearest spiral galaxy in the distance of 600 kpc.
In this galaxy, 204 X-ray source in total was found. The energy spectrum which represents bright
sources can be fit by a power-law model with photon index of 1.8 well, and this is similar to that
of the low mass binary systems. The spectrum is indeed comparable to the expected spectrum

from our galaxy, in which X-ray luminosities of the low mass binary systems are generally higher
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than those of high mass binary systems. The spectral feature also confirms that individual X-ray
stars are brighter than the interstellar medium (ISM), and star formation activity is extremely
low, although M31 is a large spiral galaxy.

In other spiral galaxies, IC342 and M33, many discrete sources indicate Lx > 2 x 103® ergs™!.
These are called ultraluminous X-ray sources, and are thought to be binary systems including

black holes.

2.2.3 Elliptical galaxies

The elliptical galaxies are regarded as systems in which star formation activities are finished,
because they have little ISM and many old stars in comparison with the spiral galaxies as far as
optical observations are concerned. They are often found in high galaxy density systems such
as groups and clusters, and there are few examples of isolated systems. Therefore, elliptical
galaxies may have been formed through mergers of spiral galaxies. The typical mass of a bright
elliptical galaxy is about ~ 10 M.

An evidence which shows that extensive star formations have occurred in the formation period
of elliptical galaxies is the X-ray hot gas. This is typical for elliptical galaxies, and has been
detected by X-ray observations for the first time. The widely extended X-ray halos are observed
around elliptical galaxies. Such hot ISM is the product of supernova explosions in galaxies mixed
with the gas from stellar mass loss heated by the stellar motion. The temperature of the gas
is 0.5-1 keV, and this is almost equal to the depth of the gravitational potential of elliptical
galaxies. Thus, elliptical galaxies produce a large amount of the hot gas (about 30% of the
stellar mass) since the galaxy formation. However, most of the hot gas has escaped or has been
stripped in cluster space, and contribute to the metal enrichment in the hot gas in groups and
clusters. As a result, the mass of the hot gas with the elliptical galaxy is only about 5% of the

stellar mass.

2.2.4 cD galaxies

cD galaxies (central dominant galaxies) are very bright and huge elliptical galaxies in the center
of clusters and groups. The mass of cD galaxy is 1012 — 10'3 M, 10-100 times heavier than the
normal galaxies. They also exhibit stellar halos extending out to 10-100 pc. Radio galaxies are
often associated with cD galaxies, an cosmic jets are also seen in the radio through ~-ray bands.
The galaxy MS&7 in the Virgo cluster is a typical cD galaxy. Generally, the central regions of

clusters and groups tend to contain elliptical galaxies than spiral galaxies.

2.3 X-ray Gas in Groups

Diffuse X-ray emission from spiral dominant groups is usually much fainter than elliptical dom-

inant groups. Whereas the bulk of ISM in spiral galaxies is in the form of HI and Hs, the
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ISM in ellipticals consists primarily of hot (7" > 10° K) plasma. This plasma produces X-rays
by a combination of thermal bremsstrahlung, radiative recombination, and line emission from
highly ionized trace elements. There are several models which calculate X-ray spectra from
thin-thermal plasma, such as the MEKAL model (Kaastra 1992; Liedahl et al. 1995; Mewe
et al. 1985; Mewe et al. 1986).

The emissivity of the free-free emission at a frequency v from a hot plasma with an electron
temperature of T} is given by

27eS 27

_ 1/2 2 —-1/2
@ = 35" nezijzinigff(z,Tg,y)ng /2 exp(—hv/kTy) (2.1)

= AT, Z,v)n? (2.2)

where Z; and n; are the charge and number density of the element i, respectively, and n. is the
electrons number density (Rybicki & Lightman 1979). The Gaunt factor is a correction factor
for quantum mechanical effects and is approximately gs ~ 0.9(hv/kT)™%3. The emissivity in

a given bandpass, v; < v < v, is then

va
el = / el dv (2.3)
1%

1

= AT, Z)n?. (2.4)

The formula A(T, Z) is the cooling function, with 7" and Z representing the plasma tempera-
ture and the heavy element abundance, respectively. The contribution of the bremsstrahlung

continuum to A increases as o< T2,

Emission of atomic lines becomes significant when the ICM temperature falls below a 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 and groups, in which Fe ions are not only He-like but
also of a low ionization status, the spectrum exhibits resonance L-lines at ~ 1 keV. We show

predicted X-ray spectra for various temperature in figure 2.2.

The emission lines and continuum 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
et al. (1986); Kaastra & Mewe (1993) with Fe L calculations by Liedahl et al. (1995), in the
XSPEC data analysis Package.

In calculating the emission models, the abundances of heavy elements (Z) is usually specified.
A basis of Z is solar abundances (Zs), thus the ratio of the number of an atom for hydrogen

(number abundance) is used. In this thesis, I use the solar abundances (the ratio to hydrogen)
given by Anders & Grevesse (1989), listed in table 2.1.
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Fig. 2.2: Calculated X-ray spectra from optically thin hot plasma with various temperatures.
The MEKAL plasma emission code is used, assuming a metal abundance of 0.3 solar. Vertical

scale is arbitrary.

Table 2.1: Definitions of the solar abundances by number (Anders & Grevesse 1989).

element number element number element number
H 1.00 Na 2.14e-6 Ar 3.63e-6
He 9.77e-2 Mg 3.80e-5 Ca 2.29e-6
C 3.63e-4 Al 2.95e-6 Cr 4.84e-7
N 1.12e-4 Si 3.55e-5 Fe 4.68e-5
O 8.5le-4 S 1.62e-5 Co 8.60e-8
Ne 1.23e-4 Cl 1.88e-7 Ni 1.78e-6

2.3.1 Existence of intragroup medium

A much more complete study of the HCGs was presented by Ponman et al. (1996). This
survey combined pointed ROSAT PSPC observations with ROSAT All-Sky Survey data to
search for diffuse gas in 85 HCGs. He detected extended X-ray emission in 26% (22 of 85
groups) of the systems studied and inferred that 75% of the HCGs contain a hot intragroup
medium. Among the 109 galaxy groups observed with the ROSAT PSPC, extended X-ray
emission has been detected in at least 61 groups. No diffuse emission was detected in 12 groups
with only spiral members (Mulchaey et al. 2003). Recently the GEMS project constructed a large
sample containing 60 groups based on the optical and ROSAT PSPC catalogues (Osmond &
Ponman 2004). The X-ray emission was detected for three of the five spiral-only groups; however,

due to the limited quality of the data, the origin of the emission was not directly constrained,
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but was classified into hot halos of the individual galaxies based on their threshold in the spatial
extent of < 60 kpc. They suggested, based on the anti-correlation between the spiral fraction
and the X-ray luminosity, that the presence of detectable hot diffuse gas is strongly related to the
galaxy morphology (figure 2.3). The possible absence of diffuse X-rays in the spiral-only groups
would thus imply that either the bound group should contain at least one early-type galaxy, or

the X-ray emission is preferentially suppressed in the spiral-only groups for some reason.

44 | | :
435 —l R E
43 E—+ ¢ + R E

7 3 I A R
) 42§— * ¢j) Jﬁ ﬁii E
»ED 41.52— *? (T)i 3]
gk, \ii iHE : i
205 - i\" -
a0 L E

: 3 :

05 07 o4 06 08 1

Spiral fraction

Fig. 2.3: The relation between the spiral fraction fs, and the X-ray luminosity Lx (Mulchaey
et al. 2003). The red crosses represent the upper limit. Spiral only groups are fg, = 1.

To further explore the nature of the diffuse emission from the groups of galaxies, higher
quality X-ray data are required. In particular, a high spatial resolution is crucial to separate the
emission associated with individual galaxies from the diffuse component. Chandra and XMM-
Newton are the most suitable satellites for this purpose, yet there have so far been few available
observational results. Belsole et al. (2003) recently reported on the detection of diffuse X-ray
emission from HCG 16 (¢ = 0.013) with the XMM-Newton EPIC cameras. The temperature
and the luminosity were measured to be 0.494+0.17 keV and 5.0 x 1040/17_02 erg s~ !, respectively.
The result obeys the Lx — T relation obtained for brighter galaxy groups, though it is located
at the extreme faint end, from which they suggested that HCG 16 is a bound system.

The X-ray emission tends to be suppressed in spiral-dominated groups (Osmond & Ponman
2004), with a possible exception of HCG 57, from which Fukazawa et al. (2002) detected extended
thermal X-ray emission with ASCA (figure 2.4). Despite large observational errors, these facts
are likely to indicate a close link between galaxy evolution and the properties of the intragroup

medium.
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Fig. 2.4: X-ray images (contours) of the HCG 57 obtained with the GIS (left) and SIS (right),
overlaid on the optical image (Fukazawa et al. 2002). The top panel indicates the galaxy position

(referred to Hickson (1993)). The bottom panels are images in 0.6-2.0 keV.

2.3.2 Chemical properties
Supernova explosion

Stars which have mass > 8 My cause supernova explosions, when they can not be supported by
the heat of nuclear fusion. On the other hand, lower mass stars, compare to them, become white
dwarfs. Supernova explosions cause rapid nuclear fusions by a high temperature and pressure,
and the heavy elements are scattered into ISM. Such heavy elements are captured by stars of
the next generation, thus study of the ISM chemical properties is very important to look into
the metal circulations in galaxies. Actually, elements constituting a material on the earth and
our body have been composed by star in galaxies formerly.

For supernovae, there are two kinds of explosions, which are Type-Ia (SN Ia) and type-II SNe
(SN II). SN Ia continues supplying Fe and Ni for a long time, and SN II occurred mainly in
the starburst period after the galaxies formation and produced « elements (O, Ne and Mg).

SN Ia is believed to occur as a result of the accretion of material from a companion to a white
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dwarf (old, degenerate low-mass stars) in a close binary system. It is thought to explode beyond
the Chandrasekhar mass (~ 1.4 M), after gas is accumulated from a primary star in a binary
system to the white dwarf. SN Ia continues occurring at the almost constant period over the
age of the universe rather than only the galaxy formation period.

While SN II arise from young stars with initial mass > 8Mg, whose cores collapse gravi-
tationally once they have exhausted all the star’s fuel. At this time, neutron stars and black
holes are produced. Most of this energy ~ 10°® erg are emitted as a neutrino, and energy of
approximately 1% is used for an explosion. Just after the galaxy formation, a large number of

heavy stars are produced, and it is thought that they cause SN II for a period of 1089 yr.

Metal formation

Whereas elements from He to Be are mainly produced by the nucleosynthesis just after the Big
Bang, elements such as O, Ne, Mg, Si and Fe are producted by stars and supernovae. How were
these elements distributed over the galaxies and clusters widely? The answer will be given by
the study of chemical properties of groups and clusters of galaxies. This will also tell us the
star formation history and the past supernova activity of galaxies. In particular, X-ray hot gas
contains a large amount of metals. These are originated from interstellar medium which was
enriched by supernova explosions and stellar mass loss. Then the gas escaped or was stripped
from the galaxies (by galactic winds or by ram pressure strippings) and transferred into the
intergalactic gas. The observation of metal content in clusters and groups was initiated by
ASCA, which discovered that cD galaxies such as M 87 produced already a large quantity of
metals. The metals were produced in the galaxy formation epoch, as well as the current supply
from the stars where elements are seen now (figure 2.5; Arnaud et al. (1992)). Therefore, in the
process of evolution of the universe, the star formation activity and the metal production should
have occurred in a wide scale.

X-ray gas in elliptical dominant galaxy groups often contains heavy elements abundantly. It
offers important information in examining the process of the metal enrichment over 10'° years.
Since gravitationally large systems have all the elements which stars and galaxies have produced
since the universe has begun. Moreover, with the gas temperatures characteristic for groups
(~ 1 keV), strong emission lines are expected from many of the a-elements. In figure 2.6,
the energy spectra of the center of NGC 4636 group observed with ASCA and with RGS on
XMM-Newton are shown.

Detailed studies on the metal distribution in clusters and groups have been carried out using
ASCA, BeppoSAX, Chandra and XMM-Newton. Distribution of iron and silicon indicate strong
central concentration in clusters and groups characterized by bright central galaxies, and the
excess iron mass is found to correlate with the luminosity of the cD galaxy as shown in figure 2.5
(De Grandi et al. 2004). This indicates that iron and silicon (main products from type Ia

supernova; SN Ia) trace the enhanced star-formation activity in bright galaxies. On the other
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hand, distribution of oxygen (i.e. type II supernova product; SN II) is not well understood.
Matsushita et al. (2003) showed that oxygen distribution around M 87 is flatter than those of
iron and silicon, with the level about half as much as the others. Such low oxygen abundances
are also derived in the centers of other clusters and groups (Buote et al. 2003b; Xue et al. 2004).
For the study of oxygen distribution, low temperature systems such as groups of galaxies are

suitable targets.

2.3.3 Lx-kT relation

In the previous ROSAT observations, Mulchaey & Zabludoff (1998) found that a single luminosity—
temperature relationship could describe groups and clusters (Lx o< T2®). However, both Pon-
man et al. (1996) and Helsdon & Ponman (2003) found much steeper relationships for groups
compared to that of clusters of galaxies, which is noticeable for low temperature (k7' < 1 keV)
systems (Lx oc T2 and Lx o< T*?, respectively). Figure 2.7 suggests that the deviation of
the cool groups from the cluster relationship is indeed significant. The preheating effect, non-
gravitational heating, is suggested to be responsible for the steepening in groups (e.g., Ponman
et al. 1996; Helsdon & Ponman 2003). In particular, it has been proposed that spiral galaxies
play a comparable role to early types in gas heating. However, it is also possible that the low
X-ray luminosities of the groups is due to an escape of the hot gas from the system, and further

investigations are needed to clarify the origin of this steep relation.

2.4 X-ray Emission Other Than Diffuse Hot Gas

2.4.1 X-ray emission from discrete sources

In the center of clusters and groups, there are point-like sources such as active galactic nuclei
(AGNs) and low mass X-ray binaries (LMXBs) contained in the individual member galaxies.
The spiral galaxies characterized by extremely bright cores are called Seyfert galaxies, which are
typical AGNs withtin z < 0.1. AGNs are believed to have black holes with a mass of 106-8M,
producing intense jets and outbursts in various energy bands. AGNs are usually the brightest
objects in the sky in many wavelengths, from radio to -ray. The luminosities often go up to
~ 10% erg s~!. Most of the X-ray bright AGNs can be identified as point like sources, associated
with galaxies. Their spectra are hard, and can be generally represented with power-law models
with photon indices I' =1 ~ 2.

The jet emits radio as well as X-rays, and the multi-wavelength studies have performed exten-
sively. Energy spectra of the jets are also fitted with power-law models, and the emission is likely
to be synchrotron radiation with self-Compton components. There are evidences that the jets
have relativistic velocities. Near black hole or in the jet, there should be an efficient mechanism
to accelerate particles, however the detailed mechanisms are still unclear. In addition, it is not

understood whether the jets mainly consist of electrons or protons.
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Fig. 2.7: Logarithm of the X-ray temperature versus logarithm of X-ray luminosity for a sam-
ple of groups (circles) and clusters (triangles). The group data are taken from the literature
compilation of Xue & Wu (2000), with the addition of the groups in Helsdon & Ponman (2000).
The cluster data are taken from Wu et al. (1999). The solid line represents the best-fit found
by Wu et al. (1999) for the clusters sample (using an orthogonal distance regression method).

The observed relationship for groups is somewhat steeper than the best-fit cluster relationship.

LMXBs are the luminous population in normal galaxies, consisting of low mass stars and
weakly magnetized neutron stars. The spectra of them are known to be approximated by
~ 10 keV thermal bremsstrahlung emission model (Makishima et al. 1989; Matsushita et al. 1994;
Matsumoto et al. 1997). The luminosity of individual LMXBs are fairly low at ~ 1036737 erg s=1.
Matsushita (1998) analyzed X-ray spectra of 27 elliptical galaxies with ASCA, and found that
there were hard emission distinct from the ISM emission, which can be attributed to LMXBs. By
fitting the former component with a ~ 10 keV bremsstrahlung model, the 2-10 keV luminosity
is estimated as, Lx(2 — 10 keV = 4.1 x 10%*(Lg/10'°L,) erg s71).

2.4.2 Hard X-ray emission

Recently, non-thermal hard X-ray emission has been reported from the Coma cluster by Bp-
poSAX and RXTE satellites as shown in figure 2.8 (Fusco-Femiano et al. 1999; Rephaeli et al.
1999). The emission is observed as a hard excess above the thermal ICM emission, appearing
in energies above ~ 30 keV. Together with the diffuse radio halo detected in this cluster, the
hard X-rays strongly suggest the existence of high energy particle widely distributed in the

intergalactic space.
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Given the difficulties with the discrete source and thermal interpretations of the diffuse hard
X-ray emission, we regard the nonthermal interpretation to be most promising. One popular
scenario for the nonthermal X-ray production is inverse Compton scattering of the CMB photons
by relativistic electrons with Lorentz factor v ~ 103 — 10%, as has been invoked to explain the
excess hard X-ray emission from rich clusters (Fusco-Femiano et al. 1999). However, since there
are negative reports concerning the existence of the hard X-ray emission, we have to wait for
further sensitive studies on this possible component. Thus, it is not clear how much non-thermal
pressure is present in the cluster space which should be associated with high-energy particles
and magnetic fields.

Thermal emission of the groups is limited to energies below ~ 5 keV, because the temperature
of their hot intragroup medium is about 1 keV (Mulchaey et al. 1996; Fukazawa et al. 1996).
Therefore, they allow us to search for nonthermal X-ray emission, even with instruments oper-
ating below an energy of ~ 10 keV.

JFrom the galaxy group HCG 62, Fukazawa et al. (2001) have detected the excess X-ray
emission with a very hard spectrum. The excess emission is spatially extended up to ~ 10” from
the group center as shown in figure 2.8. However, the optical evidence for AGNs in HCG 62 is
moderate, and they cannot constrain the intragroup magnetic field in HCG 62 because of the

lack of information on the diffuse radio flux.
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Fig. 2.8: Left: The spectrum of the Coma Cluster by BeppoSAX HPGSPC (4.5-20 keV) and PDS
data (15-80 keV), with the best-fit model shown with a solid line. The dashed line represents
the thermal component (8.5 keV), while the dashed straight line is the nonthermal component
with a spectral index of 1.6. Right: Background-subtracted GIS (ASCA) image of HCG 62 in
4.5-8 keV (gray scale, hard band) and 1.0-2.4 keV (contours, soft band). The four squares are
positions of the ROSAT point sources that are also detected with the GIS.
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2.5 Galaxy Interaction

2.5.1 Starbursts

In spiral galaxies and irregular galaxies, there are galaxies in which star formations are extremely
active, and are called starburst galaxies. The occurrence of supernova explosions is as high as
once per ten years, 10 times higher than the level in our galaxy. As a result, compact stars and
black holes are produced, and the interstellar matter is heated and galactic winds are generated.

The starbutrst activivies are recognized in the central regions of spiral and irregular galaxies
such as M 82 and NGC 253. These are the brightest, the best-studied starburst galaxies in
the X-ray band. Previous observations suggested a causal link between the starburst activity
and the galaxy interactions [see Kennicutt (1998) for reviews|. Thus, a detailed spatial analysis
of individual galaxies with high resolution X-ray image provides a vital clue in constraining
the connection between the outflowing gas and the intragroup medium without suffering from
the contamination of point sources. The Chandra observations revealed X-ray views of the
extended halo emission from the nearby starburst and normal galaxies in the dense environment.
For example, the nature of diffuse X-ray emission from NGC 253 and NGC 55, both of which
belong to the nearby spiral-only group, the Sculptor group, is considered separately in Strickland
et al. (2002) and Oshima (2003). They exhibit observational evidence for galactic outflows
from the spirals powered by star-formation activity. Strickland et al. (2004a) and Strickland
et al. (2004b) studied ten star-forming disk galaxies with the Chandra X-ray and Ha imaging
data. From the correlations between a variety of X-ray quantities with multi-wavelength data,
they quantitatively investigated supernova feedback on the galactic scale.

Starburst galaxies are usually brighter in infrared than optical. because starburst galaxies has
much dust. jFrom an infrared sky survey, galaxies with extremely high luminosity in infrared
(ULIRGs: Ultra Luminous InfraRed Galaxy) were found. It is recognized that these galaxies
have either starburst activity or AGN, or both.

The velocity that gas flows out from galaxy is necessary up to 1000 km s~! to escape the
gravitational potential. Therefore, galaxies are not closed systems, and the gas outflow enriched
with heavy elements supply over intergalactic medium. This is very important in studying the

origin of elements in the groups and clusters.

2.5.2 Cavities

The striking gas features most likely caused by the central galaxies are the X-ray cavities.
The cavities are circular regions showing a significant depression of X-ray surface brightness.
Nearly 20 cavities have been recognized in clusters and groups with high resolution images
taken by ROSAT and Chandra (Birzan et al. 2004, hereafter B04; Dunn & Fabian 2004; Dunn
et al. 2005, hereafter D05). They are located typically at 10-30 kpc from the central galaxies,

and strong correlation with radio lobes are seen in about 10 systems. Remarkable cases are seen
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Fig. 2.9: X-ray contour of starburst galaxies as M 82 and NGC 253.

in the Perseus (e.g., Boehringer et al. 1993; Fabian et al. 2000) and Hydra A (e.g. McNamara
et al. 2000, figure 2.10) clusters, both showing strong correlation with the 1.4 GHz radio lobes.

Fig. 2.10: X-ray image of HydraA. The contour represents the radio emission (1.4 GHz).

The center of the Perseus cluster is shown in figure 2.11. The central nucleus is radio galaxy
of NGC1275, which is an AGN, and shows soft emission. There are two cavities in the north and
south. The temperature map shows no differenceds around the cavities. In the radio contour,

the radio lobe corresponds to the X-ray cavities. Cavities are thought to be produced by jets or
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buoyant bubbles which are directly connected with the activity of central radio galaxies. The
pressure of the radio lobe (magnetic field and relativistic electron) may expell the hot gas. The
energy content of the cavities is estimated to be 8 x 10°® erg, however, its life is 10"~® yr due to
synchrotron emission. Thus, the energy must be continuously supplied at a rate of 104 erg !

from the nuclear source.

Relative Decl. (arcsec)

Fig. 2.11: Left: The color image of the center of Perseus cluster. Red of 1.5-1 keV, green of
1-2 keV, and blue of 2-7 keV are composed. Right: X-ray image of Perseus cluster (Fabian
et al. 2000). The contour represents the radio emission (1.4 GHz).

Several giant elliptical galaxies with radio robes, e.g., M84 (Finoguenov & Jones 2001),
NGC 4636 (Ohto et al. 2003), are also known as hosting X-ray cavities. The remaining half
of the cavities, on the other hand, are not associated with radio lobes, and they are designated
as ghost cavities. The one in A 2597 (McNamara et al. 2001) or the outer depressions in the

Perseus cluster (Fabian et al. 2000) are the examples.

