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Abstract

In order to investigate the circum-nuclear environment of Active Galactic Nuclei
(AGNs) in the local universe, we analyzed X-ray data of five type 2 Seyfert galaxies,
taken with the Suzaku satellite in its Performance-Verification phase and in the cycle-1
Guest Observation phase. The selected AGNs, NGC 4388, Mkn 3, the Circinus galaxy,
NGC 4945, and NGC 4258, all have water maser sources in their centers, and are known
to harbor obscured active nuclei. Through the analysis of X-ray spectra and time vari-
ability utilizing the broad-band sensitivity of Suzaku, we successfully disentangled the
observed X-ray emission (typically from a few keV to ~ 100 keV) from each AGN into
three components; (D) the highly absorbed intrinsic power-law emission; (R) the nuclear
light reflected by a thick, cold material; and (S) the nuclear emission scattered by ionized
matter. The origins of these components were identified in terms of the canonical Unified
Scheme of AGNs.

We confirmed all the five nuclei to be obscured by considerable amounts of absorbing
column, with equivalent hydrogen column densities of Ny = 102287248 cm=2. As a result,
Component D can be observed only above ~ 3-15 keV, and is strongly suffered from
Compton scattering in two object where the absorbers are Compton-thick (Ny = a few x
10** ecm~2). Although the attenuation-corrected bolometric luminosity of the sample
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sources were found to distributes over a wide range as Ly =
slope of Component D were found to be similar to one another, and to those of type 1
Seyfert galaxies. Component R was measured from at least four sources, more precisely
than in any previous observation. It is characterized by three sub-components as; (R1) a
hard “reflection” continuum observed in the energy range below ~ 10 keV, accompanied
by a sharp Fe-K edge; (R2) several narrow emission lines arising in neutral materials; and
(R3) a spectral “hump” at energies around 20 keV, arising via Compton down-scattering
of the primary X-ray photons. From both the spectral and time-variability aspects, these
three features are consistent with originating in the same location, namely, a directly
visible part of the circum-nuclear matter.

In two of our samples (NGC 4388 and Mrk 3), the strength of component R, with
respect to the nuclear intrinsic emission (component D), fieq, have values as large as
unity, which suggests that about 27 of the sky as seen from the central engine is covered
by the reflector. Such a reflector with a large large covering factor can be readily identified
with the putative “torus”, introduced in the unification model of AGN. From both the
time variability and energetics aspects, we found that the component D in one object

(Circinus) should be identified with the nuclear light scattered by the obscuring material



into the line of sight, rather than the nuclear intrinsic emission. Such scattered-in photons
are likely to dominate the hard X-ray emission, when the obscuring material covers a large
solid angle as seen from the central source and our line of sight to the nucleus is blocked
by the Compton-thick absorber. This in turn suggests the presence of putative “torus”
with a large covering factor in Circinus.

We found that NGC 4945, another Compton-thick source, exhibits significant time
variations in hard X-rays, showing that the contribution of scattered-in photons is much
lower than in Circinus. This requires that the obscuring material do not have large
covering factor to the central source. Furthermore, the value of f,.q have found to be
smaller by about 2 orders of magnitude, compared to those in NGC 4388, Mrk 3, and
Circinus. We also found that f..q is smaller by more than an order of magnitude in
NGC 4258, than in the three “thick torus” objects. Thus, the geometrically-thick torus is
also unlikely in this source. Combining these facts, the obscuring material in NGC 4945
and NGC 4258 are likely to be localized to a limited solid angle (including our line of
sight) around the nuclei. In other words, an inflated thick torus, as invoked in the simplest
form of the Unified Scheme, is unlikely to be present in these objects.

Based on the intrinsic luminosity of the sample AGNs, as well as the geometry of the
matter distribution as inferred above, we speculate that the accreting material assumes
the putative toroidal shape, when the nucleus is in a gas-rich environment and hence
the mass accretion rate is high. Then, the torus becomes at the same time the absorber
for Component D, and the reflector for Component R. In contrast, when the nucleus is
relatively gas-starved, the accreting matter is speculated to assume a geometrically-thin
disk shape. This will suppress f.en, and the nuclear obscuration will occur only when our

line of sight is grazing to the (possibly warped) thin disk.
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Chapter 1

INTRODUCTION

Active galactic nuclei (AGNs), which reside in the center of external galaxies, emit elec-
tromagnetic radiation energies as large as 10%° — 10%8 erg s7!, from a region only within
~ 1 pc. Such a huge amount of radiation energy can be explained only in terms of gravi-
tational energy release via mass accretion onto a supermassive black hole. An integrated
emission from numerous AGNs, located at large cosmological redshifts, are thought to be
the origin of the Cosmic X-ray Background (CXB) which has remained a mystery since
the early 1960’s.

Although AGNs show complicated spectral properties, and hence are classified in var-
ious ways into various categories according to their spectral characteristics, there is a
fairly well established view, called “Unified Scheme” (e.g., Antonucci and Miller 1985;
Antonucci 1993), to explain the AGN variety. In addition to the two obvious parameters,
namely the black hole mass and the mass accretion rate, this scheme employs two fun-
damental parameters which are radio loudness and our viewing direction to the accretion
plane. When the nuclear emission is directly visible due to a relatively pole-on viewing,
the object is called a “type 17 AGN, while it is classified as a “type 27 AGN when our
line of sight is blocked by some part of the accreting material (often assumed to have a
toroidal shape around the nucleus) due to a relatively edge-on viewing angle, and hence
the intrinsic nuclear emission is considerably obscured. This scheme can explain much of
the observational differences among AGNs of various kinds. However, its validity and the

nature of the putative torus should still be examined.

X-ray observations of the obscured (type 2) AGNs are crucial, at least from the follow-
ing three respects. Firstly, such observations enable us to test the validity of the Unified
Scheme. Secondly, we can utilize the X-ray signals to diagnose the general environment

of accreting massive black holes. In such objects, the obscuration of the glaring nuclear
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X-ray emission allows us to observe and study secondary spectral components produced
by circumnuclear regions, which would be outshined by the nuclear radiation in type 1
sources. Particularly interesting is to study “reflection” of the nuclear X-rays off the cir-
cumnuclear matter, which may well be some part of the accretion flow. In type 2 AGNs,
such circumnuclear materials, neutral or ionized, will manifest themselves via Compton
scattering of the primary nuclear X-rays, and via copious X-ray lines due to fluorescence.
Finally, many X-ray observations have revealed the presence of a large number of heav-
ily obscured AGNs in the local universe, so that much of the spectral peak the CXB at
around 30 keV should be produced by such objects. Therefore, measuring precisely the
energy spectra of obscured AGNs by itself has an important implication to the synthesis
models of the CXB, even though the CXB modeling is beyond the scope of the present
thesis.

Much of the pioneering works on the obscured X-ray AGNs have been conducted
by Japanese astrophysicists since 1980’s, making the best use of the Ginga and ASCA
satellites. The Chandra and XMM-Newton satellites promoted the study in further details,
but their limited observable energy range (~ 0.3 — 10 keV) often limit the study mainly
to the reprocessed low-energy signals, leaving the primary X-ray radiation sometimes
undetectable. The BeppoSAX satellite in contrast, with its sensitivity covering hard X-
rays up to ~ 100 keV, succeeded in measuring the intrinsic nuclear emission even in the
extremely obscured cases, and demonstrated the general presence of the primary and
reprocessed X-ray components. However, it lacked sensitivity at lower energies where the
signal provide a crucial information on the reprocessing material.

The Suzaku satellite is the most promising X-ray mission to reveal the nature of
the obscured AGNs, since it has high throughput throughout the wide energy range of
~ 0.3 — 200 keV, together with excellent spectroscopic capability in the 0.5 — 10 keV
range where a number of atomic lines and edges are present. It is expected to be capable
of spectrally disentangling all the emission components, and of precisely measuring their
parameters. The unprecedented high sensitivity for hard X-rays, realized by the Hard X-
ray Detector (HXD), would also provide information on hard X-ray variability of obscured
AGNs. Given these, we analyze in the present thesis X-ray spectra and time variability
of five edge-on AGNs, all of which are water maser sources.

In Chapter 2, we review the properties of AGNs with emphasis on the obscured sources.
Chapter 3 describes detailed performance of the Suzaku satellite, including the HXD
instrumentation to which the author made a big contribution. Chapter 4 briefly introduces

our sample. Our detailed analysis and the results are presented in Chapter 5. Then, we



discuss the obtained results in Chapter 6, followed by a brief summary and conclusion in
Chapter 7.






Chapter 2

REVIEW

2.1 Active Galactic Nuclei and Their Properties

2.1.1 Active galactic nuclei

The universe is made up of over a hundred billion galaxies, with many of them containing
in turn more than a hundred billion stars each. A few percent of the galaxies are called
“active” galaxies, and possess an amazing source of energy at its nucleus (e.g., Ormes
1996), which generates a power comparable to that emitted by a thousand normal galaxies.
Direct imaging observations revealed that the huge optical luminosity of an active galaxy
is mostly emitted from an extremely small region at the galaxy center (or “nucleus”).
Such nuclei are called “active galactic nuclei (AGNs)”.

In general, AGNs emit not only visible light, but also electromagnetic radiation over
a wide spectral range from radio to y-rays. In particular, AGNs emits huge luminosities
in the X-ray band. Their multi-frequency emission spectra indicates that the emission
mechanism of AGNs is totally different from that of ordinary stars. Although an AGN
is usually too small to be resolved by ordinary astronomical techniques, most AGNs are
quite variable in X-ray and optical frequencies, on time scales of hours, days, to years.
This allows us to infer that an AGN has a size comparable to the Solar System. These
facts lead us to the hypothesis, which is now widely believed, that the massive black holes
are present in the central power-houses, and that the accretion of matter onto such black
holes is the origin of their high radiation power (§2.2).

In addition to the electro-magnetic radiation, an AGN sometimes generates collimated
jets extending far beyond the host galaxy; the jet is sometimes terminated at shocks and

inflates to a lobe (e.g., Isobe et al. 2002), which extends many tens of kpc. Since such a

5
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lobe consists mainly of relativistic particles and tangled magnetic fields both supplied by
the jet, a strong synchrotron radio emission is observed. The integrated stellar light from
a galaxy is emitted mainly in the IR/optical bands, with a minor (~ 107?) fraction and
relatively little of it is in the X-ray band. Furthermore, the most rapid time variability
in AGN is observed in the X-ray to v-ray bands. Therefore, X-ray observations are an

extremely important tool to “look” inside the active galaxies.

2.1.2 Observational classification of AGNs

The great majority of all AGNs display strong emission lines in their optical UV, and even
X-ray spectra. Only relatively rare objects (e.g., BL lac object, Figure 2.1) exhibit no lines
at all, or have lines whose equivalent widths are very small. Indeed, simple properties of
the optical emission lines including Lya, Ha and HJ3, etc. have allowed the construction
of a rather well-defined AGN classification system.

AGNs are roughly categorized based on their luminosities. Quasars are the most
powerful AGNs with the B-band magnitude Mp < —23 mag (Greenstein and Schmidt
1964). In X-rays, where ~ 10% of the bolometric luminosity of a typical AGN is emitted,
they exhibit a typical luminosity in the range of 10*4~47 erg s71. The other extreme class
of AGNs are Low luminosity AGNs (LLAGNSs), namely those with the Ha luminosity of
< 10 erg s, corresponding to a bolometric luminosity of < 10*? erg s™!.

Independently, on the spectral grounds, AGNs are classified into several categories as
shown in Figure 2.1. They are first divided into “radio loud” and “radio quiet” objects
by their activity and/or luminosity in the radio band. About 10% of AGNs are radio
loud, and the jet structure most frequently appears in their radio VLBI images. Radio
quiet AGNs which are not accompanied by jet structure, include Seyfert galaxies (Seyfert
1943) and Low Ionization Nuclear Emission Regions (LINERs; Heckman 1980). Based on
the intensity ratios among prominent optical emission lines, Seyferts are usually defined
as those with [OI] > 0.08 He, [NII] > 0.6 Ha, [SII] > 0.4 He, and [OIII]/HB > 3. In
control, LINERs are characterized by lower-ionization lines, with [OI] > 0.17 He, [NII] >
0.6 Ha, [SII] > 0.4 Ha, and [OIII)/HS < 3 (Veilleux and Osterbrock 1987).

Seyfert galaxies are less luminous than quasars, with an X-ray luminosity in the range
of 10%7% erg s7!. They are further categorized into two types; type 1 (Seyfert 1s) and
type 2 (Seyfert 2s). Seyfert 1s show extremely broad permitted-emission lines with the
line widths (in terms of Doppler velocities) reaching ~ 1,000-25,000 km s, while Seyfert

1

2s show only narrow ones with a few hundred km s™ . X-ray observation revealed that
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Seyfert 2s suffer from strong absorptions, while Seyfert 1s show weak/no absorptions.
Radio galaxies are radio-loud counterparts of Seyfert galaxies, with a similar X-ray

1. X-ray spectroscopy also showed that some of those

luminosity range of 10445 erg s~
galaxies suffer from absorption, while the other do not. In X-ray range, the jet emission of
radio galaxies is not so strong and the emission from the nucleus is the main contributer,
as Seyfert galaxies. In BL Lac objects and Optically Violently Variable (OVV) quasars, on
the other hands, the jet emission overwhelms the nuclear emission over the all frequency
ranges. These objects are called blazers.

Generally, except for quasars, the radio-quiet AGNs are found in spiral galaxies, while

the radio-loud AGNs are in elliptical galaxies or SO galaxies. Quasars often reside in the

elliptical galaxies, even if they are radio-quiet.

~10% galaxies
AGN
~10% ~90%
radio —ZU/o adio
loud most - it
spirals ellipticals spirals ellipticals
most
no lines br‘j_ad
' narrow
e narrow lines
BL Lacs lines
ost
flat Seyfert 1 Seyfert 2
h steep LINER
spectrum spectrum

OVV QSO

Figure 2.1: A classification of AGNs. About a few % of galaxies have active nuclei at

their center.

2.1.3 Unified Scheme of AGNs

Intensive studies to unify AGNs have successfully impose some order on many types of
AGNSs (e.g., Antonucci 1993). As summarized in §2.1.2; the optical emission line spectra
in some AGNs have both narrow lines (with widths corresponding to velocities of several
hundred km s~1) and broad line (with widths of up to 10* km s™!), while those in other
AGNs have only the narrow lines. This difference itself leads to the sub-class of the AGN :



8 CHAPTER 2. REVIEW

type 1 and type 2. Current picture of the Unified Scheme assumes that type 1 and type 2
AGNs are physically the same objects, but in the Type 2s the BLR is obscured from
our view, probably by dust in a torus surrounding the central source. In this case, the
observer looking at the nucleus along the torus axis sees the central source, the BLR and
the NLR and identifies the galaxy as a type 1. In contrast, another observer observing
the same galaxy but in the plane of the torus sees only the narrow lines and a relatively

weak nuclear source.

The basis of this picture is the detection of weak broad emission lines in the linear
polarization spectrum of the Seyfert 2 galaxy NGC 1068 and other sources (e.g, Antonucci
and Miller 1985). We cite in Figure 2.2 the nuclear spectrum of NGC 1068: top panel
shows the total flux, while the bottom panel shows the linearly polarized flux (Miller
et al. 1991). The polarization spectrum could be identified as that of a Seyfert 1 galaxy;
the Balmer lines are broad, and Fe II blends (which are characteristic of broad-line but
not narrow-line galaxies ) are seen. A polarized spectrum can result from scattering or
reflection of the AGN continuum, either by dust or by free electrons. Thus, NGC 1068
apparently has a Seyfert 1 nucleus that we do not view directly, but only in scattered
(and thus polarized) light. This observation demonstrated that there are at least some
Seyfert 2 galaxies that are intrinsically Seyfert 1s. Other similar cases have also been

found among Seyfert 2s with polarized continua (e.g., Tran et al. 1992).

Figure 2.3 shows a schematic picture of the unifying scheme of AGNs, where key
parameters are the radio loudness and the viewing angle (in addition, of course, to the
mass and the mass accretion rate). The left panel summarizes the radio-loud objects
without jets, while the right is for the case of radio-loud objects with jets. The nucleus
and regions responsible for the optical emission lines are surrounded by a molecular torus.
Narrow line region (NLR) is the place where the optical lines with narrow widths are
thought to be emitted. Broad line region (BLR) is believed to be inner part of the NLR,
where a number of molecular clouds are thought to produce the optical emission lines
under the excitation by ultraviolet and X-ray photons from the AGN. Then, the large
line widths are taken as evidence for high velocities of the clouds that must be moving
around/toward the central black hole. When the line of sight is between the jet axis
and the torus plane, both the broad line region and the narrow line region are visible.
For galaxies with radio emission, these would be classified as broad line radio galaxies.
Especially when we see the jet right to the end, the objects are identified as blazers since
the jet emission is enhanced and blue-shifted by the beaming effect due to its relativistic

bulk velocity. This beaming effect also leads to the enhanced time variability. When the
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Figure 2.2: Nuclear emission line spectrum of the Seyfert 2 galaxy NGC 1068. (top) The

total-flux nuclear spectrum. (bottom) The linearly polarized flux. This figure is adopted
from Miller et al. (1991).
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broad line region is obscured by the torus, object is observed as a narrow line galaxy.

Again, in this context, type 1 and type 2 Seyfert galaxies have intrinsically the same
objects, and the observational differences between them are interpreted by the difference
of line of sight between the torus axis and the plane (e.g., Antonucci 1993). And this
holds independently of their radio loudness.

AGN without Jet AGN with Jet

lonization zone

bandary BLR clouds

(< 0.01 pc)

Gas & dust ‘torus’

7 ' NLR clouds A

P 0-100 pc) P
Seyfert 2 0 \ Narrow Line
clouds Radio Galaxy b
(kpc) 'Q rela_tmstrc T 'Q .
Seyfert 1 Jet Broad Line
QSO Radio Galaxy

Blazar

Figure 2.3: Unified Scheme of all types of AGNs. (left) AGNs without jet. (right) AGNs
with jet.

2.2 Supermassive Black Hole Hypothesis

2.2.1 Physical nature of AGNs

It is now widely accepted that the huge radiation power of AGNs are produced by mass
accretion onto a central supermassive black hole. Several observational techniques are
utilized to estimate the mass of the central black hole (see §2.3), and the estimated mass
ranges over 102719 times the solar mass. Around such massive objects, the potential
energy of infalling materials is converted into kinetic energy, and partially into radiation.
Since the infalling material generally have some angular momentum, they are expected

to form an axisymmetric accretion disk around the black hole. The materials are then
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heated via viscous drag within the accretion disk, and the disk (especially the innermost
part) radiates ultraviolet to X-ray photons.

A black hole itself is characterized by only three parameters; its mass, spin and charge.
When we consider the mass accretion onto a black hole, physical processes involved there
should be characterized primarily by these quantities, or those derived from them. Al-
though a black hole has no physical surface, its event horizon, namely the Schwarzschild

radius, provides a characteristic size of the black hole. It is given as

2G' Mgy
MBH - MBH
1 13 ~ 1 2
3 x 10 1050, cm 0 1050

light days,

Q

where Mpy is the black hole mass, M, = 1.989 x 103® g is the solar mass, c is the speed
of light, and G is the gravitational constant. Since Ry is proportional to Mgy, any other
lengths around the black hole are, generally, characterized by (or scaled to) Rs, and hence
its mass. For example, the innermost stable Keplerian orbit of a non-rotating black hole
is 3R;.

Let us consider a proton accreting onto a black hole. By falling into the gravitational

potential well, a proton release its potential energy by

GMgum,  myc?
— — 2.2
3R, 6 (22)

E

until it reaches 3Ry where my is the proton mass. This suggests that an order of ~ 0.1
times the proton rest-mass energy could be converted into radiation. Thus, the accretion
onto a black hole can be an order of magnitude more efficient than fusion of hydrogen to
helium, where only ~ 0.6% of the rest-mass energy can be utilized. Since F is independent
of Mgy, the radiation efficiency is not dependent on Mgy either. Consequently, the
radiation power acquired per unit accreting mass is independent of Mgy. This leads to
a fact that when mass is accreting constantly, the luminosity L is proportioned to M,
and independent of Mgy. However, the emergent spectral energy distribution depends on
Mgy.

2.2.2 Eddington luminosity

The accreting matter is governed by two forces in opposite directions; the inward grav-
itational force from the black hole, and outward radiation pressure. From a condition

that the former must exceed the latter, we can derive a critical luminosity for a simple
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spherical accretion. This luminosity, called Eddington luminosity, is qualitatively given

as
4G Mpamyp i

Lgaqa = >
T

M
= 1.3 x 10 (M—B;> erg, (2.3)

where ot is the Thompson cross-section, and p is a number ratio of nucleon to electron
of the accreting matter; i.e., u = 1 for Hydrogen, u = 2 for Helium, and ~ 1.2 for
materials with the cosmic abundance. When we consider a typical AGN with a bolometric
luminosity of L ~ 102L, = 3.8 x 10% erg s™' (L, = 3.85 x 10%* erg s™! is the solar
luminosity), the black hole mass is calculated as 3 x 107 My, on condition that L is close
to Lgqq. If the luminosity is significantly lower than the Eddington limit, the mass must
be larger. Thus, the black hole must be supermassive.

Given the definition of Lgqq, and the accretion rate M = L/nc?, where n is the
efficiency of converting gravitational potential energy to electromagnetic radiation, we
can define several other useful quantities. Thus the “Eddington accretion rate”, Mgad, is

the accretion rate required to produce Lgqgq,

: Lgaa Mgnu n o\t 1
Miaq = ~ 3 <—> M : 2.4
Bdd = T2 1050, ) \0.1 oy (24)
The “Eddington time”, tgqq, is the typical time associated with this accretion rate and is

given by
M,
tpad = — ~ 4 x 108y yr. (2.5)
Edd

When the accretion continues with MEdd, the black hole mass grows exponentially on this
time scale, regardless the initial mass. This terminology allows us to express the relative
accretion rate (accretion rate per unit mass of the BH) as
L M M
X — x . (2.6)
Lgaa  Mpgg Mpnu

The normalized Eddington accretion rate, m = M / MEdd, is a dimensionless quantity
independent of Mpy. Hereafter, we generally use the term “accretion rate” to refer to

this normalized value.

2.2.3 Accretion disk models

It is thought that an accretion disk plays a crucial role in the conversion of gravitational
energy into radiation around compact objects (Lynden-Bell 1969; Shakura and Syunyaev
1973). In theoretical studies of accretion disks, three typical solutions have been proposed

to describe different regimes in m.
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e Shakura and Syunyaev (1973) provided a prototypical formalism called a standard
disk (or “thin disk”), which is thought to be appropriate for 7 ~ 0.1. This optically-
thick, geometrically-thin accretion disk is a very efficient conversion system of grav-
itational energy of accreting gas into radiation energy. Mitsuda et al. (1984) gave
a simple mathematical approximation to the radiation spectrum integrated over a
standard disk. Called “multi color disk (MCD)” model, it is expressed as a particu-
lar superposition of many blackbody emission components up to a certain maximum
color temperature, T;,, which is realized at the innermost disk boundary. Since a
standard disk around a typical stellar-mass (~ 10 M) black hole has T}, ~ 107 K,
its emission appears predominantly in the X-ray energy. Actually, this MCD model
has been shown to give a successful physical description of soft state X-ray spectra
of X-ray binaries (BHBs); as reported by e.g., Makishima et al. (1986), Ebisawa
et al. (1993), and Kubota et al. (1998). In the case of AGNs, luminous objects such
as quasars have spectral energy distributions (SEDs) more weighted toward lower
frequencies, with a “big blue bump” in their optical/UV soft X-ray band (Koratkar
and Blaes 1999). Since most of the energies of such AGNs emerge in that energy
range, this bump feature is thought to be the primary emission from a standard

accretion disk.

Luminosity of the black-body radiation relates to the temperature 7" and to the
emission region S as L = oT*S, where o is the Stefan-Boltzmann constant. Since
S x R x M]%H and L o< Lggq x Mgy under a constant m, the temperature
becomes T MBH_I/ 4. This is the reason why emission from the standard accretion
disk in a BHB is observed in X-rays, while that of an AGNs is generally in the
optical/UV.

e A slim disk (rh 2 1; e.g., Abramowicz et al. 1988) is a theoretical solution to a
super-Eddington accretion system. In a black hole, an optically-thick accretion flow
can become super-Eddington for two reasons: the flow is axisymmetric rather than
spherical, and the matter can be swallowed into the black hole without much liber-
ating the potential energy into radiation. In such an optically thick accretion flow,
the radiation energy is trapped in the flow and advected inward. Since the trapped
radiation energy can fall onto the black hole with the accreting gas without being
radiated away, a radiative efficiency is reduced. Because the emergent luminosity is
thought to saturate at ~ Lgqq, the model is considered appropriate for Narrow Line

Seyfert 1s (NLS1s) which are thought to be systems rapidly accreting onto relatively
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small ones among super-massive black holes (e.g., Leighly 1999, Boroson 2002, and
references therein). Recent studies (e.g., Ebisawa et al. 2003) suggested that this
model may be applied for accounting for the measured spectra of the Ultra Lu-
minous X-ray sources (ULXs), assuming that that they are accreting intermediate
mass (~ 10>~ M) black hole.

e An advection-dominated accretion flow (ADAF; i < 1; Ichimaru 1977, Narayan
and Yi 1994, Abramowicz et al. 1995) is very radiatively inefficient. The ADAF
is a widely accepted model in accounting for the low/hard state of galactic BHBs
or LLAGNSs, with its unusual low-luminosities given relatively abundant accretion
rate. This is because almost all of viscously dissipated energy is stored in the flow
and advected beyond the event horizon rather than radiated away. The dissipated
energy is mainly transferred to ions, and subsequently electrons are heated, up to
~ 10! K, due to Coulomb collisions with the hot ions and advection of electrons
themselves. On the other hand, the electrons are cooled mainly via three radiation
mechanisms: Bremsstrahlung, synchrotron radiation, and Comptonization of the
synchrotron photons. The accretion flow is optically-thin, but optically-thick only
in the radio band. Hence, the self-absorbed synchrotron emission is expected to

achieve a color temperature of ~ 10%° K, which can be detectable with VLBIs.

A standard disk and slim disk can produce only quasi-blackbody spectrum at optical-
UV regime, while an ADAF can generate both radio and hard X-ray emission from AGNs.
To explain a hard spectral component in SEDs of luminous AGNs, several composite
configurations have been proposed: outer standard disk + inner ADAF (e.g., Esin et al.
2001), standard disk + disk corona (e.g., Liu et al. 2002), and slim disk + disk corona
(e.g., Wang and Netzer 2003).

2.2.4 Observational evidence for supermassive black holes

While the black hole model for the AGN central engine has a high degree of plausibility, it
has remained unproven by any reasonable scientific standard since the early days of AGN
research. The wide acceptance of this model has been at least in part due to the absence of
serious contenders until 1990’s. In the last ~ 10 years, however, stronger evidence for the
existence of supermassive (Mpy > 107"M) objects in the centers of galaxies has emerged
as a result of the following mass estimation observations (§2.3). (a) Dynamical studies of

stellar and gas motions in the nucleus of M 31 (Kormendy 1988) and M 87 (Ford et al.
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1994), respectively. (b) Megamaser kinematics in M106 (Miyoshi et al. 1995), which
is now well-established as a bona fide AGN (Wilkes et al. 1995). (c) A reverberation
mapping of the broad-line regions in AGNs (e.g., Korista et al. 1995).

Another very important, direct evidence has been provided by an X-ray observation;
ASCA (Tanaka et al. 1994) observed a Seyfert 1 galaxy at a distance of 31 Mpc, MCG-
6-30-15, and discovered a gravitationally red-shifted iron K fluorescent line in its X-ray
spectrum. Tanaka et al. (1995) performed a very deep observation of the galaxy by ASCA
in 1994 July, and found a quite broadened iron line, corresponding to a Doppler velocity
of ~ 0.2c. The line was also asymmetric, being extended to the red wing, as shown in
Figure 2.4. The only explanation seems to be that the line originates from inner accretion
disk, where the line is subject to the rotational (transverse and longitudinal) Doppler
shifts and gravitational red shift. A supermassive black hole nicely fits the picture. Since
this discovery, more than ten Seyfert 1 galaxies has been found to possess similar broad
iron lines (e.g., Nandra et al. 1997). Suzaku satellite (§3.1) has, not only confirmed the
broadness of the line, but also strengthened the perspective by detecting the reprocessed

signal above 10 keV which is also considered to originate in the disk (Miniutti et al. 2007).
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Figure 2.4: The line profile of iron Ko in the X-ray spectrum The best fit continuum
spectrum has been subtracted from the data. The dotted line shows the best fit line
profile from a model of Fabian et al. (1989), an extremely-illuminated accretion disk

orbiting a Schwarzschild black hole. This figure was adopted from Tanaka et al. (1995).
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2.3 Mass Estimation

2.3.1 Estimation via stellar/gas motion

Studies of stellar motions in the very center of nearby galaxies and Our Galaxy provide
promising opportunities to estimate the mass concentrated at its center. Kormendy (1988)
extracted from optical observation data the radial velocity of stars at the central region
of M 31 (or Andromeda Nebula) located at a distance of 0.7 Mpc. They found that the
starts are orbiting around the M 31 nucleus with a very high velocity, whose radial profile
can be modeled by a Keplerian motion (Figure 2.5). It implied a mass of ~ 3 x 107 M
is contained within the ~ 4 pc of the nucleus, suggesting that the central object is a
supermassive black hole. In the same way, Genzel et al. (1997) and Genzel et al. (2000)
estimated the mass contained in the center of Our Galaxy as (2.6 —3.3) x 10% M. Using
this method, supermassive black holes with masses ~ 10710 M have been detected at
the centers of nearby galaxies (e.g., Kormendy and Richstone 1995; Pinkney et al. 2003).
Instead, it is valid for non-active galaxies unlike reverberation technique (§2.3.2) or water
maser mapping (§2.3.3), but cannot be applied if the AGN emission so luminous that it

overwhelms the starlight.
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Figure 2.5: The radial velocity profile of the stars at the center of a galaxy M 31. This
figure is cited from Kormendy (1988).