A subsonic displacement of the gas would create a low density, rising bubble keeping the
pressure balance with the surrounding ICM. It appears to be generally correct for cavities that
non-thermal pressure originated in relativistic particles and/or magnetic fields in the radio lobe
is probably large enough to balance with the surrounding ICM gas pressure (Fabian et al. 2002).
This pseudo-pressure balance is justified by the fact that there are no evidence for shock-heated
gas around the radio lobes in almost all of the X-ray cavities observed so far, except for MKW 3s
(Mazzotta et al. 2002). This general scenario has been modeled theoretically, and has at least
qualitatively reproduced the morphology of cavities (e.g., Churazov et al. 2001). Energy density

of relativistic electrons inferred from the synchrotron radio emission is almost always smaller
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than that required to offset the hot gas by orders of magnitude, and it is discussed that energy
density of protons are higher than those due to electrons by factors of 100-1000 (D05). However,
there is no direct evidence indicating that such a high energy density is really carried by protons.
This situation is the severest in the case of ghost cavities. In this view, it is important to examine
ghost cavities in groups of galaxies where the gas is relatively cool and non-thermal effect can

be recognized somewhat easily.

2.6 X-ray Gas Distribution

The X-ray emitting gas in groups of galaxies are considered to be in hydrostatic equilibrium in
the gravitational potential containing dark matter, hot gas, and stars. The density and pressure

of the gas, pgas, Pgas and galaxy, pstar, Pstar are written as

kT

Pgas = ,Ogasu—rnpa DPstar = pstara2- (25)

Assuming that the galaxies follow the hydrostatic equation of the galaxies,

1 dpgas 1 dpstar
i —_ — 2.
pgas dr Pstar dr Vd)’ ( 6)

where p = 0.62 is the mean molecular weight, and m, is the proton mass. Then, we obtain

Paas X Pigay (2.7)
where
2
pmpo”
= 2.
B==r (2.8)

King (1962) has derived an analytic approximation to the isothermal sphere of self-gravitational

isothermal collision-less particles. The density profiles of the galaxies have been found to be well

1+(§jﬂ_% 29

where r. is a core radius. Then the isothermal gas distribution may be represented as

approximated with the King profile,

,Ostar(r) ~ pKing(r) = pKing(O)

1+(%)1_%, (2.10)

where n(r) is number density in the radius r, and ng is the value at r = 0.

Ngas (T‘) = Ngas 0

Since the emissivity is proportional to n?, we obtain the X-ray surface brightness S(r) at a

projected radius 7,

2n0

S(r) = / 2n(z,r)? / dz 1+r2+22}35 (2.11)

= S [1+ (r/re)?] e (2.12)
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Here, Sy is the central surface brightness as

ng A(T)r. T(33—3/2)
47 (1+2)" T(38)

where A(T) is the cooling function, using norm = [n2dV/(4rD%) (107 ¢cm™5) and flux Fx in

So (erg em™2 571 s, (2.13)

the spectrum fitting with the Mekal model, we obtain

(1+2)% Fx

AT) = L2 EX
(T) norm x 1014

(erg em?® s71). (2.14)

Therefore, the central number density is represented as

2 14 1/2
g = <4ﬁ (1; z)* So normFi 10 P(;ﬂ(i@)ﬁ)) (cm™3). (2.15)

It has been known that the observed cluster X-ray surface brightness is well fitted by equation
2.10 with 5 ~ 0.6 — 0.7 (Jones & Forman 1984). However resent observational studies of the
clusters with Chandra and XMM-Newton observation reveal that a number of clusters could not
be represented by the simple § profile.

Recent N-body simulation on the formation of clusters in a cold dark matter (CDM) universe
has shown that, instead of a King profile with a central core, profile with central cusp is found

(Navarro et al. 1996; Navarro et al. 1997), hereafter NF'W profile. It is represented as

p(r) = (r/rs)(fi pyaEE (2.16)

where pg and ry are the characteristic density and length, respectively. pg is related to the critical
density of the universe p.iy and characteristic density d. through ps = dcperit. Compare with the
flat core of the King profile, the NFW profile has a core with oc r~! dependence. However, there
are some observational results which cannot be explain by the NFW profile (Ikebe et al. 1996).
Thus, the actual profile of the dark matter density is still under discussion. The 8 model still

works as a reasonable description of the gas density profile.

2.7 Mass Distribution

Groups have the velocity dispersion ranging from 100 ~ 400 km s~!, and a total mass of several
times 10'3 M, within ~ 250 kpc, which is dominated by the dark matter.

Since the collision time scale for ions and electrons in the intracluster gas is much shorter
than the time scales of the heating or cooling, we can treat the gas as a fluid (Sarazin 1988).
In general, the time required for a sound wave in the intracluster gas to cross a cluster (sound
crossing time) is shorter than the probable age of a cluster. Therefore we can assume that
the gas is under a hydrostatic equilibrium, so that the pressure gradient is balanced with the

gravitational force as,

V Pyas = —pimpne V. (2.17)
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Since the ICM density is quite low, the gas pressure can be expressed as
Pgas = ngaSkT = @kT, (218)
wmp
where k is the Boltzman constant, and pg.s is the gas mass density, pgas = 1.92umpne. When we
assume a spherical symmetry and the hydrostatic equilibrium, the total integrated gravitational
mass, M., (i.e. the dark matter + galaxies + hot gas) within the 3-dimensional radius of R is
given by

R? dP,,
PG dR

Mcp=— (2.19)

using the equation (2.17), in which G is the gravitational constant. The differential mass density,
M(R), is given by

1 dM
M(R) = dER. (2.20)
2.8 HCG 80

There are two well-studied spiral dominant groups, HCG 16 (Belsole et al. 2003) and HCG 57
(Fukazawa et al. 2002). However, intragroup medium and the gas associated with the galaxies
are not separated yet, due to the low spatial resolution. Furthermore, they are not spiral only
groups. The observation of spiral only group with high spatial resolution is needed to definitely
confirm the role of spiral galaxies in groups. Therefore, a spiral-only group of galaxies, HCG 80,
was observed for the first time in X-ray with Chandra, which has the finest angular resolution
(~1”) than ever. 1’ corresponds to 36.1 kpc at the group redshift z = 0.0299.

This group is one of the most promissing candidates, among the known spiral-only groups,
for the positive detection of diffuse X-rays for the following reasons: (1) The high line-of-sight
velocity dispersion of o, = 309 km s~! implies a large gravitational potential; accordingly high
X-ray luminosity and temperature of Lx ~ 8.4 x 104! h;OQ erg s~ and kT ~ 0.8 keV are expected
from the o, — Lx and oy — T correlations (Ponman et al. 1996). The expected luminosity is close
to the 30 upper limit from the previous ROSAT PSPC observation, Lx = 7.6 x 10%! h7_02 erg s~ !
(Ponman et al. 1996). (2) A compact galaxy distribution (4 members within 1.7" diameter) has
led to a judgment that the HCG 80 galaxies are accordant members (Arp 1997; Sulentic 1997).
(3) Two of the galaxies are classified as Im (table 4.1), which may indicate the galaxy-galaxy

interaction in the group.

2.9 HCG 62

In order to examine the production process of heavy elements in the intragroup gas, which
flowed out of galaxies as a result of star formation of individual galaxy, I analyzed X-ray data

for the group of galaxies, HCG 62, which contains an elliptical galaxy in the center. Since bright
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elliptical galaxies are known to hold a large amount of heavy elements, they are very important
in investigating the history of metal enrichment. HCG 62 is suitable for the abundunce analysis,
because it is one of the nearest Hickson compact galaxy groups (Hickson et al. 1989) and the
brightest group of galaxies in the X-ray band. 1’ corresponds to 17.8 kpc at z = 0.0145. It was
observed by both Chandra and XMM-Newton, enabling an analysis in detail with high spatial
resolution and with wide field coverage. Moreover, Vrtilek (2001) and Vrtilek et al. (2002)
discovered two cavities in HCG 62, based on the high resolution image of Chandra.

The group consists of 63 galaxies (Mulchaey et al. 2003) within a radius of 50" (900 kpc), while
the central region is dominated by 4 galaxies. The galaxy distribution is shown in figure 2.12.
The extended X-ray emission of HCG 62 was first discovered by Ponman & Bertram (1993) with
ROSAT PSPC. Based on the ASCA observation, Fukazawa et al. (2001) detected excess hard
X-ray emission (figure 2.8 right), and Finoguenov & Ponman (1999) reported strong central

concentration of iron.
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Fig. 2.12: Galaxy distribution of HCG 62. HCG 62a, HCG 62b and HCG 62c¢ are indicated in

red, green and blue, respectively.
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Instrumentation

3.1 Chandra X-ray Observatory

3.1.1 Overview of the Chandra Satellite

Chandra was launched on the Space Shuttle Columbia on July 23, 1999. The orbit of the satellite
is elliptical with the perigee altitude of 10,000 km, the apogee altitude of 140,000 km. The orbital
period is about 64 hours, which is allowing uninterrupted observing intervals of more than 48

hours.
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Fig. 3.1: The schematic view of the Chandra satellite

The most vivid characteristic of Chandra is higher angular resolution than all the previous
X-ray satellites. The Chandra telescope, “High Resolution Mirror Assembly (HRMA)”, consists
of 4 mirrors of Wolter type 1 geometry formed by glass, and achieved the angular resolution
of 0.”5. The satellite attitude is controlled and determined by “Pointing Control and Aspect
Determination (PCAD)” system with the higher accuracy than angular resolution.

Chandra has two focal plane instruments: a microchannel plate, named “High Resolution
Camera (HRC)”, and a X-ray CCD camera, “Advanced CCD Imaging Spectrometer (ACIS)”.
Chandra also has two gratings: “High-Energy Transmission Grating (HETG)”, and “Low-Energy

29
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Transmission Grating”. To protect the instruments from the particle radiation damage, Chan-
dra is equipped with a charged-particle detector, the “Electron, Proton, Helium INstrument
(EPHIN)”. The schematic view of the satellites is shown in figure 3.1. The detailed properties

of the instruments are mentioned in following subsections.

3.1.2 High Resolulusion Mirror Assembly (HRMA)

The Chandra telescope has four pairs of Wolter Type-I mirrors, which were fabricated from
Zerodur glass, polished, and coated with iridium on a binding layer of chromium as figure 3.2.

The outer diameters of mirrors are 1.23, 0.99, 0.87, and 0.65 meter, and the focal length is 10.066

meter.
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Fig. 3.2: HRMA mirrors

Figure 3.3a, b show the effective area of HRMA in relation to X-ray energy and off-axis angle,
respectively. On-axis effective area is about 800 cm? at 0.25 keV, and declines to 400 cm? at
5.0 keV, 100 cm? at 8.0 keV. The effective area also decreases as source position departs from
on axis.

The point-spread function (PSF) is very sharp, and most of X-ray photons are collected within
1”-radius region (figure 3.4). The encircled energy function of HRMA is shown in figure 3.5a.
At 4.51 keV, the 50% photons are included in about 0”.35-radius, which is called the encircled
energy radius. The encircled energy radius increase, or PSF becomes broad, at the larger off-
axis angle. Encircled energy radius is shown in figure 3.5b. The diameter, which encircles 50%
energy, is called Half Power Diameter (HPD).

The central 29" diameter region of the field of view is free from stray light, because baffles

prevent non-reflected or singly reflected X-rays. Then, there is no ghost image.
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Fig. 3.3: The HRMA effective area versus X-ray energy (left; a) and off-axis angle (right; b).

In the left panel, shell 1, 3, 4, 6 indicate the mirror layers from outside to inside.

3.1.3 Advanced CCD Imaging Spestrometer (ACIS)

The Advanced CCD Imaging Spectrometer (ACIS) is comprised of ten 1024 x 1024 pixel CCDs;
2 x 2 array of ACIS-I (I0-13) for imaging and 1 x 6 array of ACIS-S (S0-S5) for imaging and
grating spectroscopy. The pixels are 24 pym (~ 0”.5) square. Two CCDs (S1 and S3) are
back-illuminated (BI) and the others are front-illuminated (FI). The CCD chips of ACIS-I and
ACIS-S are tilted to follow the HRMA focal surface and the HETG focal surface, respectively.

ACIS has many observing modes to apply variety observations, but we use only Timed-
Exposure mode with the readout time of 3.24 s. X-ray events are extracted by the same way as
ASCA or grade method. Though grade identification number is different from that of ASCA,
X-ray events which are equivalent to ASCA grade 0, 2, 3, 4, 6 are used in standard analysis.

The quantum efficiency of ACIS is shown in figure 3.6. Low-energy X-rays are largely absorbed
by Optical Blocking Filter (OBF) and the gate structure of the CCD chips. Since BI chips have
the gate at the opposite side to HRMA, the quantum efficiency of BI CCDs are larger than
those of FI CCDs in low-energy band. By the increase of CTI, the quantum efficiency becomes

smaller at the farther side from the readout.
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Fig. 3.4: Simulated on-axis images with the energies of 1.49, 4.51, 6.40, and 8.63 keV. Surface

brightness contours are logarithmic and spaced in factors of 3. The innermost contour is at 90%

of the peak brightness. The 8.6 keV image core is off-center due to the shell misalignment.
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3.2.1 Overview of the XMM-Newton Satellite

The ESA (European Space Agency) X-ray satellite XMM-Newton was launched on 10 December
1999 from Kourou (French Guiana), by the Ariane-V rocket Jansen et al. 2001. It was placed
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Fig. 3.6: The quantum efficiency of the ACIS CCDs. Note that values are including the trans-
mission rate of the OBF.

into a highly eccentric orbit, with an apogee of about 115,000 km, a perigee of about 6,000 km,
and an orbital inclination of 33°, which provides the best visibility in the southern celestial
sky. Although the orbital period is 48 hours, the exposure available for scientific data analysis
is limited to 39 hours (140 ksec) per orbit. This is because observations are not carried out
when the satellite altitude is less than 46,000 km, where the radiation background related to the

Earth’s magnetosphere is severe.

Table 3.1: Basic performance of the EPIC detectors

EPIC-MOS EPIC-pn
Illumination method  Front illuminated Back illuminated
Pixel size 40 pm 150 pm

1.1" 4.1"
Field of view (FOV) 30’ 30’
PSF (FWHM/HEW) 5"/14" 6" /15"
Spectral resolution ~70 eV ~80 eV
Timing resolution 1.5 ms 0.03 ms
Bandpass 0.15-12keV 0.15-15keV

3.2.2 X-ray telescope

XMM-Newton’s three XRT's are co-aligned with an accuracy of better than about 1 arcmin. Each
of the three telescopes consists of 58 Wolter type-I mirrors, and the mirror grazing incidence

angles range between 17 and 42 arcmin. The focal length is 7.5 m and the diameter of the
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largest mirrors is 70 cm. One telescope with the PN camera at the focal point has a light path
as shown in Figure 3.7. The two others have grating assemblies in their light paths, diffracting
part of the incoming radiation onto their secondary focus (see Figure 3.8). About 44 % of the
incoming light focused by the XRT is directed onto the MOS camera at the prime focus, while
40 % of the radiation is dispersed by a grating array onto a linear strip of CCDs. The remaining
light is absorbed by the support structures of the RGAs.

Paraboloid

Hyperboloid

FOCAL
SURFACE

Fig. 3.7: The light path in XMM-Newton’s XRT with the PN camera in focus.
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Fig. 3.8: The light path in XMM-Newton’s XRT with the MOS camera and RGA.

PSF for XMM-Newton is larger than Chandra. Figure 3.9 shows the in orbit on-axis images
obtained by each detector. The radial substructures are caused by the spiders holding the mirror
shells. Figure 3.10 displays the azimuthally averaged profile of the PSF of one XRT together
with the best-fit King profile.

An effective area is an indicator of ability of collecting photons. XMM-Newton carries the XRT
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Fig. 3.9: On-axis images of the MOS1, MOS2 and PN XRTs (left to right). The images are
110 arcsec wide and a logarithmic scale has been used to visualize the wings of the point spread

function.

with the largest effective area of focusing telescope ever. The total mirror geometric effective
area (EA) at 1.5 keV energy is about 1,550 cm? for each telescope, i.e., 4,650 cm? in total.
Figure 3.11 shows the on-axis effective area of all XMM-Newton XRTs. The EAs of the two
MOS cameras are lower than that of the pn, because only part of the incoming radiation falls

onto these detectors, which are partially obscured by the RGAs (see Figure 3.8).
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Fig. 3.10: Radial counts distribution for the Fig. 3.11: The net effective area of all XMM-
on-axis PSF of the MOS1 XRT in the 0.75— Newton XRT, combined with the response char-
2.25 keV energy range. The solid line indicates acteristics of the focal detectors.

the best-fit King profile.

3.2.3 European Photon Imaging Camera (EPIC)

Two of XMM-Newton’s X-ray telescopes are equipped with EPIC MOS (Metal Oxide Semi-
conductor) CCD arrays, the third carries a different CCD camera called EPIC PN. The EPIC
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cameras offer the possibility to perform extremely sensitive imaging observations over a field of
view of 30 arcmin and the energy range from 0.15 to 15 keV, with moderate spectral (E/AFE ~
20-50) and angular resolution (15 arcsec HEW). The detector layout and the baffled X-ray
telescope FOV of both types of EPIC cameras are shown in Figure 3.12. The PN chip array is
slightly offset with respect to the optical axis of its X-ray telescope so that the nominal, on-axis
observing position does not fall on the central chip boundary. This ensures that more than
90 % of the energy of an on-axis point source are collected on one PN CCD chip. Two EPIC
MOS cameras are rotated by 90° with respect to each other. The dead spaces between the MOS
chips are not gaps, but unusable areas due to detector edges (the MOS chip physically overlap
each other, the central one being located slightly behind the ones in the outer ring). All EPIC
cameras are operated in photon counting mode with a fixed, mode dependent frame read-out

frequency.

3 are miin
diameter circles

EPIC MOS EPICpn
7CCDs each 109 x 109 arcmirmutes 12 CCD= each 136 x 4.4 arcmin

Fig. 3.12: A rough sketch of the field of view of the two types of EPIC cameras (MOS, left; PN,
right). The shaded circle depicts a 30 arcmin diameter area which is equivalent with the XRT

field of view.

3.3 Compare Chandra with XMM-Newton

Chandra is higher angular resolution than all the previous X-ray satellites, while XMM-Newton
covers the wider field of view of » < 15’ than Chandra, and carries the XRT with the largest
effective area of focusing telescope ever as figure 3.13a. The intrinsic background of XMM-
Newton is lower than Chandra, however, we need to note the energy range around the Al-K,

line (1.4867 keV) as shown figure 3.13b.
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Chapter 4

HCG 80

In this section, we present a Chandra observation of a spiral-only group of galaxies, HCG 80.
This is organized as follows. In the § 4.1, we describe the Chandra observation of a galaxy group,
HCG 80. In the § 4.3, we describe source detection of a galaxy group, HCG 80 in the Chandra
field. In § 4.4, 4.5, and 4.6, we present spatial and spectral analyses of HCG 80 member galaxies
In § 4.7, we exclude them from the group region and constrain the X-ray emission from the hot
intragroup gas.

From § 4.8.1, we discuss the properties of the member galaxies and, in particular, the nature
of the extended halo emission discovered in the brightest member of the group. We then discuss
possible reasons for the absence of the strong X-ray emission from the intragroup gas of HCG 80.
We compare the X-ray luminosity of the member galaxies to those of the optical in § 4.8.1, and
further discuss the origin of the halo emission from HCG 80a in § 4.8.2. On the other hand, we
found that there is no significant emission from the group region. The absence of strong X-ray

emission is discussed in § 4.9.

4.1 Chandra Observation of HCG 80

The group of galaxies HCG 80 consists of four late-type galaxies, HCG 80a—d, as shown in
table 4.1 and figure 4.1. Their optical properties are also summarized in table 4.1. We observed
HCG 80 with the Chandra Advanced CCD Imaging Spectrometer (ACIS-S) detector on 2003
August 18 (PL: N. Ota). The pointing coordinates were 15"59™12$30, +65°13/33”0 (J2000),
and the target was offset from the ACIS-S nominal aim point with a Y-offset of —1’. The CCD

temperature was —120°C.

4.2 Data Reduction

The data reduction was performed using CIAO version 3.0.2 with CALDB version 2.25. We
analyzed the light curve, and showed that there is no period of a high background level exceeding

30 above the mean quiescent background rates. Thus, the net exposure time is 19712 s. We did

39
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Fig. 4.1: Optical and X-ray images of the spiral-only group HCG 80. In the panel (a), the DSS
image of the HCG 80 group is shown, where the four members are denoted by a—d. In panels
(b) and (c), the Chandra X-ray images in the 0.5-2 keV and 2-7 keV bands are shown. The
X-ray images are not smoothed, and are background inclusive. The image pixel size is 2" x 2.
The member galaxies, HCG 80a—d, are indicated by green circles of radii r = 317, 2", 9.8",
and 13.6”, respectively. In panel (b), the black color represents pixels with an X-ray surface
brightness higher than 10 photons per image pixel. The group region used to constrain the

diffuse emission in subsection 4.7 is shown with a circle of radius 84”.

Table 4.1: Optical properties of member galaxies.

Object Optical coords. (J2000)" =z Diameterst ~ Bf  Type
RA Dec. [mag]

HCG 80 157591284  +65°13'33”3  0.02990 Group

HCG 80a 15759™19%0 +65°13/5774 0.02994 50.8 x 10.8 15.66 Sd

HCG 80b 15"59™2155 465°13/2277 0.03197 20.4 x 17.4 16.37 Sa

HCG 80c 15759073  +65°14/00”8 0.03186 19.6 x 16.4 16.06 Im

HCG 80d 15"59™1251 465°13/19”3 0.03038 27.2 x 10.8 17.01 Im

“Optical coordinates of the object from Hickson et al. (1989).
T Major axis [arcsec]x minor axis [arcsec].

! B magnitude.
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Table 4.2: X-ray count rates, fluxes, and hardness ratios for member galaxies.

Soft band Hard band
HCG Rapec[*]  Rmax[t]  S[f] fxsl8] HI]I Sx.ul#] HR[*]
80a 25 31 65.9+6.4 3.4+0.3 58+3.5 0.7+0.4 0.09 +0.05
80a, nucleus - 2 14.7+ 2.7 0.7+0.1 3.5+1.3 0.6+0.2 0.24 £0.10
80a, disk+halo - 31 -2 50.3 £5.8 2.6+0.3 2.9(<6.1) 0.3(<0.7) 0.06 £+ 0.06
80b, nucleus 1.5 2 107.0£74 53+£04 349+42 62407 0.33 £0.05
80b, disk - 10-2 62+£19 02401 0.4(< 1.4) 0.04(<0.15) 0.06(< 0.23)
80c - 9.8 56+1.9  0.2+0.1 0.3(< 1.3)  0.04(< 0.15)  0.06(< 0.24)
80d - 13.6 1.7(< 3.2)  0.06(<0.13) <27 < 0.05 1.6+1.4

[*] The spectral extraction radius in arcsec (see subsection 4.6).

[t] The maximum radius in arcsec, used to estimate the counting rate, S and H, and the hardness ratio, HR.
[f] The X-ray counting rate in the 0.5-2 keV band, S [10™*countss™].

[§] The X-ray flux in the 0.5-2 keV band, fx,s [10” *ergs™ cm™2].

[|I] The X-ray counting rate in the 2-7 keV band, H [10~*countss™"].

[#] The X-ray flux in the 2-7 keV band, fx u [10™*ergs™'ecm™2].

[¥%] The hardness ratio, HR = H/S.

The quoted errors are the 1o.

not find any astrometry offset for the data. Since the data were taken with the VFAINT mode,
the particle background was reduced by screening out events with significant flux in border

pixels of the 5 x 5 event islands.

4.3 Source Detection in the ACIS-S3 Field

We searched for X-ray sources in the ACIS-S3 field of view with the wavedetect algorithm with
a significance parameter of 107 utilizing the 0.3-10 keV band image, and detected 20 in total,
including HCG 80a and HCG 80b. We also found significant X-ray emission from the direction
of HCG 80c. The counting rates of four member galaxies are summarized in table 4.2. In the
following analysis, the detected point sources were excluded with a radius of 7-times the size of
the Point Spread Function (PSF), which is defined as the 40% encircled energy radius at 1.5

keV at the source position.

The X-ray maximum positions of HCG 80a and b in the ACIS-S3 image are (15"59™1859,
+65°13'57"3) and (157592156, +65°13/22”8), respectively. Comparing these with the optical
coordinates from Hickson et al. 1989, they are consistent within < 1”. However, due to the
limited photon statistics of the present X-ray data, there are uncertainties in the X-ray positions
of the galaxies. We thus assumed the optical positions from Hickson et al. 1989 as their centers

in our analysis.
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4.4 X-Ray Morphologies of Member Galaxies

As shown in table 4.2, because HCG 80a and b were detected with more than 100 significance, we
performed detailed analyses of the surface brightness distributions and energy spectra for those
two galaxies. Since the significance of the X-ray emission from HCG 80c and d are low (2.60 and
< 20 in the soft band, respectively), we could only measure the fluxes (and luminosities under
the assumptions of the spectral models). The results of flux estimations for the four member
galaxies are also presented in table 4.2.

In order to constrain the spatial distribution of the X-ray emission from HCG 80a and b, we
investigated the surface brightness distribution in two different ways: (1) a radial profile fitting
and (2) a 1-dimensional profile fitting. In the former analysis, we compared the X-ray radial
profile with the simulated PSF to constrain the emission from a nuclear source and the presence
of diffuse emission. Since we found significant extended emission, particularly from HCG 80a,
we studied the spatial distribution in detail in a latter analysis. We corrected the positional
dependence of the telescope and the detector responses with exposure maps.

In the case of (1), we produced soft (0.5-2 keV) and hard (2-7 keV) band images and calculated
the radially averaged surface brightness distributions centered at HCG 80a and b, as shown
in figure 4.2. We fitted them separately with the PSF models, which were created by the
HRMA PSF simulator, ChaRT, while specifying the locations of the sources and the spectral
models derived from the spectral analysis (subsection 4.6). The PSF models were generated
with sufficient photons so that the statistical uncertainty would be less than 10%, thus negligible
compared to the Poisson error of the present data. We investigated the positional dependence
of the background intensity using both the blank-sky data and the present data, to find that
the background can be regarded as being constant within the statistical errors. The background
intensities were then estimated from the 84" < r < 160" ring region of the present pointing data
to be (4.73 +0.20) x 1077 and (5.31 & 0.21) x 10~7 counts s~ ! arcsec™2 in the soft and hard

bands, respectively (the errors are 10), and included as fixed constants in the fits.

4.4.1 HCG 80a

For HCG 80a, there is clearly an extended emission, particularly in the soft energy band com-
pared with the PSF (figure 4.2a). We then evaluated the emission using the Gaussian functions
to find that the single-component Gaussian model can not sufficiently fit the data, suggesting
that at least two components are necessary to describe them. Thus, in figure 4.2a, we show the
best-fit model consisting of the PSF and two Gaussians, where the diffuse emission is seen out to
the maximum radius of Ryax ~ 31”7 above the 20 background level. We analyze the significance
of the emission components and the properties in more detail later.

In the hard energy band, there is excess emission over the background within 2” from the
HCG 80a optical center. The 2-7 keV counting rate is (3.5 & 1.3) x 10~* counts s~!. Under

the current statistics, we could not constrain the spatial distribution. However, taking into
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Fig. 4.2: Radial profile fitting for HCG 80a and b with the PSF and Gaussian(s) models. In
panels (a) and (b), the ACIS-S3 radial surface brightness distribution for HCG 80a in the 0.5—
2 keV and HCG 80b in the 0.5-7 keV are indicated by red crosses. The best-fit total model
is shown with the black solid line in each panel, where the PSF and Gaussian components
representing the disk and halo emissions are also indicated by the green, blue, and light-blue
lines. The background intensity is indicated by the horizontal dotted line. In the upper panels
Yx is in units of 10~ ?photonss~'em~2arcsec™2, while in the bottom panels the residuals of the

fits are shown in units of o.

account the spectral hardness inferred from the analysis in subsection 4.5 and the nuclear activity
reported by Shimada et al. 2000a, we suggest that the hard emission may be attributed to the
central AGN in HCG 80a.

In the next step, we consider the soft diffuse emission from HCG 80a, based on a 1-dimensional
profile fitting. Since the galaxy has a nearly edge-on inclination of i = 86°, following Rubin et al.
1982 (see also Nishiura et al. 2000), the emission from the halo region is expected to be clearly
resolved. From figure 4.1b, we find that the emission extends nearly along the perpendicular
direction from the galactic disk of HCG 80a, whose position angle is 64° Shimada et al. 2000a. We
thus extracted the 1D surface brightness profile along the minor axis of the galaxy, accumulated
within |r] < 24” of the major axis (figure 4.3a). The minor-axis profile was rebinned by a factor
of 6; thus, each bin is 3”. We carried out a x? fitting with some simple models consisting of
the Gaussian components for the diffuse emission and the PSF for the central emission, whose
centers are fixed at the HCG 80a center position. As a result, neither the single Gaussian nor the
PSF model could provide an acceptable fit; however, by adding another Gaussian component,
the fit was significantly improved at the 95% level by the F-test. We show the results for the
cases of Model 1 [equation (4.1)] and Model 2 [equation (4.2)] in table 4.3.

Sx = Epsp + Sare ¥/ (4.1)
Yx = Zleoe—(y—yo)Q/Uél —|—2G2706_(y_y0)2/°%2, (4.2)
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(a) HCG 80a minor—axis profile (b) HCG 80a major—axis profile
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Fig. 4.3: Minor-axis and major-axis X-ray surface brightness distributions. In the panels (a)
and (b), the crosses denote the observed 1-dimensional surface brightness profiles accumulated
within |r| < 24" of the major axis and |y| < 5” of the minor axis in the soft band, respectively.

1 2

cm~2arcsec™2. In the panel (a), the

solid black line shows the result of the fitting with Model 3. The PSF, narrow Gaussian, broad

The surface brightness, ¥x, is in units of 10~?photonss™

Gaussian, and background components are indicated by the green, blue, light-blue, and dotted
black lines, respectively. In the panel (b), the solid black, blue, and dotted lines show the best-fit

total model, Gaussian and the background components, respectively.

Table 4.3: Results of the 1D fitting for HCG 80a in the soft band.

Model 1 Model 2 Model 3
Parameter PSF+G1 G1+G2 PSF+G1+G2
PSF [photons s~ tem™2] 43713 <107 - 25(< 45) x 107°
Ya1.0 [photons s™lem™2arcsec™?]  7.6752 x 1072 36.4713° x 1079 17.273L7 x 1077
oG1 [arcsec] 10+4 2+1 312
YGa,0 [photons s~lem~2arcsec™?] - 56738 x 1077 47733 % 1079
oG2 [arcsec] - 1236l 12J_r§l
x2/dof 26.2/19 22.7/18 20.6/17
Sx = Upsp + Saree” BTG 4 Ny gem W00 /oG, (4.3)

where yq is fixed at the center of HCG 80a, and we assume og1 < ogz. We also fit the profile
with Model 3 [equation (4.3)] and examine the significance of the emission from the central point
source. Although the low photon statistics in the central emission resulted in no significant
improvement over Model 2 in the F-test at the 95% confidence, we adopt Model 3 in the rest
of our analysis regarding the presence of the optically identified AGN Shimada et al. 2000a and
the observed high hardness ratio in subsection 4.5.

From the fitting with Model 3, the width for the narrow Gaussian component was obtained to
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beog1 = Sf% arcsec (= 1.8'_%% kpc), which is very consistent with the optical scale of the galactic

disk. The broad Gaussian component has a width of oga = 1275 arcsec (= 7.275% kpc), and
thus largely extends compared to the disk scale. Accordingly, we refer to the narrow and broad
Gaussian components, respectively, as the “disk” and “halo” components hereafter. The extent
of the halo emission detected above the 20 background level is —26” < y < 26”, corresponding
to 31.2 kpc in total. The origin of this huge X-ray halo is discussed in section 4.8.1.

We estimated the luminosity of each component assuming the MEKAL model with an average
temperature of 0.56 keV for the disk and the halo, and a power-law model with I' = 2.0 for the
nucleus. Here, the same definitions as those of Strickland et al. 2004a are used to define the
emission regions for the nuclear (N), disk (D), and halo(H) components. Namely the luminosities
(Lx N, Lxp, and Lx p) are accumulated from the » < 1 kpc circle, a rectangular aperture
oriented along the minor axis of major-axis length 28.9 kpc and extending between —2 kpc <
y < 2 kpe, and a 28.9 kpc x 39.1 kpc rectangular aperture oriented along the minor axis with
excluding the N and D regions. We obtained Lx p = 2.2 x 1040 erg s~ 1, Lxn=38x 10%° erg
s~! and Lxn=17x 10%0 erg s7! in the 0.5-2 keV, respectively. The results are also given in
table 4.5.

We also notice that the intensity of the halo emission from the Northern hemisphere is stronger
than that of the Southern by a factor of ~ 2.7 + 2.1 if we fit the Northern and Southern halos
separately with Model 3 while fixing the model parameters, except for g2 at the best-fit
values derived in the above analysis. Thus, there may be some asymmetry. However, because
the current statistics is limited, we could not further constrain the spatial distribution of the
halo emission.

We show the major-axis profile accumulated within |y| < 5” of the minor axis in figure 4.3b.
It could be fitted by a Gaussian with 0 = 4 £ 1 arcsec (= 2.4 £ 0.6 kpc) and a normalization
for the central surface brightness of 1081“3? x 1079 photons s~ lem2arcsec 2. We found that the
width is close to that of the narrow component in Model 3, namely ¢ ~ ogi. Thus, the disk

emission is concentrated within about 3.5” from the center, while we did not find significant

emission extending over the optical scale of the galactic disk.

4.4.2 HCG 80b

From a comparison to the simulated PSFs, we found that the innermost data points of the
radial surface brightness distributions are well consistent with the PSFs in both the soft and
hard energy bands, and resultant x? values of 24.6 and 34.4 for 20 degrees of freedom. However,
we found that there are systematic residuals over the PSFs in several consecutive bins around
r ~ 10”, which can be attributed to the extra emission around the point source. Because the
emission is found within a radius roughly corresponding to the size of the optical disk, ~ 10",
we refer to it as the disk component, while referring to the central point source as the nucleus

component hereafter. The photon counts coming from the disk component in a radius range of
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2" < r < 10" are 12 £ 4 and < 3, in the soft and hard bands, respectively (see also table 4.2).

In order to further constrain the emission profile, we attempted to fit the 0.5-7 keV ra-
dial profile with the PSF plus Gaussian model, as shown in figure 4.2. This provided an ac-
ceptable fit with x?/dof = 19.3/18, and the PSF intensity was obtained as (1.13 & 0.17) x
10~° photonss~'cm™2; the Gaussian normalization and the width are
3.5'3:2 x 10~ photons s~lem~2arcsec™2 and 12J_rg arcsec (= 7J_r§ kpc), respectively. Because
the model parameters are associated with large uncertainties, the emission profile, particularly
for the diffuse emission, is not well constrained, which we consider as being due to the low
signal-to-noise ratios at the outer radius. We therefore decide to fix the maximum radius at the
size of the optical disk, Ryax = 10”7, when evaluating the X-ray intensities for the disk emission.
Within 2” from the HCG 80b peak, the central nuclear component dominates the total emission,
and we use the maximum radius of Ry, = 2" for the HCG 80b nucleus. The luminosities of
the nucleus (r < 2”) and the disk (2" < r < 10”) were estimated to be (2.9 40.2) x 10*! erg s}
and (5.8 £1.8) x 10% erg s7! in the 0.5-7 keV band assuming a power-law model with ' = 1.9
(see subsection 4.6) and the MEKAL model with k7" = 0.5 keV and Z = 0.1 solar, respectively.

4.5 Hardness Ratio Analysis

To provide a quantitative evaluation of the spatial variation of the X-ray spectra, the hardness
ratios for the central and the surrounding disk (4 halo) regions are given in table 4.2. We define
the hardness ratio as HR = H/S, where S and H are the photon counts in the 0.5-2 and 2-7 keV
bands, respectively. Due to the low significance of the emission from HCG 80c and d, we give the
values derived for the entire galaxy regions for these two galaxies. There is an indication that the
HCG 80a central emission (r < 2”) is hard compared with the outer (2" < r < 31”) region. If
we simply assume the spectra as being described by a power-law (or the Z = 0.1 solar MEKAL)
model attenuated by Galactic absorption, the power-law indices (or the gas temperature) for the
nucleus and the disk + halo regions of HCG 80a correspond toI' = 2.24+0.4 (kT = 2.6+ 1.4 keV)
and I' = 3.5(> 2.8) (kT = 1.0(< 1.4) keV), respectively. While the HCG 80b nucleus region
(r < 2") shows a large HR value, corresponding to a power-law index of 1.9 + 0.2, the HR for
the outer disk region (2" < r < 10”) was not constrained. In the next subsection we explore the
spectra from the HCG 80a “nucleus + disk + halo” and the HCG 80b “nucleus” regions based

on thermal and/or non-thermal spectral modeling to constrain their origins.

Strickland et al. 2004a suggested, based on the Chandra data for ten star-forming galaxies,
that the disk emission tends to be harder than the halo emission; however, we did not find any
meaningful HR variation between the two regions in HCG 80a due to the poor photon statistics

of the present data.
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(a) HCG 80a Chandra ACIS—S3 spectrum (r<25") (b) HCG B0b Chandra ACIS-S3 spectrum (r<1.5")
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Fig. 4.4: Chandra ACIS-S3 spectra of HCG 80a (a) and HCG 80b (b). In the upper panels, the
open circles denote the observed spectra and the step functions show the best-fit spectral models
(the MEKAL+Power-law model for HCG 80a and the Power-law model for HCG 80b) convolved
with the telescope and the detector response functions. In the lower panels, the residuals of the

fit are shown.

4.6 X-Ray Spectra of Member Galaxies

We extracted X-ray spectra for HCG 80a and b from circular regions with radii Rspec = 25"
and 1.5”, respectively (figure 4.4). Note that Rgpec was so chosen that about 90% of the X-ray
photons from each galaxy could be accumulated and that two galaxies might not overlap each
other. We fitted the spectra with the power-law model and the MEKAL thin-thermal plasma
model (Mewe et al. 1985, 1986; Kaastra 1992; Liedahl et al. 1995). The absorption column
density was fixed at the Galactic value, Ng = 2.5 x 10%° cm ™2 Dickey & Lockman 1990.

HCG 80a

For HCG 80a, the power-law spectral model was rejected at the 99% confidence level. On the
other hand, the MEKAL model provided a good fit to the data with a x? value of 5.9 for 5
degrees of freedom. We obtained the temperature and the metallicity to be O.59J_r8:i3 keV and
0.07J_r8:(1]§ solar, respectively. Though the AGN emission was estimated to be only ~ 20% of
the total emission from the image analysis, we checked whether the temperature determination
of the intragroup gas was influenced by the AGN component in the following two ways: (1)
excluded the central r < 5” circular region from the HCG 80a overall spectrum, and fit it with
the MEKAL model, and (2) fit the overall spectrum with the two-component model, where the
power-law index and the metallicity were, respectively, fixed at 2.0 and 0.1 solar. We found that
both of the analyses yielded consistent temperatures (~ 0.6 keV) within the errors. We give
the results for case (2) in table 4.4. We also confirmed that the ratio of the X-ray luminosities

between the AGN and the diffuse components is consistent with the result of the image analysis
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Table 4.4: Results of spectral fittings for HCG 80a and HCG 80b.

Galaxy Model Parameter Value (90% error)  x?/dof
HCG 80a MEKAL kT [keV] 0.591012
(Rspec = 25") Z [solar] 0.07 fg:(l)g
z 0.02994 (F)
Feni[¥] 9.9783 x 107° 5.9/5
PL +MEKAL T 2.0 (F)
kplt] <52x1076
kT [keV] 0.5670:17
Z [solar] 0.1 (F)
z 0.02994 (F)
ke [¥] 74729 %1070 4.4/5
Sxp lergslem [ <21x 107
Lxp [erg s7'][i] < 4.6 x 10%0
Lyop [erg s—1[* < 6.1 x 1040
fxM [erg sTtem™2][g] (2.8 £0.5) x 107
Lxm [erg s™H[g] 6.5 x 10%°
Lol [erg s™'][#] 7.8712 x 10
HCG 80b PL r 1.94%543
(Rspec = 1.57) kpl[f] 2.570% % 1075 10.7/11
fxp lerg sTlem™2)[]  10.6715 x 107
Lxp [erg s~ ][] (2.6 +0.3) x 104
Lpolp [erg s~ ][] (3.5 4 0.4) x 104
MEKAL kT [keV] 35710
Z [solar] <0.17
z 0.03197 (F)
kna[¥] 1074938 s 1074 12.7/10

[*] Normalization factor for the MEKAL model, kn = [ nenudV/4m(Da(1+2))? [10~'* cm™>], where Da

is the angular diameter distance to the source.

[f] Normalization factor for the power-law (PL) model, kp [photonskeV " 'cm™2s7!] at 1keV.

(F) Fixed parameters.

[] The 0.5-7 keV X-ray flux and the 0.5-7 keV luminosity for the PL model.
[§] The 0.5-7 keV X-ray flux and the 0.5-7 keV luminosity for the MEKAL model.
[**] The bolometric X-ray luminosity for the PL model.
[#] The bolometric X-ray luminosity for the MEKAL model.

under Model 3 within 10%.
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HCG 80b

We found that the HCG 80b spectrum can be fitted either by the power-law model or the
MEKAL model. Even though the MEKAL temperature of kT ~ 3.5 keV may be consistent
with a collection of Low Mass X-ray Binaries, the observed luminosity of 2.6 x 10*! erg s~ ! is
by more than 3 orders higher than the values for normal spiral galaxies. On the other hand, the
power-law index of I' = 1.94f8:%§, deduced from the X-ray spectral fitting is consistent with the
values of known AGNs. We also estimated the apx index, which is the slope of a hypothetical
power law connecting the B band and 2 keV, to be 1.9. The value is larger compared with the
result of the ROSAT large quasar survey, but within the scatter of the quasars (figure 2 of Green
et al. 1995). Thus, the emission from the central » < 1.5” region is most likely to originate from

the AGN in the galaxy.

4.7 Constraints on the Hot Diffuse Emission

In order to constrain the X-ray emission from the hot intragroup medium, we defined the
group region with a r = 84” = 50.5 kpc circle, whose center is the same as that of HCG 80,
15h59m12.4s, +65 o 13/33.3"” (Hickson et al. 1989), which encompasses the optical disks of the
four member galaxies (figure 4.1b). We subtracted the background and the galaxy contributions
from the total photon counts in the group region and derived the intensity of the intragroup
emission. Note that we used the background intensity estimated from the outer-ring region. The
source counts within 31” from the brightest member, HCG 80a, were estimated based on the
results of the image analysis presented in subsection 4.4.1, while for HCG 80b—d, the observed
source counts within circles of radii Ry.x = 10”7, 9.8” and 13.6”, approximately equal to the

sizes of the optical disks, were used.

Subtracting the galaxy contributions, 130412, 223415, 1143, 3(< 5) counts for HCG 80a—d
and the background, 213 + 9 counts from the total photon counts of 576 + 24 in the group
region, we found that there is no significant emission from the hot IGM, and that the 30 upper
limit is obtained to be 92 photons in the 0.5-2 keV band. We also confirmed that the present
estimation of the IGM emission is not affected by the choice of the extraction radii, Ryax for the
galaxies b—d; if we change Rax by a factor of 0.5 — 1.5, the result changes by only < 10%. If we
further assume the temperature and the metallicity of the gas to be comparable to those derived
for HCG 16, kT ~ 0.5 keV and Z ~ 0.1 solar Belsole et al. 2003, the bolometric luminosity is
constrained as Lx < 6.3 x 10%0 erg s7! (30'). We show the location of HCG 80 on the Lx — fspiral
plane in figure 4.5.
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Fig. 4.5: Lx — fspiral relation. The groups with constrained /unconstrained bolometric luminosity
from the ROSAT PSPC survey Mulchaey et al. 2003 are plotted with open circle/arrow, as a
function of the spiral fraction. The upper limit on the bolometric luminosity for the hot diffuse

gas in HCG 80, obtained from the present Chandra analysis, is indicated by the red arrow.

4.8 Nucluous/Starburst Activities of Member Galaxies

4.8.1 Lx-Lp relations

From a high-resolution Chandra observation of the spiral-only group HCG 80, we detected
significant X-ray emission from three of the four member galaxies (HCG 80a, b, and ¢), and
investigated the spatial distribution and the spectral features for HCG 80a and b in detail. In
particular, we discovered halo emission from HCG 80a, which extends to ~ 30 kpc perpendicular
to the galactic disk.

We show the relation between the bolometric X-ray luminosity, Lx, and the B band luminosity,
Lp, for the HCG 80 members in figure 4.6. In addition to the overall luminosities of the galaxies,
the luminosities of the nucleus, disk, and halo regions are separately plotted for HCG 80a and
b. The X-ray luminosities were estimated from the spectral analyses for HCG 80a and the
HCG 80b nucleus. However, because the spectra for the HCG 80b disk, HCG 80c and d were
not constrained, we assume the thermal emission with kT = 0.5 keV and Z = 0.1 solar to
convert the photon counting rates in the soft band (table 4.2) to Lx. This assumption may be
valid because the hardness ratios listed in table 4.2 are in agreement with the values for soft
thermal emission.

Comparing with the best-fit Lx — Lp relation for the spiral galaxies in the Helsdon et al. 2001
sample, we found that the disk component of HCG 80b and the overall luminosities of HCG 80c
and d are consistent with their relation if we take into account the measurement errors and the
large data scatter among the other spiral galaxies. On the other hand, HCG 80a and b clearly
show a higher Lx value than expected from the Lx — Lp relation from Helsdon et al. 2001.
They noted that the galaxies associated with the AGN and/or the starburst activities tend to
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Fig. 4.6: Lx — Lp relation. The bolometric luminosity of the overall galaxy region is plotted
against the B luminosity [Lg] for each galaxy (cross). For HCG 80a, the nucleus, disk and
halo components are also separately indicated by the solid circle, asterisk, and open circle,
respectively. For HCG 80b, the nucleus and the disk components are indicated by the solid
circle and asterisk, respectively. The error bars are the 1o. The solid line represents the best-fit

Lx — Lp relation for the spiral group galaxies Helsdon et al. 2001.

lie above the best-fitting line, namely they have enhanced X-ray emission relative to the optical
band. Thus considering from the thermal nature of the extended emission of HCG 80a and
the hard spectrum of the point-like emission from HCG 80b found in the previous section, the
higher Lx values agree with their indication.