From dynamical studies of gas-disk around the AGN nucleus, we can also estimate
the mass within the disk. Especially, when the gas velocity varies with distance from

the nucleus obeying the Kepler’s law, the motion is supposed to reflect the gravitational
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potential. Using the Hubble Space Telescope, Ford et al. (1994) observed the nuclear
region of M 87, a nearby giant elliptical galaxy at a distance of 15 Mpc. They found from
spectra at several positions around the nucleus that the gas is rotating in a Keplerian

manner, around an estimated mass of 2.4 x 10° M, within the 18 pc of the nucleus.

2.3.2 Reverberation mapping

Another technique is so called “reverberation mapping” (Kaspi et al. 2000, Nelson 2000).
In principle, the size and structure of the BLR can be obtained by observing the response
of emission lines to continuum variations. The emission-line response to a continuum
change is delayed and spread out in time by light travel-time effects within the BLR. The
BLR thus appears to “reverberate” in response to the continuum variations. If, e.g., we
consider a central black-hole mass of 3 x 10" My, a typical line width of 5000 km/s, when
interpreted as the Keplerian velocity, places the BLR at ~ 2 x 10'® cm or ~ 6 light days
from the nucleus.

Indeed, monitoring the variability of the continuum and emission line fluxes in broad
line AGNs shows that both intensities are highly correlated, but that of the emission
line lags behind the continuum. The lag, by times ranging from days to months, is best
explained as a light travel time from the nucleus to the BLR, and can be used to estimate
the size of broad line region (BLR). If we further assumes that the BLR kinematics are
nearly Keplerian, we can use the line widths as a characteristic velocity to determine the
total mass contained within the BLR. The reverberation studies have now yielded the

mass of numerous Seyfert 1 galaxies and quasars (e.g., Wandel et al. 1999).

2.3.3 Water maser

Water maser signals, at 22 GHz have provided unprecedented insight to the circum-
nuclear environment of low luminosity AGNs, like Seyfert and LINER nuclei. Luminous
extragalactic HoO masers were discovered in the late 1970’s, and it was quickly recognized
that they are more commonly found in active spirals than in other types of galaxies. The
landmark extragalactic HoO maser source has been NGC 4258. The integrated maser
spectrum is rich with a group of bright, blended lines near the systemic velocity of the host
galaxy, and also a number of high-velocity, “satellite” lines offset by roughly 41000 km s~*
from systemic. The masers will be most efficiently amplified along pencil beams through

the disk with the smallest spread of Doppler velocities.
The near-systemic HoO maser lines of NGC 4258 drift towards higher Doppler veloci-



18 CHAPTER 2. REVIEW

ties with time but the satellite lines remain fixed in velocity. It was recognized by several
groups that this pattern of radial acceleration is consistent with centripetal acceleration
of an edge-on, rotating ring of molecular gas. Follow-up VLBA observations by Miyoshi
et al. (1995) showed that the maser spots trace a linear structure spanning ~ 0.5 pc
across the nucleus. The position-velocity diagram of the maser spots, cited in Figure 2.6,
precisely matches the profile expected from an edge-on disk undergoing Keplerian rota-
tion around a central mass concentration of 3.5 x 107 M, within the inner 0.13 pc (the
inner radius of the maser spots). Based on detailed kinematic models of the maser spot
distribution and Doppler velocities, the disk must be geometrically-thin, gently warped,
and viewed nearly edge-on. Proper motion studies later confirmed that the maser spots

undergo rotation.
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Figure 2.6: Line-of-sight velocity versus distance along the major axis of NGC 4258,
derived with the HoO maser observation. Inset: data near the systemic velocity of the
galaxy. The line represents the best fitted curve of the Keplerian rotation model. This

figure is cited from Miyoshi et al. (1995).
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2.4 X-ray Spectral Properties of type 1 AGNs

The X-ray properties of bright, optically selected quasars have been intensively studied
over the last ~ 30 years (Elvis et al. 1978, Zamorani et al. 1981), mostly with broad-band
but low resolution spectra. The X-ray emission from quasars extends from the Galactic
absorption cut-off at ~ 0.1 keV up to ~ 300 keV. Laor et al. (1997) analyzed the ROSAT
soft X-ray (0.5-2 keV) observations of the sample of local (z < 0.4) PG quasars, and a
subsample of these objects has been studied with ASCA in the 2-10 keV band (George
et al. 2000), and with BeppoSAX in the 1-100 keV band (Mineo et al. 2000). Recent
studies of samples of bright Seyfert 1 galaxies are reported in George et al. (1997; ASCA
observations) and in Perola et al. (2002; BeppoSAX observations). Through these huge
number of X-ray studies performed over the past 3 decades, we can now understand X-ray
spectra from typical Type 1 AGNs (both quasars and Seyfert 1s) as illustrated in Figure
2.7. Thus, the spectrum is dominated by a primary component emergent from a close
vicinity (e.g., an accretion disk) of the central BH, but superposed on it are secondary (or
reprocessed) components such as iron emission lines and “Compton reflection hump”. In
addition, the low-energy region is strongly affected by “warm absorber”, and contaminated

by a “soft excess” component. Below, we describe these constituent components.

2.4.1 Primary emission

The intrinsic continuum X-ray emission of quasars and Seyfert 1s is to first order a power-
law, extending from about 1 keV to over 100 keV. However, as higher resolution and better
signal-to-noise spectra have become available, emission and absorption features have been
found that mask a direct view of this “power-law” over virtually the whole X-ray band
(see Figure 2.7). Hence, slight curvatures may be present but unseen. The typical photon
index is between a = 1.8 to a = 2.0, both for low luminosity Seyfert galaxies and high
luminosity quasars. Radio-loud AGN have a somewhat flatter spectrum (o between 1.5
and 1.7). Here, the photon index « is defined such that the number of X-ray photons
emitted over a unit energy interval is given as o £~ (usually @ > 0), with F representing
the X-ray energy. This is thought to be due to the additional hard component emitted by
relativistic electrons in the jet via inverse-Compton scattering on the radio-synchrotron
photons (Williams et al. 1992), but this is not fully established.

There is now increasing evidence, mostly from BeppoSAX, for a roughly exponential
cut-off to the power-law at energies of ~ 80-300 keV. This is presumably due to a cut-off

in the energy distribution of the electrons responsible for the X-ray emission. Such a high-
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energy cut off is well established in hard X-ray spectra of Galactic black-hole binaries. It is
still debated, however, whether the spectral index depends on the red-shift, or luminosity,
or the BH mass (Zamorani et al. 1981; Avni and Tananbaum 1982; Avni and Tananbaum

1986; Bechtold et al. 2002; Vignali et al. 2003).

In addition to the main power-law continuum component, a soft emission component
with thermal emission lines from ionized atoms is often observed, with characteristic
temperature KT ~ 0.2 — 1 keV. The physical origin of this component is not clear: it
could be emitted by some warm gas located in the accretion disk, or in the broad line
region (it could be the confining medium of the broad emission line clouds), or in a
region farther from the center. Such a warm gas could be ionized either collisionally, or
via photoionization by the primary X-rays. Alternatively, this “soft excess” could be an
extension of the big blue bump to higher energies, e.g., via Compton scattering in a hot

accretion disk corona (Czerny and Elvis 1987).

2.4.2 Reflection components

The primary emission of AGN can be “reflected”, i.e., Thomson scattered by electrons
in neutral or ionized gas. If the reflector has a column density Ny > 1.5 x 10**cm ™2
(i.e., ~ 1/o7) and is not fully ionized, the reflected component has a spectrum like the
one shown in Figure 2.7 (the actual shape slightly varies, depending on the geometry
and chemical composition of the reflector). The main features of this reflection com-
ponent are a continuum due to electron scattering with a peak at ~ 30 keV, the iron
K-edge absorption, and a cut-off below 4-5 keV due to photoelectric absorption of the
lower energy incident radiation. The low-energy absorption is less abrupt than the case
of a simple photoelectric absorption, because the incident photons are reflected back from
various depths of the reflector, and hence with different absorbing column densities. The
reflection efficiency is typically a few percent in the 2-10 keV range because of photo-
electric absorption, rising to ~ 30% at the 30 keV peak if the reflector is Compton thick
and covers a significant fraction of the solid angle around the nucleus (Ghisellini et al.
1994). The efficiency drops if the reflecting medium is Compton-thin, or the reflector sub-
tends a smaller solid angle; in these cases, part of the incident radiation escapes without

interaction.
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2.4.3 Iron line

The most prominent narrow feature in the 2-10 keV X-ray spectra of AGNs is an iron
emission line at an energy of 6.4 keV, corresponding to the n = 2 — 1 transition of K-shell
electrons in “cold” (i.e., < Fe XVII) iron atoms. The line is usually thought to arise
when an incident X-ray photon with energy > 7.2 keV is photoelectrically absorbed by
an iron atom, presumably in the inner part of the accretion disk, followed by an emission
of a fluorescent K-line photon. The line has a typical EW 100-200 eV (Makishima et al.
1986). As shown in Figure 2.4, the Fe-K line in some Seyfert galaxies exhibit a broad “red
wing” extending to lower energies (Tanaka et al. 1995; Turner et al. 1997; Miniutti et al.
2007). Once thought to be ubiquitous, XMM-Newton results suggest that this red wing
is seen only in a few objects, with MCG-6-30-15 being the clearest example (Vaughan
and Fabian 2004). Such a broad line would be one of the best tools to look for general
relativistic effects in strong gravity (§2.2.4).

Regardless of the presence/absence of the broad Fe-K line wing, a narrow component
of the Fe-K line is very clearly present in most AGNs. The width of this “narrow” line
(unresolved in the CCD spectra with ASCA , Chandra ACIS, or XMM-Newton EPIC)

L or smaller, as measured with a dispersive spectrograph on

is a few thousand km s~
Chandra . This is similar to the width of the optical and UV broad emission lines. This
narrow component does not vary when the continuum varies, even on delay times of days.
Coupled with the line width, this suggests an origin well beyond a few R, although a
small radius is not fully ruled out (Fabian et al. 2002).

If the reflector is highly ionized, the peak energy of this line can be shifted toward high
energies. This is because the Ko line (n = 2-1 transition) energy of heavy ions increase
gradually as the ion gets further ionized, and hence electrostatic screening of the nuclear
charge is weakened. The energy becomes 6.68 keV for helium-like iron, and 6.96 keV for

hydrogen-like ones. It is also possible that two narrow components are present in the

spectrum, one emitted by a cold reflector and the other by an ionized reflector.

2.4.4 Warm absorbers

As illustrated in Figure 2.7, the AGN continuum below ~ 2 keV often deviates negatively
from a simple power-law form. However, this is likely to be extrinsic to the primary
nuclear emission, because the flux deficit involves local structures attributable to edges
(and resonant absorption lines) of ionized ions. This property is expressed as the presence

of “warm absorber” somewhere close to the nucleus. The warm absorber features are
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present in the soft X-ray spectra of half of the bright Seyfert 1 galaxies observed with
ASCA (Reynolds 1997). Such warm absorbers are considered to be such gas that is
photo-ionized by the strong X-ray emission from the nucleus. Their column densities are
typically observed as Ny = 1021-10%* cm~2, sometimes showing time variability.
Recently, the availability of high resolution soft X-ray spectra, obtained with the
grating instruments onboard Chandra and XMM-Newton , showed that this component is
formed by an outflowing gas. Krongold et al. (2003) obtained the highest signal-to-noise
high resolution spectrum with a long observation of the Seyfert 1 galaxy NGC 3783 (see
their Figure 3). and succeeded in reproducing all of the observed lines with a two-phase

absorber, with the two phases in pressure equilibrium.
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Figure 2.7: Average total spectrum (thick black line) and main components (thin color
lines) in the X-ray spectrum of a type 1 AGN. This figure is adopted from Risaliti & Elvis
(2004).

2.5 X-ray Spectral Properties of Obscured Seyferts

2.5.1 X-ray observation of hidden nuclei

As described in §2.1.3, current picture of Seyfert nuclei relies on the Unified Scheme
(Antonucci and Miller 1985), which assumes that the central source— a black hole, an

accretion disk, and broad line region— is embedded within an optically thick molecular
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torus located at a distance larger than ~ 0.1 pc. Over a certain luminosity range, the
structure of these main ingredients are considered almost identical in all active galactic
nuclei (AGNs), and the apparent differences among individual objects are ascribed to
their orientation with respect to our line of sight; the object is classified as a Seyfert 1 if
the line of sight lies within the opening angle of the torus, and as a Seyfert 2 if observed

through the obscuring material.

Because the nuclear intrinsic light in the optical, ultraviolet, and soft X-ray frequencies
is absorbed by the torus, Seyfert 2 AGNs can be seen at these energies only through
reprocessed emission. The optical to UV band continuum emission of Seyfert 2s is heavily
absorbed by dust, hence the nucleus is only seen through reprocessed emission at longer
wave length. As a result, the observed continuum is dominated by the stellar contribution
of the host galaxy and/or scattered emission, which can only be disentangled through the
polarized light. In heavily obscured AGN, when only emission lines are seen, it can be even
difficult to distinguish an AGN from a starburst. Since only (hard) X-rays can penetrate
the obscuring material, observations in such energy range are crucial to investigate the

nature of hidden nuclei, or even to establish the presence of AGN in a galaxy.

Many of pioneering works on this field were done with Japanese Ginga satellite, with
its hard X-ray sensitivity up to ~ 30 keV. For example, Koyama et al. (1989) observed
NGC 1068, finding a quite flat X-ray spectrum followed by a strong iron emission line
with EW of ~ 2 keV; Awaki et al. (1990) discovered a highly obscured (Ng ~ 10?* cm™2)
intrinsic nuclear emission in Mrk 3. Many of other works showed that the direct AGN
emission, thus observed in hard X-rays, were highly absorbed even by Ny of > 10%* cm ™2

(e.g., Awaki and Koyama 1993;Ueno et al. 1994a; Iwasawa et al. 1993).

The ASCA satellite allowed us a more precise investigation of reprocessed signal in
X-ray range, such as strong iron line complex and quite flat continua in energies from
a few keV to 10 keV (e.g., Iwasawa et al. 1994; Ueno et al. 1994b). ASCA has also
contributed with its high sensitivity, in founding obscured nuclei whose activity had been
suggested by other wavelength. At some epoch as the exciting radio results on NGC 4258
(§2.3.3), Makishima et al. (1994) discovered, using ASCA , a rather obscured hard X-ray
source in NGC 4258, with a intrinsic 2-10 keV luminosity of ~ 4 x 10%° erg s=!. This
demonstrated that the nucleus of this galaxy is “weakly active”, with the X-ray luminosity
~ 2x107* times the Eddington luminosity indicated by the HyO-determined mass. Thus,
NGC 4258 has become a prototypical low-luminosity AGNs which are characterized by

extremely low accretion rates.



24 CHAPTER 2. REVIEW
2.5.2 Obscuration mechanism

If we see the emission of a type 1 Seyfert through a significant column of dust and/or
gas, its observed Spectral Energy Distributions (SEDs) would be significantly distorted
over wide energy range. The observed SEDs would thus show further spread, depending
both on the intrinsic emission (which has a large dispersion) and on the characteristic
of the absorber such as the amount, composition, and geometry. In general, the main

absorption mechanisms in AGN are the following;

1. Line absorption due to atomic transitions. The strongest features observed in AGN
spectra, i.e. “Narrow and Broad absorption lines” in the UV, and “Warm absorp-

tion” in the soft X-rays, are mainly due to resonant absorption lines.
2. Continuum absorption in the IR to UV due to dust.

3. Continuum absorption (or scattering) in the X-rays due to photoelectric absorption
(dominant below ~ 3 keV) and Compton scattering (dominant above ~ 7) by dust

and gas.

Furthermore, the physical state (temperature, density), column density, and metallicity of
the gas, the chemical composition of the dust, the dust-to-gas ratio, and the composition

of the dust grains are all elements that affect the observed SED.

2.5.3 Contribution to the cosmic X-ray background

It now appears that different types of sources produce the majority of the Cosmic X-ray
Background (CXB; Boldt 1987) in different X-ray energy bands. In the soft (0.5-2 keV)
band, Seyfert 1 galaxies and quasars are the dominant contributors (Schmidt et al. 1998).
These sources, however, have steep X-ray spectra and cannot account for the flat slope of
the CXB spectrum at higher energies. (e.g., Mushotzky et al. 1980; Nandra and Pounds
1994). Seyfert 2 galaxies have thus emerged as the most promising candidates for the
origin of the hard (2-10 keV) CXB (Awaki and Koyama 1993). Since their emission
suffer from heavy obscuration by dense molecular gas, their observed X-ray spectra are
substantially flatter than those of unobscured AGN (Awaki et al. 1991). CXB models
based on AGN Unified Scheme have demonstrated that the combined emission of absorbed
and unabsorbed source, integrated over all redshifts, can account for the intensity and
spectrum of the hard CXB (e.g., Setti and Woltjer 1989; Madau et al. 1993; Comastri

et al. 1995). According to these models, the sources responsible for most of the flux
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in the hard X-ray band are expected to have absorption column densities in the range
Ny ~ 10% — 10** cm 2.

Such AGN based CXB models depend on a number of assumptions and free param-
eters: (a) the universality of the Unified Scheme, i.e., all Seyfert 2 galaxies are obscured
Seyfert 1 galaxies, (b) the ratio of obscured to unobscured source, (c) the distribution and
luminosity dependence of the absorption column densities in AGN, and (d) the luminosity
extent and redshift evolution of the X-ray luminosity function for obscured AGN. These
assumptions, in principle, can be (and should be) verified or constrained observationally.
As to (a), optical spectropolarimetry surveys, which can reveal broad emission lines in
the polarized flux spectra of Seyfert 2 galaxies, have demonstrated that at least ~ 50%
of such sources are indeed hidden Seyfert 1 galaxies (Moran et al. 2000; Moran et al.
2001; Lumsden et al. 2001; Tran 2001). Given the generally low polarizations of Seyfert 2
galaxies make the survey difficult (e.g., Kay 1994), it is probably safe to assume that most
Seyfert 2 galaxy are obscured Seyfert 1 galaxies. For (b), the observed space density of
Seyfert 2 galaxies are observed at about 3 times higher than that of Seyfert 1s, which in
turn means that the torus must block out about 3/4 of the sky as seen by the central
source. Intensive studies on (c) and (d) are still continued (e.g., Risaliti et al. 1999 for c,

Miyaji et al. 2000 and Ueda et al. 2003 for d).

2.5.4 Recent hard X-ray observations

Recently, BeppoSAX and RXTE observed the hard X-ray emission from a number of
Seyfert 2 nuclei in the ~ 10-100 keV range (e.g., Ikebe et al. 2000, Matt et al. 1997b,
Malizia et al. 2003 and references therein). Most of them has column densities below
~ 1.5 x 10** cm™2, which produce a photoelectric cut-off at energies between 1 and
10 keV (in this case, the source is “Compton-thin”). Whereas in a fraction of them, the
obscuring material was found to be even opaque to Compton scattering, with Ny X ot
reaching a few, where or is the Thomson cross section. In such “Compton-thick” AGNs,
accurate measurements of the intrinsic emission are quite difficult, since it appears only
above ~ 10 keV with a strongly absorbed spectrum. In the most extreme cases, the direct
AGN emission is completely hidden even up to ~ 100 keV.

In heavily absorbed sources (“Compton-thick”, Ny > 10** cm™2), the two main spec-
tral features are a prominent; iron Ka emission line with EW ~ 1-3 keV, and a re-
flected and/or scattered continuum. In less obscured sources, the EW of the iron line

depends on the fraction of the intrinsic continuum emission absorbed at the line energy;



26 CHAPTER 2. REVIEW

for Ng < 10%® cm™2, values typical of type 1 AGN are observed (EW ~ 100-300 eV),
in agreement with the Unified Scheme. The reflected/scattered component is the same
as described for type 1 AGN. In Figure 2.8, we plot the 1-100 keV spectra of two repre-
sentative obscured AGN: MCG-5-23-16 (Ng = 10*? cm™2, Risaliti 2002), and NGC 1068
(Ng > 10% cm™2, Matt et al. 1997b). MCG-5-23-16 is “Compton-thin”, i.e., they are
dominated by the primary emission down to a few keV. In MCG-5-23-16, a cold reflection
component also gives a measurable contribution. The continuum of the Compton-thick
source NGC 1068 (Matt et al. 1999b) in the 2-10 keV range, as compared with the
Compton-thin sources, shows a quite hard spectrum due to cold reflection and a warm
reflection component. Equivalent widths of the iron line are ~ 100 ¢V in MCG-5-23-16,
and ~ 2 keV in NGC 1068.

Although the above results show variety of X-ray spectra of obscured AGNs, they can
be explained by the concept of the Unified Scheme: we are seeing the same object, with
the apparent difference being come from simply the viewing angle. Recently, interesting
results has appeared from a combination of Swift and Suzaku satellite. Ueda et al. (2007),
using Suzaku , observed an obscured AGN found by the hard X-ray survey with Swift
BAT instrument. The X-ray spectrum of the source suggested that the central source is
covered by a dust torus, with a much smaller opening angle than assumed in the Unified
Scheme. This result clearly implies the distribution of the absorption column densities
of Seyfert 2s (and its possible dependence of other physical parameters such as Mgy,

luminosity, redshift) is the remaining questions to be settled.
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Figure 2.8: 2-100 keV BeppoSAX best fit X-ray spectra of two representative Seyfert 2
galaxies. Main components of the best fit models are also shown. MCG-5-23-16 is a
“Compton-thin” source, i.e., its spectrum is dominated by the primary emission down to
a few keV. Whereas NGC 1068 is a “Compton-thick” source, whose spectrum is dominated

only by the reprocessed signals.






Chapter 3

INSTRUMENTATION
— The X-ray Observatory Suzaku —

3.1 Overview of the Suzaku Satellite

The Suzaku satellite (Mitsuda et al. 2007) is the fifth Japanese X-ray astrophysical
observatory, which was launched on 2005 July 10 with the M-V (mu-five) launch vehicle
from Uchinoura, Japan. After deploying the solar paddles and extending its extendible
optical bench (EOB), Suzaku performed perigee-up orbit maneuver for ~ 10 days, to
obtain its altitude of 570 km and an inclination of 31°. It has a near circular orbit with
an orbital period of ~ 96 minutes. The remarkable characteristic of Suzaku is its high
throughput over a broad-band energy coverage from 0.3 to 600 keV.

Figure 3.1 shows a schematic drawing and a side view of Suzaku . The spacecraft at
launch has a weight of 1706 kg, and a length of 6.5 m along the telescope axis when the
EOB is extended. In order to perform three-axis attitude control, it utilizes four reaction
wheels (one for redundancy). The attitude is measured by three gyroscopes and two star
trackers. The absolute pointing accuracy is nominally ~ 0'.24 with a stability better
than 0/.022 per 4 sec, which is a half of typical exposure time of the XIS (Serlemitsos
et al. 2007). Observations are interrupted when the satellite passes through the South
Atlantic Anomaly (SAA), where particle background drastically increases. The normal
mode of operations requires the spacecraft pointed to a single direction of the sky for at
least a quarter day (which corresponds to an observable exposure of ~ 10 ksec). With
this constraint, most targets will be occulted by the Earth for about one third of each
orbit, while some objects near the orbital poles can be observed nearly free from the

occultations.

29
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Figure 3.1: A schematic drawing of the Suzaku satellite (top), and its side-view (bottom).
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The satellite has five reflective X-ray imaging optics, collectively called the X-ray
Telescope (XRT) mounted on top of the EOB, and corresponding five focal plane detectors
on the base panel of the spacecraft. One of the detectors is the X-ray Spectrometer (XRS)
and the remaining four are the X-ray Imaging Spectrometer (XIS). They observe X-rays
from ~ 0.3 to ~ 10 keV. The third instrument, the Hard X-ray Detector (HXD; Takahashi
et al. 2007) is also mounted on the base panel. It is a non-imaging, collimated detector
for higher energies, working from ~ 10 keV to ~ 600 keV without using optics. Although
the XRS has stopped its operation soon after the launch, on 2005 August 8, the remaining
two instruments are now providing us a series of new observational data, fully utilizing
their broad-band capability. In the present thesis, we no longer describe the XRS, nor
the XRT that is coupled to it.

3.2 X-Ray Telescope (XRT)

Figure 3.2 shows schematic drawing of the XRT and a photograph of one of the four
XRT modules which are coupled to the XIS (XRT-I). The XRT employs Wolter-I type
telescopes, which are also used in many previous missions; Einstein , ROSAT , ASCA
(Tanaka et al. 1994), XMM-Newton (Jansen et al. 2001), Swift (Gehrels et al. 2004)
and some others. An X-ray telescope of this type is usually made up of nested sets of co-
axial grazing-incidence reflectors, each in turn consists of a paraboloid and a hyperboloid
sections which reflect incident X-rays in series. The Suzaku XRT is made of very thin (~
178 pum) foils to achieve light-weight and high-throughput performance over a wide energy
range up to ~ 12 keV, with conical approximations to the paraboloid and hyperboloid
sections. This, together with shape errors of the foils, results in a moderate angular
resolution.

As shown in Figure 3.2, an XRT module has a cylindrical structure with the following

components layered along the optical axis;

1. a thermal shield at the entrance aperture to reduce temperature gradient;

2. a pre-collimator mounted on metal rings for stray light elimination;

3. a primary stage (or “paraboloid” section) for the first X-ray reflection;

4. a secondary stage (or “hyperboloid” section) for the second X-ray reflection;

5. a base ring for structural integrity and interface with the EOB of the spacecraft.
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Figure 3.2: A schematic drawing of the X-Ray Telescope (XRT) mounted on the EOB
(top), and a photograph of one XRT module (bottom).

All these components, except for the base rings, are fabricated in 90°segments, called
“quadrants”. Four quadrants are coupled together by interconnect-couplers and also
by the top and base rings. The telescope housings are made of aluminum to achieve
an optimal strength-to-mass ratio. Fach reflector consists of a substrate also made of
aluminum, and an epoxy layer that couples the reflecting gold surface to the substrate.

We summarize basic parameters of XRT-I in Table 3.1. The XRT has a typical angular
resolution of ~ 20 in terms of half-power diameter (HPD), which is nearly independent
of the X-ray energy. This resolution is significantly worse than those of Chandra and
XMM-Newton , because of the conical approximation and of shape errors in the aluminum
substrate foils. Except for this drawback, the employed replication method allows a mirror
shell to be thin, and hence to realize a light-weight telescope with a large effective area.
Figure 3.3 shows the effective area of an XRT module. Although a single XRT module
has a smaller effective area than the Chandra and the XMM-Newton telescopes, it keeps
a high reflectivity up to 10 keV.

The optical axis of each XRT module was determined by in-orbit observations of the
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Crab Nebula at various off-axis angles. The derived axes are shown in Figure 3.4, where
the off-axis angles are refer to the detector coordinate system (Ishisaki et al. 2007). Since
the optical axes moderately scatter, the origin of Figure 3.4 was adopted as a nominal
reference position, called “XIS-nominal” position. In contrast, the optical axis of the
HXD deviates by ~ 5" in the negative Det-X direction. Due to this misalignment, the
observation efficiency of HXD-PIN, when the target is placed at the XIS-nominal position,
reduces by ~ 10% compared to the on-axis value. Therefore, another pointing position
is provided for HXD-oriented observations at (Det-X, Det-Y) = (—3'.5,0".0). At this
pointing position, called “HXD-nominal” position, the efficiency of the XIS reduces to

~ 88% of the on-axis value.

Verification observations of the imaging capability of the XRT have been performed
with a moderately bright point source, SS CYG. In Figure 3.5, we show the image, point-
spread function (PSF), and Encircled-energy fraction (EEF) of each XRT module. The
net exposure time used here is 9.1 ks. The EEF is normalized to unity at the edge of the
CCD chip. With this normalization, the obtained HPD of XRT-I0 through I3 is 1’.8, 2'.3,
2.0, and 2.0, respectively.

Table 3.1: Basic parameters and performance of the Suzaku XRT-I.

Number of Telescopes 4

Substrate (thickness) Aluminum (155 pm)
Mirror coating Gold

Total height 279 mm

Weight 19.5 kg

Number of nested shells 175

Mirror diameter (outer/inner) 39.9 / 11.8 cm
Focal length 4.75 m

Plate scale 0.724 mm arcmin~*
Geometrical area 873 cm?

Effective area (@ 1.5, 8 keV) 440, 250 cm?

Field of view (@ 1.5, 8 keV) 17, 13 arcmin

Angular resolution (HPD) 2 arcmin
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Figure 3.3: The effective area of the Suzaku XRT-I. The predicted response is compared to

pre-launch measurements of three different XRT modules performed at particular energies.
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Figure 3.4: Locations of the optical axis of each XRT module on the focal plane, deter-
mined from the observations of the Crab Nebula. The dotted circles are drawn every 30"

in radius from the XIS-nominal position.
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Figure 3.5: Image, Point-Spread-Function (PSF), and Encircled-Energy Fraction (EEF)
of the XRT modules on the focal plane.

3.3 X-ray Imaging Spectrometer (XIS)

As described in §3.2, Suzaku has four XIS sensors designated as XISO, 1, 2 and 3, each
located at the focal plane of the corresponding XRT module (XRT-10, I1, 12 and I3,
respectively). Figure 3.6 is a photograph of one of them. As illustrated schematically in
Figure 3.7, each XIS sensor utilize of a single CCD chip with a format of 1024 x 1024
pixels, and covers a region of 17.8 x 17".8 on the sky. Each CCD chip is further divided
into four segments and a frame store region. T'wo corners of each sensor are illuminated by
built-in calibration *°Fe radio-isotopes. Unlike ordinary optical CCDs which accumulate
large number of photons in each pixel over an exposure, these X-ray CCDs operate in
single-photon detection mode, assuming that multiple photons do not fall in the same

pixel in a single exposure.