Furthermore, starburst galaxies are often identified based on their high IR luminosity and
warm FIR colors, fg0/f100 > 0.4. The FIR fluxes are available only for HCG 80a. From the IRAS
12-, 25, 60-, and 100-pm fluxes, (fi2, fos, fe0, f100) = (0.10,0.16,2.31,5.16) Jy, the IR luminosity
is Lig = 12.3 x 10'° Lg, utilizing Lir = 5.67 x 10° D3y, .(13.48 f12 + 5.16 fo5 + 2.58f60 + f100) Lo
Sanders & Mirabel 1996. This is consistent with the Lx — Lir correlation for starburst galaxies
(Strickland et al. 2004b; Helsdon et al. 2001). fe0/f100 = 0.45; hence HCG 80a is “FIR warm”.
Thus, the above facts strongly support that the X-ray emission from HCG 80a is produced by
starburst activity. In the next subsection, we derive some physical parameters to characterize a
starburst, and compare them to the previous measurements on other starburst galaxies, in light

of energy feedback from massive stars.

4.8.2 Starburst Activity in HCG 80a

The huge extraplaner emission discovered in HCG 80a reminds us of the bipolar outflow in a
bright starburst galaxy, such as M 82 (e.g., Lehnert et al. 1999). The X-ray luminosity from the
HCG 80a halo is determined to be ~ 4 x 1040 erg s~! (table 4.5), which is even larger than that

reported for bright starburst galaxies. We show a detailed comparison of the luminosities derived
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Table 4.5: Halo, disk, nuclear, and total luminosities.

Galaxy (KT)[*] Band[f] Lx,uli] Lx pl§] Lx [l Lxpot[#] Le[** Lmr[**] SFRirl[tf]

HCG 80a 0567012 052 35405 20404 16+03 71407 075 123 21.1
HCG 80a 0567012 032  45+07 26404 21404 92409 075 123 21.1

M 82[11] 0.37 0.3-2 0.41 1.6 2.3 4.3 0.33 5.36 9.2
NGC 253[tf] 0.25 0.3-2 0.12 0.33 0.094 0.55 0.58 2.10 3.6

*| Emission-weighted X-ray temperature of the diffuse emission in keV.

[

[t] Energy band in keV used to calculate the X-ray luminosities.

[£,8,]]] X-ray luminosities for the halo (H), the disk (D), and the nucleus (N) regions in 10*%erg s™*.
[

#] Total X-ray luminosity for the H + D 4 N regions in 10%%rg s~!. The errors of the luminosity measurements
for HCG 80a are the 1o.

[*¥] B and IR luminosities in 10'° L.

[1T] Star-formation rate from the IR luminosity, SFRigr = 4.5 X 107 Lig lerg sfl] Kennicutt 1998.

[$1] The values were taken from Strickland et al. 2004a.

in subsection 4.4.1 and the emission-weighted X-ray temperature to the values reported for M 82
and NGC 253 Strickland et al. 2004a. We also show the star-formation rate estimated from the
IR luminosity, SFRig = 21.1 Muyr—!, where SFRig = 4.5 x 107* L1 [ergs~!] Kennicutt 1998.

In order to investigate the physical properties of the X-ray emitting thermal plasma in the
halo, we treated the emission region as a cylinder of diameter 4 kpc and height 30 kpc, and
estimated the electron density and the gas mass. Thus, the following values are meaningful
only as order-of-magnitude estimates. The volume of the cylinder is V = 1.1 x 107 cm? and

0% cm—3 based on

the emission integral of the corresponding region is EI = nengV = 1.44 x 1
the result of the spectral fitting. These yielded the electron density, the thermal pressure, the

thermal energy, and the gas mass for an average temperature of T = 6.5 x 10 K, as follows:

ne = 4.0x107% cm™3, (4.4)
Pn/k = neT =2.6x10° Kem™3, (4.5)
Mgs = pempneV = 4.3 x 108 My, (4.6)
By = ;(ne + ng)kTV = 1.1 x 10°7 erg, (4.7)

where we adopt ng = (te/p11)ne, pe = 1.167, and pg = 1.40. The above values are higher by
about a factor of 2 5 than those obtained for NGC 253 Strickland et al. 2002 if we neglect any
systematic error.

The radiative cooling timescale of the gas and the mass-cooling rate are estimated to be
teool ~ Ein/Lpo = 390 Myr and Mgas ~ 1.1 M@yr_l. Then, supposing that the flow velocity
may be approximated by the sound speed of the gas, vaow ~ vs = 292 km s™!, the time necessary
to travel the distance of 15 kpc (a half of the hight of the cylinder) is tgow ~ 50 Myr. Since
teool > thow, the condition for maintaining halo emission seems to be satisfied.

The above calculations and the high SF rate inferred from the IR luminosity indicate that an
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enormous thermal energy of ~ 1057 erg would be supplied through successive SN explosions and
the formation of superbubbles. We will estimate the SN rate and also compare the estimated
quantities with the “disk blowout” condition to test the plausibility of the present interpretation.

Assuming a Type II supernova energy input of 10°! erg and a canonical value for the thermal-
ization efficiency of 10%, the thermal energy contained in the hot gas requires ~ 107 SNe. Thus,
the SN rate is expected to be ~ 107 /tgow = 0.2 yr~! to keep the ~ 107 ejecta in the halo region.
Alternatively, with the IR luminosity and the relation from Heckman et al. 1990, the SN rate is
Rgn = 0.2L1R/1011L@ ~ 0.25 yr~!. Then, if the successive star formation had lasted in the past
for tgp = 40 Myr, and one supernova may supply thermal energy of 10°° erg s~!, the SN rate
of 0.25 yr~! can account for the thermal energy in the halo of Eyj, ~ 10°7 ergs [equation (4.7)].
The duration of tgg = 40 Myr is comparable to the timescale of the outflow, tgy, and seems
also to be reasonable from the point of view of the typical lifetime of massive stars, ~ 10 Myr.

We next consider whether the gas can really escape from the galaxy potential well against the
gravitational force. The escape velocity was estimated to be vese ~ 120 km s™! (or equivalently
kT ~ 0.14 keV) utilizing a mass-to-light ratio of M/Lp ~ 60h(R/0.1Mpc)Ms/Lg for spiral
galaxies Bahcall et al. 1995. Here, we assumed that the galaxy mass within R is given by M ~
RvZ,./G, and adopted R = 15 kpc, which corresponds to the isophotal radius, Ros Hickson 1993.
Note that the rotation curve was measured within the central r < 4 kpc by Nishiura et al. 2000.
Though it is difficult to infer ves from their result, due to the existence of asymmetry between the
approaching and receding sides of the galaxy, the average rotation velocity is roughly ~ 130 km
s~!, and thus comparable to the value estimated above. Therefore, the observed temperature of
0.6 keV is sufficiently high for the gas to escape into intergalactic space.

The critical mechanical luminosity for the disk blowout [see Strickland et al. 2004b and refer-
ences therein] is calculated as Leys = 4.2 x 10%° erg s7!. The mechanical energy injection of the
halo may be given by Lw ~ Lxy = 3.5 X 1040 erg s~'. Therefore, Ly ~ L¢yit. Furthermore,
we compare the density of the halo region derived in equation (4.4) to a model calculation of a
disk-halo interaction by Norman & Tkeuchi 1989 to find that it is within the chimney /starburst
phase where the blow-out occurs.

1 _
, where vgow = s

The mass-flow rate is estimated to be Mﬂow ~ MgasViow/y ~ 8.5 Mgyr™
and y = 15 kpc are assumed. For well-known bright starburst galaxies, NGC 253 and M 82,
the rates are Mgy = 5.8(Vgow /1000 kms™1)(y/6.35 kpc)~t Moyr~! Strickland et al. 2002
and 12.9(vgow /600 kms™1)(y/6 kpc) Meyr—! Strickland et al. 1997, assuming the volume filling
factor of the hot plasma to be 1 and a metal abundance of Z=0.05 solar. Thus, the mass-flow rate
for HCG 80a is likely to be one of the largest among known starburst galaxies. Furthermore, like
the cylindrical structure of the CO molecular gas observed in M 82 Nakai et al. 1987, the outflow
of cold matter undetectable in X-rays may raise the My, value significantly if it exists. For
example, if the total mass flow is ten-times larger than that estimated from the X-ray observation

only, tsp = 40 Myr would result in a total mass loss of ~ 4 x 107 M. This corresponds to about
10% of the total galaxy mass inferred from the M/Lp ratio, M ~ 4.7 x 10'0 M.
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In conclusion it is highly plausible that HCG 80a is a starburst galaxy that exhibits one of

the most energetic outflows powered by starburst activity known in the universe.

4.9 Diffuse Hot Gas in HCG 80

We obtained a severe constraint on the intensity of the diffuse emission from the HCG 80 group
region, Lx < 6.3 x 100 erg s~1, which is one of the lowest among the ROSAT groups of galaxies
(figure 4.5). The flux sensitivity of the present Chandra observation is higher by a factor of about
25 than that of the previous ROSAT/PSPC observation Ponman et al. 1996. Thus, it is clear
that the current upper limit is lower by more than one order of magnitude than that expected
from the 0 — Lx relation. Compared with the X-ray luminosity of HCG 16 measured with
XMM-Newton, Lx = 5.0 x 1040h7_02 erg s~! Belsole et al. 2003, our upper limit is comparable
to their result. If we further assume that the intragroup gas in HCG 80 is a 0.5 keV thermal
plasma, distributed within a sphere of radius 50 kpc, the upper limits on the electron density
and the total gas mass are estimated to be ne < 8.4 x 107% cm ™ and Miawm < 1.3 x 1010 M.

If we suppose that the HCG 80 group is a virialized system, and that the velocity dispersion
properly measures the potential well, the total mass is Mt = 30’3,R/G ~ 3.4x10'? M, yielding
a gas mass to the total mass ratio of < 0.004. This unusually small value may be a consequence
of the following possibilities: 1) HCG 80 is a chance alignment and not a real, physical system;
2) HCG 80 is a virializing, young system and the gas is yet to be heated to emit appreciable
X-rays; or 3) the diffuse gas is expelled from HCG 80 by, for instance, violent activity of member
galaxies.

Regarding the first possibility, the differences in the line-of-sight velocity relative to HCG 80a
are Acz = +621, 4587, +145 km s~! for HCG 80b, c, d, respectively Arp 1997. They satisfy
the criterion Acz < 1000 km s~! for the accordant system applied in Arp 1997. It is admittedly
difficult to judge from the Acz values alone whether galaxies are indeed concentrated compared

L corresponds

to the field sample, since the velocity dispersion of the member galaxies, 309 km s~
to a comoving separation of 4.3 Mpc. The four members of HCG 80, however, are clustered
within a circle of r = 50.5 kpc on the sky, yielding a cylindrical volume containing four galaxies
of 0.07 Mpc3. This is only 1/15 of the mean occupied volume, ~ 1 Mpc?, of field galaxies
brighter than HCG 80d (B = 17), based on the luminosity function in the SDSS b; band
Blanton et al. 2001. This is supportive of a significant galaxy concentration in the HCG 80
group.

We further note that an exceptionally strong activity inferred in HCG 80a may be a result
of galaxy interaction in the high-density environment. Coziol et al. 2004 quantified the level
of activity (star formation or AGN) using a sample of 91 galaxies in the compact groups, and
suggested an evolutional sequence that groups at their early stage of evolution tend to be rich
in spiral members with high activity levels, and show a smaller velocity dispersion. Since our

results show that HCG 80 contains at least two active galaxies, and that the velocity dispersion
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of o, = 309 km s™! is relatively small among their sample, HCG 80 is likely to be close to
their configuration “type A”, corresponding to a lower level of evolution. In addition, Verdes-
Montenegro et al. 2001 showed that the groups richer in early type galaxies or more compact
with larger velocity dispersion have a weak tendency to be more deficient in HI gas than expected
from the optical luminosities, and proposed a scenario that the amount of HI gas would decrease
further with evolution by tidal stripping and/or heating. Therefore, no significant HI deficiency
in HCG 80 may also imply the lower level of evolution. In order to further confirm the reality
of the system and to constrain the physical properties, it is necessary to identify the distances
of the HCG 80 galaxies, and also to search for evidence of interactions.

As pointed out by Mulchaey et al. (2000) Mulchaey 2000, the hypothesis that the all spiral-
only group is a mere chance alignment is unlikely given the existence of the our own spiral-only
Local Group. We thus compare our result with the Local Group. Wang & McCray (1993)
Wang & McCray 1993 found the soft X-ray component with temperature 0.2 keV in the soft
X-ray background, which could be due to a warm intragroup medium in the Local Group.
Rasmussen et al. 2003 measured the absorption-line features towards three AGNs using the
XMM-Newton/RGS deep spectroscopic data, whose redshift appear to be z ~ 0, and placed
limits on the electron density, ne < 2x10™* cm™3, the scale length of the absorber, L > 140 kpc,
and its mass, Migy < 5 x 1019 M, in a collisional equilibrium approximation. Thus, the upper
limit on the hot IGM in the HCG 80 group from the Chandra observation is similar to that of
the Local Group, suggesting that the spiral-only groups may contain very tenuous IGM.

Another interpretation may be possible within the context of the preheating models for groups
(e.g., Ponman et al. (1999) Ponman et al. 1999). The model predicts that the energy input
through galactic winds or outflows, powered by supernovae, should cause a more extended gas
distribution, resulting in the gas density being too low to be detected in X-rays. Thus, the
large halo emission discovered in HCG 80a and the low density of the intergalactic medium
suggested from the analysis are not in conflict with the view of the preheating model. However,
it is inconclusive because the non-detection of diffuse intragroup gas does not allow us to put
any quantitative constraint on a connection between the outflowing gas and the intragroup gas.
Additional follow-up observations will be meaningful to further clarify the role of spiral galaxies

in the evolution of the IGM, probably at its early stage.






Chapter 5

HCG 62

In this section, I study the results from Chandra and XMM-Newton observations of HCG 62.
This is organized as follows: In §5.1 and 5.2 we describe the Chandra and XMM-Newton
observations and the data reduction. In §5.3 we gives the image of HCG 62 of both Chandra
and XMM-Newton, in §5.4 we describe the X-ray cavity structure using Chandra image. In
§5.5 we present our results on the temperature profiles and the abundances profiles of Fe and

a-elements (Si, Mg, and O). From §5.6 to §5.8 we gives a discussion of the obtained results.

5.1 Chandra and XMM-Newton Observations of HCGG62

HCG 62 was observed on 25 January 2000 with the ACIS 12, I3, S2, S3, and S4 chips operated at
the CCD temperature of —110°C with a frame readout time of 3.24 s. We used the data of only
the ACIS-S3 chip (8.4' x 8.4') covering the central part of HCG 62 in this paper. The pointing
coordinates were (12:59:05.70, -09°12’20.00”) (J2000) and the total exposure was 49.15 ks.
The XMM-Newton observation of HCG 62 was carried out on 15 January 2003, assigned for
12.6 ks. The EPIC cameras were operated in full-frame mode for MOS, and in extended-full-

frame mode for pn. The medium filters were used for both cameras.

5.2 Data Reduction

5.2.1 Chandra

According to the “Chandra Aspect” web page, http://cxc.harvard.edu/cal/ASPECT/, the as-
trometry offset of RA = —0.03”, Dec = 0.22” has been corrected for in the data, providing a
radius of 0.6 arcsec as the absolute position accuracy in 90% confidence. The CCD temperature
of ACIS was reduced to —120°C soon after the observation of HCG 62 in January 2000 due to
the increase of charge transfer inefficiency (CTI) caused by the radiation damage in orbit (Grant
et al. 2005). The data were telemetered in the Faint mode, and events with the ASCA grades of

0, 2, 3, 4, and 6 were used. Bad pixels, bad columns, and the columns next to bad columns and

57



58 CHAPTER 5. HCG 62

to the chip node boundaries are excluded. In order to remove periods of anomalous background
levels, we further filtered the events using the 0.3-10 keV band light curve of the whole ACIS-S3
chip in 200 s bin, and discarded periods which exceeded by 3¢ above the mean quiescent rate of
4.5 ¢/s/chip. The net exposure time after the screening was 48,013 s. The data reduction was
performed using CIAO version 3.1 with CALDB version 2.29, and the spectral fitting was done
by XSPEC version 11.3.0t.

All of the X-ray spectra were extracted using the pulse-height invariant (PI) values, which were
recomputed using the latest gain file acisD1999-09-16gainN0005.fits, appropriate for the
CCD temperature of —110°C. In the spectral fitting, we initially generated the response matrix
file (RMF) of the ACIS-S3 using the CIAO “mkrmf” task with the input FEF (FITS Embedded
Function) file of acisD1999-09-16fef_phaN0002.fits, which was chosen by default. However,
we found that the Si line of the IGM emission was significantly broader than the response
(o0 = 42J_r§ eV), which caused the fit statistics not acceptable. In order to examine whether this
broad Si line is a target specific issue or a common calibration problem, we further checked the
neutral Si line, K,; = 1739.98 eV and Ko = 1739.38 eV, which is originated in the instrumental
background of the CCD, using the blank-sky data obtained at —110°C (figure 5.1 (a)). The fit
result gave the Gaussian 0 = 29 +4 eV (FWHM = 68 + 9 eV) and the line center energy of
1753 + 3 eV, which is significantly broad, too. We splitted the blank-sky spectrum into two,
dividing the integration region into half, i.e. upper rows and lower rows of the CCD, although the
results were similar. This result indicates that the charge transfer inefficiency (CTI) correction

is working well.

We therefore concluded that the broad Si line was resulted because the generated RMF had
too sharp Gaussian core. In fact, the derived Si line width for the blank-sky is consistent with
a calibration document, ACIS Memo #182 by LaMarr (2000) LaMarr 2003. The FWHM of
the Gaussian core for the RMF denoted in the FEF file is GI_ FWHM = 73 eV for ACIS-S3
(CCD_ID=7) at the energy of 1.8 keV, while it should be around 125 eV according to the memo.
Our blank-sky data indicated /732 + 682 = 100 eV, which is slightly better than the value in
the LaMarr’s memo, possibly due to the updated gain file. We therefore created a new FEF file
to adopt broader Gaussian core over the whole energy range, modifying the G1_FWHM column
into (16 x ENERGY + G1_.FWHM). Using the new FEF file, we generated the RMF files with

the “mkrmf” task for the following analysis.

Regarding the “blank-sky” background, we adopted a series of observations compiled by
Markevitch 2004 (http://cxc.harvard.edu/contrib/maxim/acisbg/), when the CCD temperature
was —110°C. The “blank-sky” background events were also screened to remove background
flares in the same way as described above. The additional component due to the Galactic soft

background are considered in §5.2.3.
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5.2.2 XMM-Newton

XMM-Newton covers the wider field of view of r < 15’ than Chandra, while the angular resolu-
tion of 15” half-power diameter is broader. Data reduction was performed using SAS version 6.0,
and the spectral fitting was done by XSPEC version 11.3.0t. We selected events with pattern
0-12 for MOS and 0—4 for pn, and flag = 0 for both. Bad pixels and bad columns were excluded.
We calculated the count rate distribution with 100 s intervals over the 0.3-10 keV range using
the whole chip of each sensor, and rejected periods by requiring all the count rates to be within
+20 around the mean. We iterated the process until the number of rejected data in a step
reached less than 5% of the 20 compared with the previous value. Because we did not find large
time variation nor flares, the net exposure time after the screening was 12.6, 12.5, and 9.2 ks
for MOS1, MOS2, and pn, respectively.

To correct for the vignetting effect, the SAS “evigweight” task was applied for each event file.
All the X-ray spectra were extracted using the vignetting-weighted events. The response files
for spectral fittings were generated in the standard way with the SAS “rmfgen” and “arfgen”
tasks at on-axes of the X-ray mirrors. The MOS1 and MOS2 spectra are summed up, and the
energy range of 1.4367-1.5367 keV, where the background Al-K, (1.4867 keV) is strong as seen
in figure 5.1 (b) and (c), is ignored in the spectral fitting for both MOS and pn.

The background event dataset created by Read et al. (2003) Read & Ponman 2003 was
adopted as the “blank-sky” background for the XMM-Newton observation. We applied the
same selection criteria as the source events to the “blank-sky” background. The “blank-sky”
background was scaled to 0.94 for MOS1, 1.00 for MOS2, and 0.84 for pn, respectively. These
factors were determined by the count rate ratio within » < 14’ from the central galaxy HCG 62a
in 10-12 keV (MOS) or 12-14 keV (pn) band, where the instrumental background is dominant
for each sensor. Katayama et al. (2004) Katayama et al. 2004 and Nevalainen et al. (2005)
Nevalainen et al. 2005 have studied the background data of XMM-Newton in detail, and it is
reported that the the 90% confidence background uncertainty is +5% in 4-7 keV and +20% in
0.8-1 keV. It is confirmed that our results does not change significantly within errors when this

level of uncertainty is considered.

5.2.3 Background estimation

HCG 62 is located near the edge of the North Polar Spur (NPS), which is a large soft X-
ray Galactic structure. The ROSAT All-Sky Survey (RASS) image at 3/4 keV band in this
region indicates a soft X-ray excess around the position of HCG 62, although significant fraction
of the excess is probably caused by HCG 62 itself. This emission looks more extended than
the Chandra and XMM-Newton fields of view in the previous observations with ROSAT and
ASCA. Therefore, we cannot use the events in outer region as the background, and we need to
estimate the influence of the soft X-ray background to our HCG 62 data using the “blank-sky”
background.
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Fig. 5.1: X-ray spectra of (a) Chandra ACIS-S3, (b) XMM-Newton MOS1+2, and (c) pn,
in 0.5-4 keV within r < 2’ from the central galaxy HCG 62a, subtracted by the “blank-sky”
background. The “blank-sky” spectra are indicated by gray lines. The additional background
components of the 0.3 keV Mekal and the I' = 1.5 power-law models are shown by dashed black

lines, and their sum is indicated by solid black lines.

There are four fields near HCG 62 already observed with Chandra, Q1246—0542, NGC 4697,
NGC 4594, and NGC 4782. We found that the intensities below 2 keV in source-free regions
in these fields are higher than the level of the “blank-sky” background, while the hard band
intensities show no excess. By fitting the energy spectra of the soft excess component with
the XSPEC Mekal model, we obtained the temperature to be ~ 0.3 keV, consistent with the
previous result for the Galactic soft emission from NPS Inoue et al. 1980. The surface brightness

2 1 2

in the four nearby fields differ significantly, ranging in (5-10) x 107! photons ecm~2 s~! arcsec™

in 0.5-1 keV band, and we need to estimate the soft X-ray background component based on the
data of the HCG 62 field.

We examined the radial profile at r < 15" of the XMM-Newton data in 0.5-1 keV band by
fitting with a sum of a double 8 model and a constant intensity representing the soft X-ray back-
ground. In fitting the profile, parameters for the double 8 component were fixed at the ROSAT
values Zabludoff & Mulchaey 2000, and only the level of the constant component was varied as
a free parameter. The resultant surface brightness is 2 x 107! photons cm™2 s~! arcsec™2 in
0.5-1 keV band. In the following analysis, the excess soft component is assumed to be a thermal
emission with the temperature of 0.3 keV and abundance of 1 solar, with the normalization
fixed at the level of the radial profile fit above. We do not apply interstellar absorption for this
component, since its origin is supposed to be a nearby region in our galaxy. When the normal-
ization of the 0.3 keV component is varied in the spectral fit, it agrees with the level derived
from the radial profile, within the 90% confidence limit for both Chandra and XMM-Newton.
In fact, the estimated additional soft component is much fainter than those in the four nearby
fields, even less than the “blank-sky” background component. The “blank-sky” background also

contains a certain fraction of the Galactic soft emission, and the HCG 62 field appears to require

only the same level of soft X-ray background. We have also confirmed that our result did not
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Fig. 5.2: (a) Gaussian smoothed Chandra ACIS-S3 X-ray image in the 0.5-4 keV band. The
smoothing scale is o = 1.5” and the image is corrected for exposure and background. (b) STScl
Digitized Sky Survey (DSS) image of HCG 62. The ACIS-S3 field is indicated by a square, and

the member galaxies are denoted by a, b, ¢, d, and 66. Coordinates of images are J2000.

change significantly within errors even doubling the intensity of the estimated soft background
component.

As for the additional hard X-ray background component, we take into account the excess
emission detected with ASCA Fukazawa et al. 2001. In the 2-10 keV range, the observed flux of

2 571 at the ring-like area

the I = 1.5 power-law component with ASCA is 1.0 x 1072 ergs cm™
with inner and outer radii to be 5’ and 15. We assumed the same power-law spectrum in our
analysis, with the spatial distribution uniform over the whole HCG 62 field for both Chandra
and XMM-Newton.

In the following analysis, the soft and the hard components were added as additional spectral
models with fixed parameters. We however confirmed that the results did not vary significantly
at the 90% confidence level, even if we did not apply these backgrounds. In figure 5.1, the soft
and the hard X-ray background components as well as the “blank sky” background are compared

with the IGM spectrum for each instrument.

5.3 X-ray Image

5.3.1 Chandra image

The Chandra image of HCG 62 taken with ACIS-S3 in the 0.5-4 keV energy band is shown in
figure 5.2 (a). We corrected for background and exposure, and applied Gaussian smoothing.

The positional dependence of the telescope and the detector responses were corrected with an
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Table 5.1: Optical properties of HCG 62 and member galaxies.

Object Optical coords. (J2000) * 2"  Diameter T BT Type !
R.A. Dec. (arcsec)  (mag)
HCG 62 .............. 12853m0651  —09°12/16”3  0.0145 — — Group
HCG 62a ............. 12153m05%56  —09°12/13" 0.0143 59.9 13.79 E3 /S0
HCG62b ............. 12153m0454  —09°11/59” 0.0119 42.9 14.21 S0 / SO
HCG 62¢ ............. 12053m09%7  —09°11'51" 0.0148 40.2 15.00 S0/ E
HCG62d ............. 12153m0656  —09°15'26" 0.0136 19.7 16.30 E2 / —
HCG 62-66 % .......... 12052m4857  —09°13'22”  0.0161 — — —/—

* Optical coordinates and redshift z by Mulchaey et al. (2003) for HCG 62 and by Zabludoff & Mulchaey (2000)
for member galaxies.

T B band effective diameter, Dp=+/Ap/m, and magnitude within pup = 24.5 mag arcsec” 2
et al. (1989).

¥ Hubble morphological type classification by Hickson et al. (1989) or Shimada et al. (2000b).

§ Because HCG 62-66 is not catalogued by Hickson et al. (1989), Diameter, B, and Type are left blank.

isophote by Hickson

Table 5.2: X-ray properties of detected galaxies by Chandra ACIS-S3.

Object X-ray position (J2000) ©  Pos. diff. T Obs. count ! Extended
R.A. Dec. (arcsec) (cts) Y/N
HCG 62a ............. 12153m05.63 —09°12/13”7 0.8 4158 4 65 Y
HCG 62b ............. 12P53m04.43  —09°11'59"4 0.6 1344 + 37 Y
HCG 62¢ ............. 12153m09876  —09°11/55”7 4.8 331 £19 Y ?
HCG62d %............ — — — 36+ 7 Y ?
HCG 62-66 ........... 1205248557  —09°13/25"7 4.2 30+ 7 Y?

" Detected position by the CIAO “wavdetect” task, with 90% confidence position accuracy of 0.6" radius.

t Positional difference between X-ray and optical.

¥ Observed count within a radius of 10" in 0.5-4 keV including IGM emission but subtracted by the “blank-sky”.
§ HCG 62d was not detected by the “wavdetect” task, so that the optical position was utilized.

exposure map. The IGM emission is clearly observed, and it is extended around the central
galaxy HCG 62a. The brightest region has a radius of about 1’ from HCG 62a.

We searched for discrete X-ray sources in the ACIS-S3 field using the CIAO “wavdetect”
task. Choosing a significance parameter of 1076 for images in the energy bands 0.5-10 keV,
0.5-2.0 keV, and 2.0-10.0 keV, we detected 50 sources in total, including HCG 62a, 62b, 62c,
and 62-66. We have detected all the point sources previously identified in the SEXSI catalog
Harrison et al. 2003 using the same Chandra data. Optical properties of the member galaxies

within the Chandra ACIS-S3 field of view are summarized in table 5.1, and the optical image is
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shown in figure 5.2 (b). The X-ray detected positions and the ACIS-S3 count are summarized in
table 5.2. The X-ray position of HCG 62a and HCG 62b well agree with the optical coordinate
given in Zabludoff et al. (2000) Zabludoff & Mulchaey 2000 within < 1”. However, HCG 62c
and HCG 62-66 indicate different positions by about 5” and 4”. This is due probably to the
extent of the galaxies and/or to the gas stripping, because the probability of miss-identification
of background or foreground object within 5” radius is calculated to be only 1.5%.

The X-ray emission of HCG 62a is dominated by the extended gas, for which we will describe
the properties later. The HCG 62b galaxy was also found to be significantly more extended
than the point spread function of Chandra. We have fitted the radial brightness profile, S(r),
of HCG 62b with a single 3 model,

St) = 5o [L+ (/R (5.1)

and obtained a core radius, R, = 1.5J_r(1):é arcsec, 3 = O.5J_r8€, and the normalization, Sy =

0.8793 x 1076 photons cm™2 s~! arcsec™2. There is also an indication for the HCG 62c galaxy
to be extended in the Chandra image in the direction of the optical major axis (north — south),
although it is not clear whether it is due to the extended IGM emission because of the poor
statistics of HCG 62c. The HCG 62d galaxy was not detected by the “wavdetect” task, however,
the “blank-sky” subtracted count exhibited a clear excess when integrated within 10” around
the optical position as shown in table 5.2. It is supposed that the extended feature of HCG 62d
may have hampered the detection by “wavdetect”.

In the following analysis, the detected sources were excluded except for HCG 62a and HCG 62d.
Since HCG 62a and HCG 62b are closely located, we need to separate the HCG 62b component
in order to examine the IGM structure. It is notable that the redshift of HCG 62b is smaller
than the group redshift of z = 0.0145 by 0.0026 (~ 11 Mpc), hence HCG 62b is probably not
interacting with the IGM around the group core. We produced two radial profiles in 0.54 keV
band centered on HCG 62a and HCG 62b, and fitted them with a double § (HCG 62a) and a
single  (HCG 62b) models, respectively. With these fits, we evaluated the relative intensity of
HCG 62b compared with the IGM emission as a function of the distance from HCG 62b. The
contamination from HCG 62b becomes less than 10% of the IGM intensity when one goes to
outside of a radius of 10”. Thus, we extracted a circle with 10” radius around HCG 62b and
carried out the analysis for the IGM emission.

The central HCG 62 image is shown in figure 5.3 (a). This image indicates surface brightness
depressions in the northeast and southwest directions at 20”-30" from HCG 62a, the so-called
cavities as reported by Vrtilek Vrtilek 2001, Vrtilek et al. 2002. We look into the properties of

these cavities in §5.4.

5.3.2 XMM-Newton image

A combined X-ray image taken with MOS1 and MOS2 detectors of XMM-Newton in the 0.5—
4 keV energy band is shown in figure 5.3 (b). We corrected for background and exposure, and
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Fig. 5.3: (a) Same as figure 5.2, but the central region of HCG 62 is expanded. The detected
point sources other than HCG 62a, 62b and 62c are excluded. The central positions for the
2-dimensional 2-73 fit are denoted by cross and plus corresponding to the narrower and the wider
3 components. The red circles indicate a radius of 1’ from HCG 62a and 10” from HCG 62b,
respectively. The overlaid contour represent a radio intensity map at 1.4 GHz with 45" FWHM
resolution, derived from the NRAO VLA Sky Survey (NVSS; Condon et al. 1998). (b) Combined
image with MOS1 and MOS2 detectors in the 0.5-4 keV band (J2000). The image is Gaussian
smoothed with o = 10” and corrected for exposure and background. A white square represents
the ACIS-S3 field.

performed Gaussian smoothing to the image. The IGM emission is very extended beyond the
boundary of the Chandra ACIS-S3 chip shown by a white square. The cavities are not clearly
seen because of the poorer spatial resolution. Many point sources were detected in the outer
region by the SAS “edetect” task, but none of them outside of r = 100" were member galaxies
of this compact group. Point sources inside of 100” from HCG 62a were excluded using the
Chandra data (§5.3.1), and the XMM-Newton data were used to mask out the sources outside
of 100”.

5.3.3 Surface brightness profile

We plot the radial surface brightness profile for the ACIS-S3 (r < 4') and MOS1 (1’ < r < 14)
around HCG 62a in the energy range of 0.5-4 keV in figure 5.4. In this analysis, only the MOS1
data were used for the XMM-Newton observation because of its low background and good
spatial resolution. HCG 62b was excluded with a circle of 10” radius. Background subtraction

was carried out separately for each instrument. Mulchaey and Zabludoff (1998) Mulchaey &
Zabludoff 1998 report an acceptable fit with a double 8 model for the ROSAT data. As the first
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Table 5.3: Best fit parameters of the radial surface brightness profiles with ACIS-S3 (r < 4)
and MOS1 (1’ < r < 14') in 0.5-4 keV by the 3-8 model. First and second components were
constrained to have common 3. The parameters of § and R of the third component were fixed
at the ROSAT result.

1 2 3
Sp (107 photons cm™2 s™! arcsec™2)  0.837059 0.29+0.03 0.0018+0.0001
B 0.6540.02 — (fixed) 0.63 (fixed)
Re (aremin/Kpe) ......ooooiiiiii... 0.107052/1.7%53  0.487593/8.5+ 0.6  9.00/159.08 (fixed)
X2/dof 755.39/570

Table 5.4: Best fit parameters by the 2-dimensional 2-3 model for the central region (r < 1’) of
HCG 62 with ACIS-S3 in 0.54 keV.

1 (narrower) 2 (wider)
Sop (107¢ photons ecm=2 s~! arcsec™2) ......... 0.79%5-21 0.63+0.06
B 0.8710 5 0.4440.01
Re (arcmin/Kpe) .......o.ooooiiiiiiiiiiin... 0.0716:03/1.3192 0.1875:92/3.1 4+ 0.3
R.A. (J2000) © oo 1285305563 40.4" 1285305590 40.4"
Dec. (J2000) ©oooiiiieii —09°12'15”5 +0.4"  —09°12'11"6 +0.3"
X2/Of 132.07/122

attempt, we fitted the radial profile with the same ROSAT model, however, a large discrepancy
was found in the central region around r < 1. We then varied the parameters of the inner /3
component. The soft background and the hard component are included as fixed constants in the
fit. The fit was still unacceptable because of a large discrepancy in the central region. Then,
we fitted with a 3-8 model by adding a narrow component with its § parameter constrained
to have the same value with the middle component, and the fit was much improved. The
outermost component was fixed to the ROSAT value, because the IGM emission of HCG 62 is
much extended over the XMM-Newton field of view, and we could not constrain the parameters.

The fit results are summarized in table 5.3. The derived core radius, R. = 0(48’:8:%, for the
middle component are consistent with the value, R, = 0’.56J_r8:%g, by Mulchaey and Zabludoff
(1998) Mulchaey & Zabludoff 1998 with ROSAT PSPC, while their § = 0'79418:%8 is steeper
than ours, 8 = 0.65 = 0.02. This is due certainly to the narrow § model component we have
introduced, which is required because of the superior angular resolution of Chandra ACIS-S3
than ROSAT PSPC. The obtained x? value is still large, however addition of yet another (4th)
([ component does not significantly improve the fit, and the derived (8 values for the inner two
components are close to 3.0 which is obviously too steep. Therefore, we conclude that it is

difficult to improve the fit better than the 3-8 model case described above, due mainly to the
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Fig. 5.4: In the upper panel, radial profiles of the surface brightness of HCG 62 in 0.5-4 keV
around the central galaxy HCG 62a are plotted for ACIS-S3 (r < 4’) and MOS1 (1’ < r < 14'),
as indicated by grey and black lines, respectively. The orange solid line represents the point
spread function of Chandra. The best-fit 3-8 model is shown with red solid line, and the three
components are indicated with green dashed lines. For the outermost 3 component, parameters
of 8 and R, are fixed to the ROSAT result by Mulchaey and Zabludoff (1998) Mulchaey &
Zabludoff 1998. Intensity for the sum of the soft Galactic and the hard emission is indicated
by horizontal magenta dashed line. The blue thick line represents the projected best-fit 2-
dimensional double  model obtained with the Chandra image for the central region (r < 1').

In the bottom panel, the residuals of the fit are shown in unit of o.

complicated spatial structure in the central region.

We next carried out a 2-dimensional fitting for the Chandra X-ray image. The ACIS-S3 image
shown in figure 5.3 (a) suggests that the brightest position may be slightly offset from the center
of the extended group gas. To examine this, we fitted the 2-dimensional image in 0.5-4 keV
within » < 1’ around HCG 62a with a 2-3 model (narrower and wider), whose centers were
varied as free parameters. Due to the limited photon count in the image bin, we chose the
maximum likelihood method assuming the Poisson statistics in the fitting. The “blank-sky”
background were included in the model as a constant surface brightness. The data and the
best fit model are projected around the common center (HCG 62a) as shown in figure 5.4. The
model (blue thick line) well describes the radial profile within » < 1/, and gives an acceptable
fit with x2/dof = 132.07/122. The fit parameters are summarized in table 5.4. We find that
the centers of the narrower and wider components are different by 5.44” (1.6 kpc). The center

of the narrower component is closer to the optical center (2" offset) than the wider component
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Fig. 5.5: (a) Color-coded map of the relative deviation of the flux from the best-fit 2-3 model
based on the 2-dimensional fit (table 5.4) in 0.5—4 keV within a radius of 1’ around HCG 62a
with ACIS-S3 (J2000). X-ray contours shown by think black lines are the same in figure 5.3 (a).
White and black circles with a radius of 10” represent regions where energy spectra are studied.
White ones are the cavities, and black ones are non-cavity regions examined for comparison.
The distances from HCG 62a to the centers of the east and west light-blue circles are 20” and
30", the same for the north and south cavities, respectively. (b) Residual of the observed count
to the 2-4 model along the green rectangular region (20” x 120”) in (a). (c) Ratio of the residual
counts divided by the 2-3 model. See text §5.4.1 for red lines.

(5" offset).

5.4 X-ray Cavity

In this section, we look into the X-ray structure and the spectral characteristics of the cavities
which are recognized in the Chandra image in figure 5.3 (a). We broadly consider two possibilities
for the origin of the cavities as follows; (1) depression of the X-ray flux is resulted by absorption
due to some intervening material, and (2) X-ray emitted gas is deficient, possibly being expelled

by some process. We will examine the case (1) in §5.4.2 and (2) in §5.4.3, respectively.

5.4.1 Flux depression & temperature map

To quantify surface brightness depression in the cavity regions, we refer to the result of the 2-3
model fit of the 2-dimensional image in §5.3.3. The relative deviation of the brightness from the
2- model is color coded and plotted in figure 5.5. Both of the cavity regions show a brightness

drop by as much as 50-70% at the bottom as compared with the level of surrounding regions. If
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Fig. 5.6: Color coded temperature map (J2000) based on the hardness ratio, HR = (H —
S)/(H + S), with ACIS-S3, where S and H correspond to the 0.5-0.95 keV and 0.95-4 keV
counts, respectively. The red circle has a radius of 1’ around HCG 62a, and the small circles

(10" in radius) are the same as those in figure 5.5. Typical 90% confidence error on temperature
is ~ 0.2 keV above 1 keV and ~ 0.1 keV below 1 keV.

we approximate the cavity shape by a sphere, their radii are ~ 10” (3 kpc) as indicated by white
circles in figure 5.5, with the north one slightly larger. This approximation is similar to the one
performed in B04. The distances of the cavity centers from HCG 62a are ~ 30" (9 kpc) for the
north and ~ 20” (6 kpc) for the south one, respectively. If we take the distances from the central
position of the wider component of the 2-3 model, the cavities are almost symmetrical in their
distances ~ 25" (7.4 kpc). The positions and the distances of both cavities are summarized in
table 5.5.

Next, we look into temperature distribution using hardness ratios (HR). After the point source
and background subtractions, we produced images in two energy bands, 0.5-0.95 keV (S) and
0.95-4 keV (H), which give nearly the same counts in both energy bands. The HR is defined as
the ratio of the counts between these bands as HR = (H — S)/(H + S). We divided the region
into small cells whose sizes are determined to contain at least 50 counts in the 0.5-4.0 keV
(H + S) band, and then the HR values were calculated. The HR values were then converted
to temperature based on the response matrices at the center of the field of view, assuming an
absorption of Ny = 3.0 x 10%° ecm~2 and a metal abundance of 0.5 solar. Typical 90% confidence
error on HR is ~ 0.17, which corresponds to ~ 0.2 keV above 1 keV and ~ 0.1 keV below 1 keV.
The resultant temperature map is shown in figure 5.6. A clear temperature drop down to
~ 0.7 keV is seen at the central region, which is surrounded by a hotter gas with kT ~ 1.4 keV

at a radius greater than 1’ (18 kpc). The central cool region shows an irregular shape, with an
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Table 5.5: Observed and calculated properties of the north and south cavities and the east and

west non-cavities.

north cavity east non-cavity south cavity west non-cavity

Distance from HCG 62a * ..... 31.9” 31.9” 19.7 19.8”
Distance from group core T ....  26.5"” 29.0” 24.1" 24.7"

HR*Y . —0.13+0.07 —-0.21 +0.05 —0.10£0.06 —0.12£0.05
Integration radius & ............ 15.7" — 12.6” —

Neor Ny I oo, 2225 + 48 2857 + 58 2476 £63 3316+ 75
Foroj — Fiphere OF Foroj b o 50.63 64.93 48.31 63.46

* Position of HCG 62a is assumed to be coincide with the center of the narrower component in table 5.4.

t Position of the group core is assumed to be coincide with the center of the wider component in table 5.4.

¥ Hardness ratio, HR = (H —S)/(H +S), within r < 10”, where S (or H) corresponds to 0.5-0.95 (0.95-4) keV
counts.

§ Integration radius is chosen to become N¢/Nnc = (Fproj — Fephere)/Fproj for each cavity and non-cavity pair.
I N, for north and south cavities, and N,. for non-cavities. Each value is corrected for background and
exposure.

t Foroj — Fiphere for north and south cavities, and Fyroj for non-cavities in arbitrary unit.

elongation to the directions of two cavities, although the temperature structure does not simply

correlate with the cavity regions.

5.4.2 Spectral comparison between cavity & non-cavity regions

In order to examine the possibility that absorption may be responsible for the cavities, we look
into the energy spectra in this subsection. We extracted energy spectra for the two cavity
regions from the ACIS-S3 data, using circular regions with the same radius of 10” (3 kpc) as
shown in figure 5.5. To compare with them, we also extracted spectra for two non-cavity regions
with both 10” radii in the east and west at the same distance from HCG 62a to the respective
cavities. Their precise locations are (12h53m06.87s, -9D11’49.4”), (12h53m05.54s, -9D12’35.17),
(12h53m07.75s, -9D1221.1”) and (12h53m04.33s, -9D12°20.1”) (J2000) for the north, south
cavities and east, west non-cavity, respectively. The non-cavity regions are indicated by black
circles in figure 5.5, and their properties are summarized in table 5.5. First of all, we calculated
the hardness, HR, as defined in the previous subsection, in these four regions. The derived values
with 90% confidence errors were —0.130 &= 0.066 vs. —0.209 & 0.052 for the north cavity vs. east
non-cavity pair, and —0.099 £ 0.058 vs. —0.117 £ 0.046 for the south cavity vs. west non-cavity
pair, respectively. There is no significant difference in the hardness for both pairs. However,
both of the cavity regions suggest slightly larger hardness than the respective non-cavity regions,
which is in the same sense as expected if absorption is responsible for the X-ray cavities.

To be more quantitative, we conducted a spectral fit for each spectrum. All the spectra were
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Table 5.6: Results of spectral fits for the north and south cavity regions and the east and west
non-cavity regions within » < 10” in 0.5-3 keV with a two temperature vMekal model. See text
§5.4.2 for details.

N excess  kTh Normy™  Normy™  Fos_4 ev x*/dof
(102° cm™2)  (keV) (10719 cm™%) (107 ergs cm2 57 1)

phabs (Np = 3.0 x 102° em™2 fixed) x 2-T (kT3 = 1.4 keV & abundance fixed) vMekal model
north cavity ............ — 0.74700s 13105 07701 4.0+03 18/14
east non-cavity .......... — 0.75100s 2.5T0% 06702  6.8+£04 22/16
south cavity ............ — 0.7670095  1.6703  1.1%5% 52403 18/20
west non-cavity ......... — 0.76150s 26701 13707 8.0+04 39/32
phabs (Ng = 3.0 x 10%° em~2 fixed) x zphabs x 2-T (kTy = 1.4 keV & abundance fixed) vMekal model
north cavity ............ 183798 0707505 25T0% 07153 42403 L a2/31
east non-cavity .......... 2.4133 T T T 6.57073
south cavity ............ 17535 0757003 25703 1.270% 55+03 L 7653
west non-cavity ......... <28 T T T 7.6+£04

* Normalization for the Mekal model, Norm = J nenudV/ (4w (1 + 2)?D3), where Dy is the angular distance to

the source.

binned to contain at least 30 counts in a bin. The spectra were then fitted with a two temperature
vMekal model (2-7 model in § 5.5) in the 0.5-3 keV band with an absorption (phabs in XSPEC)
fixed to the Galactic value, Ng = 3.0 x 10%° cm~2. Because of the limited statistics of those
spectra, temperature of the hot component, k75, was fixed to 1.4 keV and the abundance of each
element was fixed to the best-fit values for the 1-7" model in the annulus range of 0.4 < r < 0.6/
in table 5.7. See §5.5 for details of the model. The fit results are summarized in the first four
rows of table 5.6.

All of the four spectra are well fitted by the 2-T" model with acceptable y? values at the
90% confidence limit. The obtained temperatures exhibited quite similar values of k77 = 0.74—
0.76 keV, and we could not find any significant difference between the cavity and non-cavity
spectra except for the normalizations of the cool component, Norm,. It is interesting that the
normalizations of the hot component, Norms, are not different between them. As described in
the next section, the hot component is probably absent from the central region of the group
(r £ 0.6'), so that the hot component seen in these four regions are mostly due to foreground
or background emission. It is therefore suggested that the cavities lie close to the group core
in our line of sight, and that only the cool component is pushed away from the cavities. The
signature of hardening of HR above is due probably to this effect. As a remark, the fits are
not acceptable when fitted with a one temperature vMekal model (1-7" model), although the
obtained temperatures are also very similar among the four spectra.