Three XIS sensors, XIS0, 2 and 3, employ front-illuminated (FI) chips, while XIS1 a
back-illuminated (BI) one. Basic parameters of the XIS-FI and BI detectors are summa-
rized in Table 3.2. As shown in Figure 3.8, major difference between their performance
appears in their effective areas at lower energies. The effective area of the BI chip exceeds

that of FI by nearly an order of magnitude at 0.4 keV, while the FI effective area becomes
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2 at

larger at energies above ~ 4 keV. A single FI chip has an effective area of 147 cm
8 keV; hence the sum of the three XIS-FI sensors becomes ~ 440 cm?, which is comparable

to that of the XMM-Newton -pn detector.

X

Figure 3.6: A photograph of one of the four Suzaku XIS sensors.

A notable feature of the Suzaku XIS, compared to the previous CCD-based instru-
ments, is its improved energy resolution; ~ 60 eV at 1 keV and ~ 130 eV at 6 keV. In
addition, XIS-BI realizes simultaneously the good energy resolution and the large effective
area at lower energies, since it has an improved charge collection efficiency for soft X-ray
photons. Another advantage of the XIS is its low and stable background level. Because
Suzaku orbits inside the radiation belt of the Earth, it is free from background flares
which affect missions with highly elongated orbits, including Chandra and XMM-Newton
. Figure 3.9 shows background levels of various missions, normalized by the instrumental
effective area and further by the field of view. The ASCA -SIS has the lowest background
among the instruments shown here, and the Suzaku XIS (FI and BI) achieves a level next
to it. The low background of the XIS enables us to achieve a high sensitivity especially

for spatially extended sources.
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Figure 3.7: The structure of each CCD chip employed by the Suzaku XIS.

Table 3.2: The characteristics of the Suzaku XIS.

Pixel grid

Pixel size

Field of view

Effective area (@ 1.5 keV)

Effective area (@Q 8 keV)

System noise

Time resolution (Normal/ P-sum mode)
Depletion layer

Dark current

Readout noise

1024 x 1024 pixels

24 pm X 24 pm

18 x 18 arcmin

344 cm? (FI), 393 cm? (BI)
147 ¢cm? (FI), 103 cm? (BI)
< 2 electrons per pixel

8s /7.8 ms

50-70 pm

< 0.1 electrons s~! pixel™!

< 34 electrons rms, typical

37
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Figure 3.8: Effective areas of a single Suzaku XIS-BI (red dashed line) and FI (black solid

line) sensor, including the telescope (XRT-I) response.
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Figure 3.9: XIS background counting rate normalized both with the effective area and
the field of view, presented as a function of energy. Those of other X-ray CCDs on-board
ASCA | Chandra , and XMM-Newton (Kataoka et al. 2004) are shown for comparison.
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3.4 Hard X-ray Detector (HXD)

3.4.1 System configuration of the HXD

The third instrument, the Hard X-ray Detector (HXD) covers higher energy range; from
~ 10 to ~ 600 keV. Figure 3.10 is a photograph of the HXD sensor. It is a non-imaging,
collimated hard X-ray instrument which was designed to achieve an unprecedented high
sensitivity. The whole HXD system is composed of three parts; a sensor part (HXD
sensor or HXD-S), an analog electronics system (HXD-AE), and a digital electronics
system (HXD-DE). Figure 3.11 shows a block diagram of the HXD system with a signal
flow between components. Analog signals from HXD-S are send to HXD-AE, where only
proper events are selected and are digitized. HXD-DE receives the digitized data and
formats the data packets to send them to the ground via the satellite data processor (DP).
Commands to the HXD are sent to peripheral interface unit (PIM) from the satellite data-
handling unit, then sent to HXD-DE. All power driving the HXD system is supplied from
a power-supply unit (HXD-PSU). The basic characteristic of the HXD are summarized
in Table 3.3.

Figure 3.10: A photograph of the sensor part (HXD-S) of the Suzaku Hard X-ray Detector
(HXD).
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Figure 3.11: Block diagram of the HXD system.

Table 3.3: The characteristics of the Suzaku HXD.

Field of View 34" % 34 (< 100 keV)
4°.5 % 4°.5 (> 100 keV)
Energy Range 10 — 600 keV
PIN 10 — 70 keV
GSO 40 — 600 keV
Energy Resolution (FWHM)
PIN ~ 4.0 keV
GSO 7.0/VEnev %
Effective Area ~ 160 cm? (at 20 keV)

~ 260 cm? (at 100 keV)
Time Resolution 61 ps or 31 us
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3.4.2 HXD-S
Overview of the HXD-S

As schematically shown in Figure 3.12, the main part of HXD-S consists of 16 identical
detectors, called “Well” units. They are surrounded by 20 “Anti” units. Figure 3.12
(bottom) illustrates a single Well unit. Its main detection part has two types of detec-
tors; four GSO (Gd2SiO5:Ce 0.5% mol) crystal scintillators and four 2 mm-thick silicon
photo diodes, both surrounded by BGO (BiyGe30;2) crystal scintillation. Softer photons
(typically below ~ 40 keV) are detected mainly by the PIN diodes, while harder photons
are likely to penetrate PIN and are detected by GSO. The basic characteristics of Well
units are summarized in Table 3.3.

In the hard X-ray and soft y-ray range, observations suffer high backgrounds due
mainly to charged particles, cosmic diffuse vy-rays, secondary ~-rays produced in the en-
vironment, and activation caused by cosmic protons. Since the background level thus
sets the sensitivity limit in the hard X-ray range, the HXD is designed to minimize its

background. Among various techniques employed, two key schemes are the following:

e Well-type active shield: In a Well unit, the main detection part, GSO crystals,
has a faster decay time than the shielding part, BGO crystals. Signals from both
crystals are extracted by a single photomultiplier, and discriminated using pulse-
shape discrimination (§3.4.3). This technique, called “phoswich” technique, has
been employed intensively in previous cosmic experiments, but drastic improvement
is that the shield is shaped so that it also acts as an active collimator (well-type
active shield), narrowing the field of view (FOV) of the Well unit without additional
passive materials. Thus, the main detection part (GSO and PIN diodes), located

at the bottom of the well, have an active shield of almost 47 of its surrounding.

e Compound eye configuration: As described above, HXD-S has a modular design,
consisting of a number of units. Each well unit has a simple shape and operates
independently at a modest count rate. The well units are arranged in a tightly
packed 4 x 4 array (compound eye configuration), allowing each unit to act as an
active shield for adjacent units. The 20 thick anti-coincidence BGO counters, each
of which works independently as an active shield, provide additional shielding for
the outermost well units. The configuration also reduces the possible dead time by

implementing parallel processing of signals from them.
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‘Well Unit

As schematically shown in Figure 3.12 (bottom), each Well unit consists of six compo-
nents; GSO scintillators, BGO active shield,a a photomultiplier coupled to them, PIN
diodes, fine collimators, and front-end electronics. Each unit weights 4.63 kg. The four
GSO scintillators comprising the main detector part of the Well unit attains a very low

background level.

The GSO and BGO crystals have very different scintillation decay times; ~ 706 ns
and ~ 122 ns respectively, at a temperature of —20°C (Kamae et al. 1992). This allows
an easy discrimination of valid GSO signal from those of the BGO shield, so that a single
photomultiplier can tell from which scintillators the light pulse has come. Any particle
events or Compton events that are registered by both BGO and GSO can be rejected
by this phoswich technique. The 64 GSO crystals in the 16 Well units, as viewed by 16
photo-tubes, are collectively called HXD-GSO.

While HXD-GSO covers an energy range of 40600 keV, the other main part of each
Well unit, 2 mm-thick silicon PIN diodes, provide the lower energy response of the HXD.
Each silicon PIN diode is placed in front of a GSO crystal to form a PIN-GSO pair, which
observes hard X-rays from ~ 10-600 keV without a gap. The PIN detectors absorb X-
rays with energies up to ~ 70 keV, but gradually becoming transparent in energies above
~ 30 keV. The PIN diodes can be fully depleted at a bias voltage of ~ 500 V due to their
high resistivity (20-30 kQcm™!). The geometrical area of a PIN diode, including a guard
ring, is 21.5 mm x 21.5 mm. All the 64 PIN diodes in HXD-S have a leakage current of
less than 2.2 nA at 500 V and —20°C, and do not show any breakdown even under a bias
voltage up to 1000 V. We call the 64 PIN diodes collectively HXD-PIN.

In the HXD-PIN energy range, the background is dominated by the cosmic X-ray
background (CXB; Boldt 1987). The most effective method to reduce the CXB contri-
bution is to narrow the field of view. For this purpose, passive collimators are inserted
above the PIN diodes, inside the BGO well-type collimator. The collimator, called “fine
collimator”, has a length of 30 cm, and is made of 50 pum-thick phosphor bronze foils
arranged to form a square array of 8 x 8 channels or 3 mm x3 mm. Below ~ 100 keV,
the fine collimator passively defines a 34’ x 34’ square FOV (in full-width half-maximum;
FWHM). At higher energies, the fine collimator gradually becomes transparent, and the
BGO active collimator defines 4.°5 x 4.°5 FWHM square opening. We show in Figure
3.13 the angular response measured by ~-ray lines from radio isotope located at a limited

but large distance.
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Figure 3.14 shows the effective area of 16 Well units, which refers to the photo-peak
efficiency calculated by Monte Carlo simulations, and takes into account photoelectric
absorption by materials in front of the Well units. The total geometrical areas of the
HXD-PIN and HXD-GSO are 160 cm? and 350 cm?, respectively. From Figure 3.14, it is
clear that the overlapping energy region between PIN and GSO is well covered.

Anti Unit

The outermost Well units are further surrounded by 20 additional BGO shields, called
Anti units. Each Anti unit is made of thick (average 2.6 cm) BGO pillars, and weights each
4.12 kg (for 16 units, except for corner units which is 2.72 kg in weight). This shielding
reduces the cosmic proton flux on the main detection part by an order of magnitude. It
also reduces Compton-scattered evens as well as nuclear activation background events.

The Anti wall has a geometrical area of ~ 800 cm? per one side, providing an effective
area of ~ 400 cm? even for 1 MeV ~-rays. Therefore, it also works as an excellent y-ray
burst (GRB) detector in an energy range between 50 keV and 5 MeV. When regarded
as an uncollimated detector rather than an active shield, the Anti units are alternatively
called Wide-band All-sky Monitor (WAM). By comparing signal counts from the four
sides of WAM, we can determine one-dimensional position of a GRB with an accuracy
of ~ 5° A detailed description of WAM and its in-flight performance are described in
Yamaoka et al. (2006) and Tashiro et al. (2007).

3.4.3 HXD-AE

The total number of signal channels extracted from HXD-S reaches 116, where 96 channels
are from the Well units and 20 channels from the Anti units. The electronic system of
the HXD is required to process these many channels in a robust and stable way, under
a limited resources for space experiment such as a severe power limitation. Since it thus
plays a crucial role in realizing the best performance of the HXD, it has been carefully
designed (e.g., Takahashi et al. 1998; Tanihata et al. 1999; Itoh et al. 2005).

HXD-AE consists of three types of circuit boards; one Analog Control Unit (ACU)
board, four Well-Processing Unit (WPU) boards, and four Transient Processing Unit
(TPU) boards. ACU is a control board; it is provided with power from HXD-PSU, and
controls the power lines to the other electronic boards in HXD-AE and HXD-S. Each
WPU and TPU handles four well units and five Anti units, respectively. In order to take

advantage of the compound eye configuration of HXD-S, we need to acquire information
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Figure 3.12: A schematic view of the HXD-S. Top and middle figures shows the side and
top views of the sensor layout. Bottom figure shows a cross-sectional view of a single Well

unit.
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Figure 3.14: The effective area of HXD-PIN and HXD-GSO, shown as a function of energy.
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on the presence or absence of hits in all the 36 units. This information is called hit pattern,
and is shared by all electronic boards through a “hit-pattern bus” running through the
backplane.

We show in Figure 3.15 signal flows from a single Well unit to a WPU board. Thus,
the signals from a photomultiplier anode are directly fed into a fast current amplifier in
HXD-AE to generate fast pre-trigger signals. In contrast, the last-dynode signal is first
amplified by a charge-sensitive amplifier (preamplifier) which is contained in the HXD-
S front-end electronics. In HXD-AE, this preamplifier output is split and fed into two
different shaping amplifiers; one with a time constant of 150 ns (fast shaper), and the other
1000 ns (slow shaper). Then, each of the shaper output is peak held and sent to analog
to digital converters (ADCs). Since scintillation light from GSO has a fast decay time of
~ 122 ns, whole GSO signal will be integrated by both shapers, yielding the same outputs
between the two peak-holders. In contrast, BGO has a slower decay time of ~ 706 ns, so
that only part of its signal will be integrated by the fast shaper. Thus, the outputs from
the two peak-holders will be different for a BGO signal. We can thus discriminate GSO
pulses from BGO events, and realize a function of pulse shape discrimination (PSD). This
particular PSD method has several advantages over other methods (e.g., constant-fraction
measurement, bipolar plus zero-cross method etc.); it is less affected by noise, and the
results depend less on the signal pulse height.

Figure 3.16 (top) is called “fast-slow diagram” or “two-dimensional spectrum”, in
which outputs from the two shaping chains are plotted; the vertical and horizontal axes
represent the slow and fast shaping pulse heights, respectively. In the diagram,events
from ?2Na isotope form two major branches, corresponding to photoelectric absorption in
GSO and BGO. A fainter which connects them is formed by those events which hit both
GSO and BGO in the same unit (Compton-scattered events). In HXD-AE, we can filter
out BGO events simply by comparing the two pulse heights. However, this hardware
discrimination is left rather loose, to allow further filtering to be done by software in
HXD-DE and in ground analysis.

While the PSD selection can reject Compton-scattered events in a single unit, we can
utilize the hit-pattern information attached to each event to filter out Compton scattered
events that hit multiple units. Every time a valid event is acquired from any Well unit, the
hit-pattern information from all the 36 unit is latched. The rejection condition based on
the hit pattern can be specified by software, either in HXD-DE or in the course of ground
analysis. Effects of the PSD and hit pattern selections are described in Kawaharada et al.
(2004).
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As shown in Figure 3.15, signals from the four PIN diodes in a single Well unit are
individually fed into a low noise charge-sensitive preamplifiers, which are mounted under-
neath the PMT in HXD-S. Their outputs are then sent to HXD-AE. In order to joint the
observable energy ranges between the XIS and the HXD, analog electronics for HXD-PIN
is designed to achieve an energy threshold of 10 keV and an energy resolution of 3 keV
(FWHM), under a power consumption of 107 mW for the preamplifier per PIN diode.
Since a PIN diode has a typical leakage current of ~ 2 ns at —20°C, and a relatively large
capacitance of ~ 50 pF (including that of the cable), we used a low-noise preamplifier
with a capacitance gradient of ~ 15 eV pF~L.

Besides processing signals from HXD-S, another important task of the electronic sys-
tem is to measure electronic dead time. Accurate dead time measurements are crucial
especially when the celestial object is faint and hence the non-celestial background dom-
inates the source signal, because an accurate live time is required to subtract the back-
ground properly. A dead time measurement is done individually for each Well unit by
counting the number of “pseudo” event pulses, which are generated periodically in the
ACU module. These pseudo pulses are fed into the trigger-handling block of each WPU,
activates the trigger logic in the same way as other trigger sources (PMT and PIN sig-
nals), but with a specific flag in the trigger pattern. As the pseudo events are treated
equally as other normal events, some fraction of them are lost due to dead times in that
WPU. Thus, we can accurately measure the dead time fraction, by comparing, over a
given exposure the total number of injected pseudo pulses and those actually recorded in

a finite exposure.

3.4.4 HXD-DE

HXD-DE is a CPU-based signal processing part of the HXD. It works as the primary
interface with the satellite data processor for command and telemetry, as well as a con-
troller of the acquisition and formatting of the data from HXD-AE. It is also designed
to react to events such as ~-ray burst. HXD-DE has two CPU boards, with one board
working while the other idling for backup purpose. Mounted on each board is a CPU
80C386 running at 12 MHz. The clock rate is thus set unusually low, just in order to
reduce the power consumption of HXD-DE down to ~ 5.1 W.

While HXD-DE is operated at a rather low CPU speed to reduce the power consump-
tion, it must be able to process scientific data without loss, even from sources several

times as bright as the Crab Nebula. This requires that HXD-DE works properly at an
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Figure 3.15: Signal flows from a Well unit to a WPU board.

acquisition rate of at least several hundred events per second. Thus, the minimum pro-
cessing speed of the system has been set at 4000 events per second. In order to achieve
this high acquisition rate with limited hardware resources, we uses a fast real-time oper-
ating system specially designed for this experiment, in conjunction with a circuit capable

of receiving data from HXD-AE by a direct memory access (DMA) mode.

Another important capability of HXD-DE is to further filter (background) events
which leaked through the hardware selection in HXD-AE. This allows a low-background
capability while keeping a high signal throughput capability, and is realized by processes
called “PI programs”. The PI programs can do the event selection via several different
algorithms, which can be chosen by commands. For example, (1) a program can select
events based on the hit-pattern information of the surrounding units; (2) using another
program, a finer and more flexible pulse shape discrimination can be applied on the
fast-slow diagram, than that in HXD-AE. Other tasks of the PI program are to collect
calibration data, and to notify y-ray burst triggers to the TPU modules.
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Figure 3.16: (Top) Fast-slow diagram for a single Well unit, taken with ??Na irradiation.
(Bottom) PSD selection effect on the GSO spectrum.
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3.5 In-orbit Performance of the HXD-PIN

In this section we describe in-orbit calibration and obtained performance of the HXD-
PIN detector, in the following three steps. (1) Estimation of the absolute energy scales,
energy resolution, and optimal lower energy thresholds for individual 64 PIN diodes. (2)
Optimization of the event selection criteria to minimize the residual non X-ray back-
ground (NXB). (3) Generation of response matrices of individual 64 PIN diodes. Another

important issue, estimation of the in-orbit background is described in §3.7.

3.5.1 Energy scale

As described in Takahashi et al. (2007), the energy scales of the individual 64 PIN
diodes were measured on ground with radio isotope irradiations, to an accuracy of < 1%.
Although these measured energy scales are not expected to change significantly by the
launch, we re-confirmed the scales using actual data taken in orbit. The fluorescent X-rays
from gadolinium (Gd-Kea, 42.7 keV) and bismuth (Bi-Ka, 76.2 keV) in the GSO and BGO
scintillators, respectively, have been used to reconfirm the absolute energy scales. Since
the fluorescent events are rejected via the normal event selection, we extracted spectra
by selecting only coincidence events between PIN diodes and scintillators in the same
well-counter unit.

Figure 3.17 shows in-orbit energy spectrum of a PIN detector, where such coincident
events are accumulated over half a year. As shown there, the pulse height spectrum clearly
reveals Gd-Ka and Gd-Kf( lines. We fitted it with a background continuum, and four
Gaussians, representing Koy, Kas, KG; + 83 and Ky fluorescent lines from Gd. Thus,
the peak channels of the Ka; line and the energy resolution were obtained for each PIN
diode. Figure 3.18 compares the energy resolution of the 64 PIN diodes thus measured
in-orbit, against the on-ground measurements, which utilized radio isotope *52Eu (Sm-
Ka, 40.1 keV fluorescent line). The typical in-orbit energy resolution at the Gd-Ka; line
is ~ 4 keV, which is roughly consistent with those obtained on the ground. The energy
scale at ~ 40 keV was confirmed to agree within 0.2% with the pre-launch calibration.

In order to accurately calibrate the energy scales especially at lower energies, we need
another anchor point in addition to the two (relatively higher energy) fluorescent lines. We
used “pedestal channel” as the point, that is, the peak channel of noise spectrum obtained
by the random triggers from scintillators. Since the pedestal channel is determined by
the noise of the peak-hold circuit, it should be proportional to the energy resolution of

the relevant PIN diode. With a flight-equivalent PIN diode, we found that the energy
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resolution of ~ 4 keV corresponds to a pedestal channel equivalent to 2 keV. Thus, we
assign 2.0 keV to the measured pedestal channel of each PIN diode. The energy scale over
the whole 2-76 keV band was then derived by fitting a spline curve to the three anchor
points. The accuracy of this scale is estimated to be ~ 1%, based on deviations of the

calibration points from the fitted curves.
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Figure 3.17: An energy spectrum of a single PIN diode, where the events coincident
between PIN and GSO were accumulated over half a year. Dashed lines show Gaussians
fitted to gadolinium fluorescent lines; Ka; (43.0 keV), Kay (42.3 keV), KB+ 33 (48.6 keV)
and K, (50.0 keV).

3.5.2 Energy threshold

The PIN signals are screened by on-board analog and digital lower discriminators (LDs).
Although these LDs are set at appropriate levels to generally discard thermal and electrical-
interference triggers, the pulse heights of these noise events in some PIN diodes exceed the
LDs, producing a noise component in the spectrum as exemplified in Figure 3.20. In order
to filter these noise events out, we apply an additional LD level in the course of on-ground
analysis. As indicated in the figure,the level is determined in each PIN spectrum at the
crossing point between the noise component and non-celestial background events. There-
fore, combined with the calibrated energy scale this “software LD” determines the actual
lower-limit energy observable with the relevant PIN diode. Among the 64 PIN diodes,
this lower threshold energy distributes from 9 to 14 keV, with an average of ~ 10 keV.
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Figure 3.18: Comparison between the energy resolutions of the 64 PIN diodes measured

on-ground and in-orbit.
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Figure 3.19: Energy vs. pulse height relation of a single PIN diode. Open and filled
circles show on-ground and in-orbit data, respectively. Solid line shows a spline curve
fitted to the in-orbit data, and the dashed line the linear energy scale determined with
the on-ground experiment. The vertical axis shows the ADC channel (PHA).
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Figure 3.20: An in-orbit background spectrum of a single PIN diode. Two vertical lines
indicate the LD level applied in HXD-DE, and the energy threshold used in the on-ground

analysis software.

3.5.3 Background reduction

After screening events by the software LD, remaining background events of the PIN detec-
tor can be further reduced drastically by the applying anti-coincidence method described
in §3.4.2. Figure 3.21 shows background spectra summed over the 64 PIN diodes, under
different anti-coincidence conditions. There, the spectrum with the highest count rate
was obtained when the PMT high-voltages were set zero, so that the BGO scintillators
were working only as passive shields. When the BGO active shields is working and the
PSD screening in HXD-AE is enabled, those events that deposits significant energy in
BGO are rejected. Thus the background decreases by a factor of 3 (open triangle). The
background is further decreased when rejecting events that carry the hit-pattern flag from

either the photo-tube on the other three PIN diodes of the same unit (filled triangle).

In orbit, the whole HXD system is always exposed to energetic cosmic-ray particles
whose rigidity is higher than several GV, with a typical flux of ~ 1 particle s™' cm™2.
When they penetrate the HXD, secondary radiation is likely to be promptly generated,
which in turn adds background events to surrounding units. Since most of the particles are
charged, their penetration usually causes simultaneous hits to multiple units. Therefore,
such background events can be efficiently rejected using “multiplicity”, N, which is defined
as the number of units with simultaneous hits besides the relevant triggering unit itself.
N ranges from 0 up to 35. If we require a valid event to have rather small values of N,

the background will decrease, but the actual celestial signal will also decrease due to an
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increase of accidental coincidence. In orbit, each unit suffer a raw counting rate of ~ 1 k

cts s~

With a coincidence width of 5.6 us, we found that accepting only events with
N <1 is the optimal selection criteria; spectrum after this selection is plotted with open

circles in Figure 3.21.

Further optimization studies showed that the following is the optimal anti-coincidence
condition (Kitaguchi et al. 2006); requiring N = 0 in the surrounding 8 units around
the triggering one, and N < 1 in the remaining 27 units. The final background spectrum
is shown with filled circles in Figure 3.21. The net count rate at this condition is only

~ 0.5 cts s71.
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Figure 3.21: The background spectra summed over the 64 PIN diodes, extracted under
various anti-coincidence conditions (see text). The spectra are normalized to the total

geometrical area of the whole 64 PINs.

3.5.4 Response matrices

A detector response matrix is essential to infer the incident photon spectrum from the
raw pulse height spectrum. A raw spectrum g(P), a function of pulse height P, is related

to the incident spectrum, f(F£), a function of energy E, as

g(P) = /R(E,P)f(E)dE, (3.1)
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where R(FE, P) is the detector response. Since the pulse heights are obtained as discrete

values in an actual detector, the relation becomes

g(Pr) 1 - Tin f(EL)

g(Pm) Tm1 - Tmn f(En)

The n x m matrix ;5 is called a detector response matrix.

It is impractical to generate the response matrices based only on experimental data,
since we would need to irradiate the detector with X-rays of all possible energies and inci-
dent directions. Instead, Monte Carlo simulations provide an essential and powerful tool
for constructing response matrices of hard X-ray detectors. Thus, we have developed a
Monte Carlo simulator for the HXD, named “simHXD”, based on Geant4 toolkit (Geant4
Collaboration et al. 2003). Geometrical parameters are precisely described, together with
a chemical composition of each material. Properties of the sensor devices and electronics
are also implemented. In-orbit calibration results, such as the energy scale, energy reso-
lutions, and LD levels, are imported into simHXD. The outputs of the simulator can be
analyzed in the same way as the actual instrumental data.

The response matrices of HXD-PIN are generated from outputs of simHXD. If we
input a number of photons with a particular energy into the detector model of simHXD,
we obtain a probability distribution of output pulse heights for that energy. Therefore, by
repeating this procedure with energies fully covering the observable bandpass, we obtain
the response matrix.

The PIN diodes used in HXD is so thick, ~ 2.0 mm, that their full depletion needs a
bias voltage around 700 V (Ota et al. 1999). At the nominal operation voltage of ~ 500 V,
which was chosen for safety reasons, the actual thickness of the depletion layer can vary
among the 64 PIN diodes. We calibrated the thickness with the following steps; (1) we
analyzed the spectra of the Crab Nebula for its slope in an energy range of 45-78 keV,
where the diode thickness has little effects. This has given the Crab photon index of 2.12,
which is consistent with the canonical value (Kirsch et al. 2005). (2) The overall 15-78
keV Crab spectra were fitted individually by a single power-law model, and the effective
thickness was adjusted individually so that every PIN spectrum can be reproduced by the
photon index obtained in the previous step.

In order to examine the whole HXD-PIN response, the 64-PIN summed spectrum of
the Crab Nebula was fitted with a summed response. Since Suzaku has two nominal

pointing positions, XIS-nominal and HXD-nominal, corresponding two response matrices



56 CHAPTER 3. INSTRUMENTATION — THE X-RAY OBSERVATORY SUZAKU —

were generated. Figure 3.22 shows the Crab spectra in comparison with predictions of the
best-fit power-law models, obtained at these two positions. The fitting was carried out
in an energy range of 12-70 keV, by adjusting the model normalization and the model
slope, so as to minimize the fit chi-squared. The model parameters obtained in this way,
are summarized in Table 3.4. The spectra are well reproduced within a few % over the
energy range used in the fitting, while the deviation becomes larger up to ~ 10% around
10 keV.
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Figure 3.22: HXD-PIN spectra of the Crab nebula obtained at the XIS-nominal (left)
and the HXD-nominal (right) positions. The best-fit power-law model, convolved with
the response matrix, is shown with red lines. The lower panels show the data-to-model

ratios.

Table 3.4: The best-fit parameters and 90% confidence errors for the spectra of the Crab
Nebula.

Pointing Position Photon Index Normalization X2 /v
XIS-nominal 2.11+£0.01 11.7£0.1 1.03 / 152
HXD-nominal 2.10£0.01 11.2+0.1 1.24 / 152
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3.6 In-orbit Performance of the HXD-GSO

3.6.1 Energy scale

A pulse height of a GSO event is determined by the light yield of individual scintillators,
the PMT gain, the preamplifier capacitance, and the amplifier settings in HXD-AE. The
former two factors depends on working temperature. Although the GSO energy scales were
calibrated on-ground before the launch, they have changed across the launch (due mainly
to vibration effects on the PMT), and are changing since then. Part of this variation is
attributed to the temperature fluctuations of HXD-S, but there remains additional unit-
dependent short-term and long-term variations which could be occurring in the PMTs.

Similar to the HXD-PIN case, the in-orbit GSO energy scales can be determined
using several instrumental lines in background spectra. Figure 3.23 shows a typical GSO
background spectrum of a single unit, obtained in orbit. There, there is a broad line
feature around 350 keV with a count rate of ~ 0.16 cts s~! per well unit (Takahashi et al.
2007). This line is attributed to « particles from a natural radioactive isotope *2Gd in
GSO.

Since the whole HXD volume is exposed to high energy particles including geomagnet-
ically trapped protons in the SAA, several radioactive isotopes are created in GSO. When
these activated isotopes decay via electron-capture (EC) and other processes, spectral
lines with well defined energies are produced. Indeed, we can see several peaks in Figure
3.23, which have been identified with corresponding isotopes. The most prominent one
around 150 keV is attributed to EC decay of %3Gd, with a half life of 241 days. This
line can be used as the second calibration anchor. Some of the activated isotopes in GSO
and BGO also decay via 3 decay process, followed by a production of a pair of annihila-
tion lines. Such events are usually detected as “multi-hit” events, since the two 511 keV
photons are likely to escape from the relevant unit and hit neighboring units. Thus, by
accumulating such events, the 511 keV peak is clearly detected as shown in Figure 3.23.

Thus, the in-orbit background data provides at least three calibration anchor points;
511 keV, 350 keV, and 153 keV. By fitting them with a linear function, we can obtain a
first approximation of GSO energy scale for each of the 16 well units. However, the GSO
light yield and the HXD-AE performance are known to involve significant non-linearity
in energies below ~ 100 keV (Kawaharada et al. 2004). In order to take this effect

nonlinearity into account, we express the GSO energy as
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where E' is the photon energy, P is the pulse height (in ADC channel), a;,---,d; are
positive parameters with ¢ = 0,---,15 representing the unit number. We determine a;
and b; first using the three anchor points, while ¢; and d; using the activation line at
70 keV and Gd K-edge energy (50 keV), under a condition that P coincides with the
pedestal ADC channels.

Figure 3.24 shows the derived energy scale of a single well-counter unit (dashed curve),
where the in-orbit calibration data points are overlaid. This empirical energy scales
accounts for the calibration points within £3%, in each unit, over the entire energy range
of 50-600 keV.
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Figure 3.23: A typical in-orbit GSO background spectrum of a single Well unit. Lower
data points represent events obtained in the full anti-coincidence condition, while the
higher ones indicate those rejected by the condition. The latter spectrum is shown only

above 1000 channel for clarity.

3.6.2 Background reduction

As described in §3.4.3 and §3.4.4, GSO background events, namely BGO events or Comp-
ton scattered events, can be filtered out in the orbit by the PSD function in HXD-AE and
HXD-DE;, in an effective and flexible manner. However, there still remains some room for
tightening the PSD criteria, in order to acquire spectra with the highest signal to noise
ratio. This can be done in the coarse of on-ground analysis, through a process called
“software PSD”. Kitaguchi et al. (2006) analyzed the two dimensional fast-slow diagram
of the Crab Nebula in detail, to find the optimal PSD cut criteria. They successfully
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Figure 3.24: GSO energy scale in a single well-counter unit, compared with the calibration
points (filled circles). Dashed curve shows the best-fit relation of eq. (3.3). The lower

panel shows residuals from the dashed curve.

(HXD-AE plus HXD-DE) halved the GSO background compared to the on-board screen-
ing, while keeping the acceptance of celestial signals at 96%. The effects of various PSD
cuts on the GSO spectrum is illustrated are Figure 3.25.

Similar to the case of HXD-PIN (§3.5) Kitaguchi et al. (2006) also optimized the anti-
coincidence condition for GSO events. They find that the GSO events satisfying either of
the following two conditions should be rejected (the same as that for HXD-PIN); (1) It has
a simultaneous hit in at least one of the 8 units surrounding the relevant triggering unit.
(2) It has at least two simultaneous hits in any units other than the relevant triggering
unit. Figure 3.26 illustrates how the anti-coincidence condition reduces the background
events, after the PSD cuts are applied. As clearly seen there, it particularly reduces
the 511 keV lines, because they are mostly produced by pair annihilation photons which

follows nuclear 57 decays.

3.6.3 Energy response

Response matrices of HXD-GSO are generated in the same way as the HXD-PIN case
(8§3.5). The employed method, namely Monte Carlo simulation, is particularly impor-
tant in energies above ~ 100 keV, where most input photons are likely to be Compton-

Scattered, hence the off-diagonal elements of the response matrices becomes significant.
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Figure 3.25: Background spectra of scintillators from a single well-counter unit, under

various PSD cut conditions; no PSD selection (open triangles), after applying only the
hard-wired PSD by HXD-AE (filled triangles), after applying in addition the digital PSD
by HXD-DE (open circles), and after further incorporating the software PSD by off-line

analysis (filled circles). A rough energy scale in keV is obtained by multiplying the ADC

channel by 0.25.
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We show in Figure 3.27 background-subtracted GSO spectra (summed over the 16
units) of the Crab Nebula, taken at the two nominal pointing positions. The backgrounds
were taken on the next days of the Crab observations, by pointing onto a blank sky. A
single power-law model was fitted to each spectrum, using the corresponding response
matrix. The fitting is performed in an energy range of 100-300 keV, to avoid poor signal-
to-noise ratio at higher energies, and insufficient tuning of the simulator parameters at
lower energies. In this range, the data are successfully reproduced within £10% by a

power-law function, using the best-fit parameters summarized in Table 3.5.
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Figure 3.27: Background-subtracted GSO spectra (summed over the 16 Well units) of the
Crab Nebula, taken at the XIS (left) and the HXD (right) nominal pointing positions.
Overlayed lines (red) are predictions of the best-fit power-law model. The lower panels

show the data-to-model ratio.

Table 3.5: The best-fit parameters and 90% confidence errors of the power-law model

determined by the 100-300 keV GSO spectra of the Crab Nebula.

Pointing Position Photon Index Normalization Y2 /v
XIS-nominal 2.124+0.03 10,6 £1.4 1.07 / 98
HXD-nominal 2.15£0.03 11.7£14 1.50/ 96

3.7 In-orbit Backgrounds of the HXD

As described in Takahashi et al. (2007), the backbone concept in the HXD design is to

reduce the background as much as possible to achieve a high signal-to-noise ratio. Unlike
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other hard X-ray instruments such as the BeppoSAX PDS and the RXTE HEXTE, the
HXD has been designed to use neither offset detectors (which require extra mass), nor on-
off rocking observations (which require extra observing time). Instead, background sub-
traction of the HXD is performed by modeling the residual non X-ray background (NXB),
utilizing such pieces of information as the satellite position, and upper-discriminator count
rates. In this section, we first describe basic properties of the actually observed HXD non

X-ray background, and then the modeling methods of both PIN and GSO backgrounds.

3.7.1 Common properties of non X-ray background of the HXD

Basically, the NXB of the HXD (PIN and GSO) can be attributed to the following three
components (Kokubun et al. 2007);

1. Delayed emissions from radio-active isotopes inside the detector, activated by nu-

clear interactions mainly by geomagnetically trapped protons.

2. Secondary emissions following interactions between cosmic-ray particles and the

spacecraft.
3. Emissions from natural radioactive isotopes in the detector materials.

The third component should stay constant throughout the mission, while the former
two components show significant time variations in orbit, in response to the depth of the
SAA passage and changes in the cosmic-ray flux. In order to know information on the
high energy particles that cause these variations, counting rates of upper discriminator
(UD) of the PIN detectors provide a good real-time flux monitor. We show in Figure
3.28 a typical light curve of the PIN-UD count rate, along with the PIN and GSO event
rate (after all the screening procedure), and geomagnetic cut-off rigidity (COR) along the
spacecraft passage.

The sharp peaks around ~ 2000 cts s™* seen in the PIN-UP rate (top panel of Figure
3.28) indicate the SAA passages, which occur every spacecraft orbit except in ~ 6 “SAA-
free” orbits out of the daily 15 revolutions of Suzaku . In the middle panel, the real
background shows a rather complicated variations than the PIN-UD count rate. This is
because the first background component is contributed by many radioactive isotopes with
different half lives. The light curve involves at least two major components; (1) “short-
nuclides” with half lives shorter than ~ 100 min, which cause a rapid decrease after
every SAA passage, (2) “middle-nuclides” with half lives longer than the orbital period

(~ 95 min) but shorter than a day, which produce a gradual increase and decline over
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the SAA and SAA-free orbits. In addition, “long nuclides” with half lives of more than
a few days are gradually accumulated, until they individually achieve equilibria between
the decay and production. This longest component is visible only when we study the

background on time scales of months or longer.

1
o
s

Counts s~

Counts s

GV

0 20 40 60 80 100 120 140
Time (ksec)

Figure 3.28: Light curves of (top) the PIN-UD count rate summed over the 16 units,
(middle) “cleaned” events of PIN plus that of GSO, and (bottom) geomagnetic cut-off

rigidity, taken from an observation of a blank sky field.

3.7.2 Background modeling of the HXD-PIN

In the middle panel of Figure 3.28, the PIN+GSO background shows a rather periodic
behavior, in addition to the structures related to the SAA. To examine this, in Figure
3.29 (top) we produced a light curve of background events folded with an elapsed time
from the SAA (T_SAA), which is reset to zero when the satellite passes through the SAA.
Since only data during earth occultations are accumulated in the figure, the CXB is not
included. An averaged COR is also plotted (bottom panel). A strong anti-correlation
between the NXB and COR is clear, while the NXB is rather weakly correlated with
T_SAA itself. This means that the SAA-related variations in the PIN+GSO background
occurs mainly in GSO, where the PIN background varies mainly two cycles per orbit
in anti-correlation with COR. The latter fact further implies that the NXB of PIN is
dominated by secondary emission following interactions between cosmic rays and the

spacecraft, rather than short-lived radio isotopes induced during the SAA passages.
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An empirical NXB model of HXD-PIN is constructed using actual background data.
Since the data should contain neither target sources nor the CXB, an ideal background
database is provided by earth occultation data, whose average exposure is ~ 15 ks per day.
In the modeling, counts of PIN-UD is used as a monitor of real-time particle flux. The
PIN-UD level corresponds to ~ 90 keV, and its hit rate can be regarded as the number
of cosmic-ray charged particle penetrating the device. Although the real time PIN-UD
count rate can thus be used as a good indicator of the NXB component which directly
correlate with COR. Although the overall events in the earth-occultation database may
be combined into a single PIN NXB spectrum of very high statistics, it represents a mere
long-term average, and cannot describe the factor ~ 2 variations in the PIN NXB (Figure
3.29 bottom). Therefore, we need to divide the overall background events in a series
of subsets, each representing a particular condition of data acquisition. As a leading
parameter to define the subsets, we have chosen instantaneous hit rates, u(t), of the PIN-
UD, set at ~ 90 keV, because this can be regarded as proportional to the cosmic-ray flux,
and hence expected to parameterize the COR-dependent changes in the PIN NXB. In
addition, to express NXB variations that are correlated with T_SAA but not with COR,

we introduced another parameter defined as,

o(t) = /t u(to) exp (-t;“}) dto, (3.4)

—00

where 7 is various values of time constant 7 was tried between 5000-10000s, and
7 = 8000 s was found to best describe the behavior of the earth occultation data. Typical
light curves of u(t) and v(t) are shown in Figure 3.30.

In order to make a modeled background spectrum, we first construct the NXB database
by accumulating and sorting the earth occultation data by these two parameters. That
is, we obtain a template background spectrum B(E,w;, vj), which is acquired under a
condition of u = u; and v = v;. If an observation with an exposure of T = Zij Ty,
where Tj; is the on-source exposure attained under u = u; and v = vj, is carried out, the
background B(E) is estimated as B(E) = 3. 74 B(E, u;,v;). The reproducibility of this

ij To
model is examined by Mizuno et al. (2006), and found to be ~ 4% for a 40 ks exposure.

3.7.3 Background modeling of the HXD-GSO

Unlike the PIN NXB, the GSO NXB is expected to evolve through the mission lifetime,
due to the “long-live nuclides”. Thus, modeling of the GSO NXB is significantly more
difficult than that of the PIN NXB, which does not show evolution after ~ 1 year of
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Figure 3.29: Light curves of (top) 9-78 keV PIN NXB folded with T_SAA, accumulated

over ~ half a year, and (bottom) COR which is experienced by Suzaku , folded in the
same way as a function of T_SAA.
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Figure 3.30: Typical light curves of u(t) (top), and v(t) defined by eq. (3.4) (bottom).
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operation (Kokubun et al. 2007). We show in Figure 3.31 daily averaged GSO NXB
spectra measured at 40, 70, 130 and 220 days after the launch. Several spectral peak,
as well as the continuum below ~ 400 keV have kept evolving on a time scale of several

months.
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Figure 3.31: A long-term evolution of averaged GSO NXB spectra during the first half

year in orbit. Each spectrum has been accumulated for more than a day.

Like in the PIN case, the GSO NXB depends on the COR in energies below 100
keV, but the dependence becomes weaker toward higher energies. Instead, the GSO
NXB exhibits much stronger variations as a result of activation induced during the SAA
passages. These variations are strongly energy-dependent, because many activated nuclei
emit various gamma-ray lines together with the continuum. Therefore, in constructing
the NXB model, we directly fit the GSO NXB light curve over an appropriate time period
(~ 1 month) with an empirical model, assuming that the actual NXB of HXD-GSO can
be described as a sample functional of u(t), v(t), and a few other parameters. Then, the
model is interpolated to estimate the NXB count rate at any given time.

The GSO background light curve to be fitted, is produced typically every month.
This is because the GSO NXB gradually evolves, constructing a single and universal
NXB database would not be sufficient, unlike the case of PIN. We thus accumulate the
GSO NXB data during earth occultations, and extract light curves of in 32 energy bands,
with 200-sec binning. Note that this modeling can be applied to the PIN NXB as well,
in fact, a part of the public PIN NXB model is based on this modeling, rather than the
method described in §3.7.2. There the PIN light curve is analyzed in a single 11-70 keV
energy band.
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Then we fit each light curve with an empirical model. Various studies derived the

empirical model function of the i-th energy band as (Fukazawa et al. 2007);

3
° —Op(t t—t
NXBI(Zf) = ai"’ E bk,z/ (1+Ck,190 9003( )) u(t’) exp <_ )dtl
k=0

Tk

+d; u(t) + e; ul(t)?

+f; G(t) {1 + g; exp (—t _:SAA) }
+hi. (3.5)

Here, G(t) represents GSO count rate in an energy range of 450-700 keV, where celestial
signals are less than 0.2% even during the Crab observation. tgaa is an elapsed time from
the end of the latest SAA. 0 is an angle between the geomagnetic field and the HXD
field of view. This parameter affects the background level, since the SAA particles are
expected to enter the tight HXD ”wells” more easily when g is small. 7, is set at 10000
sec, and four time constants (7, k = 0,---,3) are typically set at 1-2 ksec, 10-20 ksec, a
few days, and several tens days, depending on the energy bands. Coefficients a;, by, ¢,
d;, e;, f; and g; are the model parameters to be adjusted. The last term in this model,
h;, is a correction bias introduced in order to reduce the current uncertainty as much as
possible.

After the model is fitted to the earth occultation data, we create the background light
curve in each energy band. Then, fake background events are created, with their pulse
heights determined by a Monte-Carlo method referring to the model-predicted counts at
a particular time. As shown in Figure 3.32, the pulse height is uniformly and randomly
distributed within each energy band. Therefore, users are advised to use exactly the
same energy boundaries as the present model, when binning the GSO spectra. According
to Mizuno et al. (2007), the reproducibility of this NXB model is 1-2% for a 40 ks

observation.

3.7.4 Comparison with other hard X-ray mission

The in-flight background of the HXD is shown in Figure 3.33, in comparison with those
of the non-imaging hard X-ray instruments. The background count rate is normalized
to the effective area of each instrument. The HXD background spectrum shown here is
averaged over August 2005 to March 2006. In the 15-70 keV and 150-500 keV ranges, the
HXD thus achieves the lowest background level. In addition, if we employ only non-SAA
orbits instead of the averaged HXD spectra, the background can be reduced by 2-20%,
especially in the GSO range below 100 keV.
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Figure 3.32: An example of fake GSO NXB spectra, derived from the background model.

In order to demonstrate the low-background characteristic of the HXD, we show in

Figure 3.34 the spectrum of the Crab nebula obtained with the HXD-PIN and GSO,

shown together with the in-orbit background spectrum. The background signals are only

a few % of the celestial signal in the 10-50 keV range (HXD-PIN). Even in the HXD-

GSO energy range, the celestial signals exceeds the background signals by ~ 5 times up

to ~ 100 keV, and are clearly detected up to 400 keV.
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Figure 3.33: A comparison of in-orbit detector background of the HXD with those of
RXTE (the PCA and HEXTE) and the BeppoSAX PDS.
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Figure 3.34: The hard X-ray spectra of the Crab nebula, obtained with the Suzaku HXD-
PIN (< 90 keV) and GSO (> 40 keV). The observed spectra (black) are shown together
with the background spectra taken in the orbit (red). The background subtracted spectra

are represented by blue crosses.






Chapter 4

OBSERVATION

4.1 Swuzaku Observations

4.1.1 Performance verification observations

In the first several months after the launch of an astrophysical satellite, it is most im-
portant to calibrate the instruments by observing well-understood celestial sources, and
to drive the newest scientific results from highlight objects. Such series of observations,
performed to verify and demonstrate the expected performance of the satellite, are called
“Performance Verification” (PV) observations. The data acquired in this phase are exclu-
sively utilized by “Project Team” for a limited length of time (about 9 months for Suzaku
), but made publicly available after that. The definition of the Project Team varies, and
in the case of Suzaku , it consists primarily of those scientists who contributed to the de-
velopment of the spacecraft and/or instrument (either hardware or software), plus those
who help the spacecraft operation. Graduate students supervised by a team member are
regarded as “associate” members. After initial start-up operations which took place over
~ 2 months after the launch, Suzaku devoted itself to the PV observations until the end
of 2006 March, performing more than 200 sets of observations. The targets have been
initially selected before launch focusing on the XRS, since its superb capability had been
the most anticipated feature of the satellite, and it had a limited cryogenic life time. The
XRS, however, was lost unfortunately soon after the launch, due to unexpected evapora-
tion of the cryogenic liquid helium. Therefore, the performance verification targets were

re-selected by the Science Working Group of Suzaku in 2005 September.
As described in §3.4, the Suzaku HXD has a superior sensitivity above 10 keV, com-

pared to other previous hard X-ray instruments. In addition, the Suzaku XIS achieves the

71
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high energy resolution (though not as good as the XRS), in conjunction with the large
effective area toward higher energies at (4-10 keV), and a very low background (§3.2,
§3.3).

Including Seyfert galaxies, AGNs in general have hard energy spectra extending up
to hundreds of keV, as well as remarkable iron line and edge complex features around
4-8 keV. Some of them also show the Compton hump around 20-40 keV (§2.4), where
HXD-PIN achieves an unprecedented sensitivity. Observing both the line complex and
hump is thought to be one of the key techniques to resolve the condition of accreting
materials around black hole. Furthermore, simultaneous observations of the two struc-
ture are crucial, since the AGN emission is variable. Thus, combining the two working
instruments, Suzaku is thought to be one of the best observatories to promote the AGN
science. As a result, a number of AGN observations were proposed, and 16 have been

observed in the PV observation phase. These targets are summarized in Table 4.1.

4.1.2 Guest observations

After the series of PV observations, astrophysical satellite generally enters an open-use
phase, and accept observation proposals from astronomical community world-wide. In
this way, we can collect brilliant scientific ideas widely to utilize the satellite in the most
effective way, and to benefit the community. The submitted proposals are competitively
refereed, and only accepted ones will be performed. Such series of observations are called
“Guest Observations” (GO). In the case of Suzaku , the GO phase started in 2006 April,
based on the first announcement opportunity (GO-1) issued in 2005 October.

As described in §2.2, accretion onto a black hole can be to first order characterized
by the black hole mass Mgy and the normalized mass accretion rate m. Although the
AGN sample observed in the PV phase includes various types of objects, they have rather
moderate normalized luminosity, L/Lgqq. This is because they are required to be well-
known, hence X-ray (or hard X-ray) “bright” objects, in order to verify and demonstrate
the instrumental capability.

Low luminosity AGN (LLAGN) are known to be radiating with quite low values of
L/Lgqq, by more than an order of magnitude than those (L/Lggq = 1072 — 107!) of
typical AGNs. In order to cover objects with significantly lower L/Lgqq, we thus proposed
observations of two Seyfert galaxies which are known to harbor low luminosity AGNs,
NGC 4258 and M 81: from previous observations, both AGNs are estimated to radiate at
L/Lgqq < 1073, Both AGNs have successfully been observed during the early stage of the
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Table 4.1: Suzaku observation log of active galactic nuclei during the performance verifi-

cation phase, together with M 81 and NGC 4258 observed by our GO-1 proposal.

Target name Type® Start date Exposure®
of observation (ks)

ARP 220 Sy2 2006/01/07 100
Cen A RG 2005/08/19 40
MCG-5-23-16 Sy2 2005/12/07 100
2005/11/19 40

2005/12/13 40

MCG-6-30-15 Syl 2005/08/17 50
2006/01/09 200

2006/01/23 50

2006/01/27 50

MRK 3 Sy2 2005/10/22 100
NGC 2110 Sy2 2005/09/16 100
NGC 3516 Syl.5 2005/10/12 150
NGC 2992 Sy1.9 2005/11/06 40
NGC 4051 NLS1 2005/11/10 150
NGC 4388 Sy2 2005/12/24 130
NGC 4945 Sy2 2006/01/15 100
2005/08/22 40

PG 12114143 NLS1 2005/11/24 100
SWIFT J0746.34-2548 Blazer 2005/11/04 100
0836+714 Blazer 2006/03/15 50
1H 0707-495 NLS1 2005/12/03 100
3C 120 BLRG 2006/02/09 160
M 81 Syl.8 2006/05/07 100
NGC 4258 LINER/Sy1.9  2006/06/10 100

¢ Allocated maximum exposure; the actual net exposure may be different

by ~ 10%, according to the (orbital) condition of the individual observation.

b Activity type from the NASA Extragalactic Database (NED). Sy : Seyfert,

NLS1 : Narrow line Seyfert 1, BLRG : Broad line radio galaxy,

RG : Radio galaxy.
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GO-1 phase (Table 4.1). Although the scientific data obtained in the GO phase belong
exclusively to the proposer, they will be made public after ~ 1 year after the observation.

Thus some of those data obtained in the early stage of GO-1 observations have actually

been made public on 2007 October 28th.

4.2 Data Reduction

Scientific data files from X-ray satellites are generally distributed in so called “FITS”
format. The files include all the detected “photon events” (including background events),
each of them being tagged with such pieces of information as the energy, position, arrival
time, event grades, etc. In order to extract the image, for example, we arrange these
photon events (usually using only those in a specified energy range) over the sky plane.
Similarly, we can make an X-ray energy spectrum by sorting the events (usually using only
those in a specified sky region) along the energy axis. In order to extract “proper” (or
“the best”) scientific images or spectra, however, event screening is necessary in general.
In this section, we briefly summarize the event screening criteria for the XIS and the
HXD, to be employed in the subsequent stages of the present thesis.

First of all, event files from both instruments were processed using version 1.2 of
the Suzaku pipeline processing, where the rawest event information is calibrated with the
newest gain maps, charge transfer inefficiency, timing information file and so on. Secondly,
based on the assembled value such as event grades or satellite attitude, we need to screen

the events further (e.g., excluding un-appropriate orbital periods).

4.2.1 XIS data reduction

We used only events with grades 0, 2, 3, 4 and 6, in the XIS event files. Hot and flickering
pixels in each of the CCD chip were removed using cleansis software. Using aeattcor
software (Uchiyama et al. 2007), we corrected the event positions for attitude fluctuation
due to thermal spacecraft wobbling. Then, we defined Good Time Intervals (GTIs),

excluding those observation periods which fulfill at least one of the following conditions:

1. Attitude is not controlled in the pointing mode, or the spacecraft is under a maneu-

ver operation.
2. Distance from the mean pointing position is larger than 1.5 arcmin.

3. Data transfer rate is “low”, or the data transfer suffered telemetry saturation,
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4. The target elevation angle is less than 5° from the night-time Earth rim, or less than

20° from the day-time Earth rim.

5. The satellite is passing through the South Atlantic Anomaly (SAA), or within
256 sec after an exit from the SAA,

6. The geomagnetic Cut-Off Rigidity (COR) is < 6 GV.

The source spectrum and light curves are extracted from a circular region centered on
the source (with a radius of a few arcmin, see §4.4), while backgrounds are from annuli

around the source region or other source free regions on the same CCD chip.

4.2.2 HXD data reduction

Either of the proper PIN or GSO events are selected using event grades: 1 for PIN and 0
for GSO. Similar to the XIS case, we made GTIs by excluding those periods that fulfill at
least one of the following conditions: (1)—(3): The same as the XIS case. (4) The Earth
elevation angle is less than 5°. (5) The satellite is passing through the SAA, or within
500 sec after an exit from the SAA, or within 180 sec to the beginning of the next SAA.
(6) The geomagnetic Cut-Off Rigidity (COR) is < 8 GV. Compared to the XIS screening,
that of the HXD employs a looser elevation angle condition, while tighter SAA and COR
constraints. Therefore the XIS and HXD data use slightly different sets of GTIs.

Even after these careful screenings, the HXD events are rather dominated by residual
non X-ray background (NXB) events. In order to estimate and subtract the NXB, we use
a time-dependent instrumental background event files provided by the instrumental team
(see §3.7), process the fake background events exactly in the same manner as the on-source
data, using the same set of GTIs. Then, we can derive, e.g., a pair of spectra (or light
curves), one from the on-source event list while the other from that of background. The
derived source spectra and light curves need to be further corrected, before the background
subtraction, for the detector dead time by counting the “pseudo events” observed in the
same intervals (§3.4.3). For sources of moderate brightness, the dead time is usually
< 5%. The NXB spectra and light curve may also need to be corrected for the dead
time in the same manner, depending on the method of NXB modeling (§3.7). After these
dead-time corrections, we can finally subtract a background spectrum (or a light curve)
from the corresponding on-source spectrum (or a light curve).

In addition to the NXB, the contribution of cosmic X-ray background (CXB; Boldt
1987) must be taken into account in the HXD-PIN case. We simulate it using the HXD-
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PIN response for diffuse emission, and the widely accepted CXB surface-brightness spec-

trum (e.g., Gruber et al. 1999) given as

Nexs(E) = 10.8 x 1077 - (E/3 keV)—0‘29
x exp (—E/40 keV) erg em™* 57" str~! keV, (4.1)

where F is the photon energy. The CXB count rate is typically 3-8 % of that of the
NXB in the HXD-PIN band. On the other hand, the CXB contribution is negligible in
the HXD-GSO energy range,

4.3 Target Selection

In the present thesis, we focus on the X-ray observation of edge-on active nuclei in Seyfert
galaxies. This is because the primary emission in such objects are usually obscured by
the line-of-sight reprocessing material (putative “torus”), and hence, emission from the
reprocessing matter can be seen more clearly in such sources than in un-obscured sources.
If we follow the AGN Unified Scheme (§2.1.3), a type 2 Seyfert galaxy is expected to
harbor rather edge-on nucleus. Previous X-ray observations, however, showed that not
all of the Seyfert 2 nuclei suffer strong obscuration in the energy range (Risaliti 2002).
Water maser emission (A = 1.3 cm), detected to date in approximately 60 nuclei, is
currently the only resolvable tracer of warm dense molecular gas in the inner parsec of
AGNs. The great majority of them are classified optically as Seyfert 2 or LINER (e.g.,
Braatz et al. 1996; Braatz et al. 2004; Greenhill et al. 2003b; Henkel et al. 2005;
Kondratko et al. 2006; Zhang et al. 2006). Very Long Baseline Interferometry (VLBI)
maps of seven water maser sources have been interpreted in the context of a model in
which the maser emission traces a nearly edge-on disk of molecular material 0.1-1 pc
from a supermassive black hole (Braatz et al. 1997; Greenhill et al. 1997; Greenhill and
Gwinn 1997; Trotter et al. 1998; Ishihara et al. 2001; Greenhill et al. 2003a). As a
consequence of these studies, it is believed that maser emission is detected preferentially
in edge-on parsec-scale disks. In each object, the maser emission “spots” are arranged in
two preferred locations; one along the diameter perpendicular to the line of sight, and the
other close to the line of sight toward the center. Indeed, there is an empirical observation
that water maser sources are found preferentially in nuclei with large hydrogen column
densities (Ng > 10?* cm™2; Braatz et al. 1997; Madejski et al. 2006; Zhang et al. 2006).
Furthermore, the mappings by the spectral line interferometer data with milliarcsecond

resolution have provided by far the most accurate measurements of the disk rotation
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velocities as a distance from the center, as well as the central engine masses, warp shapes,
and disk orientations (e.g., Greenhill and Gwinn 1997; Greenhill et al. 2003a; Herrnstein
et al. 2005). We may even obtain distances to the host galaxies kinematically, without
using any standard candles (Herrnstein et al. 1999).

By limiting our sample to water maser sources, therefore, we can exclusively pick up
edge-on nuclei, and can at the same time know the black hole mass of some of them.
This is quite useful, since we will then be free from systematic differences in the viewing
angle, and can precisely estimate L/Lggq. Thus, we picked up four water maser sources
from the AGN samples in Table 4.1. The selected objects and their basic properties
are summarized in Table 4.2 where we have added the Circinus galaxy. This source, a
canonical megamaser galaxy with Seyfert 2 activity, was observed in the GO-1 phase (PI
: Wilson, A.), and the data have already been archived. In three of the five sources,
namely Circinus, NGC 4258, and NGC 4945, the information on the mass and distance
is available from HyO maser mappings by VLBI observations. In the subsequent section,

we focus on these five sources.
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4.4 Observations of Individual Targets

We summarize in Table 4.3 the Suzaku observation logs of our sample galaxies. Although
the total exposures differ by up to a factor of 2 among the observations, each of them
achieves net exposures of ~ 100 ks with the XIS and ~ 80 ks with the HXD. This is mainly
because periods when the target is occulted by the earth differ among the observations,
depending on the target’s position in the sky and the spacecraft orbit at that time.
Figure 4.1-4.5 show images of the sources taken with Suzaku XIS 2, extracted in two
energy ranges: 0.3-2 keV, 2-10 keV. In the lower energy band, Galactic diffuse emission or
other point sources are commonly seen. Above 2 keV, in contrast, the active nuclei can be
identified as the most prominent source in the field of view. This in turn implies that all
the nuclei are obscured in the lower energy range, exhibiting their signals predominantly

at higher energies.

Table 4.3: Suzaku observation log of the five water maser AGNs.