Here, we evaluate how much Ny excess 15 needed to reproduce the observed cavity feature by

a simple absorption at the source redshift. For this purpose, we simultaneously fitted the cavity
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Fig. 5.7: Chandra ACIS-S3 X-ray spectra for north (black) and south (red) cavity regions, and
east (green) and west (blue) non-cavity regions, respectively. Spectra of the north cavity and
east non-cavity pair and the south cavity and east non-cavity pair are simultaneously fitted with
common continuum parameters with individual excess absorption. The spectra and the best-fit
models are scaled by 2, 4, 6 for south, east, and west regions, respectively, for clarity. The

bottom four panels show the residuals of the fit.

and non-cavity spectra of each pair, by setting all the parameters of the emission spectrum
to be the same including the normalization. Thus, two new parameters, Ny excess for each
pair, and three new constraint on Normi, Norms, and k1) are added, so that the degree of
freedom (dof) increases by one. The pulse-height spectra and fit residuals for the four regions
are shown in figure 5.7. The Ny cxcess for the individual regions are summarized in the bottom
four rows of table 5.6. The obtained y?/dof were 42/31 for the north cavity and east non-cavity
pair, and 76/53 for the south cavity and west non-cavity pair. Therefore both fits were not
acceptable at the 90% confidence limit, although improvement of x? is marginal for the former
pair. The derived Ny excess in cavities has to be ~ 3 times larger than those in non-cavity regions
for the necessary flux reduction. The required mass of neutral hydrogen for north and south
cavities amount to 1.0 x 10°M, and 0.4 x 10° M, respectively. These values are comparable
to the observed upper limit of the Hy mass, ~ 10 M), of the whole group including all member
galaxies by Verdes-Montenegro et al. (2001) Verdes-Montenegro et al. 2001 and Stevens et al.
(2004) Stevens et al. 2004. It is therefore difficult to attribute the cavities to the absorption by

neutral gas.

5.4.3 Hollow sphere model

Since the absorption model is found to be unlikely in the previous subsection, we then consider

an extreme case that a spherical cavity contains no X-ray emitting gas at all, namely, the hollow
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sphere model. It is assumed that the spherical cavities exist at the same distance from us to the
group core. Even with this extreme assumption, there should be a certain flux observed in the
projected circular cavity region because of the foreground and background group emission. This
will give us a constraint on the physical size of the cavities. For an overall X-ray structure, we
assume that the 3-dimensional X-ray emissivity obeys the 3-3 model shown in table 5.3. Based on
this model, we can estimate the emission from an arbitrary volume in the IGM and the emission
from a column integrated along a certain line of sight. Here a single cavity is considered. The
observed projected counts corrected for background and exposure at the circular cavity region
is denoted by N, and the count in the corresponding non-cavity region by Ny, respectively.
The non-cavity region has the same integration radius and distance from HCG 62a as the cavity
region. Then, based on the 3-3 model, we can calculate the flux, Fiphere, from the cavity volume
which is assumed to be filled with hot gas. The model also gives us the projected flux, Fj,;,
from the line-of-sight column passing through the non-cavity region. These numbers allow us to
estimate the counts purely emitted from the spherical cavity as, Ne — Nnc (Fproj — Fiphere) / Fproj

which should be zero on the assumption above.

Based on the observed cavity flux, we can derive the upper and lower limits for the radius of
the hollow spheres. Clearly, too small radius will give too little depression in the X-ray flux at
the cavity region, and vise versa. We applied the observed intensity and position of the north
and south cavities. The allowed ranges for the radii of the hollow spheres were computed as
r=15.7£0.9" and r = 12.6 & 0.8” for the north and south cavities, respectively. These sizes
are almost consistent with the projected image as seen in figure 5.5 (a). The observed and the
calculated values of N, Nic, Fyroj — Fiphere, and Fpoj are summarized in table 5.5. The expected
profile of the count rate deficiency with this assumption is overlaid in figure 5.5 (c) as a solid red
line. The dashed red lines correspond to the radii at the +90% confidence errors. As seen in this
plot, the spherical assumption of cavities gives an asymmetric shape with deeper deficiency at
the near side and shallower at the far side, when projected to the 2-dimensional image. Because
the observed shapes of the cavities are almost symmetrical, it is suggested that there must be
an asymmetry in the shape and/or the density inside the cavities. Namely, the far-side of the
cavities should be larger in size and/or weaker in the X-ray emissivity. It is also notable that
even with this extreme assumption of hollow spheres at the same distance to the group core, the
calculated deepness of the deficiency is nearly the same level or even slightly shallower than the
observed ones. This fact implies that the shape of cavities is probably elongated in the direction
of our line of sight. Another possibility is that the group gas itself has a flatter shape in the
depth, although it is implausible considering the redshift distribution of the member galaxies

Zabludoff & Mulchaey 2000 and that the projected X-ray image is quite symmetric.
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5.5 Radial Profiles of Temperature & Abundance

5.5.1 Consistency between Chandra & XMM-Newton

In order to obtain radial profiles of temperature and abundance of the IGM, we examined energy
spectra for each instrument (ACIS-S3, MOS1, MOS2, and pn) from several circular annuls from
the center of HCG 62a. The center was taken from the narrower component in our 2-dimensional
fit carried out in §5.3.3. First of all, we checked the consistency between Chandra and XMM-
Newton using the spectra within » < 2’ around HCG 62a. Each spectrum was binned to contain
at least 30 counts per bin to be tested with the y? fit. The background data were taken from
the same region in the “blank-sky” data for each instrument. The hard emission and the soft
background components are also considered in the fitted model (§5.2.3). As for the XMM-
Newton data, MOS1 and MOS2 spectra were summed up and simultaneously fitted with the pn
spectrum. The energy range around the Al-K,, line (1.4867 keV), the instrumental background,
was ignored for both MOS and pn.

We have fitted the spectra with a single temperature or two temperature vMekal model in-
cluding the Galactic photoelectric absorption. Abundances of C, N, Na, and Al were fixed to
be 1 solar. We grouped several elements and constrained them to have a common abundance.
The first group contains O and Ne, the second group S, Ar and Ca, and the third group is
for Fe and Ni. Among the other elements, abundances of Mg and Si were determined sepa-
rately. In the case of the two temperature fit, we used the sum of two vMekal models in which
two components were constrained to have common abundances. The actual model formula
are phabsx(vMekal+powerlaw)+Mekal (1-7° model) and phabsx (vMekal+vMekal+powerlaw)
+Mekal (2-T" model). Here, phabs represents photoelectric absorption and Ny is fixed at the
Galactic value of 3.0 x 102 cm™2. The Mekal component is the soft background described
in §5.2.3, with kT and Z both fixed at 0.3 keV and 1 solar, respectively, and with the fixed
normalization. The power-law represents the hard emission described in §5.2.3 with its photon

index, I' = 1.5, and normalization both fixed.

The r < 2 spectra are shown in figure 5.8 (a), and the fit results with 2-7" model are sum-
marized in table 5.7. The 1-T model was rejected at high significance with y2/dof = 2162/425
(combined) for this region. Three kinds of the fit results are listed in table 5.7, Chandra (ACIS-
S3) only, XMM-Newton (MOS1+42, pn) only, and the combined fit of all the instruments. We
have confirmed that most of the results from different instruments were consistent at the 95%
confidence limit. The abundances with ACIS-S3 were slightly larger than, but mostly consistent
with those with XMM-Newton, while only Si gave inconsistent values at the 95% confidence
limit. This is due probably to the systematic effect by the intrinsic Si line as seen in the “blank-
sky” data for both Chandra and XMM-Newton. Since the Si line is most prominent in the IGM
spectrum, the good statistics result in formally inconsistent abundance values. In the annular

range of 2—4', spectral fit for individual instruments (ACIS-S3, MOS1+2, and pn) gave consis-
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Table 5.7: Results of the projected spectral fit for r < 2’ region with two temperature vMekal

and vAPEC models.

kT kT> O, Ne Mg, Al Si S, Ar, Ca Fe, Ni Normi" Normg™ X2/dof
(keV) (keV) (solar) (solar) (solar) (solar) (solar) (107'® em™?)
vMekal
Chandra  0.72%503  1.32790°  0.367012  1.207923  1.237017  0.867035 0.89790% 6.6712 9.3713  189/144
XMM 0771992 1417012 0237017 1.017037  0.767012  0.67702%  0.817015  7.2t1E 8520 316/270
combined  0.7479:92  1.36%99¢  0.33*t912  1.16%918 0957012 0.757920  0.86709%  6.870% 88713 8217423
vAPEC
Chandra  0.771002  1.337005 0417515 1207932 1.18t01f  1.217937 0917008 7705 7.879%  158/144
XMM 0797901 1477317 0307033 0977035 0767022 0.717032  0.857022  7a4tIL 7.7t1d 311/270
combined  0.787091  1.437397  0.407015 1157919 0.93%512  0.867532  0.90750%  7.7T0T 75702 795/423

* Normalization for the Mekal model, Norm = J nenudV/(4m(1 + 2)2D3), where Dy is the angular distance to

the source.

tent results at the 90% confidence limit, due mainly to the poorer statistics. Based on these

results, data from all the instruments were simultaneously fitted in the following analysis.

5.5.2 Mekal vs APEC model & notes on abundance

We also summarize results when the spectra are fitted with phabs x (VAPEC + vAPEC +
powerlaw) + Mekal (2-7 vAPEC model) in table 5.7. The vAPEC model (v1.3.1) gives smaller
x? value especially for the Chandra spectrum, and indicates slightly higher temperatures by
AT 5 0.05 keV than the vMekal model. This is due probably to the better modeling of the
Fe-L line complex in the vVAPEC model, however it is confirmed that all the element abundances
are consistent within 90% confidence errors between the two models. We therefore adopt the

vMekal model in the following analysis considering comparison with previous literatures.

Table 5.8 represents a result when all the element abundances in the vMekal or vAPEC
model are determined separately for the combined fit. The errors of the Ne, Al, Ar, Ca, and Ni
abundances are significantly larger than those of other elements, while other parameters agree
with the values in table 5.7 within 90% confidence errors. Thus abundances in table 5.7, which
are linked together for (O, Ne), (Mg, Al), (S, Ar, Ca), and (Fe, Ni), are essentially representing
O, Mg, S, and Fe abundances, respectively. There is an indication that the Ni abundance is
higher than the Fe abundance in both vMekal and vAPEC model fits. This might be explained
by the fact that the fitted spectra are not deprojected so that they contain emission from outer
region in the group which exhibits higher temperature than the group core as seen in §5.5.4.
On the other hand, it is known that Ni is synthesized more abundantly than Fe in SN Ia when

compared in the solar unit, which will be discussed in §5.7.
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Fig. 5.8: (a) Chandra ACIS-S3 (green), MOS1+2 (black), and pn (red) spectra within r < 2/
around HCG 62a in the 0.5-4 keV band. The three spectra are simultaneously fitted with
2-T model without deprojection, and the best-fit models are indicated by solid lines. Each
component of the two temperature vMekal model for MOS1+2 is indicated by blue lines. The
bottom three panels show the residuals of the fit. (b) Same as (a), but in the 2-4" annulus fitted

with the deprojected 2-T' model. The outer contributions and fitting models for MOS1+42 are
indicated by blue lines.

Table 5.8: Same as table 5.7, besides the element abundances are determined separately for the

combined fit.

kT kT> O Mg Si S Fe Normi  Norms x? /dof
(keV) (keV) (solar) (solar) (solar) (solar) (solar) (1078 cm™®)
vMekal — 0.717052 1311902 0.377050 11793 1061515 1017938 0861508  6.270% 83717 801/418
vAPEC 0.787051  1.44%598 0427008 113793 0.95%01%  0.9819325  0.83100s 81T 6.9707  783/418
Ne Al Ar Ca Ni
vMekal 049708 270715 o67'ie oss'R 233%0%
VAPEC 072035 189714 0.725590  0.00%573 18070

5.5.3 Deprojection analysis

We conducted a deprojection analysis using energy spectra from several circular annuls from the
center of HCG 62a. The inner and outer radii of the annuls were r = 0-0.2/, 0.2-0.4’, 0.4-0.6/,
0.6-1,1-2,2-4',4-8, and 8-14’, in which r represents the projected radius. The Chandra ACIS-
S3 data were used in the range of r < 4/, and the XMM-Newton data were used in 2/ < r < 14’
Therefore, only the annulus of 2-4’ was simultaneously examined by both satellites. The spectra
for 0.2" < r £ 1’ include two cavities. Since the temperature and abundance of the two cavities
are consistent with that in the non-cavity region as shown previously (§5.4.2), we did not exclude
the cavity region and simply analyzed the annular spectra. Extraction of each spectrum and
the treatment of the background are conducted in the same way as described in §5.5.1.

Spherical symmetry was assumed in the deprojection procedure. Starting from the outermost
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Table 5.9: Fractional contribution of the outer shells to the inner shells in the deprojection

analysis.

48 24 1-2 061 0-0.6

814" ..... 0.373 0.075 0.018 0.004 0.002
4-8 ... — 0.273 0.056 0.012 0.007
24" ... — — 0.273 0.048 0.026
1-20 ... — — — 0.238 0.109
0.6-1 .... — —_— — 0.531

region, we fitted the projected annular spectrum with 1-7 or 2-T" model. Spectrum of the
neighboring inner region was then fitted with a model which contained contribution from the
outer regions with fixed model parameters at their best-fit values. We repeated this procedure
until the innermost region was reached. Because the outer contributions are fixed in the inner
model fitting, the propagation of errors is ignored in this method. However, the inner regions
are always brighter than outer regions, hence this effect is negligible. Table 5.9 summarizes the
fractional contribution of the outer shells to the inner shells. For example, the spectrum of the
4-8 annulus was fitted with adding 37.3% flux of the best-fit model in the 8-14" annulus.
Without the deprojection, the metal abundance of the group center (r < 1’) is underestimated
by about 30%, while the temperature does not change significantly. The sample spectra in the
2-4' annulus fitted with the deprojected 2-T model are shown in figure 5.8 (b), and the fit results
are summarized in table 5.10. Figures 5.9 & 5.10 show the result of the deprojection analysis,

and the 1-T results are quite similar to the previous ASCA result Finoguenov & Ponman 1999.

5.5.4 Temperature profile

The temperature profiles obtained by both the 1-T" and 2-7 models with the deprojection analysis
are shown in figure 5.9. For the radius range 0.6 < r < 2.0/, the 2-T" model gives significantly
lower x? values (x? = 78,68 for 0.6-1.0/, 1.0-2.0/, respectively) than the 1-7 model (x? =
159,126). The significance was tested with the F-test, and the 2-7" model was preferred with a
significance higher than 50. Within r < 0.6, the 2-T model is preferred for the whole 0.0-0.6'
data by Ax? = 26 (99.9% confidence with F-test), while the 1-T' model is also acceptable when
we split the region into smaller annuli, 0.0-0.2', 0.2-0.4’, and 0.4-0.6'. Furthermore, we have
also tried the 2-T model for the spectra in the range 0-0.2" and 0.2-0.4', but the normalization of
the second component turned out to be nil. This is due probably to the poorer statistics for the
smaller annuli and also to the fact that the cooler component is dominant in the central region.
In the outer regions of 7 > 2', the x? values for the 2-T model were also lower than the 1-T case,
but both of the fit were acceptable. For the outermost range 8-14’, the 2-T' model gave similar
temperatures for the hotter and cooler components within errors, therefore the 1-7T" fit turned

out to be just enough. This is because the hot component dominates the surface brightness.
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Table 5.10: Results of the deprojected spectral fit with 1-7" and 2-T7° vMekal models. The
Chandra data (ACIS-S3) are used for 0-4’, and the XMM-Newton (MOS1+2, pn) data are used
for 2-14'.

r kTh kT> O, Ne Mg, Al Si S, Ar, Ca Fe, Ni Normi*™  Normy" x?/dof
(arcmin) (keV) (keV) (solar) (solar) (solar) (solar) (solar) (1078 cm™?)

1-T vMekal model

Chandra results
0.0-0.6  0.734£0.01 — 04570738 1.207039  1.10703% < 0.49 0.767075  4.6719 — 177/96
0.0-0.2 067+0.02 — 0471052 1.307052  0.63707° < 1.03 0.7470-55  1.2%0¢ — 75/57
0.2-0.4  0.707355 — 037705  1.6175% 153702 <147 0.8070 3% 1.2%5¢ 96/66
0.4-0.6  0.774+0.03 — 0.73%5 40 1.28%0%  1.79t21% 1537 1137998 07403  — 67/67
0.6-1.0  0.844+0.01 — 0271923 153705 1527058 < 0.67 0.781921 27102 — 159/92
1.0-20 1124001 — 0.03798%  0.71703L  0.70703% 0497051 048700 6.210¢ — 126/72
2.0-4.0 1371993 — 0.02%925  0.35795%  0.99754%  0.557578  0.527009 56708 — 128/108
XMM-Newton results

2.0-4.0  1.437%37 — < 0.67 0477592 0.68T03: 0547059 0.417938 56798 —  241/199
4.0-8.0  1.417908 — 0.1270%7 0587075 0257025 < 0.15 0.2670 57 10.913 — 164/156
8.0-14.0 0.64+0.03 — 0.24700%  0.0670 00  0.08T00s  0.40707%%  0.047007 47.47%% —  188/180

combined results
2.0-4.0 1.3940.03 — <0.21 0407040 0.797037  0.577095  0.47F00%  5.670% —  415/314

2-T vMekal model

Chandra results
0.0-0.6  0.667095 0927313 0397031 121705 1187055 < 1.05 0.847935 31157 14728 151/94
0.6-1.0  0.77799%  1.367050 0427055 1927025 2257037 1.027305  1.40707%  1.1f9%  1.0M%5  78/90
1.0-2.0  0.83739%  1.367019 0.29703% 1207078  1.0879%2  1.2470is 0.99793 0795 2.879%  69/70
2.0-4.0  0.85702% 1597050 0.1470%7 1057032 2.02t01% 14817l 1117050 03105 3.270%  121/106

XMM-Newton results

2.0-4.0 0907937 1.837051 0.16753F 21379 1577088 107703 1027098 03705 32710 235/197
4.0-8.0  0.24750% 1407508 0.137015 1047030 0397031 < 0.22 0327000 3.2732 104717 153/154
8.0-14.0 0.437305  0.89701%  0.197008  0.0770T  0.107012 0317957 0.067005 23.9731% 22.9712% 185/178

combined results
2.0-4.0  0.89792% 171018 0.13T017 123704 1.68707F  1.2370%%  1.05703%  0.419¢ 33705 402/312

* Normalization for the vMekal model, Norm = [ nenudV/(4m(1 + z)*DZ), where Dy is the angular distance to the

source.

' The S abundance was fixed to the best fit in calculating errors due to an unresolved problem on XSPEC for this

particular fit.

For the 1-T" model, the temperature rises from k7" = 0.7 keV at the center to kT = 1.4 keV

at larger radii, which is consistent with the previous deprojection analysis for the ASCA data
Finoguenov & Ponman 1999 and the ROSAT temperature profile by Buote (2000a) Buote 2000a.
This profile in r < 2’ is also seen in the temperature map calculated from the HR (figure 5.6).
The temperature with the 1-7° model drops again at r > 8 from the intermediate level of
kT = 1.4 keV, as shown in figure 5.9. The temperature drop in our data is much steeper than

those reported by Finoguenov & Ponman (1999) Finoguenov & Ponman 1999 with ASCA and
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Fig. 5.9: (a) Temperature profiles with the 1-T" vMekal models based on the deprojected spectral
fit. ACIS-S3 (black) is used for r < 4’, and MOS1, MOS2, and pn (gray) are used for 2’ < r < 14".
(b) Same as (a), but with the 2-7" vMekal models.

by Buote (2000a) Buote 2000a with ROSAT. The ROSAT temperature at r > 8 is kT = 0.9~
1.0 keV, while ours is kT = 0.664+0.03 keV. The influence of the background has been tested by
changing the background level within +£5%, and we found that the best fit temperature varied in
0.64-0.70 keV. We have looked into the effects of point source contamination and the influence
of hard and soft components, though none of them gives significant change in temperature.
For the 2-T" model, temperature of the cooler component is nearly constant at ~ 0.7 keV,
which is very close to the central temperature obtained with the 1-7T" fit. Temperature of the
hotter component is also nearly constant at ~ 1.4 keV up to r ~ 8. These features are consistent
with the ASCA results, which indicate two temperature components at 0.7 keV and 1.4 keV
based on projected spectra within » < 3’ Buote 2000b. The cool component is concentrated in
the center and dominant within 1/, while the hot component extends out to ~ 4’. The extent of

the cool component will be examined in §5.6 more quantatively.

5.5.5 Abundance profile

The metal abundances were derived from the deprojected spectra based on the 1-T" and 2-T fits.
The Fe, Si, and Mg abundances are around one solar or more in r < 4’. On the other hand, the
O abundance is always lower than the solar value (table 5.10 and figure 5.10). We could poorly
constrain the S abundance due to the limited statistics. The 2-T' fit gave significantly higher
abundance than the 1-T fit in the intermediate range of 1.0/ < r < 4.0/, while similar abundances
between 1-T and 2-T are obtained for the inner (r < 1.0') and outer (4.0’ < r) regions. Such
discrepancy is often seen in the spectral fit, because the abundance takes the lowest value at
the temperature where the line emissivity is the highest. This situation corresponds to the case
of 1-T fit, and the 2-T model tends to shift the temperature away from such a high emissivity
position. The ASCA spectra of HGG 62 are fitted with the 1-T Mekal model by Finoguenov and
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Fig. 5.10: Abundance profiles of O (with Ne) (a), Mg (b), Si (c), and Fe (with Ni) (d) using
the 1-T" (crosses) and 2-T (diamonds) vMekal models with the deprojection analysis. The
ACIS-S3 (black) is used for r < 4’, and MOS1, MOS2, and pn (gray) for 2’ < r < 14’. The
solar photospheric value of [Fe/H] = 4.7 x 107> Anders & Grevesse 1989 is adopted for the Fe
abundance. The solid and dashed lines correspond to the best fit relations of the deprojected O
and Fe profile of the 2-T results, respectively.