Target Observation Start — Total Exposure Net Exposure (ks) Aiming Position

(UT) (ks) XIS HXD
Circinus  2006/07/21 12:29:57 132.0 108.3 80.5 XIS
NGC 4258 2006,/06,/10 12:59:29 187.5 99.9 83.6 HXD
NGC 4388  2006,/12/24 09:04:19 248.2 125.9 94.4 XIS
NGC 4945 2006/01/15 08:04:39 227.1 90.9 69.7 HXD
MRK 3 2005/10/22 02:02:09 188.6 95.0 81.3 XIS

4.5 Previous Studies on Individual Targets

4.5.1 NGC 4388

NGC 4388 is a low-redshift (z = 0.00842), nearly edge-on (i ~ 78°) spiral galaxy (Phillips
and Malin 1982; Filippenko and Sargent 1985), located near the core of the Virgo cluster.
It is optically classified as type 2 Seyfert, with permitted and forbidden emission lines
of the same width (Khachikian and Weedman 1974). Hard X-ray observations in early
1990 revealed its nuclear activity similar to that of type 1 Seyferts (Hanson et al. 1990;
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Figure 4.1: Suzaku XIS 2 images of NGC 4388, in energy ranges of 0.3-2 keV (left) and

2-10 keV (right).
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Figure 4.2: The same as Figure 4.1, but for MKN 3.
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Figure 4.3: The same as Figure 4.1, but for the Circinus galaxy.
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Figure 4.4: The same as Figure 4.1, but for NGC 4945.
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Figure 4.5: The same as Figure 4.1, but for NGC 4258.
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Takano and Koyama 1991). Since then, the energy ranges up to ~ 4 keV has been well
studied with X-ray missions such as ROSAT (Antonelli et al. 1997) and ASCA (Iwasawa
et al. 1997; Forster et al. 1999). From these observations, it is known to exhibit a
strongly absorbed but bright X-ray continuum with an absorption column density of
Nu ~ afew x 10% cm~2, and thus the direct nuclear emission appears only above a
few keV.

Spectral studies of the hardest X-ray energies up to hundreds of keV have been per-
formed by SIGMA (Paul et al. 1991), and by the OSSE experiment (Johnson et al.
1993) on the Compton Gamma Ray Observatory (CGRO; Gehrels et al. 1993). Simi-
lar observations up to 150 keV were performed by the Phoswich Detector System (PDS;
Frontera et al. 1997) on board BeppoSAX (Butler and Scarsi 1990; Boella et al. 1997).
The two BeppoSAX observations in 1999 and 2000 showed a high-energy spectrum with a
power-law of I' = 1.6 and 1.5, respectively. Triggered by the All Sky Monitor onboard the
Rossi X-ray Timing Explorer (RXTE), Elvis et al. (2004) discovered a drastic change
of absorbing column: roughly an order of magnitude variation within only 4 hours. This
rapid variability corresponds to a scale of a few hundreds Schwarzschild radii, putting
some difficulties for a parsec-scale obscuring torus. Recently, Shirai et al. (2008) ana-
lyzed the Suzaku wide band X-ray spectrum ranging from a few keV up to ~ 100 keV,
and found a signature of a reflected emission from near neutral material.

Extended thermal emission in soft X-ray was detected with ASCA and Chandra (Iwa-
sawa et al. 1997; Iwasawa et al. 2003). The source of this emission is likely to be a
photoionized gas with low ionization parameters. In the Suzaku soft X-ray image (Figure

4.1), the extended emission as large as ~ 6 arcmin can be seen.

4.5.2 Markarian 3

Markarian 3 (hereafter Mrk 3) is a SO galaxy at a low red shift of z = 0.013509 (Tift
and Cocke 1988), and is among a small sample of Seyfert 2 galaxies which show broad
emission lines in polarized light; this suggests the presence of a “hidden Seyfert 1 nucleus”
(e.g., Miller and Goodrich 1990; Tran 1995). Other evidence in favor of heavy obscuration
includes the discovery of a biconical extended narrow line region (Pogge and De Robertis
1993); the low flux of ionizing photons inferred from the directly observed UV continuum,
compared to the ionizing photons required to produce the observed Hf emission (Haniff
et al. 1988, Wilson et al. 1988); the low Lx/L[OIII] ratio (0.14; Bassani et al. 1999); and

the observation of heavy X-ray obscuration.
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Ginga data showed that the spectrum of Mrk 3 is flat (I' ~ 1.3), absorbed by a
thick column density of Ny ~ 6 x 10 cm™2, and is accompanied by a strong iron line
with an equivalent width (EW) of ~ 500 eV (Awaki et al. 1991). At higher energies,
Mrk 3 was detected by the OSSE for the first time in March 1994 at a flux level of
~ 2.8 x 107" erg cm s7! in the 50-150 keV energy band (Cappi et al. 1999). ASCA
observations revealed that the Fe Ka line emission decreased by a factor of 3 in response
to a flux decline by a factor of 6 (Iwasawa et al. 1994). ASCA also resolved the iron line
into a 6.4 keV component of EW ~ 900 eV and a 6.7 keV one of EW ~ 190 eV (Iwasawa
et al. 1994). Because of the large column density of intervening cold matter, the intrinsic
X-ray continuum is hardly visible directly. Instead, the X-ray studies with ASCA (Turner
et al. 1997) and BeppoSAX (Cappi et al. 1999) have suggested that the observed X-ray
flux over the 2-10 keV band is dominated by indirect radiation; “reflected” (i.e. redirected
by scattering in optically-thick matter) into the line of sight.

Measurements at lower X-ray energies revealed the presence of a soft excess and also
indicated the presence of prominent soft X-ray emission lines (Kruper et al. 1990; Turner
et al. 1993; Iwasawa et al. 1994). An extended soft X-ray emission component was
resolved in an early Chandra observation (Sako et al. 2000a), which also showed the soft

X-ray spectrum to be dominated by blue-shifted line emission from highly ionized gas.

4.5.3 The Circinus galaxy

The Circinus galaxy (hereafter Circinus) is a highly inclined (~ 65°) SA(s)b galaxy har-
boring a type 2 Seyfert active nucleus as well as a nuclear starburst. At about 4 Mpc
distance (1 arcsec ~ 20 pc, Freeman et al. 1977), the galaxy is among the nearest AGN
and hence it is an ideal object to study the nuclear region of active galaxies. This galaxy
was discovered rather recently, in 1977 (Freeman et al. 1977), because it is located almost
behind the Milky Way. The galaxy can be considered as a prototypical Seyfert 2 object
due to the presence of narrow emission lines (Oliva et al. 1994), broad emission lines in
polarized light (Oliva et al. 1998), an ionization cone traced by [Oll], Ha and [SiVII]
(Veilleux and Bland-Hawthorn 1997; Maiolino et al. 2000; Wilson et al. 2000; Prieto
et al. 2004), an outflow observed in CO (Curran et al. 1998; Curran et al. 1999), and
bipolar radio lobes (Elmouttie et al. 1998). The ionization cone, the outflow and the
radio lobes have a position angle of about —40°, which is roughly perpendicular to the
disk of the galaxy, to the circum-nuclear star forming rings and to the nuclear rings of

molecular gas.
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Greenhill et al. (2003a) performed a VLBI mapping of HyO maser emission, con-
structed from data obtained with the Australia Telescope Long Baseline Array. The
maser emission traces a warped, edge-on accretion disk between radii of 0.11 4+ 0.02 and
~ 0.40 pc, as well as a wide-angle outflow that extends up to ~ 1 pc from the estimated

—0.5)

disk center. The disk rotation is close to Keplerian (v o< r , with the maximum

detected rotation speed is 260 km s~!. This yields a central mass of (1.7 +£0.3) x 10% M.
The first X-ray observation was performed during the ROSAT All Sky Survey (Brinkmann
et al. 1994). A reflection dominated spectrum was revealed by ASCA |, together with a
prominent neutral iron Ko line and a number of other lines from lighter elements (Matt
et al. 1996b). The spectrum is fully consistent with reflection from the inner surface of a
mildly ionized material, and the same matter is likely to be responsible for the absorption
of the nuclear radiation. The BeppoSAX observation added a precious piece of informa-
tion: detection of the direct nuclear emission above ~ 10 keV, absorbed at lower energies
by a Compton-thick (Ng 2> 4 x 10** cm™2) material, which is usually identified with the

torus envisaged in unification models (Matt et al. 1999a; Guainazzi et al. 1999).

4.5.4 NGC 4945

NGC 4945 is a nearby (located at a distance of ~ 3.7 Mpc, Mauersberger et al. 1996)
almost edge-on (with an inclination i ~ 78°, Ott et al. 2001) spiral galaxy classified as
SB(s)cd. It exhibits both a prominent dust lane crossing its plane, and an H,O megamaser
(Dos Santos and Lepine 1979). It is the third brightest extragalactic source in the IRAS
point source catalog, and most of its infrared emission is concentrated in a compact nuclear
region (Rice et al. 1988; Brock et al. 1988). It shows starburst emission (Heckman et al.
1990; Koornneff 1993). A region of extended optical-line emitting gas protrudes from the
nucleus along the galaxy minor axis (Nakai 1989; Heckman et al. 1990). It is associated
with a cavity open by a star-burst superwind (Moorwood et al. 1996b).

At wavelengths longer than 1 keV, all its observational properties can be accounted
for by the starburst activity alone, despite its classification as a Seyfert in the Veron-
Cetty and Veron (1989) catalog. For instance, a mass-to-light ratio of 0.18 is consistent
with the parameter space solely occupied by starbursts (Oliva et al. 1999). Also, in the
Genzel et al. (1998) ISO diagnostic planes, NGC 4945 is located in the regions occupied
by starbursts. However, the presence of a strong continuum radio source and studies of
the off-nuclear optical spectra have suggested the presence of a LINER (Whiteoak and
Gardner 1979; Moorwood et al. 1996b).
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Greenhill et al. (1997) presented the interferometer map of the water maser in
NGC 4945, observed with VLBI. Unlike NGC 4258, the observed emission does not trace
a smooth rotation curve expected from a well ordered disk. But assuming this irregular,
clumpy distribution still traces orbital motion gives an estimate of the central black hole
mass of ~ 1.4 x 10° M. X-ray observations provided the final proof for the presence of
an active nucleus. X-ray observations with Ginga unveiled a highly obscured, strongly
variable X-ray source (Iwasawa et al. 1993). This demonstrates that hard X-ray emission
can be the most efficient wavelength to identify the nature of obscured AGNs (see e.g.,
the discussion in Vignati et al. 1999). Actually, in the 100 keV sky, NGC 4945 turned out
to be the brightest Seyfert 2 and the second brightest radio-quiet AGN after NGC 4151
(Done et al. 1996). While the Ginga spectrum above ~ 10 keV revealed the highly ab-
sorbed hard nuclear emission, a softer component below ~ 10 keV was successfully fitted
with a simple power-law with a photon index of about 1.7, interpreted as scattering of
the primary nuclear continuum (Iwasawa et al. 1993). The same description fits also the
non-simultaneous OSSE spectra (Done et al. 1996). An iron line with a huge equivalent
width of 1-1.5 keV has been observed as well, whose centroid energy is consistent with Ko
fluorescence from neutral or mildly ionized iron. Observation by ASCA revealed a hard
continuum below ~ 10 keV, and strong iron line complex, showing that the reprocessed
emission dominates in that energy range (Turner et al. 1997). Using XMM-Newton,
Schurch et al. (2002) found both neutral and ionized iron lines in the reprocessed nuclear
emission, but their origins (especially of the latter one) remain rather unclear even with

the superb spatial resolution of Chandra (Done et al. 2003).

4.5.5 NGC 4258

NGC 4258 (M 106) is a highly inclined (72°, Tully 1988) SABbc spiral galaxy located
nearby at a distance of 7.2 Mpc, i.e., 1” = 35 pc (Herrnstein et al. 1999). It is spectro-
scopically classified as a 1.9 Seyfert galaxy (Ho et al. 1997). The strong polarization of
the relatively broad optical emission lines (Wilkes et al. 1995) supports the existence of
an obscured active nucleus in NGC 4258. Turner and Ho (1994) detected a very bright
radio continuum nuclear source, showing, in observations from March 1985 through to
May 1990, long term time variability by 47% both at 6 and 20 cm (Hyman et al. 2001).

The water maser emission of NGC 4258 is remarkable because the disk is extremely
well described by a relatively simple dynamical model (Miyoshi et al. 1995; Greenhill
et al. 1995a; Greenhill et al. 1995b). The maser emission has been mapped from radii
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of 0.14-0.28 pc, indicating the presence a massive nuclear black hole with the mass of
3.6 x 10" M. Maser positions, line-of-sight velocities and accelerations, and proper
motions are all measurable, and they fit a simple geometrically thin, highly inclined
(~ 83°), and slightly warped Keplerian disk model to high accuracy (Herrnstein et al.
1999).

In X-rays, ROSAT PSPC and HRI observations of NGC 4258 (Pietsch et al. 1994;
Cecil et al. 1995; Vogler and Pietsch 1999) resolved diffuse emission mostly connected to
an “anomalous” arms around the center, and emission from point sources in the galaxy.
However, due to the soft energy band (0.1-2.4 keV) only upper limits can be derived
for emission from the nucleus. ASCA observations of NGC 4258 extended the energy
coverage to 10 keV with improved spectral resolution. Makishima et al. (1994) discovered,
for the first time, a hard, highly absorbed point-like component that could be modeled
by an absorbed power-law , with Ny ~ 1.5 x 10* ¢cm~2, photon index of I' ~ 1.78, and
unabsorbed luminosity of ~ 4 x 10%° erg s~! in the 2-10 keV band. They also found an iron
Ka emission line with an equivalent width of 250 £+ 100 eV. Further ASCA observations
improved on the spectral parameters of the hard component, confirming a narrow iron
Ko emission line at 6.4570 %0 keV with an equivalent width of 107132 eV (Reynolds et al.
2000). Recent observations from XMM-Newton tend to find much lower EWs and, in
many cases, only upper limits (Pietsch and Read 2002; Fruscione et al. 2005).

Time variability of the 5-10 keV flux and probably also the absorbing column of the
hard component has been seen on timescales from 19 days to years, with little change in
the power-law index (Reynolds et al. 2000; Terashima et al. 2002; Fruscione et al. 2005).
BeppoSAX observations extended the spectral coverage of the power-law component to
70 keV (Fiore et al. 2001). Wilson et al. (2001) have recently reported the results of
a Chandra observation optimized to investigate the X-ray emission from the “anomalous

arms”.
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ANALYSIS AND RESULTS

5.1 NGC 4388

5.1.1 XIS data analysis

We choose NGC 4388 as our first source to be analyzed, because it is known as a typical
Seyfert 2 AGN with a moderate absorbing column (Ng ~ 10?3 cm~2). Although the
Suzaku results on this object have already published by Shirai et al. (2008), we re-analyzed
the data for consistency with the other targets.

Suzaku XISO images of NGC 4388 are shown in Figure 5.1, in the two energy ranges
of 0.3-3 keV and 3-10 keV. The soft band image reveals an apparently diffuse emission
extending up to ~ 6’ toward the north of the nucleus. In contrast, the emission from the
nucleus is quite dominant in the hard band image, and no other emission components are
indicated considering the PSF of the telescope. Indeed, soft X-ray studies utilizing higher
spatial resolution instruments, such as ROSAT (Antonelli et al. 1997), XMM-Newton
(Beckmann et al. 2004), and Chandra (Iwasawa et al. 2003) indicate that the extended
soft X-ray morphology represents thermal emission from a hot plasma with a temperature
of T' ~ 0.8 keV, associated with a host galaxy or the Virgo cluster in which NGC 4388
is located. The thermal emission, with a soft energy spectrum and without variability
over years, does not contribute to the spectrum above 3 keV (Beckmann et al. 2004).
Since these thermal emissions are beyond the scope of the present thesis, we use data only
above 3 keV in the subsequent analysis.

After appropriate event screening (§4.2), we obtained a total net exposures of ~ 126 ks
from each XIS sensor. We extracted the source events within a circular region indicated

by a black solid circle in the images, with a radius of 4’.34, where more than 99% of
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the source events are contained. This radius corresponds to 6 mm on the CCD chip,
and to 21.5 kpc in physical size at a distance of 17 Mpc. The background events were
extracted from annulus regions surrounding the source regions in the same CCDs. In
order to avoid high background and response uncertainly at high energies, we restrict our
spectral modeling to 3.0-9.0 keV for the FI chips and to 3.0-8.0 keV for the BI chip.
The background count rates in the relevant energy ranges are ~ 7% of the total events
for the FI chips and ~ 10% for the BI chip. In the same energy range, we obtained the
background subtracted count rates of 1.055 & 0.003 cts s~ and 0.283 £ 0.003 cts s~ for
the FI and BI, respectively.

NGC 4388 NGC 4388
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Figure 5.1: Background-inclusive Suzaku XIS images of NGC 4388, in the 0.3-3.0 keV
(left) and 3-9.0 keV (right) band. Only events from XISO sensor are used. The source
events are extracted within the black solid circles whose radius is 4.3, corresponding to

6.0 mm on the sensor.

5.1.2 HXD data analysis

Figure 5.2 shows the energy spectra of NGC 4388 taken with HXD-PIN (below 60 keV)
and HXD-GSO (above 50 keV), in comparison with their backgrounds. The background
spectrum of HXD-PIN includes not only the non X-ray background (NXB; §3.7), but also
the contribution from the CXB. The CXB count rate is estimated to be only < 7% of the
NXB, and hence ~ 5% of the net source signals. The HXD-GSO background does not
include the CXB since it is negligible in the relevant energy range.

As indicated by the lower panel of Figure 5.2, the net source count rate of HXD-PIN



5.1. NGC 4388 89

' —_—

01 e __ —e— 3
> T
© —
S 0.01 — 3
(0] -
» — .
_ﬂ T b
= =
3 1038 L 4
[$)

e 1
0o 0l EF——-—-—- - T -
E 0.01 ;_ ______________ b _ _ _;
20 50 100

channel energy (keV)

Figure 5.2: HXD-PIN and HXD-GSO spectra of NGC 4388. In the upper panel, the
total spectra (source plus background) are shown in black, the estimated background
(NXB+CXB) spectra in red, and the net source (total minus background) spectra in
green. The lower panel shows the ratio of the net source to the background spectra. In
both panels, crosses and circles correspond to data points of HXD-PIN and HXD-GSO,

respectively.

exceed, over its whole energy range, 10% of the NXB rate. According to Mizuno et al.
(2007) who compared Earth-occultation data with the modeled NXB spectra (§3.7.2),
the systematic error in the NXB modeling is + < 3% for a typical observation period
of 1 day. Since our net exposure is three times longer than the typical one utilized
by Mizuno et al. (2007), the systematic NXB uncertainty must be even smaller. In
the following spectral analysis, we therefore use the entire energy range of HXD-PIN,
where the systematic NXB uncertainty is estimated to be smaller than the statistical
errors. The background-subtracted source count rate in the energy range, with statistical
errors, is 0.290 + 0.003 cts s, which is ~ 53% of the background rate (NXB plus CXB,
0.543 cts s71).

In the HXD-GSO spectrum, the net source counts are only ~ 1% of the background
even in the 50-100 keV range. In a similar way to the HXD-PIN case, the current NXB
uncertainly of HXD-GSO is estimated to be ~ 2% for a 1 day observation. Considering
this, we cannot claim the source detection with HXD-GSO. We therefore do not include

the HXD-GSO data in our subsequent spectral fitting.
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5.1.3 Broad-band spectrum

Before actually analyzing the X-ray spectra from our target sources, let us briefly describe
a ‘“reference object” in the X-ray sky, namely the Crab Nebula. The Crab nebula is a
remnant of a supernova which occurred in 1054, whose explosion itself was historically
recorded by Chinese astronomers. As first discovered by Gursky et al. (1963), it is
one of the brightest objects in the X-ray to gamma-ray sky. Unlike other strong X-ray
sources (mostly accreting objects), the Crab exhibits no X-ray variations (except the
30 Hz pulsations with an amplitude of a few percent), because the emission comes from
an extended (a few light years) region via synchrotron process. Over ~ 0.1-100 keV,
the X-ray spectrum of the Crab is well reproduced by a simple absorbed power-law with
a photon index of 2.12 (e.g.,§3.5.4; Kirsch et al. 2005). From these characteristics, the
Crab nebula has been used as a calibration target by many X-ray /hard X-ray astronomical
instruments. Suzaku has also observed the Crab several times, typically every 6 months.

Since the Crab has a single power-law spectrum with a photon index of ~ 2, if a
source energy spectrum is normalized to that of the Crab nebula, the ratio spectrum can
be regarded as an approximate vF'v spectrum. Such a ratio plot is quite useful, since we
can grasp the overall spectral feature without knowing the detector response. Hereafter
we call such ratio spectrum a “Crab ratio” of the relevant target.

Figure 5.3 shows the 3-80 keV Crab ratio of NGC 4388. At the first glance, the
spectrum below 6 keV is impressive with its steep decline toward lower energies. This is
considered to provide the evidence that the underlying nuclear emission is obscured by a
considerable degree of the absorbing column. There are also remarkable features around 6—
8 keV, including an emission line and a sharp edge. Such structures indicate the presence
of reprocessed emission of the nuclear primary continuum. The slope around 7 keV is
still hard but gradually softens toward ~ 20 keV, implying that the intrinsic power-law
emerges because the cross section of photoelectric absorption decreases roughly as £ as
a function of the X-ray energy F. The ratio shows a slight convexness around 20-50 keV,
suggesting the presence of a Compton hump, which is also a characteristic associated with

a reflected continuum.

5.1.4 Baseline Continuum model of obscured AGNs

In order to approximate the overall X-ray continua of obscured AGNs, we introduce
a rather simple model to be called Baseline Continuum (BC) model. It consist of an

absorbed power-law continuum with high energy exponential cutoff (2 100 keV), and a
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Figure 5.3: The background-subtracted Suzaku spectra of the nucleus of NGC 4388,
normalized to those of the Crab nebula. The XIS-FI ; HXD-PIN and HXD-GSO data
points are marked with crosses, circles and boxes, respectively. (Insert) A zoom of the

5-8 keV band, with the flux in linear scale. The XIS-BI data are omitted just for clarity.

reflection continuum by a cold matter which is absorbed by the column of our Galaxy only.
We multiply the first component by an energy-dependent factor of the form exp {—Nyo(E)},
where the cross-section o(E) generally includes the effects of both photo-electric absorp-
tion and Compton scattering. The latter component is based on an assumption that
some fraction, fen, of the primary power-law is reflected from cold (neutral) materials,
and reaches us without further absorbed by the obscuring matter that affects the first

component.

We calculated the cold reflection in the BC model using a model called pexrav in
XSPEC (Magdziarz and Zdziarski 1995), which reproduces a reflected continuum and a
neutral iron edge structure at ~ 7.1 keV. Note that it does not account for any fluorescent
lines although they are physically expected. This model assumes a situation where the
intrinsic power-law from the nucleus is reflected by a slab of neutral matter, which extends
a solid angle of ) as seen from the central source. The spectral slope and exponential
cutoff energy of the assumed incident emission is set equal to those of the intrinsic power-
law. This model, thus, has three free parameters; the reflection fraction (fin = 2/27),
cosine of the inclination angle of the slab as seen from the observer (cos6, cosf ~ 0 for
face-on view and ~ 1 for edge-on), and iron abundance (Ag.). While the strength of the

reflected component scales roughly as o< cos #, its spectral shape does not depend strongly
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on cosf. As a result, the value of cosf degenerate with f..q, and is not well constrained
by the data. In the following spectral fitting throughout this chapter, therefore, we fix

cosf at 0.5. We also fix Ag. at 1.0, unless otherwise stated.

5.1.5 Spectral fitting

We first fitted the background-subtracted XIS and HXD-PIN spectra of NGC 4388 si-
multaneously with the BC model. We fixed the absorbing column of our Galaxy toward
NGC 4388 at 2.62 x 10%° cm™2. Here, the energy range between 6.0 and 8.0 keV was
not used in the fitting, in order to avoid the emission line/edge complex. The data,
the best-fit BC model, and the fit residuals are shown in Figure 5.4, where we restore
data in the 6.0-8.0 keV range to highlight the complex structure there. As seen in the
figure, this model roughly reproduced the overall continuum shape, with a fit statistics
of x*/v = 246.0/198. The absorbing columns, photon index of the intrinsic power-law,
and the reflection fraction were estimated to be Ny ~ 3.5 x 10*2 cm=2, I" ~ 1.75, and
fret ~ 1.9, respectively. The right panel of Figure 5.4 compares the data and the model in
the iron-complex energy region which was excluded in determining the model. The figure
reveals evidence of several emission lines at ~ 6.40, 7.05 and 7.47 keV in the source rest
frame energy. It also indicates the presence of an absorption line at ~ 6.70 keV. Hereafter
throughout this thesis, we refer to the line energies in the source rest frame.

When the data in the 6.0-8.0 keV band are restored, the BC model as determined
above became totally unacceptable (x?/v = 3159.9/325), due to the emission/absorption
lines as seen in Figure 5.4 (right). Adding a Gaussian line at ~ 6.4 keV in the model
and readjusting the model parameters, the fit drastically improved with Ax? = —2689.7,
against three more free parameters, i.e., center energy, width and normalization. There-
fore, the added model component is statistically highly significant. The center energy of
the Gaussian is derived at ~ 6.40 keV, which is consistent with the fluorescent line from
neutral iron (Fe I Ka). In the same manner, we added two more Gaussian emission lines
at ~ 7.05 and 7.47 keV, and an absorption line at ~ 6.70 keV, with their width set equal
to the first one. They can be identified with Fe I K3, Ni I Ka and Fe XXV Ka lines,
respectively. Each line significantly improved the fit at > 99.9999% level, and the fit x?/v
reached 356.0/316. The ionized iron absorption line indicate the presence of an ionized
reprocessing material in the line of sight, as well as the cold matter. At this point, there
still remained line like residuals around 3.7 and 4.0 keV. We included two more Gaussians

at these energies, to find that they are significant at similar levels as above. The line at
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3.7 keV can be identified as Ca I Ko (3.69 keV), which is physically expected from the
cold reflection continuum as well as the neutral iron lines. The line at 4.0 keV can be
identified as Ar I K3, which is also expected to arise from the reprocessing medium.
With the BC + six Gaussian components, the fit reached an acceptable level with
x%/v = 317.3/312. We finally replaced the model for the Fe I Ko line, with a more
sophisticated model named kalpha. It consists of two Gaussian components representing
Ka; and Kasg, and also includes a Compton down-scattered shoulder which is physically
expected when the line is produced either in a reflection or by transmission through
optically-thick materials (Matt 2002). The profile of the shoulder is calculated according
to lllarionov et al. (1979). This model has one additional free parameter compared to
a Gaussian, fcg, the ratio between the intensity of the shoulder and that of the narrow
core. The replacement improved the fit goodness with Ax? = 5.8, which is significant at a
~ 99% level. The derived center energy of the Fe I Koy is 6.405+0.003, in agreement with
the expected value (6.404 keV). Indeed, fixing the center energy of the kalpha model at
the expected value gives an equally good fit (x?/v = 312.5/312). Therefore in this section,
we hereafter fix the model center energy in the fitting. We call this model the BC + lines

model.

5.1.6 Derived parameters

The data, the best-fit BC + lines model, and the fit residuals are shown in Figure 5.5,
and the best-fit parameters and their errors are summarized in Table 5.1. The errors are
quoted in 90% confidence of one interesting parameter. Since some of the parameters are
correlated with each other in the fitting, we show in Figure 5.6 confidence contours of I'
vs Ny, and the width vs fog of Fe I Ka.

As inferred in §5.1.3, the primary nuclear emission is obscured by a high degree of
absorption, and emerges above ~ 3-5 keV, while the reflection from cold material becomes
dominant around 20-50 keV. The observed and absorption-corrected intrinsic fluxes in
the 2-10 keV range, calculated for the best fit model, are F9%5, = 1.9 x 107! erg s7* cm 2
and 3™, = 4.7 x 107" erg s7! em™2, respectively. These correspond to the luminosities
of L™, = 8.2 x 10*! erg s™! and L™, = 2.0 x 10 erg s7!, assuming a distance of
17 Mpc. According to the bolometric correction factor derived by Marconi et al. (2004),

! which corresponds to

the bolometric luminosity is estimated to be ~ 3 x 10%3 erg s~
~ 2% of the Eddington luminosity for a 107 M, black hole.

The cold reflection continuum is observed significantly, with a reflection fraction of
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Figure 5.4: The broad-band (3.0-50 keV) spectra of NGC 4388, compared with the BC
model which was determined by ignoring the 6.0-8.0 keV band. (Left) The spectrum is
shown as the raw count rate of the detector. The black crosses and circles show the data
points from XIS-FI and HXD-PIN, respectively. The dashed color lines represent the BC
model components: the absorbed intrinsic power-law in red, and reflection in blue. The
lower panel shows the residuals from this fit. (Right) A zoom of the residuals in the

5-9 keV band. The blue lines specify 6.40, 6.70, 7.05, 7.47 keV in the source rest frame.

fret ~ 1.8. Emission lines from neutral materials also suggests the existence of a cold
reprocessing material around the nucleus. Since these reprocessed signals are considered
to have the same origin, we can calculate the expected equivalent widths of the lines
with respect to the reflection continuum. The derived EW of 0.907012 keV is slightly
smaller than the expected value (1.3-2.5 keV, Matt et al. 1996a). This suggests sub-solar
abundance of the reflecting material. The derived fraction of Compton shoulder, ~ 0.12 is
consistent with the picture that the iron line is originating in the optically-thick material,

which likely to be the matter responsible for the reflection (Matt 2002).

5.1.7 Time variability

Observation of time variability can provide a clue to investigate the circum-nuclear envi-
ronment of an AGN. From numerous observations of Seyfert 1 galaxies by ASCA , O’Neill
et al. (2005) found that the time variability is an ubiquitous feature of Seyfert 1 AGN,
with their RMS variability amplitude well connected to the black hole mass. Thus, we
may also expect some intrinsic time variability in Seyfert 2 galaxies. We show in Fig-
ure 5.9 light curves of NGC 4388 in five energy ranges taken with the Suzaku XIS and
HXD-PIN. Those in the upper four panels are extracted from the XIS, with data from
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Figure 5.5: The same as Figure 5.4, but under the final model (see text). Emission lines

are illustrated in cyan. The right panel shows the same results in a deconvolved v F'v form.