Ponman (1999) Finoguenov & Ponman 1999, and the present results for Fe, Si, and Mg with
1-T fits are in good agreement with the ASCA deprojection results within the 90% confidence
limit at r > 1/,

In figure 5.10, the solid and dashed lines correspond to the best fit relations of the deprojected
O (a) and Fe (d) profile of the 2-T results, respectively. A simple linear model of Z = —ar+bis
assumed for each profile. These best fit relations are overlaid to all the four plots for comparison.
O abundance of ~ 0.3 solar is significantly lower than the other elements. It also indicates a
flatter profile, though significance is low due to the low abundance of oxygen. The decline of
Fe, Si, and Mg abundances with radius previously reported by Finoguenov and Ponman (1999)
Finoguenov & Ponman 1999 with ASCA, is also confirmed with Chandra and XMM-Newton.
Our result shows that Fe, Si, and Mg abundances are 1-2 solar at the center and drop to about
0.1 solar at r ~ 10’. These abundance levels are about twice larger than the values derived with

the ASCA spectra (~ 0.6 solar by Finoguenov & Ponman 1999). This is due primarily to the



80 CHAPTER 5. HCG 62

much better angular resolution of the Chandra X-ray telescope (0.5”) than ASCA (3') at the very
central region. In addition, our 2-7" model gives higher abundances in the intermediate range of
1.0 < r < 4.0'. As described in §5.5.4, the 2-T model is significantly needed in this region, so
that the ASCA abundances are likely to be underestimated. We also note that many authors
recently take the solar abundance to be the value given by Grevesse & Sauval et al. (1998)
Grevesse & Sauval 1998, i.e. [Fe/H] = 3.2 x 1075, which is obtained from the measurements
of solar system meteorites. The solar photospheric value of [Fe/H] = 4.7 x 107° Anders &
Grevesse 1989, which is adopted in our analysis, gives the Fe abundance approximately by a
factor of 1.47 smaller. Considering this effect, all the Fe, Si, and Mg abundances have similar

value around 1.2 solar at the center (r < 0.6').

5.6 Mass Profiles

5.6.1 Formulation of two-phase gas

Based on the radial distributions of the cool and hot components, we will derive mass distribu-
tions of gas and dark matter. Since the estimated gas mass contained in a single cavity volume,
if it is filled up, is ~ 6% of the mass in the shell of 7/ < r < 32", the assumption of the spherical
symmetry gives relatively small errors. However, because two temperatures are required for
each shell within the deprojected radius of 0.6'—4.0' as seen in the previous section, we need
an additional assumption between the hot and cool components. Here we assume a pressure
balance between the two phase, i.e. Pgas = n1 k11 = ng kI3, where ny, ng, T and 75 are the
cool and hot gas densities and temperatures, respectively, at each 3-dimensional radius of R.
Such a pressure balance is previously adopted by Ikebe et al. (1999) Ikebe et al. 1999 for the
Centaurus cluster, and by Xue et al. (2004) Xue et al. 2004 for the RGH 80 galaxy group.

We also introduce a volume filling factor, f(R), of the cool component, namely a fractional
volume, V4 = fV, in the total volume, V, is filled with the cool gas, and Vo = (1 — f)V
is filled with the hot gas. This means that the cool and hot gas are not completely mixed,
instead the cool component is somewhat patchy or localized with rather an irregular shape.
Such a hypothesis may be supported by the 2-dimensional temperature map (figure 5.6) and the
existence of the cavities.

Because the normalizations of the 2-T vMekal models are expressed as Norm; = Cia nf \%
and Normg = C1and Vs using a certain common constant, Cj2, the volume filling factor, f(R),

can be solved under the pressure balance as,

9 -1
f(R) = [1 + (%) Norm, ] . (5.2)

Normq

We have calculated this formula for each shell in 0.6-1.0/, 1.0-2.0/, 2.0-4.0’, and 4.0-8.0' using
the best-fit values in table 5.10 to plot f(R) against the 3-dimensional radius R in figure 5.11 (a).

This plot clearly indicates that the cool component is dominant at the central region, while it
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occupies only < 1% at R > 4'. We have fitted these four points with a 3-dimensional S-model
function, f(R) = [1+ (R/Rcyf)g]_gﬁf/z, and obtained R, ; = 0.43 )12 and 3; = 0.60101.
Considering the projection effect, we can calculate the volume occupied by the cool gas at

each 2-dimensional ring of 6;,—60,y: in unit of radian, as

Vi f S DB (63, — 65) (1— 0222 (1— 63), (5.3)

3 out
where 0, = 0i,/0out, and Da = 61 Mpc is the angular diameter distance to HCG 62. Because
the vMekal normalization is defined as Norm = [ nenudV/(47(1 + 2)2D2), the electron density

of the cool gas, ne1, is computed as

net = /1.2 x 4 (1+2)2 D / Vi, (5.4)

assuming ne = 1.2 ny for a fully ionized gas with hydrogen and helium mass fraction of X = 0.7
and Y = 0.28. The electron density of the hot gas, ne2, is similarly derived by replacing f into
(1—f). The ion density including helium is n; = 0.92 n,, therefore the gas pressure is calculated

as
Pgas =1.92 TNe1 le =1.92 Te2 k‘TQ (55)

The derived gas pressure Py,s, cool or hot gas temperature k77 or kT3, and cool or hot electron
density ne;1 or nep are plotted in figures 5.11 (b)—(d). The 2-T" fit results are adopted for points in
the range of 0.6-4" and the 1-T fit results for others. The systematic errors when the background
level is increased or decreased by 5% are considered in the error bars for the outermost two
points. It is supposed that blue points belongs to the cool component and red points to the hot
one.

We must be careful in dealing with these plots because data points are not independent with
each other. We first fitted the gas pressure plot by combining both the cool and hot data points,
with a 3-dimensional double 8-model, Pyas = Py [ + (R/Re.p,)?] 2"1/?+ Py [1 + (R/Re.p,)?] >7/2.
Due to the small number of data points, we have fixed R. p, = 0.1' and p, = 0.65 using the
best-fit values in table 5.3 obtained with the radial surface brightness profile fit. The fitted
parameters are P, = 58 + 130 eV cm™3, P, = 18 + 32 eV cm ™3, Rcp, = 0.60 £+ 1.44', and
Bp, = 0.38 £0.23. The best-fit model is indicated by a dashed line in figure 5.11 (c). The green
curves represent each component of the double G-model.

We then fitted the cool gas temperature with a power-law model, k71 (R) = a RY and the hot
gas electron density with a 3-dimensional 3-model and a constant,
ne2(R) = neapo [1+ (R/R(WQQF]_?’ﬁ”*ﬁ/2 + Ch,y- The best-fit values are a = 0.80 £ 0.17 keV,
b = 0.09+0.20, ne2 o = 0.007£0.020 cm ™3, Re p, = 1.4+£7.2, B, = 1.245.8, and C,, = (0.49+
0.48) x 1072 ¢cm 3. The best-fit models for k77 and nes are drawn by dashed lines. The model
functions for kT3 and ne; are derived using the relation kTh = Pyas/Ne2 and nei = Pgas/(kT3),
which are indicated by another dashed line in each panel. Although errors of these parameters
are quite large, these functions can reproduce the observed properties of the cool and hot gases

fairly well.
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Fig. 5.11: (a) Volume filling factor f(R) of the cool component, (b) cool or hot gas temperature kT
or kT5, and (c) gas pressure Py,s, (d) cool or hot electron density nei or ne2, plotted against the 3-
dimensional radius R. Blue points represent the cool component and red points the hot. In panels
(b)—(d), 2-T fit results are adopted in the range of 0.6-4" and 1-T fit results for others. The systematic
errors when the background level is increased or decreased by £5% are considered in the error bars for
the outermost two points. The dashed lines in panels (a)—(d) and green curves in panel (b) represent the
best fit models. See text in details. (e) A black line indicates the total integrated gravitational mass,
M g, estimated from the best fit models. The solid line is calculated by eq. (5.7), and dashed line is by
eq. (5.9). Red and blue lines represent the gas mass of the hot and cool components, respectively. The O
and Fe mass contained in either of the gas is plotted by cyan and pink lines. The stellar mass estimated
from the R band photometry of the HCG 62a galaxy by Tran et al. (2001) Tran et al. 2001 is indicated

by a green line. See text for details. (f) Same as (e), but for the differential mass density profiles.
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5.6.2 Dark matter and gas mass

The gas mass density pgas is expressed as

Pgas = 1.92 pmy, [ fner + (1 — f)ne2 ], (5.6)

where p = 0.62 is the mean molecular weight, and m, is the proton mass. Assuming the
hydrostatic equilibrium, the total integrated gravitational mass, Mg, within the 3-dimensional

radius of R is given by

R%? dP,
M.p=— g2 5.7
<R ,Ogas G dR ) ( )
in which G is the gravitational constant. The differential mass density, M (R), is given by
1 dM_g
M(R) = . 5.8
(R) ArR? dR (5:8)

Figures 5.11 (e) and (f) show the integrated and differential mass profiles (black lines) as a
function of the 3-dimensional radius in unit of arcmin or kpc. We also overlaid the gas mass
(gray) for the hot (red) and cool (blue) components in the same panels, by integrating the gas
density, pgas.

However, in the two-phase model under the pressure balance, the hot gas is lighter in mass
density than the cool gas, and becomes buoyant. The hot gas would escape from the group
core if it is not enclosed by other mechanisms (see §5.8 in detail). In such a case, hydrostatic
equilibrium may have been broken, hence we have also calculated the integrated gravitational

mass by treating the hot and cool components separately. Namely,

R? 4P,
M = - gas =1.92
1,<R 01 G dR £1 KMy Nel,
R2? 4P,
M. = - g4 =1.92
2,<R P2 G dR P2 HMp Ne2,
Mcp = fM<p+(1-f) Mycr. (5.9)

The gravitational mass indicated by dashed lines in figures 5.11 (e) and (f) are calculated using
eq. (5.9). There are only small differences between the two at the group center; the latter is
larger by about 15% at R = 0.1’ (1.8 kpc).

We have encountered one severe problem in these plots. The integrated total mass saturates
at R ~ 6 (100 kpc), and the differential mass becomes even smaller than the gas mass. This
is physically unrealistic, suggesting that some presumption(s) we have supposed might not be
realized around this radius. The direct source of the problem is caused by the fact that the
hot gas temperature, k15, drops very steeply from ~ 1.5 keV to 0.64 keV in this radial range.
Therefore, the electron density, n., almost saturates, while the gas pressure, Fg,s, decreases
monotonously. This might in part be affected by the smaller field of view in our observations
than the extended group emission. We cannot deproject the outermost shell in 8-14’, so that

X-ray flux in this shell is slightly overestimated. Nevertheless, the major origin of the problem
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is due to the steep temperature drop. It should be examined more precisely by the Suzaku
satellite, which has lower and more stable background than XMM-Newton, and much superior
low-energy sensitivity than ASCA.

Another possibility, which is astrophysically more interesting, is that the hydrostatic equi-
librium is not reached there. The flattening of the electron density suggests an outflow of the
hot gas. The steep temperature drop can be reversely recognized as the temperature rise in the
boundary region between the cool and hot gas. This suggests a shock heating of accreting ICM,
and/or remnants of past lifted cavities (see §5.8). The apparent inconsistency in the total mass
may therefore indicate traces of the dynamical evolution.

Aside from the above problem, the derived gravitational mass is about M.p = 5 x 1012M,
within 100 kpc, close to the value given by Pildis et al. (1995) Pildis et al. 1995, Mo =
2.9 x 1013 M, within » < 15" (270 kpc) with the ROSAT PSPC observation assuming a single-
phase gas model. We also plot the O (cyan) and Fe (pink) mass contained in the whole gas. The
simple linear fit plotted in figure 5.10 is adopted to calculate the O and Fe mass. The derived
gas and Fe masses of Mgas<p = 1.6 X 102 Mg, and Mp.<r = 4 x 108 M, within r < 300 kpc are
consistent with the result from ASCA and ROSAT by Finoguenov and Ponman et al. (1999)
Finoguenov & Ponman 1999 of Mgas<p = (1.7£0.1) x 10'2 Mg, and Mpe<r = (3.84£2.0) x 108 M.
However, our values are based on the extrapolation out to the XMM-Newton field of view, so

that they have larger errors by a factor of ~ 2.

5.6.3 Stellar mass

The stellar mass in figures 5.11 (e) and (f) indicated by green lines is estimated from the R
band photometry of the HCG 62a galaxy by Tran et al. (2001) Tran et al. 2001, assuming the

1/4

spherical symmetry and the surface brightness profile obeying the de Vaucouleurs r/* law,

(r) oc 107333071 [(r/rem)t/4=1], (5.10)

where reg = 32" is the effective radius, or the half light radius. Because the r/* law is for the
surface brightness, deprojection for the 3-dimensional radius must be performed. We utilized
a numerical table computed by Young et al. (1976) Young 1976. The mass-to-light ratio,
Mgar/Lp =8 (M /Lpe), is assumed, and we use B — R = 2.0 mag by Hickson et al. (1989)
Hickson et al. 1989, and Ap = 0.224 and Ar = 0.139 after NASA /TPAC Extragalactic Database
(NED) to calculate the B band absolute magnitude, Ly = Lr+(B—R)—Ap+Agr = —19.46 mag.
Using the value Lp s = 5.48 mag, the stellar mass of the HCG 62a galaxy is calculated as
Mitar = 7.6 x 1010 M.

The B magnitude within the effective diameter of 59.90” isophotes (table 5.1) is also given
by Hickson et al. (1989) Hickson et al. 1989, however, we found that Mg, calculated from
this value was by about a factor of four larger than the value calculated above, if we assume
that reg is the same for both bands. Then, the stellar mass would significantly exceed the total

gravitational mass at the central region. We therefore have adopted the stellar mass based on
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the R band photometry. Tran et al. (2001) Tran et al. 2001 also report that there is 19% of
disk component which can be fitted by X(r) o< exp(—r/rq) for HCG 62a. This gives asymmetric
image residual flux R4 = 19%, and the total residual fraction of light Ry = 18%. Therefore,
uncertainty on the stellar mass estimation is at least ~ 20%.

We notice several features in the mass profiles. The gas mass of the cool component is taken
over by the hot component at ~ 1’ (18 kpc). The stellar mass is overcome by the gas mass at
~ 2.5" (45 kpc), indicating that the cool component is very concentrated in the group center.
The region of high metal abundance almost coincides with the volume dominated by the stellar
mass, which supports the natural view that stars are responsible for the production of excess

iron and silicon around the group center.

5.7 ICM properties

The temperature structure in HCG 62 can be characterized by a mixture of hot (~ 1.4 keV)
and cool (~ 0.7 keV) components. As shown in figure 5.11, the cool component is dominant
within » < 0.8" and then a cool and hot mixture appears in 7 = 0.8-4’. The hot component is
dominant in the outer region. The two-phase nature seems to be preferred than the single-phase
structure such as that seen in M 87 Matsushita et al. 2002. However, this apparent two-phase
does not necessarily mean that the cool and hot gas co-exist at the intermediate region, instead
it probably represents that they are patchy and/or have irregular shapes. As seen in figure 5.6,
the cool region is elongated from northeast to southwest, roughly corresponding to the direction
of the two cavities. In this sense, HCG 62 group is different from NGC 1399, NGC 5044 and
RGH 80 galaxy groups Buote 2002; Buote et al. 2003a; Xue et al. 2004, in which strong evidence
for a multi-phase gas is suggested at the central region. On the other hand, Ty is similar to
these groups, and Tcoo1 ™~ Thet/2 is recognized among them. It is claimed that the temperatures
of the cool component seen in these three groups are close to the kinetic temperature of the
stars, although the stellar velocity dispersion is not known for the HCG 62a galaxy.

Mass density of the cool component exceeds the hot-component density within about 10 kpc,
in which the stellar mass density is orders of magnitude higher. This again implies that the
cool component is probably connected with the stars concentrated around the central galaxy
HCG 62a. We also note that the cool component mass density is always smaller than the stellar
mass density. On the other hand, the hot component exceeds the stellar mass density around
r ~ 2" (30 kpc), indicating that the gravitational potential of the galaxy group is traced by the
hot component. Its temperature (1.4 keV) is also typical for groups of galaxies.

In the outer region (r > &), the temperature of the hot component drops fairly sharply. The
radius corresponds to about 0.15 7y, with ryi; = 1.1 (7/1.5 ke\/')l/2 Mpc. This causes a peak in
the temperature profile at r ~ 5’ (90 kpc). Similar temperature profiles have been observed in
other galaxy groups such as RGH 80, NGC 2563, and NGC 5044 (Xue et al. 2004, Mushotzky
et al. 2003, Buote et al. 2003a). The drop of temperature suggests either that the dark matter
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is confined within this small radius or that the gas is yet to be heated in this region. In either
case, there is a certain boundary of the group around 0.2ry;, and it is suggested that these
groups are young and forming systems.

The heavy elements are enriched by SN Ia and SN II Tsujimoto et al. 1995. The former process
dominantly yields Fe group Iwamoto et al. 1999, and the latter produces lighter elements like O,
Ne and Mg Thielemann et al. 1996; Nomoto et al. 2006. Both supernova contribute to Si and S.
Since O is produced mainly by SN II, the flatter O abundance profile compared with those of
Si and Fe implies enhanced contribution of SN Ia in the central region and/or that the shallow
potential of HCG 62 is unable to confine SN II products which should have been supplied to the
intracluster space in the form of galactic winds. The products of SN Ia, on the other hand, are
considered to be brought in to ICM by gas stripping.

The ratio, Mg/O, is 3.3 £+ 2.2 times solar within 1’ (18 kpc) based on the 2-T' fit. Though
the error is large, this value is similar or somewhat larger than those in other groups: 2.5 + 0.4
solar for NGC 5044 Xu et al. 2002, 1.3 + 0.2 for NGC 4636 Tamura et al. 2003, both measured
with RGS, and ~ 2 solar in RGH 80 Xue et al. 2004. In M 87, this ratio is 1.3 4+ 0.1 solar
within 20 kpc Matsushita et al. 2003. Since both O and Mg are mainly produced by SN II, the
marginally high Mg/O value may reflect the difference in the stellar initial mass function (IMF).
Theoretical calculations Nomoto et al. 2006; Thielemann et al. 1996 predict that a lighter-mass
progenitor of SN II synthesizes enhanced Mg compared with O, therefore HCG 62 might have
had the stellar IMF with smaller number of massive stars (M = 20Mg) than our galaxy and
other groups above. However, the dependence of the Mg/O ratio on the progenitor mass is
typically ~ 20% at most, so that we have to think about other possibilities for the Mg/O ratio
greater than ~ 1.2.

If excess Fe in the center is caused by SN Ia activity of HCG 62a, it should be more extended at
least than the extent of the central cool component which is the gas directly bound by the central
galaxy. The possible enhancement of the Ni/Fe ratio at r < 2’ as seen in §5.5.1 supports this
scenario. For example, the CDD2 model in Iwamoto et al. (1999) Iwamoto et al. 1999 predicts
the Ni/Fe ratio of 1.8 solar. The region of high metal abundance almost covers the volume
dominated by the stellar mass, which supports the natural view that stars are responsible for
the production of excess Fe and Si around the group center. It seems to range even to the 3D
radius of ~ 6’ (100 kpc) in figure 5.10, where the hot gas mass exceeds the stellar mass as seen
in figure 5.11 (f). This suggests either that the Fe production has occurred in a wider region
than the present location of the galaxy or that there have been an outflow of Fe. The presence
of cavities in HCG 62 suggests that part of the central metal-rich gas may have been lifted from
the galaxy.

The observed abundance gradients indicate that there have been no strong mixing occurred
in the core region. We also note that there is no significant change of temperature or abundance
across the cavity regions. These features imply that the process of cavity creation causes mild,

subsonic gas motion occurring in a fairly limited volume. This implication is consistent with the
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result by Briiggen and Kaiser (2002) who showed that mixing by buoyant bubbles gave relatively

weak impact on the metallicity gradients based on numerical simulations.

5.8 Supporting mechanisms of X-ray cavities

B04 have systematically studied 16 clusters, 1 group (HCG 62), and 1 galaxy (M84), in which
prominent X-ray surface brightness depressions (cavities or bubbles) are observed. They find that
a mechanical (kinetic) luminosity seems to correlate with the 1.4 GHz synchrotron luminosity.
However, its ratio ranges widely between a few and several thousand, and they have concluded
that the radio luminosity is an unreliable gauge of the mechanical power of the AGN jets. Dunn
& Fabian(2004) Dunn & Fabian 2004 and D05 have studied 21 clusters, 3 galaxies, in which
HCG 62 is not included, and find that the ratio of an energy factor, I, to a volume filling
factor, F, shows a large scatter, 1 < K/F < 1000, for active cavities associated with radio lobes,
and that it becomes even larger for ghost cavities. The factor, K, accounts for the additional
energy from relativistic particles accompanying the electrons (e.g., protons). The parameter of
F represents the volume filling factor of the relativistic particles, and is supposed not to vary
far from unity. Typical value of K in literature is K = 100, according to the measurements of
cosmic-rays around the solar system. However, there is no direct evidence indicating that such
a high energy density is really carried by protons. The reason why K/F varies so largely from
cluster to cluster is a mystery, which might imply that there are several ways in supporting
mechanism and/or formation of the X-ray cavities.

In this section, we examine whether this non-thermal pressure support scenario is realistic
or not for HCG 62. In §5.8.1, we summarize our X-ray results, as well as optical and radio
observations. In §5.8.2-5.8.4, standard indices of cavities are calculated for HCG 62, and diffi-
culties in the non-thermal support scenario is considered in §5.8.5. In §5.8.6 and §5.8.7, other

possibilities of the supporting mechanism and formation of cavities are investigated.

5.8.1 Characteristics in X-ray, optical, and radio

We have confirmed the X-ray cavities reported by Vrtilek Vrtilek 2001, Vrtilek et al. 2002 in the
northeast and southwest regions of HCG 62 in the Chandra image as shown in figures 5.3 (a)
and 5.5. As described in §5.4.2, absorption is unlikely to be the origin of cavities. There are
no significant spectral differences between cavity and non-cavity regions, nor any traces of the
shock-heated gas around the cavities, as seen in the temperature map (figure 5.6). According
to our hollow sphere model analysis (§5.4.3), both the cavities should be aligned side by side
with the group core to a fairly good degree, namely, the projected distances to the group core
are close to their real ones. It is also suggested that the shape of cavities is probably elongated
in the direction of our line of sight, and that the side of the cavities which is farther from the

core should be larger in size and/or weaker in the X-ray emissivity.



88 CHAPTER 5. HCG 62

With regard to the central HCG 62a galaxy, we found no evidence for the AGN activity in the
X-ray data. The best-fit spectrum of HCG 62a is a thermal emission rather than a power-law
one. No point sources were recognized at the center of HCG 62a in both soft and hard bands.
The upper limit of the AGN emission can be placed around Lx < 103 erg s7! (0.5-4 keV). We
also found that the location of HCG 62a was slightly shifted from the group core by about 5”
(1.5 kpc) on the projected sky image (table 5.4). This positional shift may imply the effect of
gas stripping and/or the dynamical motion of the galaxy.

The ASCA has detected a spatially extended (~ 10’) excess hard X-ray emission above ~ 4 keV
in the HCG 62 group Fukazawa et al. 2001, which is supposed to be due to the relativistic
electrons with Lorentz factor y ~ 103-10* and/or sub-relativistic particles. This may also have
some relation to the X-ray cavity, however, we could not confirm nor reject this result due to
the higher non X-ray background of Chandra and XMM-Newton than ASCA.

In the optical band, Coziol et al. (2004) Coziol et al. 1998 and Shimada et al. (2000) Shimada
et al. 2000b have detected weak [NII] and [OI] emission lines in the spectrum of HCG 62a, and
classified it as a low luminosity AGN (LLAGN). On the other hand, Coziol et al. (2004) Coziol
et al. 2004 have assigned the lowest activity index of —5 (quiescent, intermediate and old stellar
populations) to HCG 62a, according to the equivalent width measurement of the Ha absorption
lines. They have also distinguished HCG 62 group among 27 compact groups of galaxies as
type C, which comprises groups with high velocity dispersions and are dominated by elliptical
galaxies with no activity, presumably corresponding to the later stage of the evolution.