The dashed color lines represent model components: the absorbed intrinsic power-law in

red, reflection in blue, and emission lines in cyan.
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Table 5.1: Best-fit parameters of Suzaku spectrum of NGC 4388 over 3.0-50 keV, derived
with the final model.

Model Component Parameter Average High Low
Intrinsic PL r 1.7679:06  1.847008 1647008
Npr.® 1.317018 1907942 0.88702L
Nit? 3.75791 3631028 374702
Reflection frefl 1.827038 150103 2.02703
Fe I Ko E.c fixed (see text) fixed fixed
o 26710 30720 23728
Ie 83.97%)  85.072%  79.0%%9
EWi! 0.177992 11409 0.2310:04
EW,en? 0.901312 087101 0.92+012
Compton Shoulder fcg 0.12700¢ 0.117999 0.14708
Fe I K3 E° 7.072700%  7.075%99%  7.07375:539
I° 9.3+20 10.5122 7.9132
Ni I Ka B TASTO0S  TABTOE 7520000
I 5.2453 6.2755 5.8%3%
Fe XXV Ka Ec° 6.667001  6.63701%  6.68700
Ie 6.2+290 6.4152 5.8%%0
EW{ 0.067503  0.04700%  0.087554
CalKa E° 3.697003 370700 3.68%0:08
I 3.787079 3697092  3.8810%2
EW,en? 0.067392  0.06739%  0.06%392
Y2/d.of. 312.4/312  310.5/312  315.3/312

@ 1072 photons keV™! ecm™2 s7! at 1 keV. ? 10*® cm™2. ¢ Line center energy in keV.
4 Line width in eV. ¢ Line intensity in 1075 photons cm=2 s~ .
f EW with respect to the absorption-corrected intrinsic power-law in keV.

9 EW with respect to the cold reflection in keV. par
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Figure 5.7: Confidence (68%, 90%, 99%) contours of of the width of Fe I Ka vs. the

fraction of the Compton shoulder fcs.

the four sensors co-added. Each time bin corresponds to a continuous time interval which
is free from any data gap. The bin length is typically 1000-3000 sec, since the satellite is
suffered from approximately two data gaps in one orbital period, mainly due to the COR
variation and the SAA. We discarded data points whose exposure is less than 128 sec,
since they have too large statistical errors. The light curves in the bottom panel was
extracted from the HXD-PIN data. We show the net source count rates (black) along
with the background-inclusive raw count rates (red) and the estimated background (NXB
+ CXB) rates (blue). Each time bin corresponds to the continuous time interval of the

HXD-PIN data. In this case, we discarded those bins with the exposure less than 512 s.

The light curves below 3 keV do not show any significant variation, which agree with
the idea that the thermal diffuse emission dominates in this energy range. In the energy
ranges above 3 keV, in contrast, the source flux varied by a factor of ~ 2 within ~
40 ks, accompanied by random, slight variations in the hardness ratio. Such short-term
variability has been detected by this Suzaku observation for the first time from this source
(Shirai et al. 2008). It is known that the variability time scale of AGNs correlates with
the central black hole mass (e.g., O'Neill et al. 2005; Iyomoto and Makishima 2001;
Hayashida et al. 1995), and the black hole mass in NGC 4388 is inferred, from its bulge
K-magnitude, to be ~ 10" M. A black hole in this mass range is expected to vary on a

time scale of ~ 10*7® s, with which the present observation is consistent.

In order to investiate energy dependence of the time variability, we introduce a frac-
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Figure 5.8: A fractional RMS variability of NGC 4388. Crosses and circles represent data

points derived from the XIS (with four sensors co-added) and HXD-PIN light curves,

respectively.

tional variability, Fy.., defined as

S2 — (02.)

err

Fvar = )
(X)?

(5.1)
where (X) is the average counts, S? is the variance of the binned data comprising the
light curve, and (02.) is the average of square of the Poisson errors within individual time
bin. Detailed description on the fractional variability and derivation of its uncertainty
can be obtained in Edelson et al. (2002). Figure 5.8 plots the fractional RMS variability
against the energy. Thus, the variability above ~ 3 keV tends to decrease toward higher
energies. Compared to those in the neighboring energy bins, Fy, in the Fe I Ka band
is also smaller. These facts imply that the only absorbed primary emission is varying
while the reprocessed signal stays rather constant on the relevant time scales. That is,
the variability is suppressed by a factor of ~ 2 in the 12-50 keV range compared to that
in the 3-10 keV range, since the variable primary emission contributes only about a half
of the total flux at the former energy range (see Figure 5.5).

In order to more directly examine the spectra for intensity-correlated changes, we
defined “high flux” and “low flux” phases, according to the 3-10 keV count rate: the
“high flux” and “low flux” phases comprise those time bins when the count rates are
higher than 1.50 cts s7! and lower than 1.22 cts s™!, respectively. The net exposure
is 55.3 ks (XIS) and 43.1 ks (HXD) for the high phase, and 60.1 ks (XIS) and 53.5 ks
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(HXD) for the low phase. We separately derived the spectra of the two phases, and fitted
them with the final model in §5.1.5. As in the time averaged spectrum, the fits were
acceptable in both cases. The resultant fit and the best-fit parameters are summarized in
Table 5.1. Thus, the photon index of the primary power-law, as well as its normalization,
significantly changes between the two phases. The flux of reflection continuum do not
vary, while the reflection fraction f..q changes in response to the variation of the incident
power-law. The Fe I Ka line flux also stays constant within errors. These results clearly
indicate that only the primary power-law is variable while the reprocessed signal stays
rather constant. This inference is well consistent with the picture that the cold reflector

is located at a distance of ~ 0.1 pc from the central source (a putative “torus”).
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Figure 5.9: Background-subtracted light curves of NGC 4388 taken with Suzaku . The
upper three panels show those in 0.3-3 keV, 3.0-5.0 keV and 5.0-10.0 keV, respectively,
taken with the four XIS sensors. The fourth panel shows the hardness ratio between 5.0—
10.0 keV and 2.0-5.0 keV. Each bin corresponds to a continuous time interval without
data gaps. The bottom panel shows the HXD-PIN light curves in the 12-40 keV band: the
red points indicates background-inclusive raw count rates, blue the modeled background
(NXB + CXB), and black the net source count rates. Each bin corresponds to a continuous

time interval without data gaps, which can be different from those in the upper panels.
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5.2 Mrk 3

5.2.1 XIS data analysis

We show in Figure 5.10 Suzaku XISO images of Mrk 3, in two energy ranges of 0.3-2 keV
and 2-9 keV. Besides its nucleus, Suzaku detected no significant X-ray source in either
energy band up to ~ 4’ from the center of the galaxy. Therefore, we extracted the source
events within a circular region with a radius of 4’.34, indicated by black solid circles in
the images. This radius corresponds to 6 mm on the CCD chip, and to 68 kpc in physical
size at a distance of 54 Mpc. Indeed, soft X-ray studies with higher special resolution
instruments (e.g., ROSAT; Colbert and Ptak 2002) found in our extraction region only one
faint X-ray source, IXO 30, about 30" off the nucleus. Using XMM-Newton and Chandra,
Bianchi et al. (2005b) found that the X-ray spectrum of IXO 30 is represented by a single
power-law with a photon index of ~ 1.8, and reported that its flux stayed constant over a
2-year monitoring period. Based on their result, the possible contamination to the nuclear

emission from IXO 30 is estimated to be only ~ 7%, even in the 0.4-2 keV band.

The soft X-ray spectrum of Mrk 3 in the ~ 0.2-2.5 keV band is known to be dominated
by a numerous emission lines and radiative recombination continua, which are most likely
to be originating in materials photo-ionized by the nuclear X-ray irradiation (e.g., Bianchi
et al. 2005b; Guainazzi and Bianchi 2007). Utilizing the high energy resolution and
large effective area of the Suzaku XIS-BI, we conducted detailed studies of the soft X-ray
emission from Mrk 3 nucleus, and reported the results in Awaki et al. (2008). In the
present thesis, we focus on the nuclear hard X-ray emission and the reflection continuum,
which are prominent above ~ 3 keV. Thus, hereafter we restrict our spectral analysis to

the energy ranges above this threshold.

The background events were extracted from annulus regions surrounding the source
regions in the same CCDs. In our spectral fittings, we used energy ranges of 3.0-9.0 keV
for the FI chips and 3.0-8.0 keV for the BI chip. After event screening (§4.2), we obtained
a total net exposures of ~ 95.0 ks from each XIS sensor. The background count rates in
the relevant energy ranges were found to be ~ 12% of the total events in the FI chips,
and ~ 18% in the BI chip. After subtracting these backgrounds, we obtained signal count
rates of 0.351 4= 0.002 cts s7! and 0.088 £ 0.001 cts s~! with the FI and BI, respectively.
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Figure 5.10: The same as Figure 5.1, but for Mrk 3, in the 0.3-2.0 keV (left) and 2.0-
9.0 keV (right) band. The source events are extracted within the black solid circle with

a radius of 4’.3.

5.2.2 HXD data analysis and broad-band spectrum

As in §5.1.2, Figure 5.11 shows the energy spectra of Mrk 3 taken with the HXD-PIN
(below 60 keV) and HXD-GSO (above 50 keV), in comparison with their backgrounds.
The lower panel indicate that the net source count rates of HXD-PIN reaches several tens
percent of that of its background, over its whole energy range. Therefore, the systematic
errors in the PIN NXB can be neglected. In the following spectral analysis, we thus use
the entire energy range of HXD-PIN. In the energy range, the background-subtracted
source count rate with statistical errors, is 0.178 4 0.003 cts s™*, which is ~ 25% of the
background rate (NXB plus CXB, 0.539 cts s7!).

In the HXD-GSO spectrum, the net source counts are ~ 1.5-2% of the background in
the 50-100 keV range. We can therefore claim the source detection in 50-100 keV with
GSO, considering its background uncertainly (§3.7.3). In contrast, the GSO detection
above 100 keV is marginal. The background-subtracted source count rate in the 50—
100 keV energy range is 0.024 £ 0.005 cts s™'. The current response uncertainty of
the HXD-GSO is rather large (> 10%) at its lowest energy range (< 70 keV), mainly
because the non-linear responses of both the scintillators and analog electronics become
dominant there. We therefore incorporate the HXD-GSO data only in the 70-100 keV
range (corresponding to one energy bin) in our subsequent spectral fitting.

We show in Figure 5.12 the Crab ratio of Mrk 3 in the 2-150 keV band. The iron
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Figure 5.11: The same as Figure 5.2, but for Mrk 3.

line and edge structures around 6-7 keV appear to be more prominent than those in
NGC 4388. This suggests that the intrinsic emission is more obscured than that of
NGC 4388 so that the cold reflection continuum is more apparent up to ~ 10 keV. The
extremely hard continuum at 6-10 keV followed by a roll-over around ~ 15 keV supports
this idea; i.e., the intrinsic emission appears only above ~ 6 keV, while the lower energy
range is dominated by the reflection. The continuum above ~ 20 keV appear rather
straight, without significant signature of the Compton hump or high-energy curvature,

although the GSO data points should be viewed with reservation as mentioned in §5.2.2.

5.2.3 Spectral fitting

Asin §5.1.5, we first adopted a BC model to simultaneously fit the background-subtracted
XIS, HXD-PIN and HXD-GSO spectra. The energy range between 6.0 and 8.0 keV was
not utilized in the fitting. We fixed the absorbing column of our Galaxy toward Mrk 3
at 8.7 x 10%° em™2 (Stark et al. 1992). We also fixed the hard-band cutoff energy at
300 keV, which is a canonical value for Seyfert galaxies (e.g., Cappi et al. 1999). The
data, the best-fit BC model, and the fit residuals are shown in Figure 5.13. As seen in the
figure, the BC model roughly reproduce the overall continuum shape, with a fit goodness
of x?/v = 98.8/77. The absorbing column, photon index of the intrinsic power-law, and
the reflection fraction are estimated to be Ng ~ 1.4 x 103 cm =2, T’ ~ 2.0, and feq ~ 1.3,

respectively. The derived value of Ny is significantly higher than that in NGC 4388, while
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Figure 5.12: The same as Figure 5.3, but for Mrk 3.

the reflection fraction is similar between the two sources, in agreement with the inference
obtained in §5.2.2. The right panel of Figure 5.4 shows the residuals around the iron line

region, which reveals evidence of several emission lines at ~ 6.40, 6.70, 7.05 and 7.47 keV.

Next, in the same procedure as in §5.1.5, we added to the model the Gaussian lines
one by one, to reproduce the whole energy spectrum. We found that 5 emission lines
are statistically significant: Fe I Ka, Fe I K3, Ni I Ka, Fe XXV Ka and Ca I Ka. The
Compton shoulder of the Fe I Ka lines was also significant in this source, so we replaced

the Gaussian to kalpha model (§5.1.5) to reproduce it.
At this stage, the fit goodness still remained somewhat poor at x? /v = 141.8/120. This

is mainly due to systematic positive residuals seen below ~ 4 keV, suggesting that there
is another continuum buried. We thus added another power-law with its photon index
tied to that of the intrinsic emission (Awaki et al. 2008). Such a soft continuum emission
was actually observed in this source, from analysis of soft X-ray spectra of XMM-Newton
(Bianchi et al. 2005b) along with emission lines from photo-ionized emission material.
Its origin is thought to be the nuclear light Thomson scattered by the same material as
is responsible for the ionized lines. Since the highly ionized material act as a “mirror” to
the incident emission, the scattered continuum has the same spectral slope as the intrinsic
nuclear emission. The inclusion of the scattered continuum improved the fit significantly
with Ax? = —8.0. The ratio between the normalization of the scattered continuum to
that of the intrinsic power-law is hereafter denoted as fi..i; a fraction fy... of the nuclear

light is scattered by a ionized matter into our line of sight.
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In this source, the iron edge is more prominent than in NGC 4388, which could further
allow us to determine the iron abundance. Since the absorption and the reflection both
produce the edge, we constrained these two components to have the same, but free, iron
abundance. A slightly sub-solar (~ 0.85) iron abundance improved the fit significantly
(x*/v = 127.2/118), and the iron abundance is obtained to be ~ 0.8. We hereafter take

this model as the final one for this source, and call “BC + lines + scattering model”.

5.2.4 Derived parameters

The best-fit parameters under the BC + lines + scattering model are summarized in
Table 5.2. The left panel of Figure 5.15 shows the confidence contours of I' vs. Ny.
Additionally, we tried to constrain the cutoff energy describing the high-energy continuum
bending. Allowing the cutoff energy to vary did not improve the fit. Figure 5.15 gives the
derived confidence ranges of the cutoff energy against the slope of the intrinsic emission,
which indicates that the cutoff energy is marginally constrained to be > 100 keV. The
observed and unabsorbed intrinsic flux are obtained to be Fy*5, = 6.7x 1072 erg s™' cm ™2
and Fi" = 4.0 x 107" erg s™* cm™2, corresponding to luminosities of L™, = 2.3 x
10" erg s™' and L, = 1.4 x 10% erg s7!, respectively, assuming a distance of 54 Mpc.
The bolometric luminosity is thus estimated to be ~ 3 x 10* erg s (Marconi et al.
2004), or ~ 0.5% of the Eddington luminosity for a 4.5 x 10% M, black hole.

The derived absorbing column of Ny = 1.177097 x 10%cm ™2 is a factor of ~ 3 higher
than that in NGC 4388, while the fraction of the cold reflection, f,.q ~ 1.3, is close to that
of NGC 4388. This implies that the two nuclei are covered by the reflectors subtending
similar solid angles, while the absorber (putative torus) is likely to be viewed more edge-
on in Mrk 3. The equivalent width of the Fe I Ka, estimated to be 0.8570 12 keV, is again
smaller by several tens percent than the expected value for a solar abundance (Matt et al.
1996a). The value instead agree with the iron abundance estimated from the iron edge
profile, ~ 0.8, which supports the picture that the cold reflection continuum and the
neutral emission lines arise in the same location. The derived fcg ~ 0.1, shown in Figure
5.16, is also consistent with the reflection continuum and the neutral lines having the
same origin.

The ionized scattering fraction has been estimated as fyas ~ 1%, which is quite close
to that obtained from the Suzaku soft X-ray spectrum (Awaki et al. 2008), and that by
Bianchi et al. (2005b). This fraction is approximately written as fica ~ (AQ/4m) - N5t -

or, where AQ and N is the solid angle (seen from the nucleus) and column density of
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Figure 5.13: The same as Figure 5.4, but for Mrk 3. (Right) A zoom of the residuals in
the 5-9 keV band. The blue lines correspond to energies of 6.40, 6.70, 7.05, 7.47 keV in

the source rest frame.

the assumed scatterer, respectively. If we take A /47 ~ 0.3 as a representative case, the

observed value of fy.a ~ 0.01 can constrain N as

AQN ! AQ/4m\ 7
lefat — fscat . (_) . 0.51 — 45 % 1022 (fscat) ( / W) Cm_Q- (52)

Am 0.01 0.3

Equivalently, the ionized scatterer is inferred to have a Thomson optical depth of

et [ AQ/AT\ T
7~ N5t g~ 0.3 (goo ( o./3 ) (5.3)

As in the case of cold reprocessors, we can utilize the equivalent widths of the ionized
lines to examine whether the lines and the scattered continuum arise in the same material.
The observed equivalent width of Fe XXV Ka is 1.5153 keV, with respect to the scattered
continuum. This value agree with that inferred from the calculation, assuming N ~
102 em™2 (Bianchi and Matt 2002; Bianchi et al. 2005a). Therefore, the ionized lines

and the scattered continuum can be regarded as arising from the same ionized gas.

5.2.5 Time variability

Figure 5.17 shows light curves of Mrk 3 taken with Suzaku in five energy ranges, extracted
in the same was as in §5.1.7. The upper four panels are those of the XIS (four sensors
co-added), while the bottom panel shows the HXD-PIN light curve. According to the chi-
squared tests, none of the light curves in the three bands below 10 keV nor the hardness
ratio show any significant variability; each curves are consistent with being constant at
least = 95% level.



5.2. MRK 3

01 L
o
{ B —
g ootk 3 001 L
2 ® :
c - o
3 107} §
F o
X
—4 -, N T U > 10_3 E
103 N R g
o
x O;l}
) _W]}. '
L 1o+
5

10 20 50 100
channel energy (keV)

01

5

L L L L P SR i |
10 20 50 100

channel energy (keV)
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Table 5.2: The Best-fit parameters of the Suzaku spectrum of Mrk 3 over the 3.0-110 keV

range, derived under the BC + lines + scattering model (see text).

Model Component Parameter Value
Intrinsic PL r 1-85J—r8f8$
Npr,* 1.25%00¢
Ny 1.17+59%
Reflection freft 131403
Ape© 0.84705;
Scattering fscat 0.010%4003
Fe I Ka B¢ 6.4007003
o° <23
I’ 50.0153
EW,e" 0.857012
Compton Shoulder  feg 0.0615:9
Fe I K3 E.¢ 7.057+0.020
I/ 5212
Ni T Ka E.* 7407566
I’ 2.8711
Fe XXV Ka E.¢ 6.68870 033
I’ 567775
EWscati 151—8%
CalKa B¢ 3.68%005
17 3.881082
EW.oq" ~ 0.03
\2/d.o.f. 127.1/118

@ 1073 photons keV~! em™2 s7! at 1 keV.

b 10% cm™2. ¢ Iron abundance tied to that of the absorber. ¢ Line center energy in ke’
¢ Line width in eV. / Line intensity in 10~% photons cm™2 s

9 EW with respect to the absorption-corrected intrinsic power-law in keV.
h EW with respect to the cold reflection in keV.

¢ EW with respect to the ionized scattering in keV.
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In contrast to the lack of variation in softer energies, the HXD-PIN light curve is not
consistent with being constant at = 99.5% level via the chi-squared test. However, this
should be taken with reservations, considering the uncertainty of the modeled NXB. In
fact, the variation in the count rate is only < £0.02 cts s™!, which is similar to the NXB
uncertainty (at 1o level) in this energy band with a time bin length of ~ 1000 sec (Mizuno
et al. 2007). Conservatively regarding the observed variation as possibly instrumental, the
90% upper limit on the fractional RMS variability (§5.1.7) is obtained as < 0.05, which
is much lower than those in NGC 4388. Thus, we should conclude that we found no
significant time variation from the Suzaku observation, in any energy range, from Mkn 3.
The black hole mass in MKN 3 has been estimated as ~ 4.5 x 108 M), from optical
observations (Woo and Urry 2002). Then, the RMS variability for a two day observation
is expected to be ~ 2 x 1072 from a relation between Mgy and o2 _ (e.g., O'Neill et al.

rms

2005). Therefore, our non detection of variability is consistent with the black hole mass.
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Figure 5.17: Background-subtracted light curves of Mrk 3 taken with Suzaku . The upper
three panels show those in 0.3-3 keV, 3.0-5.0 keV and 5.0-10.0 keV, respectively, taken
with the four XIS sensors. The fourth panel shows the hardness ratio between 5.0-10.0 keV
and 2.0-5.0 keV. Each bin corresponds to a continuous time interval without data gaps.
The bottom panel shows the HXD-PIN light curves in the 12-50 keV band: the red points
indicates background-inclusive raw count rates, blue the modeled background (NXB +
CXB), and black the net source count rates. Each bin corresponds to a continuous time

interval without data gaps, which can be different from those in the upper panels.
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5.3 The Circinus Galaxy

5.3.1 XIS data analysis

We show in Figure 5.18 Suzaku XIS0O images of the Circinus galaxy, in two energy ranges
of 0.3-3 keV and 3-9 keV. The Suzaku data were acquired for a net exposure of ~ 108 ks
with each XIS sensor. The brightest source at the center of the images is the nucleus, while
a second brightest source at ~ 5" off the center is apparent in both energy ranges. This
source was discovered by ASCA (Matt et al. 1996b), and is also present in the ROSAT
HRI image. Total counts of the second source is ~ 40% of that of the nucleus in the lower
energy range, while it decreases to only ~ 10% in the higher one. From the Suzaku XIS
data, the spectrum of the second source can be well fitted either by a power-law with
' ~ 23 and Ng ~ 1.1 x 1022 ecm™2, or by a thermal bremsstrahlung with k7' ~ 5 keV
and Ny ~ 4.5 x 10?! cm™2. In either cases, the extrapolation to the HXD-PIN band lies
more than two orders of magnitude below the total PIN counts, so its contribution to the
HXD can be neglected compared to the AGN emission.

To avoid contamination from the second source, we extracted source events within
2/.60 of the nucleus, where more than 95% of the AGN events are included. This radius,
indicated by black solid circles in the images, corresponds to 3.6 mm on the CCD chip, and
to 2.9 kpc in physical size at a distance of 3.8 Mpc. The background events were extracted
from the source free regions in the same CCDs. Similar to Mrk 3 (§5.2.1), the soft X-ray
spectrum of Circinus is dominated by plenty of emission lines likely to be originating in a
photo-ionized plasma (Sako et al. 2000b; Bianchi et al. 2001). Although the Suzaku XIS
data could make a precious contribution to the soft X-ray spectroscopy of this source,
we restrict our analysis above 3 keV, as we focus on the harder spectral components in
this thesis. In this energy range, the contamination from the second source to the nuclear
spectrum can be neglected (< 1%). After the background subtraction, the net signal
counts were obtained as 1.019 & 0.003 cts s™! with the XIS-FI chips (3.0-9.0 keV), and
0.273 4+ 0.002 cts s~! with the BI chip (3.0-8.0 keV). The background count rates are
~ 2.8% and ~ 4.0% of the total events in the FI and BI, respectively.

Using Chandra, Sambruna et al. (2001) and Bauer et al. (2001) found 15 X-ray
sources within 1’ of the nucleus. Most of them are very faint and have soft spectra,
but two sources, CG X-1 and CG X-2, are found to be bright enough to individually
contaminate the Suzaku spectrum up to ~ 20% in the 3 — 5 keV band. CG X-1 exhibits
periodic variations with a ~ 27 ks period, and its average spectrum is well reproduced by
a MCD model with T}, ~ 1.5 keV and Ng ~ 1 x 10*?> cm~2 (Bauer et al. 2001; Weisskopf
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et al. 2004). Among ~ 10 observations by ROSAT, Chandra, and XMM-Newton over
~ 6 years, its flux varied by a factor of ~ 2 (Bianchi et al. 2002). The spectrum of CG X-
2 can be reproduced by a power-law with I' ~ 1.8 and Ny ~ 1 x 10?2 cm~2, without any
short term or long term variability. It is considered to be a young supernova remnant
(Bauer et al. 2001). Since Suzaku cannot resolve these sources spatially, we included
model components in our spectral analysis in §5.3.3 to account for their contamination.
We used the spectral parameters described above, with the CG X-1 normalization allowed

to vary while that of CG X-2 fixed constant.
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Figure 5.18: The same as Figure 5.1, but for Circinus, in the 0.3-3.0 keV (left) and 3.0-
9.0 keV (right) band. The source events are extracted within the black solid circle whose

radius is 2'.6, corresponding to 3.6 mm on the sensor.

5.3.2 HXD data analysis and broad-band spectrum

Figure 5.19 shows the energy spectra of Circinus taken with HXD-PIN (below 60 keV)
and HXD-GSO (above 50 keV), in comparison with their backgrounds. Thus, the net
source count rate of HXD-PIN exceeds 20% of the background rate over the 10-55 keV
range. Below, we use the HXD-PIN data in the 10-55 keV range, where the signal count
rate, 0.402 + 0.003 cts s™', amounts to ~ 40% of the background rate (NXB plus CXB,
0.506 cts s71). In the HXD-GSO spectrum, the net source counts are ~ 1-2% in the 50—
100 keV range. To minimize the response uncertainty (§5.2.2), we use in our subsequent
spectral fitting the GSO data summed into a single energy bin covering 70-100 keV. The

background-subtracted source count rate in the energy range is 0.047 £ 0.007 cts s~
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Figure 5.19: The same as Figure 5.2, but for Circinus.

Figure 5.20 shows the Crab ratio of Circinus in the 2-150 keV band. The huge line
complex around the 6-8 keV as well as the extremely hard continuum up to ~ 30 keV are
even more amazing than in the two sources studied so far. This clearly suggests that the
reprocessed emission dominate the spectrum up to at least ~ 10 keV. There is a hump-like
feature around ~ 30 keV. Although this hump could be interpreted as either Compton

hump or spectral cutoff, it could have other yet unknown origin.

5.3.3 Spectral fitting below 10 keV

As suggested in §5.3.2 and previous studies (e.g., Matt et al. 1996b; Sako et al. 2000b),
the intrinsic nuclear emission of Circinus emerges only above 10 keV, so that the spec-
trum below this energy is considered to be totally dominated by reprocessed emission.
Therefore, we begin the analysis with spectrum below 10 keV, in order to quantify the
reprocessed signal in detail. We fitted the 3.0-9.0 keV spectrum only with the cold reflec-
tion continuum (pexrav), but excluding the energy ranges of 6.0-8.0 keV and 3.5-4.0 keV,
where line complex are apparent in the Crab ratio. The Galactic absorbing column was
set to 5.0 x 10?! ecm~2, the photon index of the incident power-law at 1.80, and the cutoff
energy at 100 keV. The spectra of CG X-1 and CG X-2 were modeled as described in
§5.3.1.

As shown in Figure 5.21, the model poorly reproduced the data (x/v = 417.7/201)

even in this limited energy range, although the relatively steeper 3-5 keV slope (compared
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Figure 5.20: The same as Figure 5.3, but for Circinus.

to the previous two AGNs) were successfully accounted for by the CG X-1 and CG X-
2 contributions. In the residual spectra, several line-like features besides the iron line
region (6-8 keV) are clearly seen. The blue lines show the expected line energies from
various kinds of neutral materials: Ar, K, Ca, Sc, Cr, Fe, Ni, as well as that of ionized Fe.
Interestingly, the huge emission line at 6.4 keV, attributable to Fe-I Ka fluorescence, has

a dent-like structure around its center, which can imply a possible absorption line feature.

Next, we added to the model Gaussian lines one by one, up to as many as the data
require. We then found that eleven emission and two absorption lines make the fit almost
acceptable with x?/v = 457.3/410. The best fit model and the residuals are shown in
Figure 5.21, and the line properties are summarized in Table 5.3. Among the emission
lines, ten lines can be identified as Ka or KfF lines from neutral material, and one as
Fe XXV Ka line. The equivalent width of the neutral lines with respect to the reflection
continuum are roughly consistent with the expected value, calculated for an optically-thick
reflecting material (Matt et al. 1996a, Matt et al. 1997a). Thus they are most likely to
originate in the same material which is responsible for the cold reflection continuum. The
two absorption line in the table are statistically significant, but their center energies are
closest to those of Fe I Ka and Fe I K emission lines. Since we cannot expect absorption
lines from these species, it is very likely that the dent-like feature of the emission lines
should be attributed to other physical processes. But we do not focus on it in this thesis.
The quoted equivalent widths of Fe I Ka and Fe I K emission lines are calculated for

the net number of photons in the relevant emission feature, i.e., number of photons in the
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Figure 5.21: (Left) The XIS raw count rate spectra of Circinus on which cold reflection
model are superimposed. The data in the 6.0-8.0 and 3.5-4.0 keV band are not used
in the fit. The black crosses shows the data points from XIS-FI, while the dashed blue
lines represent the reflection model. The yellow and brown liens represent the model for
CG X-1 and CG X-2. (Right) The residuals from the fit, with the energy in linear scale.
The blue lines correspond to energies of 2.96, 3.31, 3.69, 4.09, 5.41, 6.40, 6.70, 7.05 and
7.47 keV in the source rest frame, respectively. Assignments of these energies to atomic

lines are given in Table 5.3

modeled emission line minus that of the absorption line.
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Figure 5.22: The same as Figure 5.21, but for the cold reflection plus 11 emission lines

and two absorption lines model (see text). The emission lines are colored in cyan.
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5.3.4 Wideband spectral fitting

In Figure 5.4, we found that the direct nuclear emission of NGC 4388 emerges at = 3.5 keV
above the reflected continuum, through an absorber with Ny = 3.7 x 10** cm™2. In the
case of Mrk 3 (Figure 5.13), this cross-over locates at the highest end of the XIS spectrum,
because of the heavier absoption with Ny ~ 1.2 x 1072* cm~2. In Circinus, we do not find
such evidence of the direct nuclear emission up to ~ 9 keV (Figure 5.22). This implies that
the absorbing column density in Circinus is even higher than 1 x 10%* cm ™2, and is likely to
be Compton-thick. Then, are the HXD signals (Figure 5.20) accounted for entirely by the
reflected signals, or do we start observing the direct nuclear emission at higher energies? In
order to examine this possibility, we extrapolated the XIS-determined reflection spectrum
to the HXD band, to find a huge excess emission as shown in Figure 5.23. Although the
Circinus galaxy happens to lie close to the Galactic plane at (I ~ 311°,b = —3.8°), there
is no known bright hard X-ray source in the HXD field of view. Therefore, we must be
observing another component in the Circinus spectrum, which is most likely to be the

nuclear radiation piercing throughtout a very large column density absorber.

We then fitted the spectrum over the whole energy band, including a highly absorbed
power-law to the model. We show in Figure 5.24 the best fit model and the residuals,
and the best fit parameters in Table 5.4 (Model 1). The model reproduced the whole
band spectrum roughly successfully with x?/v = 510.5/427. Thus, the solution implies

the transmitted nuclear radiation to overwhelm the reflection above ~ 15 keV.

The observed total flux in the 20-100 keV is 2.0 x 1071% erg s em ™2, which makes the
Circinus one of the brightest AGN in hard X-rays. However, the estimation of the intrinsic
AGN luminosity is subject to a large uncertainty, for the following reason. The absorber

columns density derived with the above model reaches Ny ~ 7 x 10%* cm—2

, confirming
that the abosorber is quite Compton-thick (7 ~ 4). This implies that the photons which
eventually emerge may have suffered one or more Compton scatterings. If the absorber
subtends an infinitely small solid angle as seen from the central source, a considerable
fraction of the intrinsic emission is scattered out from the line of sight, and its flux must
be suppressed by a factor of exp (—Nyor) for an observer located at infinity. If, instead,
the Compton-thick absorber covers a large solid angle, a significant fraction of the intrinsic
emission would be scattered back into the line of sight. Thus, under such a Compton-thick
condition with Nyor reaching a few, the two extreme assumptions provide quite different

intrinsic flux to explain the observed flux; they can even differ by two orders of magnitude

(Matt et al. 1999b). If we assume the former case (absorber subtending small solid angle),
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the absorption corrected 2-10 keV flux is estimated to be ~ 4 x 107% erg s=! cm™2,

yvielding a 2-10 keV luminosity L, ~ 8 x 10% erg s™' and a bolometric luminosity of

~ 2 x 10% erg s

The latter is even about ~ 8 times the Eddington luminosity for
the 1.7 x 10%M, black hole. Therefore, the small solid angle assumption is physically
unlikely and large covering fraction is required in this source. On the other hands, if
we assume a Compton-thick absorber with a large covering fraction (and thus significant
scattering-in of the nuclear emission), the bolometric luminosity of only ~ 1 x 10%3 erg s™!
(or ~ 5% of the Eddinton luminosty) is required (Matt et al. 1999b). This scenario is,
therefore, physically more plausible. Indeed, the derived bolometric luminosity agree with
the integrated infrared luminosity of ~ 4 x 10*® erg s=!, a large fraction of which being
probaly reprocessing of the nuclear radiation (Moorwood et al. 1996a; Maiolino et al.
1998). In this case, the reflection fraction is estimated to be fieq ~ 0.3.

Although the emergence of the AGN component at = 15 keV successfully explains the
HXD spectrum, there remains yet another interpretation denoted Model 2 in Table 5.4,
in which the additional component emerging in the HXD-PIN band is simply a fraction of
the total reflection component, but affected by an additional absorption i.e., the reflecting
matter is partially covered. This case would represent a scenario in which the line of sight
towards the nucleus is completely blocked (i.e., Ny in excess of ~ 10* c¢cm™?), but the
optical depth diminishes at higher torus latitudes, so permitting transmission of some of
the radiation reflected by the far side of the torus. This model gives statistically as good

fit as Model 1. No estimate of the nuclear luminosity nor f..q is possible in this model.

Thus, fien in Circinus is quite ambiguous; it can be as large as an order of unity.

5.3.5 Time variability

Although the spectra do not allow us to distinguish the three alternatives (a small solid
angle in Model 1, a large solid angle in Model 1, and Model 2), we may discriminate them
using time variations. In a situation that a Compton-thick absorber subtends a large solid
angle as seen from the nuclear source, the scattered-in photons would dilute the intrinsic
variability, and hence smaller or no time variation would be observed. The Model 2 case
is essentially the same. With a small covering fraction absorber, instead, the intrinsic
variability would be observed without being diluted. Considering the 1.7 x 10%M, black
hole in Circinus, we may expect intrinsic time variation with a time scale of as fast as
~ 20 ks, which can be observed with the 2 days observation if the small solid angle is the

case.
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Figure 5.23: The XIS + HXD spectrum of Circinus in detector raw count rate. Crosses,
circles and boxes correspond to data of XIS-FI, HXD-PIN and HXD-GSO, respectively.
The XIS best fit model extrapolated to the HXD data is shown by black line.
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Figure 5.24: The same as Figure 5.21, but under the wideband modeling incorporating
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model components: the absorbed intrinsic power-law in red, reflection in blue, emission
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Table 5.4: Best-fit continuum parameters of wideband spectrum of Circinus over the

3.0-110 keV range.

Model Component Parameter Model 1 Model 2

Intrinsic PL r 2.010:1 2.0191
Npr®  0.20%005 -

Ecut 37—1_21;5 431—%2

Nyt 7.3701 6.370¢

Reflection fren 0. 3J—r8€ -

A’ 072102 .647032

x*/d.o.f. 510.5/427 510.3/427

¢ phkeV™' em™2 s7! at 1 keV. ® 10%* cm™2.

¢ Iron abundance of the reflector and absorber.

Figure 5.25 shows Suzaku XIS light curves of the Circinus in five energy ranges, which
has been extracted in the same way as in §5.1.7. The light curves below 4 keV show
variation by ~ 20%, exhibiting an apparent apparent periodicity with a ~ 30 ks period.
This variation can be attributed to that of CG X-1, because it is known to almost com-
pletely disappear every ~ 30 ks (Weisskopf et al. 2004), and its contribution is ~ 20% of
the nucleus (see §5.3.1) in the energy ranges. The flux variation becomes smaller in the
higher energy ranges: we observe a slight, statistically significant variation by ~ 10% in
the 4-6 keV band, while no variation above the energy, suggesting that the contamina-
tion by CG X-1 becomes smaller at higher energies. These facts concerning CG X-1 are
consistent with our spectral model in §5.3.3 and §5.3.4 to account for its contamination.

Figure 5.26 shows the HXD-PIN light curves in its whole (12-60 keV), soft (12—
25 keV) and hard (25-60 keV) energy ranges, as well as the hardness ratio (12-25 keV /25—
60 keV). We show in each energy ranges, the total, background and net count rates. The
background-subtracted light curves apparently show a time variability by ~ 10%, while
they are only marginally significant (~ 95% in the 12-60 keV band). Instead, the hardness
ratio shows a slight variability. If this time variation is real, it means that at least some
fraction of the observed flux is the nuclear intrinsic emission which have not undergone
scattering by the absorber. If so, the Model 2 scenario is ruled out, and furthermore, the

Compton-thick absorber is inferred to have relatively small solid angles.
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Figure 5.25: Background-subtracted light curves of Circinus taken with Suzaku XIS, in
the energy ranges of 0.2-2, 2-4, 4-6, 6-9, and 6.1-6.6 keV. Data from the four XIS sensors

are co-added. Each bin corresponds to a continuous time interval without data gaps.
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Figure 5.26: Background-subtracted light curves of Circinus taken with Suzaku HXD-PIN,

in the energy ranges of 12-60, 12-25 and 25-60 keV. Each bin corresponds to a continuous

time interval without data gaps.
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5.4 NGC 4945

5.4.1 XIS data analysis

Figure 5.27 shows the XIS image of NGC 4945, in energy ranges of 0.3-4.5 keV (left) and
4.5-9.0 keV (right). The AGN is located at the center of the images. While several other
X-ray sources can be seen in the lower energy band, the AGN emission is dominant in
the higher energy band. In the same region, Schurch et al. (2002) detected non-nuclear
point sources which are indicated with white arrows in Figure 5.27 (left). We analyzed
the XMM-Newton data of these sources, to find that their contamination to the Suzaku
AGN spectra are negligible in energies higher than ~ 4.5 keV. The bright source in the
SW region in Figure 5.27 has not been observed by any previous observations. According
to its luminosity, this transient source could be a ultra luminous X-ray source (ULX)
associated with NGC 4945. Detailed analysis and results of this source are reported in
Isobe et al. (2008), together with a discussion on its nature. Even though this source
is the second brightest in the image, it has a thermal spectrum with a temperature of
~ 1.5 keV. Thus, its emission becomes much smaller (< 1%) than that of the AGN in the
HXD band.

In order to avoid the contamination from the two bright sources in the region, while
collecting the source events as much as possible, we extracted AGN spectra from the four
XIS sensors within a circular region of 1’.45 radius (corresponding to 2 mm on the sensor,
or 1.56 kpc in physical size at a distance of 3.7 Mpc), indicated by a black circle in the
images. The background spectra were extracted from source free regions of the same
CCDs. In the following spectral analysis, we use data over an energy range of 4.5-9.0 keV
and 4.5-8.0 keV for FI and BI chips, respectively, to avoid possible contamination by
other sources in lower energies. A total net exposure of ~ 90.8 ks was obtained from each
XIS sensor, with source count rates of (8.83 +0.1) x 1072 cts s™! for the three FI chips
and (1.88 4= 0.05) x 1072 cts s™* for the BI chip.

5.4.2 HXD data analysis and broad-band spectrum

Figure 5.28 shows the energy spectra of NGC 4945 observed with HXD, in comparison
with their backgrounds. As shown in the lower panel of Figure 5.28, the net source
counts exceed ~ 20% of the background over the entire HXD-PIN energy range. In the
following spectral analysis, we use an energy range of 12-60 keV, in which the net signal
counts become 0.299 £ 0.003 cts s71, or ~ 65% of the background rate (NXB plus CXB,
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Figure 5.27: The same as Figure 5.1, but for NGC 4945, in the 0.3-4.5 keV (left) and
4.5-9.0 keV band (right). White arrows in the left panel indicate individual point sources
detected by XMM-Newton (Schurch et al. 2002). Black circle in the right panel indicates

the source extraction region, whose radius is 1.45 corresponding to 2.00 mm on the sensor.

0.461 £ 0.001 cts s7!). There, the signal detection is statistically significant at > 8¢, in
each of appropriately summed energy bins in the spectrum. Even in the HXD-GSO range,
the signal thus exceeds 2% of the background up to ~ 150 keV, although it decreases to
< 1% at ~ 200 keV. In the subsequent spectral fitting, we utilize the GSO data only in
the 70-120 keV range.

Figure 5.29 shows the Crab ratio of NGC 4388 in the 4.5-200 keV band. Below
~ 30 keV, the ratio decreases steeply, indicating that the underlying emission is attenuated
by absorption, whose column density is significantly higher than those in NGC 4388 or
Mrk 3. Above ~ 40 keV, the Crab ratio stays rather constant up to ~ 200 keV, without
showing clear evidence for a high-energy spectral cutoff. As clearly seen from the Crab
ratios, this AGN is considerably brighter at ~ 100 keV than the three objects studied
so far. At < 10 keV the ratio becomes flatter, but the implied spectrum is still harder
than that of the Crab Nebula, implying a photon index of I' ~ 1. Therefore, the source
spectrum in this energy range can be better interpreted as a reflected continuum rather
than an intrinsic emission. This inference is supported also by the strong emission line

features, which are clearly seen around 6-8 keV in the inserted figure.
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Figure 5.28: The same as Figure 5.2, but for NGC 4945.
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Figure 5.29: The same as Figure 5.3, but for NGC 4945.



5.4. NGC 4945 127

5.4.3 Spectral fitting with BC 4+ lines model

As noted in §5.4.2, the intrinsic nuclear emission of NGC 4945 is considered to appear
only at 2 10 keV, while its reprocessed emission dominates the energy spectrum below
10 keV. In order to approximate the background-subtracted XIS and HXD spectra in the
energy range of 4.5-120 keV, we first adopted the BC model, consisting of an absorbed
intrinsic emission and a cold reflection continuum (see §5.1.5). As before, the energy band
between 6.0 and 8.0 keV was not utilized in the fitting. The Galactic absorbing column
toward NGC 4945 was set at 1.57 x 10?! ecm™2 (Heiles and Cleary 1979), and we initially
fixed the cutoff energy for the high energy roll over at 200 keV. The data, the best-fit BC
model, and the fit residuals are shown in Figure 5.30. As seen in the figure, the BC model
roughly reproduced the overall continuum shape. Although the fit is still unacceptable
with x?/v = 108.4/51, the photon index of the intrinsic power-law can be estimated as

—2. was confirmed

' ~ 1.7. Furthermore, the absorbing columns, Ny ~ 4.5 x 10** cm
to be significantly higher than those in NGC 4388 an Mrk 3, which makes NGC 4945
another Compton-thick source in addition to Circinus.

Figure 5.30 (right) shows the data/model ratio around the iron line region. It reveals
several emission lines, at ~ 6.40 keV, ~ 6.70 keV, ~ 7.05 keV, and possibly at ~ 7.47 keV.
We therefore added Gaussians to represent those four features, and found that all of
them are statistically significant (2 99.9% even with the ~ 7.47 keV one). From their
center energies, they can be identified as fluorescent Fe I Ka, Fe I K# and Ni I Ka
lines, respectively, which indicate that they originate as fluorescence from cold materials.
Note that the latter two emission lines have not been detected by any previous missions.
Apart from the three neutral lines, the emission line at ~ 6.68 keV agrees in energy with
Fe XXV Ka line, suggesting the presence of another reprocessing material which is highly
ionized. Although the BC plus lines model thus reproduced the observed continuum and
iron line complex roughly well, systematic residuals are clearly recognized at < 5 keV and
2 8 keV, which make the fit unacceptable (x?/v = 174.1/92),

5.4.4 Spectral fitting with BC + ionized plasma models

The reprocessed emission from cold material (i.e., reflection continuum and fluorescent
lines) has been modeled successfully by the BC plus lines model, at least in the 5-8 keV
range. The presence of the ionized Fe-K line at ~ 6.7 keV, however, suggest that there
is a separate soft emission component that may require an independent modeling. One

obvious possibility is that the ionized line originates from a hot plasma collisionally heated
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Figure 5.30: The same as Figure 5.4, but for NGC 4945.

by the star-burst activity around the nucleus (Schurch et al. 2002). Such a plasma must
also contribute to the soft continuum, which should be modeled together with the ionized
iron line. We thus added to the BC model a hot plasma component (mekal in XSPEC).
We separately modeled the three neutral lines; the Fe I Kf and Ni I Ka lines by single
Gaussians, while the strong Fe I Ka line by the kalpha model (§5.1.5). The fit goodness
drastically improved compared to the “BC plus lines” model, and became acceptable
(x*/v = 96.5/93). We show in Figure 5.31 the data, the best-fit model, and the fit
residuals. The best-fit parameters are summarized in Table 5.5.

An alternative mechanism to produce the ionized ion line is fluorescence in a photo-
ionized plasma. Indeed, recent studies with high energy resolution instruments found
radiative recombination continua in AGN spectra, which provide clear evidence for photo-
ionized gas. These atomic features are typically seen in the highest signal-to-—noise spectra
of obscured AGNs (e.g., the compilation of Bianchi et al. 2006; Young et al. 2001;
Kinkhabwala et al. 2002). According to detailed calculations of the column, ionization
state and covering fraction of the gas required to produce the radiative recombination
continua and the copious low energy photo-ionized lines in Seyfert 2’s, such material
must necessarily also scatter some fraction fi.; of the photo-ionizing flux (§5.2.3). The
scattered continuum has approximately the same shape as the incident AGN emission,
i.e., a power-law (Bianchi et al. 2006). This continuum can be seen directly in regions
of the spectrum away from the strong line emission (e.g., Mrk 3, Bianchi et al. 2005b;
§5.2.3). Hence we explore here the possibility that the Fe XXV K line seen in NGC 4945
is from photo-ionized rather than collisionally ionized material, although the RGS data,
hampered by poor signal-to—noise ratio of this object at low energies, did not give strong

evidence for such a photo-ionized gas (Guainazzi and Bianchi 2007). We thus added to
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Figure 5.31: The same as Figure 5.4, but for NGC 4945, under the BC plus thermal
plasma model. The dashed color lines represent model components: the absorbed intrinsic

power-law in red, reflection in blue, emission lines in cyan, and thermal plasma in green.

the BC model, another power-law absorbed only by the Galactic column, with its photon
index set to the same as the primary one. The neutral lines are modeled in the same way
as the BC plus thermal plasma model, while the Fe XXV Ka line with a single Gaussian,
allowing its energy to vary. This model has also reproduced the data successfully, with
X%/v = 95.8/91. We show in Figure 5.32 the data, best-fit model, and the fit residuals.

The obtained best-fit parameters are shown in Table 5.5.

5.4.5 Derived parameters

The observed flux of NGC 4945 in the 2-10 keV range is only 3.2 x 10712 erg s7! cm™2,
which is lower than any of the former four sources. However, we found that this source
is indeed the most luminous among our sample in the 20-100 keV range, with the ob-

served flux of Log_1990 = 2.6 x 10719 erg s=! cm ™2

. The obtained absorbing columns is
Ny ~ (4-5) x10?* em™2; thus NGC 4945 is a Compton-thick source as well as Circinus.
Then, as described in §5.3.4, the intrinsic flux should be estimated by taking the Comp-
ton scattering fully into account. From discussion to be conducted later in §5.4.6, the
Compton-thick obscuring material in this source must have a rather small solid angle as
seen from the central source. In such a case, the intrinsic flux must have been suppressed,

at the most extreme case, by a factor of ~ exp(—Nyor). If we assume this extreme
2

Y

case, the unabsorbed intrinsic flux is estimated to be Fi™, = (2-4) x107% erg s™! ecm™~
int

corresponding to the luminosity of L™, = (3-6) x10"? erg s™!, under either the BC plus
thermal or the BC plus scattering model, at a distance of 3.7 Mpc. We then obtained the



130 CHAPTER 5. ANALYSIS AND RESULTS

T T T T
01k A - 01
3 [ ' |
< | 1 =
é W$ Sty | E |
2 o0t -'}1\ e, 4 « o01f _
5 3 W peS 1 § E (I T BERRRRREY:
8 N : s 1 L r i ]
: w3 - + 13 ; ;
X S ' == S ’ | PO
A . L % i 'yw 1
™ T T T — T T T T T ] X
ot 1 E o :
) - g ] ]
PR L L L n PR T N1 —- [ L PR S S | I I I L PR T R |
1IO 20 50 1 (I)O 5 10 20 50 100
channel energy (keV) channel energy (keV)

Figure 5.32: The same as Figure 5.4, but for NGC 4945, under the BC plus scattered
continuum model. The dashed color lines represent model components in the same way

as Figure 5.31.

bolometric luminosity as ~ (3-6) x10% erg s™1, corresponding to ~ 20% of the Eddington
luminosity for the 1.4 x 106 M, black hole. Thus, this scenario is energetically feasible,
though it requires rather high bolometric luminosity. Under this scenario, the reflection
fraction should be as small as fieq ~ 0.1 - exp(—Nygor) < 0.01.

The Fe I Ka line has been found to have an equivalent width of ~ 1.6 keV with respect
to the cold reflection component. This value is similar to those obtained in the previous
sections, implying that the line and reflected continuum originate at the same location,
possibly a visible part of the putative torus (e.g., Matt et al. 1996a). The Compton

+0.07

shoulder parameter fcg was constrained to be ~ 0.117;7, which is also consistent with

the line originating in a near-Compton-thick reflector.

5.4.6 Time variability

Figure 5.33 shows light curves of NGC 4945 taken with Suzaku in five energy ranges. In
the upper three panels (with the XIS), the data are binned at the orbital period (5760
sec). The curves in in the lower two panels were extracted from the HXD data, in the
same way as in §5.1.7. The three light curves below 10 keV are consistent with being
constant. In the energy ranges above 10 keV, in contrast, the source varied by a factor
of ~ 2 on a time scale of ~ 20 ks. This agrees with the picture that the reflection from a
distant cold material (plus possibly an extended thermal emission or scattering from an
ionized medium) dominates the spectrum below 10 keV, while we are seeing the intrinsic

AGN emission in the higher energy.



5.4. NGC 4945

131

Table 5.5: Best-fit parameters of the two models (see text) to the Suzaku XIS, HXD-PIN,

and HXD-GSO spectrum of NGC 4945.

Model Component Parameter BC + Thermal

BC + Scattering

Intrinsic PL r 1-59J—r8:88
Npp* 2.2107
Ny 4.6%03
Reflection fre ~0.1°
A 0.83%01)
Mekal k7 6-8J—r8f82
norm 1.31“8:% x 1073
Scattered PL fscat -
Fe I Ko E.° 6.3960:00
)i 3372
EWY 1.6:“8:% h
CS fes 0-11J—r81%
Fe XXV Ka Ec -
It :
EWh _
Fe T Kp3 E 7.06701]
It 3.0ﬂj§
EWY ~ (.29
Ni I Ka E.c 7.39701¢
If 1.8:“8:3
EW9 ~ (.19
x%/d.o.f. 96.5/93

24707

4.7493

1.60709

~0.1°
0.8670 1

~ 0.01°
6.39770902
3313

+0.2 h
1.6102

0.101908
6.68010 012
8.311%
0.5701
4.9113

~ (.29

7045503

7.39151%

L1557

~ 0.19

95.8/91

@ 1072 phkeV' em™2 s7! at 1 keV. ® 10** cm2.

¢ Iron abundance of the reflector and absorber. ¢ Plasma temperature in keV

¢ Center energy in keV. / 1076 photons cm™2 s71.

9 Equivalent width with respect to the cold reflection.

h Equivalent width with respect to the scattered continuum.

* When the Compton scattering of the intrinsic emission is taking into account,

the fractions are further decreased by a factor of exp(—NgoT) (see text).
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The detected hard X-ray variations not only elucidates the nature of the emission
above ~ 10 keV, but strongly constrain the geometry of the Compton-thick absorver.
As described in §5.3.4, when a reprocessing matter has a large solid angle to the central
source, a fraction of the photons will be scattered into the line of sight. If, at the same
time, the intrinsic emission is highly attenuated through Compton-scatterings by the
absorbing matter, the scattered-in photons dominate the spectrum even in the hard X-
ray band. Such scattered photons would significantly dilute the time variability of the
intrinsic source. Thus, the observed rapid hard X-ray variability in NGC 4945 require
that the Compton-thick absorber (reprocessing material) must not have large solid angle
as seen from the central source (Madejski et al. 2000). In other words, the Compton-thick
absorver is required to be localized into a rather solid angle (including our line of sight)
around the AGN.

In order to search the spectra for intensity-correlated changes, we divided the entire
observation period into two phases according to the 12-50 keV count rate; “high flux”
and “low flux” phases, corresponding to periods when the count rate is higher and lower
than 0.275 cts s~!, respectively. The net exposure is 33.7 ks for the high flux phase
and 31.7 ks for the low phase. Figure 5.34 shows the spectra of the two phases, in the
form of their ratios to the time-averaged spectrum. Above 10 keV, the flux of the high
phase is approximately twice as high as that of the low phase, independent of energy. In
contrast, data points below 10 keV show no significant difference between the two phases,
in agreement with the implication of the light curves. We fitted each spectrum of the
two phases by the BC + scattered power-law model, and confirmed that the spectral
parameters do not significantly change as the flux varied, except for the normalization of
the absorbed power-law component.

It is quite interesting to obtain the varying spectral component, since it must be the
pure intrinsic AGN emission without being diluted by any re-processed component. We
show in Figure 5.35 the differential spectrum between the two phases, i.e., a spectrum of
the high flux phase minus that of the low phase. As shown there, an absorbed power-law
reproduces the data successfully (x?/v = 141/216), with ' = 1.6703, Ny = 4.5707 x
10** em™2, and E.. = 150 keV (not constrained). These parameter values agree with
those we have derived from the time-averaged spectrum in the previous section. This
confirms that the time-averaged spectrum above ~ 10 keV is dominated by the intrinsic

AGN component, with little contribution from reprocessed emission.
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Figure 5.33: Background-subtracted light curves of NGC 4945 taken with Suzaku. The
upper three panels show those in 0.3-4.5 keV, 4.5-9.0 keV and 6.2-6.5 keV, respectively,
taken with the four XIS sensors, and re-binned with the orbital period of 5760 s. The
fourth and fifth panels shows 12-50 keV (HXD-PIN) and 52-114 keV (HXD-GSO) light
curves, respectively. In these panels, each bin corresponds to a continuous time interval

1

without data gaps. Dotted line in fourth panels correspond to 0.275 cts s™*, which separate

the “high” and “low” flux phase (see text).
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Figure 5.34: Spectra from the “high phase” (black) and “low phase” (red), shown as their
ratios to the time averaged spectrum. The XIS, HXD-PIN and HXD-GSO data points

are shown in crosses, circles, and squares, respectively.
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Figure 5.35: Differential vFv spectrum between the two phases (black points), i.e., high

minus low, on which an absorbed power-law model with I" = 1.6 is superposed (red line).
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5.5 NGC 4258

5.5.1 XIS data analysis

XISO images of the NGC 4258 nucleus and inner disk area are shown in Figure 5.36, in
the two energy ranges of 0.3-2 keV and 2-10 keV. The soft-band image is dominated by
complex unresolved emission with an extent of at least ~ 4/, while a bright nuclear point
source dominates the hard-band image. In addition, several fainter point-like sources are
distributed over the NGC 4258 disk. Thus, compared to the other AGNs in our sample, the
nucleus of NGC 4258 has a much lower contrast against other sources in the host galaxy,
because of its intrinsically low luminosity. With the higher resolution X-ray telescopes,
Pietsch and Read (2002; XMMNewton) and Yang et al. (2007; Chandra) confirmed that
the soft contributions is clearly separated from the harder nuclear emission, and do not
contributed to the spectrum above ~ 3 keV.

Although the soft emission extending out from the nucleus (particularly “anomalous
arms”) is of much interest because of its possible association with the AGN jets (e.g.,
Wilson et al. 2001), it is beyond the scope of the present thesis. Since the nuclear
emission cannot be spatially separated from the extended solar emission in these Suzaku
images, we thus restrict the following spectral modeling to energies above 3 keV. The
source extraction region is indicated by black solid circles in the images, whose radius is
4'.0 (corresponding to 8.4 kpc in physical size at a distance of 7.2 Mpc). Since there is a
point-like source at 2’.2 south of the nucleus, we excluded a circular region centered on the
source, with a radius of 1.0 (indicated by a black dashed circle). The background spectra
were extracted from source free regions of the same CCDs. A total net exposure of ~ 99 ks
was obtained from each XIS sensor, with source count rates of 0.430 & 0.002 cts s~! from

the three FI chips (3.0-9.0 keV), and 0.115+0.001 cts s~ from the BI chip (3.0-8.0 keV).

5.5.2 HXD data analysis and broad-band spectrum

Since 2006 May 24, a quarter of the whole HXD-PIN diodes (WPUOQ) have been operated
with a bias voltage of 400 V, while the others are at 500 V. This is due to anomalous
behavior of the noise seen in some of the diodes, when operated with the nominal bias
voltage. As described in §3.7.2, the NXB data should be accumulated over several months,
under a particular instrumental condition, to construct the data base used in the NXB
modeling. Therefore, we used data from the three quarters of the whole HXD-PIN diodes,
operated at the time of the NGC 4258 observation with the nominal bias voltage of 500 V.
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Figure 5.36: The same as Figure 5.1, but for NGC 4258, in the 0.3-2.0 keV (left) and
2-9.0 keV band (right). The source events are extracted within the black solid circle in the
panels, excluding those within the black dashed one. The radius of the solid and dashed

circles are 4.0 and 1.0, corresponding to 5.5 mm and 1.4 mm on the sensor, respectively.

We used a modeled NXB event file which is also based on the NXB database constructed

from the same three quarters of the detector.

Figure 5.37 shows the HXD-PIN spectra of NGC 4258, in comparison with the HXD-
PIN background which includes both the NXB and CXB. The lower panel indicates that
the net source count rate is ~ 10 —20% in the energy range of 12—40 keV. In the following
spectral analysis, we use this energy range, in which the source signals are detected at
> 9o (statistical) above the background in each of appropriately summed energy bins in
the spectrum. The source detection is fully significant even considering the systematic
errors (£ < 3%; §5.1.2) associated with the NXB modeling. The background-subtracted

2 which is

source count rate in the energy range, with statistical error, is 4.2 + 0.2 cts s~
~ 13% of the background rate (NXB plus CXB, 0.335 & 0.001 cts s™!). In contrast, the
source was not detected with HXD-GSO, with an upper limit which is consistent with an

extrapolation from the HXD-PIN signals.