In the radio band, as shown in figure 5.3 (a), weak radio emission at 1.4 GHz is detected
around HCG 62a, however its luminosity is as small as Lyaqio = 1.8 x 1038 erg s=! (10 MHz5
GHz), smallest in table 1 of B04. The radio emission does not show a clear association with the

cavities, though the angular resolution of 45” FWHM is not sufficient to see detailed structures.

5.8.2 Gas pressure & non-thermal pressure

We take the distances to both cavities from the group core to be Reny = 25” (7.4 kpc) and
their radii to be reay = 13.5” (4.0 kpc) for simplicity. This approximation can be justified by
the similarity between north and south cavities measured from the group core (table 5.5) with
the center position determined from the center of the wider component in 2-dimensional 2-0
fit (table 5.4). Assuming those parameters, the ICM gas pressure at R,y is calculated to be
Pyas = 17 eV em ™3, from eq. (5.5).

The non-thermal pressure of relativistic particles can be estimated from the radio intensity.
Here, we assume that half of the radio flux comes from a single cavity, namely, L;aqio0 = 9 X
1037 erg s=! (10 MHz-5 GHz) according to B04. Assuming that the radio emission is due to
synchrotron radiation by relativistic electrons, the total non-thermal pressure can be calculated
as P.ot = KP, + FPg, where P, is a pressure of the relativistic electrons, and Pg is a pressure

of the magnetic field, following the convention adopted by DO05.
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The relativistic electron pressure is calculated to be P, = CeLradiOB_?’/ 2 /V (e.g., Govoni &

Fertti (2005) Govoni 2005), where B is a magnetic flux density, V = gmr3,, is the volume

vV
of the cavity, and C, is a constant depending on the spectral index « of the radio emission, as
27Tm3c9 [ (2me") (1/1_1/2 —1/2_1/2)/(10g vy —logry) = 1.4 x 10® [cgs| for a = 1, v; = 10 MHz,

and vo = 5 GHz. Therefore,

KP, =33 x

<£> ( Lradio ) ( Tcav )_3< B )_% eV Cm—S
100/ \9x1037 cgs /) \4kpc 10 uG '

On the other hand, the magnetic pressure is
B? F B \?
Pp=F —=25 (") (-——=] eVem™.
Fhe =7 (1)(10;@) ey o

Therefore, the total non-thermal pressure, Pr = KP, + F Pg, takes the minimum at a certain

value of B = B, the so-called equipartition condition, which is calculated as

2 2
K/f 7 Lradio 7 Teav \
B, = 11 G
eq (100) <9x1037cgs> <4kpc> i
7 7

PT7eq = ZPe7eq = gPB@q =5.8 X
12

4 4 _12
(K/f> 7 ( Lradio )7 < Tcav ) 7 _3
eV cm™°.
100 9x1037 cgs 4kpce

Thus the derived pressure at the equipartition condition is less than half of the ICM gas

~lo

pressure, while the required equipartition magnetic flux density is typical for radio lobes of radio-
loud AGNs Kataoka & Stawarz 2005. They have also found that the equipartition condition is
achieved at least for the radio lobes of 40 radio galaxies. The discrepancy between Preq and

L or by

P,,s may be explained by the underestimation of IC/F ~ 100 or Lyagio ~ 9 X 1037 erg s~
non-equilibrium situation. To make a balance between them, K/F = 690 is needed. This value
is consistent with those obtained by D05 for active bubbles in other clusters. It is also plausible
that the radio intensity is getting dimmer in time due to the synchrotron cooling of relativistic
electrons. We also note that the L.,q4;, value used for the calculation is probably overestimated,
because the observed radio intensity is likely to include emission from the core regions. Radio

observation with higher angular resolution is desired.

5.8.3 Time scales

For discussion of cooling and non-equilibrium effects, comparison of several time scales is im-
portant. First of all, synchrotron electron (7, 2 10%) must be long-lived since the cavity is not

fueled now from the central AGN. The synchrotron cooling time is calculated as

9m305 B —2 Ye -1
t =2 ¢ _95 (——_ Myr.
syne = 4 ABRy (10 uG) (104> e

Since rims of the cavities have not been shock heated, the cavities are supposed to have expanded
at a velocity less than the sound speed, vs = /vkT/(pmp) = 425 km s™1, where we have taken
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kT = 0.7 keV, v = 5/3 and p = 0.62. Therefore, age of the cavities must be longer than the

expansion time of

TCaV TCaV
ts = =92 |—— | M
s Vg (4 kpc ) e

which is shorter than tgne. If we assume IC/F = 690, tsyne can be shortened by a factor of

(K/F/100)~*7 = 0.33, and becomes comparable to t;. The time scale for the cavities to collapse

when internal pressure has disappeared is also considered to be about #s. Such hollow cavities
are buoyant and rise up outwards, even when pressure balance between inside and outside of the
cavities is conserved. Coziol et al. (1998)Churazov et al. 2001 have given the terminal velocity
as vy = /29V/SC, where S = 7r2, is the cross section of the bubble, g = GM g, /R2, is
the gravity at the bubble, and C' = 0.75 is the drag coefficient. The travel time of the cavities

to the current position is estimated to be

tbuoy = Rcav/vt =15 x
( Rcav )2 ( Tcav )_1/2 ( M<Rcav >_1/2
TETYIEVE Myr,
7.4kpc 4kpc 2x10M M,

which is comparable to or somewhat longer than teyn. = 8 Myr with IC/F = 690. The refill time

of the cavity is also given by McNamara et al. (2000) McNamara et al. 2000 as,

trefil = 2Rcav Tcav/(GM<Rcav) =31 x

Rcav Tcav 1/2 M<R —1/2
(7 ) (fime) (Goma) Mo
7.4kpc/) \4kpc 2x1011 M,

These considerations indicate that the cavity age of t5 or tyu0y ~ 10 Myr is much shorter than

the group age of ~ Gyr. Our time scales are consistent with B04, but in which they use Rcay

instead of 74y .

5.8.4 Energetics

On the assumption that past AGN activity has produced the two cavities in about (tpyey/2), We
can estimate the required mechanical (kinetic) power of the AGN jets. A work to generate two
cavities, Wiech = 2PgasV/, divided by (thuoy/2) is called the mechanical luminosity (B04), and

calculated to be

Lmech = 4Pgasv/tbuoy =18 x 1042 X

1
( Reay >—2<rcav )( Mg, )5 ore 51
7.4kpe Akpe) \2x101M, &%

It is supposed that this level of the AGN activity must continue for about —tp,y < t <

—0.5 tpuoy, and that it became inactive since —0.5 fpy0y < t. This value is comparable to
the X-ray emission typically observed for LLAGN, although our upper limit on the X-ray lu-
minosity is much lower, Lx < 103 erg s™! (0.5-4 keV). The observed radio emission around

HCG 62a, Lyadio = 1.8 x 10%® erg cm™!, is also much lower than Lyecn, as pointed out by B04.
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Because there are no evidence for the strong AGN activity at present time, the central AGN,
if exists, should have made a final outburst of total energy ~ 10°7 erg within ~ 20 Myr ago.
Clearly, a single supernovae cannot account for this size of energy. Such an absence of strong
X-ray or radio emission at the core is also noticed in NGC 4636 (L;agio = 1.4 X 1038 erg s71:
Lx < 2.7 x 103 erg s~1; Ohto et al. 2003; O’Sullivan et al. 2005), which shows a disturbed
X-ray halo containing cavities associated with small-size jets. This might suggest that the AGN
activity continues only for a short time scale, which is difficult to understand within the popular
paradigm of AGN with a steady accretion disk. Formation of ghost cavities with an impulsively
episodic activity of < 10° yr is discussed by Wang & Hu (2005) Wang & Hu 2005. Considering
captures of red giant stars by a super massive black hole (Mpy > 2 x 103My), its feedback

0°? erg with a frequency of a few 10~° yr~!, which is too small

energy can amount to 2.4 x 1
to supply sufficient energy for the formation of cavities. It is probably true that HCG 62a also
contains a massive black hole of Mg ~ 108M@, because observations of the centers of nearby
early-type galaxies show almost all have massive black hole Tremaine et al. 2002. However, we

have to consider switching (on — off) of the AGN activity.

5.8.5 Difficulties in non-thermal pressure support by jets

In §5.8.2-5.8.4, we have examined the properties of the cavities and the central AGN from
the point of view that the non-thermal pressure of relativistic particles were provided through
symmetrical jets of the past AGN activity. However there are several difficulties in this scenario.

As seen in §5.8.2, /F = 690 is needed to balance the ambient gas pressure with the internal
non-thermal pressure at the equipartition condition. This value is in proportion to the inverse of
L adi0, which is probably overestimated because significant fraction of L;,qi, should be attributed
to the core region instead of the radio robes (figure 5.3 (a)). Then I/F = 690 becomes still
larger, which is probably unrealistic. One possibility is that the relativistic electrons are fading
due to the synchrotron loss, which may be justified by the fact that tsyn. under the equipartition
magnetic field of Beq = 17 uG (K/F = 690) is comparable to the estimated cavity age of thyoy-
The relativistic electrons have much shorter synchrotron cooling time than that of protons,
hence apparently large K/F might have been attained. In this case, the cavities are starting to
collapse and losing the internal pressure support.

It is notable that both the two cavities observed in HCG 62 are pretty circular when projected
in the sky (figure 5.3 (a)). The relative deviation image of figure 5.5 is remarkably smooth around
the group core, and there are no obvious trails toward the cavities. This fact is quite difficult
to understand considering the scenario that a pair of radio robes produced by symmetrical jets
from the AGN has pushed away the IGM. In practice, clusters or galaxies hosting cavities
usually show irregular or filamentary structures around the cluster core and cavities. The most
prominent example is those of M 87 Churazov et al. 2001; Young et al. 2002, in which the “trails”

of the rising two radio bubbles are clearly seen in the X-ray image. Furthermore, our hollow
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sphere analysis suggests that the shape of cavities is probably elongated in the direction of our
line of sight. It appears to be difficult for the symmetrical jets to make an elongation in such
direction. We also note that shock heating is unlikely to be the origin of the cavities, because
there is no significant evidence of heating at the edge of the cavities.

These considerations indicate that there might exist another supporting mechanism and/or
formation scenario of the X-ray cavities, at least for HCG 62. In the following subsections, we

consider these possibilities.

5.8.6 Another supporting mechanism — hot gas clump —

One possible supporting mechanism is a clump of hotter gas than the surrounding ICM (kT =
0.7 keV). For example, if we assume that the temperatures in the cavities are higher than that
of ICM by three times, namely T}, = 3T, the required density, neyc, is three times smaller.
The emitted X-ray is roughly in proportion to néhC\/T_hc =0.2n2 VT, hence the observed X-ray
intensity can be as low as 20%. Since we could have detected such hot emission if its flux were
~ 20% of the Fyphere in table 5.5, we can derive the lower limit of the hot clump temperature,
as The = 37T.

Schmidt et al. (2002) Schmidt et al. 2002 have done a similar discussion and ruled out
volume-filling X-ray gas with temperature below 11 keV for a cavity in the Perseus cluster.
With regard to the origin of the hot gas clump, it is suggested that the jets may intrinsically
contain protons, or that they may have captured ambient thermal protons possibly shock-heated
in the very initial phase of the cavity formation (DO05). If we observe in higher energy band,
such hot emission can be detected as a hard tail of the spectrum. The hard I' = 1.5 power-law
component observed with ASCA Fukazawa et al. 2001 might originate from this kind of hot
thermal emission, although the detected sky area of the power-law component is much more
extended than the cavities.

If such a hot clump really exists, it undergoes a cooling by thermal conduction. Assuming
kThe = 3 kKT ~ 2 keV and nepe = ne/3 ~ 1073 ¢cm™3, the thermal conductivity for a non-

magnetized plasma is given by Spitzer (1962) Spitzer 1962 as,

5
EThe \ 2 Neh “1/InA\ !
-0 (i) (o) (55) s
s <2keV 103 cm 3 36 ares

where In A is the Coulomb logarithm. Therefore, the cooling time of the cavities is roughly

calculated to be

teond = & =0.5 x

( Tcav )2 < kThc )_g ( Tle,he )
— -3 Myra
4kpc 2keV 10—3 cm

which is much shorter than the estimated cavity life span of iy .

It is claimed that the thermal conductivity may become 5-10 times smaller than the Spitzer

value under the turbulent magnetic fields (e.g., Chandran & Maron(2004) Chandran & Maron
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2004), although t¢ong seems to be still smaller considering this effect. On the other hand, from
the observational point of view, we do see this kind of temperature variations in clusters. The
most prominent example is the “cold front”, first reported by Markevitch (2000) Markevitch
et al. 2000 for A2142. Ettori & Fabian(2000) Ettori & Fabian 2000 have pointed out that it
requires the classical Spitzer thermal conductivity to be reduced at least by a factor of 250-2500.
Markevitch (2000) Markevitch et al. 2003 also find that ~ 40 times reduction is needed for A754.
For the magnetic field expected in the radio robe (B ~ 10 uG), the electron and proton gyro
radii are by 11-12 orders of magnitude smaller than their Coulomb mean free paths, therefore
the effective conductivity strongly depends on the topology of the field. If the magnetic field

encloses the hot clump like a cage, the hot clump may survive for more than ~ 20 Myr.

5.8.7 Another formation scenario — galaxy motion —

As we found in §5.3.3 with the 2-dimensional 2-4 model fit, the location of HCG 62a (narrower
component) is slightly offset from the group core (wider component) by about 5” (1.5 kpc) on the
projected sky image. This fact inevitably leads to the idea that the HCG 62a galaxy is moving
around the group core. It is natural to consider that HCG 62a is performing a pseudo-Kepler
motion, gradually decreasing its distance to the group core by a dragging force. From this point
of view, the two cavities might be a piece of the trail of the HCG 62a orbit. Here, we assume
that the orbital plane of HCG 62a is nearly in parallel to our line of sight, with a circular orbit.
and that its orbital radius is close to the distance, Ry, of the two cavities to the group core.

It is interesting that the two cavities are located almost at the same distance from the group
core, whereas the south cavity is by 1.6 times closer to HCG 62a than the north cavity. As
indicated by a cross in figure 5.3 (a), HCG 62a is shifted from the group core indicated by a
plus mark (center of the wider component) roughly toward the direction of the south cavity.
These two facts support the assumption above. The measured redshift of HCG 62a is consistent
with that of the group (table 5.1). On this assumption, the rotation speed is calculated to be
Vot = VGMcR,, /Reav = 340 km s, which is comparable to the sound speed, vs = 425 km s~ 1.
The period of rotation is

3
o 27TRC3,V . Rcav 2 M<Rcav -
brop = = —— =133 (7.4 kpc> <2X1011M@) Myr.

Even though it is at least shorter than the group age, is much longer than other time scales,

D=

and the “tunnel” seems to be filled relatively quickly. In this scenario, the ICM gas would
have experienced the encounter with the HCG 62a galaxy several times periodically. If some
processes, e.g., freezing the plasma with magnetic field or the pressure support with hotter gas,
have slowed the collapse of the cavities, this effect may be worthwhile consideration. In terms

0% erg, therefore it

of the energetics, the kinetic energy of the galaxy motion amounts to ~ 1
can supply sufficient energy to produce the cavities by depositing 7% of the kinetic energy per
orbit. Such a motion of the galaxy also would have played an important role on the mixing and

the metal enrichment of the ICM, which has been discussed in the previous section.






Chapter 6

Summary and Conclusion

6.1

6.2

HCG 80

With high-sensitivity Chandra observations, we searched for diffuse X-ray emission from
the intragroup medium (IGM); however, no significant emission was detected. We place a

severe upper limit on the luminosity of the diffuse gas as Lx < 6 x 100 erg s—1.

On the other hand, significant emission from three of the four members were detected.
In particular, we discovered huge halo emission from HCG 80a that extends on a scale
of ~ 30 kpc perpendicular to the galactic disk, whose X-ray temperature and luminosity
were measured to be ~ 0.6 keV and ~ 4 x 100 erg s~! in the 0.5-2 keV band, respectively.

It is most likely to be an outflow powered by intense starburst activity.

HCG 62

There are two cavities at about 30” northeast and 20” southwest of the central galaxy in
the Chandra image. The size of spherical hollow cavities are constrained from the surface
brightness structure to be 12”-17”. The agreement with the observed angular size suggests

that the gas density in the cavity is very low, less than 1/3 and consistent with zero.

The energy spectrum shows no significant change in the cavity compared with that in the

surrounding region.

We studied radial distributions of temperature and metal abundance with joint spectral
fit for the Chandra and XMM-Newton data, and two temperatures: 0.7 keV and 1.4 keV

were required in the inner r < 2’ (35 kpc) region.

The mass profiles were obtained for the gas and stars. The hot component is much more

extended than the stars, and thought to trace the gravitational potential of the galaxy
group.
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e Abundance of O is ~ 0.3 solar, ~ 3 times less abundant than Fe and Si, and shows a flatter

profile.

e Abundances of Fe and Si show concentration in the central region, and a high Ni/Fe ratio

is suggested.

6.3 Hot Gas in Groups of Galaxies

By this analysis, I confirm that X-ray diffuse gas was extremely weak in spiral dominant group,
on the other hand, elliptical dominant group was strong. It means that structure formation
process and evolution for the both systems are fundamentally different. Based on the HCG 80
results, we discuss possible reasons for the absence of diffuse X-ray emission in the HCG 80
group, suggesting that the system is subject to galaxy interactions, and is possibly at an early
stage of IGM evolution. Based on the HCG 62 results, I conclude that diffuse gas is mainly
provide from elliptical galaxy by the starburst activity. For elliptical dominant group, we found
that the cavity was also made by AGN activity or galaxy motion for central elliptical galaxy.
Therefore, elliptical galaxies in the center of group play very important roles about mixing of
ICM and the metal production and enrichment processes.

For metal distribution in the intragroup medium, observed metal distribution supports the
view that iron and silicon are produced by type Ia supernova in the central galaxy, while galactic
winds by type Il supernova have caused wide distribution of oxygen. The shallow potential of
HCG 62 is unable to confine the SN II products which should have been escaped in the form of
galactic winds. The marginally higher Mg/O ratio of 3.3 £ 2.2 implies steeper IMF. The results
for concentration of Fe and Ni in the center are consistent with that they are synthesized by
SN Ia in the central galaxy.

X-ray cavities for HCG 62 implies that the non-gravitational energy input in groups of galaxies.
The supporting mechanism of the cavity is discussed, and pressure for the sum of electrons and
magnetic field is too low to displace the hot group gas. The non-thermal energy density by high
energy protons necessary to support the cavity implies K/F = 690, namely almost 700 times
larger energy than that of electrons needs to be contained the cavity. This leaves the origin
of the cavities a puzzle, and we discuss other possible origins of the cavities. We looked into
alternative scenarios for the cavity creation. A clump of very hot gas and fast motion of the
central galaxy were considered, but more observational evidences are necessary to perform a
quantitative evaluation.

Moreover, for the outer region of group, the gravitational mass density drops steeply at about
5" from the center for HCG 62. This is caused by the observed sharp drop of the temperature.

There is a possibility that these regions are not in the hydrostatic equilibrium.



Appendix A

Energy spectra for HCG 62

A.1 1-T results
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Fig. A.1: Chandra ACIS-S3 spectra in the 0-0.6', 0-0.2, 0.2-0.4’, and 0.4-0.6' annulus fitted
with the deprojected 1-T" model
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Fig. A.2: Chandra ACIS-S3 spectra in the 0.6-1.0/ and 1.0-2.0’ annulus fitted with the depro-

jected 1-T" model
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A.2 2-T results
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Appendix B

Soft background estimation

Table B.1: Observation log checked on soft background for sources around HCG 62a. Optical
coordinates and exposure by Observation Viewer of WebChaSeR. ng was estimated by “HEAsoft
calculate nH”. NGC4782/3 was observed with VFAINT mode.

Name obsID date exposure (ks) R.A. Dec.
HCG62 921 2000/01/25 49.15 12h53m05.63s -09D12°15.46”
NGC4697 784 2000/02/08 39.76 12h48m35.00s  -05D47’21.00”
Q1246-0542 821 2000/01/15 5.55 12h49m13.80s -05D59’19.20”
NGC4594 1586  2001/05/31 18.75 12h39m59.00s  -11D37'28.00”
NGC4782/3 3220 2002/06/16 49.96 12h54m36.00s  -12D33°50.00”
1 b nH (102 cm~2)

303.621626  53.665237 3.0

301.625562  57.075341 2.2

301.927204  56.878774 2.1

298.457928  51.147772 3.8

304.139914  50.300443 3.6
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ROSAT 3/4keV map (10°° count/s/arcmin?), 1pixel=45'x45'
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Fig. B.1: ROSAT 3/4keV map. HCG 62, ngcd697, q1246-0542, ngcd782 and nge4594 indicated

by blue, green, red, yellow and mazenta crosses, respectively.
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Appendix C
Deprojection

In figure C.1, the volume, Vy, is calculated as,

4 3
VN = §7T (T]ZV — T]2v_1> 2 5 (C].)

and the volume, V{7, for m < N is
4 E E
VI = {0 )t = =) = (R - ) R )Py (C)

The observed flux F%bs in the projected r,_1 < r < 7, annulus is the sum of flux from the

volumes, Vy,, V', 1, ..., V. If we define the flux from the volume V; as f;,
b w1 PR N /i
P> = m e+ —=—fN = E —f; C.3
m fm+ Vm+1fm+1 + + VN fN = ‘/z fza ( )

assuming the spherical symmetry and Vf = V;. Because the volume of the r,,_1 <r < ry,, crust

3

is Wy, = gm (r3, — 13,1

e ), the flux contribution in the 3-dimensional range of r,,_1 < 1 < 1y, is
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Fig. C.1: deprojection image
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Appendix D

The ratio of Si abundance
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Fig. D.1: The ratio of Si to O, Mg, and Fe abundances.

The ratio, Mg/O, is 4.0 £+ 2.5 times solar within 20 kpc (1) based on the 2-T fit. This value
is similar or somewhat larger than those in other groups: 2.5 4+ 0.4 solar for NGC 5044 (Xu
et al. 2002), 1.3 £ 0.2 for NGC 4636 (Tamura et al. 2003), both measured with RGS, and ~ 2
solar in RGH 80 (Xue et al. 2004). In M87, this ratio is 1.3 £ 0.1 solar within 20 kpc. We note
that in HCG 62 the radial profile of Mg abundance is close to the Si profile, implying that Mg
may have the similar origin as Si, i.e. a mixture of SN II and SN Ia products. Considering that
oxygen is the pure product of SN II, the marginally high Mg/O value suggests that the shallow
potential of HCG 62 is unable to confine SN II products which should have been supplied in the
form of galactic winds.

If excess Fe in the center is produced by enhanced SN Ia activity of HCG 62a, it should be
related with the central cool component which is the gas directly bound by the central galaxy.
The region of high metal abundance almost coincides with the volume dominated by the stellar
mass, which supports the natural view that stars are responsible for the production of excess iron
and silicon around the group center. This suggests either that the Fe production has occurred
in a wider region than the galaxy itself or that there have been an outflow of Fe. The presence
of cavities in HCG 62 suggests that part of the central metal-rich gas may have been lifted from
the galaxy.
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