Figure 5.38 shows the source spectra in the 3—40 keV band, normalized to those of
the Crab nebula.

extremely hard spectrum in the 2-5 keV band, which provides clear evidence for the

Similar to the other source in this thesis, the ratio plot reveals an

presence of a considerable degree of absorbing column toward the nuclear engine. Above

~ 5 keV, the ratio keeps increasing up to ~ 40 keV with a rather constant but flatter
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Figure 5.37: The same as Figure 5.2, but for NGC 4258. Only HXD-PIN data are shown.

slope, without showing any clear evidence for an underlying Compton hump which is
present in NGC 4388. In the 5-8 keV range (the inset figure), we observe a weak iron
line at ~ 6.4 keV, while we do not see any other clear features attributable to the iron
line/edge complex. Since the Compton hump and/or the strong line/edge complex are
one of the characteristic spectral features of the reflected emission observed from the rest
of our sources, their lack in this source suggests that the physical condition around the

nucleus of NGC 4258 is somehow different from those of the others.

5.5.3 Spectral fitting

In order to reproduce the 3.0-40 keV spectrum, we began our spectral fitting with a
simple absorbed power-law model. The model well reproduced the continuum over the
whole energy range, with a photon index of I' ~ 1.70 and an absorbing column of Ny ~
8.3 x 10?2 cm™2. Significant residuals, however, remained around 6.4 keV, making the
fit statistically rather unacceptable (x?/v = 326.8/275). By adding a narrow Gaussian
emission line at ~ 6.4 keV, the fit became acceptable with y?/v = 288.5/273 = 1.06
(Ax? = —38.4). In order to estimate the line width, we allowed the Gaussian to be
broad, but this did not improve the fit significantly. The upper limit on the line width is

calculated as 65 eV, corresponding to a velocity of ~ 3000 km s—*

, or ~ 0.02 pc assuming
a Keplerian rotation around the central black hole with 3.6 x 107 M.

Although the data have already been reproduced successfully with this simple model,
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Figure 5.38: The same as Figure 5.3, but for NGC 4258.

we further added to it a reflected continuum component (pexrav in XSPEC), to examine
whether there is such a signal like in the other sample sources. As indicated in §5.5.2, its
inclusion did not improve the fit at all. We obtained a tight upper limit on the reflection
fraction, f..q < 0.1. Therefore, we do not include the reflected continuum in the following
analysis.

Figure 5.39 shows the Suzaku spectrum of NGC 4258 averaged over the entire obser-
vation exposure, on which the best fit model is superimposed. The data are shown in
the raw detector count rate (left) and in an unfolded vFv plot. We also show in Figure
5.40 confidence counters of the photon index of the intrinsic continuum and the absorbing
column. The best-fit parameters are summarized in Table 5.6. The resulting absorbed
and unabsorbed fluxes in the 2-10 keV band are 8.0 and 13.0 x 107!? erg ecm™2 s, re-
spectively, corresponding to luminosities of 5.0 and 8.1 x 10° erg s~! at 7.2 Mpc. Thus,
the bolometric luminosity is estimated to be ~ 6 x 10% erg s71. As described in §4.5.5,
this is indeed 2 to 3 orders of magnitude lower than those of the other objects in our

sample.

5.5.4 Time variability

We show in Figure 5.41 light curves of the NGC 4258 nucleus in five energy ranges, taken
with the Suzaku XIS (upper 3 panels) and HXD-PIN (bottom panel). The light curves
were extracted in the same way as in §5.1.7. The light curves below 2 keV do not show

any significant variation, which agree with the idea that the thermal diffuse emission
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Figure 5.39: The broad-band (3-40 keV) spectra of NGC 4258, on which models are
superposed. (Left) The spectrum is shown as the raw count rate of the detector. The
crosses shows the data points while the lines are the models. The black, red and green
colors correspond to XIS-FI, BI and PIN, respectively. The lower panel shows the residuals
from this fit. (Right) The spectrum is shown as a vFv plot. The data are shown in black
points and the models in colored lines; the absorbed intrinsic power-law in red, and

emission lines in cyan.
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Figure 5.40: The same as Figure 5.6 (left), but for NGC 4258.
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Table 5.6: Best-fit parameters of the Suzaku spectrum of NGC 4258 over 3.0-40 keV,

derived under the model of absorbed power-law plus a narrow Gaussian line.

Model Component Parameter — Average High Low
Intrinsic PL r 1701996 1.82%09)  1.61705
Npi® 3.3704 50197 2.4102
Ny 8.310%  ggt08 70405
Fe I Ka E.* 6.40%550;  6.43700;  6.38700;
7d 5.5110 6.4718 5.871¢
EW 40720 40433 49735
y2/d.of. 288.5/273 116.8/109 193.0/165

@ 1073 photons keV~! em™2 s7! at 1 keV. ? 10?2 cm 2.

¢ Center energy in keV. ¢ 1076 photons cm™2 s71.

dominates in the energy range. In the energy ranges above 2 keV, in contrast, the source
flux varied by a factor of ~ 1.5 across the ~ 200 ks gross time coverage, accompanied by

some variations in the hardness ratio.

In order to search the spectra for intensity-correlated changes, we divided the entire
observation period into two phases according to the 2-10 keV count rate; “high flux” and
“low flux” phases, corresponding to periods when the count rate is higher and lower than
0.75 cts s, respectively. The two dotted line in Figure 5.41 separates the two phases;
high phase between the lines and low phase outside. The net exposure is 34.8 ks (XIS)
and 28.1 ks (HXD) for the high flux phase, and 65.1 ks (XIS) and 55.5 ks (HXD) for the
low phase. Figure 5.42 shows the spectrum of the high phase, divided by that of the low
phase. Above 5 keV, the flux of the high phase is approximately 1.3 times as high as that
of the low phase. Interestingly, the ratio becomes lower than unity in the 1-2 keV range,

suggesting some variations in the spectral shape between the two phases.

We fitted the spectra from the two phases by the same model as employed in §5.5.3.
The fits were acceptable in both cases, and inclusion of reflected continuum made the fit
worth as in the time averaged spectrum. The resultant fits and the best-fit parameters
are summarized in Figure 5.44 and Table 5.6. We also show in Figure 5.43 confidence
contours of the photon index of the primary power-law, I' jagainst the absorbing column,

Ny, separated for the two spectra. Thus, both Ny and I', or at least Ny, changed along
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with the flux variation, on a time scale of several tens ksec. Previously, a ~ 30% change
in Ny across a few years has been known in this source from several ASCA observations
(Reynolds et al. 2000). A more rapid (in about six weeks) decrease of Ny by ~ 10%,
accompanying a ~ 10% flux decrease, has also been reported based on XMM-Newton
observations (Fruscione et al. 2005). The present observations, therefore, provides the

fastest variation in Ny so far observed from this source.
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Figure 5.41: Background-subtracted light curves of NGC 4258 taken with Suzaku . The
upper three panels show those in 0.3-2 keV, 2.0-5.0 keV and 5.0-10.0 keV, respectively,
taken with the four XIS sensors. the fourth panel shows the hardness ratio between 5.0—
10.0 keV and 2.0-5.0 keV. Each bin corresponds to a continuous time interval without
data gaps. The bottom panel shows the HXD-PIN light curves in the 12-40 keV band: the
red points indicates background-inclusive raw count rates, blue the modeled background
(NXB + CXB), and black the net source count rates. Each bin corresponds to a continuous

time interval without data gaps, which can be different from those in the upper panels.



5.5. NGC 4258 143

1.6—II”” I -]

14 | | e -
I + 1+ l
4oL —+ ]
5 12 A
- ~+
1 I~ -_——1T it O - - - - — = — —= — - —
4:_|__|_
0.8 | | —
1 10

channel energy (keV)

Figure 5.42: Spectra from the “high phase”, normalized to that of the “low phase”. The

XIS and the HXD-PIN data points are shown in crosses and circles, respectively.
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Figure 5.43: The same as Figure 5.40, but for the spectra of the high (red) and low (blue)
phase.
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Figure 5.44: The same as Figure 5.39, but for the spectra of the high and low phase.
The spectrum is shown as the detector raw count rate in the upper panels: left panel
for the high phase and right for the low. The unfolded vFv plot for both spectra are
superimposed. Black crosses, red line and cyan line indicates the data points, intrinsic

power-law and emission line of the high phase, respectively. Black circle, blue line, and

magenta line those of the low phase.



Chapter 6

DISCUSSION

6.1 Summary of Results

Making use of the Suzaku observations in its PV and AO-1 phases, we have investigated
X-ray spectra and time variability of a sample of five type 2 Seyfert AGNs, focusing mainly
on the ~ 2-150 keV range. Since all these objects are known as water maser emitters,
our view direction is restricted to be nearly edge-on to their accretion disks. The superior
spectral and timing capability of Suzaku , throughout its wide energy range, allowed us
to demonstrate that all these edge-on AGNs are indeed highly obscured, and to obtain
major spectral and timing results as summarized in Table 6.1. These results, to the first
order, agree well with the Unified Scheme (Chapter 1, §2.1.3) of type 1/type 2 AGNs,
reinforcing the picture more firmly than ever. We have also obtained a new inference on
the “putative torus”, of which little has been learned from previous observations. In this

section, we briefly summarize these results which we have derived.

6.1.1 Spectral components observed in our sample objects

In Chapter 5, we have successfully and consistently decomposed the X-ray emission from
our sample AGNs into (at least) three distinct components. This decomposition is illus-
trated schematically in Figure 6.1.

The first component is the highly absorbed power-law, which is detectable only in
energies above 3—10 keV, extending up to = 100 keV. In at least four sources in our sample,
this component has been securely identified with the primary AGN emission, seen through
thick obscuring materials which have column densities in the range of Ny ~ 10%* cm™ to a

few x10%* cm~2. We also successfully estimated the intrinsic spectral slope, as well as the

145
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unobscured X-ray flux (Table 6.1), although the latter becomes considerably uncertain as
the source become Compton-thick. Figure 6.2 show a scatter plot between the absorbing
column and the estimated bolometric luminosity Ly, . Our sample, though far from being

complete, is thus found to cover rather wide ranges in luminosity and absorbing column.

The second component, found in all our sample AGNs except for NGC 4258, is the
nuclear emission reflected by some optically-thick materials, reaching us without being
further obscured by the absorber that obscures the primary emission. This component
in fact consists of three parts; (1) the flat continuum observed in energies below 10 keV,
exhibiting a deep Fe-K edge; (2) the “hump” at 20-30 keV visible in the PIN spectra,;
and (3) several narrow (< several tens eV) emission lines from major elements, including
many first detections from these AGNs. We can regard (1) and (2) as originating from the
same material, because they can be successfully modeled together as a single reflection
component. Furthermore, (3) can also be considered to come from the same material, as
judged from the line equivalent widths relative to (1), and from the relative strengths of the
Compton down-scattered shoulder associated with the Fe I Ko emission lines (observed
from four sources). The reflector is inferred to be neutral or in low ionization states, based
on the measured center energies of (3), as well as the observed K / Ko intensity ratio
of ~ 0.12. A very important finding is that the strength f..q of this reflected component,
relative to the intrinsic AGN emission, is rather high in two objects (NGC 4388 and Mrk
3; Table 6.1), whereas very low in NGC 4945 and NGC 4258. A further consideration

continues in section 6.2.

The third component is the highly ionized iron emission/absorption lines; observed
from four objects in our sample. This signals the presence of ionized materials somewhere
around the nucleus. Such materials are likely to be photoionized under irradiation by the
bright nuclear light, although an alternative idea of collisionally ionized plasma cannot
be ruled out from this study. Assuming the photoionization scenario to be the case, we
expect also to observe another continuum with a similar shape as the primary one, i.e.,
primary light scattered by the ionized material. At least in one source (Mrk 3), we have

found evidence for such scattered continuum.

Besides the identification of these spectral components, another spectral result from
Suzaku is the constraint on iron abundance of the circum-nuclear materials. Assuming
that the absorber and the reflector is different parts of the same matter distribution
(possibly the “torus”), we have successfully estimated the iron abundance in some of the
sources to be consistent with one solar, or slightly lower than that. Such an abundance

estimation has become possible thanks to the high sensitivity of the XIS in the iron edge
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region, and to the superior hard X-ray sensitivity of the HXD that allow us to fix the

reflection hump.

We show in Figure 6.3 the energy spectra of the five sources in the Crab ratio format.
Even from these simple plots, we can nicely review the spectral signature summarized in
this section, for the targets with various absorbing columns. In the top object which has
the least absorbing columns, the absorbed intrinsic emission emerges at ~ 3 keV, while
signatures for the cold reflection are buried under the emission. In the objects plotted
lower in the figure, the intrinsic emission are obscured up to higher energies, as the
absorbing columns goes higher. Instead, we can see the signatures for the cold reflection
more and more clearly at < 10 keV. In the last two objects, the spectra below ~ 10 keV
is totally separated from the intrinsic emission which emerges only above ~ 10 keV. This
means that these sources are “Compton-thick”, where Compton scattering plays a quite
important role to make the observed spectral components. This effect is further discussed

in §6.2.

6.1.2 Time variability of the emission components

Along with the spectral properties, the time variability can provide a crucial key to
our understanding of the environment around the AGNs. During the observations, we
observed flux variations from at least 3 AGNs in our sample; NGC 4388, NGC 4945
and NGC 4258. These flux changes are most likely associated only with the absorbed
intrinsic component, since neither the reflection continuum nor the emission lines varied
in intensity beyond a typical upper limit of ~ 10%. We can hence conclude that the
reflecting material is located sufficiently far from the AGN, so that the intrinsic AGN

variations are smeared out by the reflected signals due to distributed time delays.

As reported in §5.1.7, the RMS variability of NGC 4388 decreased toward higher
energies above 10 keV. This means that the spectral “hump” at 20-30 keV is less variable
than the primary emission. This nicely confirms our spectral results, that (1), (2) and (3)

of the second spectral component have the same origin.

The detected hard X-ray variations, when combined with the values of f..q, provide
an important implication that forms the major achievement of the present thesis. This is
discussed in §6.2.
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Figure 6.1: A Schematic illustration of the spectral components generally observed in our

sample.

6.1.3 The Unified Scheme of AGNs

The Unified Scheme of AGNs (§2.1.3, e.g., Antonucci and Miller 1985; Antonucci 1993)
dictates that type 1 and type 2 AGNs are the same objects seen from different directions.
The present results provide several pieces of supporting evidence to this view, as described
below. The measured photon index of the primary power-law emission, distributing over
1.6-2.0, is consistent with those of type 1 AGNs. In a few sources, we have also constrained
(though marginal) the high energy spectral cutoff, at around E.,; 2 100 keV which is also
consistent with those measured in some of the brightest type 1 AGNs. The luminosity
relative to the Eddington ratio (Table 6.1), a few to several tens percent, is not particularly
different from those of type 1 AGNs. The large difference in the absorbing column can

be explained simply as an inclination effect.
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Figure 6.2: A Scatter plot between the bolometric luminosity and absorbing column of

our sample AGNs.

6.2 Reflector with Various Covering Factors

6.2.1 Reflection fraction vs time variability

It is known that the time variability of intrinsic emission (defined as fractional RMS
variablity Fy,.) correlates with the black hole mass (e.g., Papadakis 2004). We show
in Figure 6.4 a scatter plot between the black hole mass and the RMS variability 92
actually observed from our sample AGNs. Thus, the figure roughly reproduces generally
accepted view, that Fy,, on a given time scale is inversely proportional to the black hole
mass. In addition, we find interesting deviations from this trend, particularly between
NGC 4945 and Circinus: they differ in Fi,, almost by an order of magnitude, even though

their black hole mass and Ly, /Lgqq are similar.

As described in the previous section (and in §5.1.7; §5.3.5), the time variability would
be suppressed when the reprocessed emission have significant contribution to the total
observed flux. To examine this possibility, we show in Figure 6.5 (top) a scatter plot
between the reflection fraction, f..q, and F°2°. In this plot, we have normalized the values

of F°™ to those estimated from the black hole mass, F'¢, referring to a relation by (O’Neill

var var’

et al. 2005).
Note that the values of fi.q used here have not been corrected for the Compton scat-
tering effects. That is, the values of f,.q are simply the ratios between the cold reflection

and the intrinsic emission, with the latter corrected only for the photo-electric absorption;
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Figure 6.3: Crab ratios of the 5 sources analyzed in this thesis, shown with arbitrary
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we consider the effects of the Compton scattering in a comprehensive manner in the next
section. The effects of such corrections, however, are negligible in the following discussion,
except for the two Compton-thick sources.

Figure 6.5 (top) reveals that NGC 4388 and Mrk 3 have particularly large values of
fret, which reach almost unity. This suggests that about 27 of the sky is covered by the
reflector as seen from the central engine. (Their values of f,.q are reliable, because both are
Compton-thin, and hence their direct nuclear emission emerging at < 10 keV accurately
fixes freni.) Such a reflector can be readily identified with the putitive “torus”, introduced
in the unification model of AGN. A large covering factor of the torus agree with the
number ratio of type 1 and type 2 AGNs. Since the observed hard X-ray signals are then
contributed roughly equally by the varying direct emission and the non-varying reflected
component, we expect Fo> ~ F'/2 in a gross agreement with the NGC 4388 data point
in Figure 6.5 (top). Note that the black hole mass in Mrk 3 is so high (Mg ~ 5 x 108M,)
that the detection of the time variation through the ~ 200 ks observation is not expected.
Indeed, we did not observed any time variation from the source.

In Figure 6.5 (top) the contrast between Circinus and NGC 4945 becomes even more
interesting; Circinus has only a factor of ~ 2 larger value of f..n than NGC 4945, but its
normalized variability is almost an order of magnitude smaller than that of NGC 4945.
To further investigate their contrast, we need to fully consider the effect of Compton
scattering (see next subsection), because the two objects are the most Compton-thick

objects in our sample as shown in Figure 6.5 (bottom).

6.2.2 Compton scattered-out/in through the obscuring material

Although we already discussed in Chapter 5 the effects of Compton scattering by the
obscuring materials, let us here consider the issue again, trying to solve the difference
between the two Compton-thick sources (Circinus and NGC 4945) in their normalized
variability (Figure 6.5). Through such an examination, we at the same time expect to
obtain useful information on the geometry of the obscuring matter. As shown in Figure
6.5 (bottom), our line of sight toward their nuclei are obscured by absorbing columns
exceeding Ny ~ 4 x 10?* em~2. With such high columns, the absorber becomes optically-
thick to Compton scattering (Compton-thick), and hence the flux of intrinsic emission
reaching us would be significantly suppressed by a factor of exp (—Nyor), because the
primary photons are Comton-scattered out of our line of sight. This is “Scattering-out”

effect.
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In Circinus, the value of f.q is smaller than those in NGC 4388 and Mrk 3, and the
flux of the cold reflection component is, actually, ~ 0.3 times that of the total flux at
the 12-50 keV range. Thus, we expect that F>/F would take a value around unity,
as is the case in NGC 4388. However, as shown in Figure 6.5 (top), the observed time
variability of this source is significantly lower than this prediction. In addition to this
problem, we encounter another discrepancy: if we correct the inferred flux of the intrinsic
emission for the scatter-out effect by multiplying with a factor of exp (Nyor) ~ 130 (given

Ny = 7 x 10** ecm~?), the inferred bolometric luminosity would become ~ 8 times as high

as the Eddington luminosity. This is physically quite unplausible.

In order to solve these two problems consistently, we need to re-examine the nature
of the absorbed intrinsic component. If a Compton thick absorber subtends a large solid
angle around the AGN, AGN photons which were first directed away from our line of sight
would be partially scattered, inside the thick torus, into our view direction. A schematic
illustration of this “scattered-in”component, together with the intrinsic and reflection
ones, are shown in Figure 6.6. This component, suffering the photoelectric absorption,
is considered to have a similar spectral shape as the absorbed intrinsic emission (e.g.,
Matt et al. 1999b; Yaqoob 1996), but its time variability would be suppressed like in the
reflection component. The relative flux of the scattered-in component depend strongly on
the geometry and column density of the obscuring materials (Madejski et al. 2000). We

show in Figure 6.7 an example of a spectrum including the scattered-in photons, calculated
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Figure 6.6: Schematic picture of the emission components from an AGN and putative

“torus”.

assuming that the obscuring matter distributes spherically with uniform density (Nyg =
5 x 10%* em™2, Yaqoob 1996). When the intrinsic component is highly attenuated by the
scattering-out effect like in the Circinus case, the scattered-in component would dominate
what has been considered the absorbed intrinsic emission. If so, the strong suppression of
the variability in Circinus can be naturally explained. Furthermore, its intrinsic (corrected
for the scatter-out effect) luminosity, calculated by excluding the scattered-in contribution,
becomes much lower, and hence f..q gets larger. These considerations conversely imply
that the reflector in Circinus has as large as those in NGC 4388 and Mrk 3. In short,
the proper consideration of the scattered-in component brings the Circinus galaxy in

agreement with the unification of the AGNs.

NGC 4945 is also a Compton-thick source, with the absorbing column close to that in
Circinus. The black hole masses are also quite close between the two sources. NGC 4945
exhibits, like the former 3 sources, a clear signature of the optically-thick cold reflector in
energies below 10 keV. Nevertheless, in Figure 6.5 (top), NGC 4945 (and NGC 4258 to be
considered later) falls on a region which is quite distinct from that occupied by Circinus.
Indeed, NGC 4945 varied in energies above 10 keV by a factor of ~ 2 on a time scale as
short as ~ 20 ks, and its reflection fraction is constrained to be as small as f,.q ~ 0.1 even
before correcting the intrinsic flux for the scattering-out effect. Therefore, unlike Circinus,
the emission above 10 keV must be dominated by the direct nuclear component, with little
contribution from the reflected or scattered photons. This fact itself is already sufficient

to require that the optically-thick reflector in this AGN should have a very small covering
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Figure 6.7: An example of spectral calculations showing the effects of scattered-in light
(Yaqoob 1996). Red lines show the absorbed intrinsic emission when only the scattering-
out effect is considered, for absorbing columns of Ny = 1 x 10?* and 5 x 10** cm™2,
respectively. Magenta shows a spectrum when the scattered-in component is added to

the absorbed intrinsic emission, with the absorbing column of Ng = 5 x 10** cm ™2 .

factor around the nucleus, because otherwise the scattered-in photons would smear out
the time variability, as in the case of Circinus (Itoh et al. 2008). This conclusion is even
enhanced very much, when we correct the intrinsic flux by a factor of ~ exp (Ngor) ~ 20.

This correction yields fren < 0.01.

NGC 4258 is the only source where we failed to find any spectral signature for the cold
reflection component. The weakness of iron emission line, iron edge, and Compton-hump
have provided, for the first time, a tight constraint on the reflection fraction as f.eq < 0.1.
This, together with the large values of F°%/ Ft places NGC 4258 in a similar region
on Figure 6.2 (bottom), as NGC 4945. In other words, the accreting cold matter in
NGC 4258, of which the clear presence is indicated by the water-masser emission and the
X-ray absorption, has such a geometry as to subtend a very small solid angle as seen from

the nucleus. The case of NGC 4945 may be similar.

To summarize this important section, we have obtained a new inference on the cold
reflectors generally seen in obscured AGNs (putative “torus”); some type 2 AGNs do
not have the generally assumed cold reflecting tori with a large covering factor. In such
sources, the reflected emission is much lower than those in more “normal” AGNs, as

evidenced by the rather enhanced hard X-ray variability and the small values of f..q. In
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Figure 6.8: Schematic illustrations of the two types of cold-matter distribution inferred
in this thesis (left side). (Top left) The normal torus with a large covering factor. (Bot-
tom left) The geometrically-thin, disk-like material which is thought to be present in
NGC 4945, and possibly in NGC 4258. (Right side) Schematic drawings of spectral
components observed from the corresponding geometry, shown for compton-thin / thick
sources. The red, blue and magenta lines show a direct, reflected, and scattered-in emssion

as seen from the observer, respectively.
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order to explain the “small (or no) reflection” property of these AGNs, we may consider
a configuration as illustrated in Figure 6.8 (bottom), that the cold matter has a flat but
slightly warped disk geometry, and we are observing the AGN just grazing to it (Itoh
et al. 2008). Schematic figures of the two types of tori (normal and disk-like) are shown
in Figure 6.8, together with the spectral components observed from each types, depending
also on the line-of-sight absorbing columns.

Such AGNs with “small reflection” may, in principle, be present among type 1 AGNs.
This inference would significantly affect the study that try to explain the flux and spectrum
of the CXB as an assembly of numerous AGNs along the line of sight. The detection of
such objects is, however, quite difficult since the direct nuclear emission hide the weak
signature of the reflection component. Since accurate measurements of the hard X-ray
continua are thought to provide a key to this issue, the improved hard X-ray instruments
(the Hard X-ray Imager and the Soft Gamma-Ray Detector) to be onboard the NeXT

mission will be of great value.

6.3 Prospects

In this section, we consider a possible origin of the difference in the covering fraction of the
reflector. Since the obscuring/reflecting materials are infalling to the central black hole,
their structure must reflect, at the first order, the amount of matter which accretes per
unit time. Thus, we speculate that the accreting material structures the putative toroidal
shape, when the nucleus is in a gas-rich environment and hence the mass accretion rate is
high. On the other hands, the accreting matter is considered to take a rather geometrically
thin disk shape, when the nucleus is relatively gas-starved. This will suppress the reflection
fraction and the nuclear obscuration occurs only when our line of sight is grazing to the
(possibly warped) thin disk. Figure 6.9 shows a scatter plot of beween Ly, and f..q. The
figure suggest a weak correlation in such a way that a source with a larger Ly, (and hence
a larger mass accretion rate) has a larger value of fieq ( hence a thicker torus). However,
the sample is still too small to allow us to draw a definite conclusion at present. To clarify
the origin of the geometrical difference of the accreting matter, discovered by the present
thesis, we need to acquire broad-band X-ray spectra of a much larger number of obscured
AGNs. This will be carried out with the next generation Japanese X-ray satellite NeXT
(New Exploration X-ray Telescope), scheduled for launch in 2013.
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Chapter 7

CONCLUSION

We have selected five Seyfert 2 AGNs from the Suzaku PV and GO-1 phase targets;
NGC 4388, Mrk 3, Circinus galaxy, NGC 4945, and NGC 4258. All these objects are
known to be water maser sources, which restrict our line of sight to nearly edge-on to
their accretion disks. Through the analysis of their X-ray spectra and variability, we

obtained the following results.

1. The broad-band (a few to ~ 100 keV) X-ray emission observed from our sources
has been successfully disentangled into three components; (D) the highly absorbed
power-law emission; (R) the nuclear light reflected by an optically thick, cold ma-
terial; and (S) the nuclear emission scattered by ionized matter. We successfully

explained their origin based mainly on the Unified Scheme of AGNs.

2. The component D has been clearly observed from all of our samples, thanks to
the broad-band sensitivity of Suzaku. This components are highly obscured with

2 and

the absorbing column densities ranging between Ny = 10?*® and 10**® cm™
the absorbers were confirmed to be Compton-thick in two out of the five sources;
Circinus and NGC 4945. The component can be identified with the nuclear in-
trinsic emission piercing through obscuring matter, in all the sources except for
Circinus. The estimated bolometric luminosity distributes in a fairly wide range,
Lot = 10*17445 erg 571, Nonetheless, their intrinsic spectral slope are found to be

similar to one another, and to those of Seyfert 1 galaxies.

3. Component R has been observed from four sources in three characteristic signatures;
(R1) a hard continuum observed in the energy range below ~ 10 keV, accompanied
by a sharp Fe-K edge; (R2) several narrow emission lines arising in neutral matter;

and (R3) a spectral “hump” at energies around 20 keV. From both the spectral and

161
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time variability aspects, we have shown that these three features can be consistently
explained by assuming that they all originate in the same location, namely, a directly

visible part of the circum-nuclear matter.

. In NGC 4388 and Mrk 3, the strength of component R, relative to the nuclear

intrinsic emission (component D), fiq, have values as large as unity. This suggests
that about 27 of the sky is covered by the reflector as seen from the central engine.
Such a reflector can be readily identified with the putative “torus”, introduced in the
unification model of AGN, in which the torus is considered to have a large covering

factor based on number ratio of type 1 and type 2 AGNs.

From both the hard X-ray time variability and energetics aspects, we have found
that the component D measured in Circinus should be identified with the nuclear
light scattered by the obscuring material into the line of sight, rather than the
nuclear intrinsic emission. Such scattered-in emission is likely to dominate the hard
X-ray spectrum, when the obscuring material covers a large solid angle as seen
from the central source and our view to the nucleus is blocked by the Compton-
thick absorber. This in turn suggests the presence of putative “torus” with a large

covering factor in Circinus, as in NGC 4388 and Mrk 3.

. We have found that NGC 4945, another Compton-thick source, exhibits significant

time variations in hard X-rays, showing that the contribution of the scattered-in
photons is much lower than in Circinus in the energy range. This requires that
the obscuring material do not have large covering factor to the central source, as
otherwise the variability would be strongly suppressed. Furthermore, the value
of fien have found to be smaller by about 2 orders of magnitude, than those in
NGC 4388, Mrk 3, and Circinus. Combining these facts, the obscuring material in
NGC 4945 is likely to be localized to a limited solid angle (including our line of
sight) around the nucleus. In other words, an inflated thick torus, as invoked in the

simplest form of the Unified Scheme, is unlikely to be present in this objects.

NGC 4258 is the only source where we have failed to find any significant signature
of component R. Instead, we have obtained an upper limit on f..q, which is smaller
than those in the three “thick torus” objects, by more than an order of magnitude.
Thus, the geometrically-thick torus is also unlikely in this source. The obscuring

material possibly locates in a similar form as in NGC 4945.
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8. We consider that the accreting material assumes the putative toroidal shape, when
the nucleus is in a gas-rich environment and hence the mass accretion rate is high.
Then, the torus becomes at the same time the absorber for component D, and the
reflector for component R. In contrast, the accreting matter is speculated to take
a rather geometrically thin disk shape, when the nucleus is relatively gas-starved.
This will suppress component R, and the nuclear obscuration occurs only when our

line of sight is grazing to the (possibly warped) thin disk.

9. The existence of highly absorbed AGNs with insignificant reflection is expected to
have an important implication for the AGN synthesis model of the Cosmic X-ray

Background.
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