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Supervisor’s Foreword

As long known in extra-galactic astronomy, an extremely bright point source of
radiation resides at the very center of a small fraction of galaxies. They are called
“active galaxies”, and their central bright spots “active galactic nuclei” (AGNs). By
the early 1980s, it became the consensus that an AGN is a super-massive black hole
(SMBH), with a mass 10°-10° Mo (with Mo being the solar mass), and its intense
radiation is powered by accretion, namely release of gravitational energies by gases
that fall onto the SMBH from its environment. Through the 1990s, such SMBHs
were found to reside at the center of nearly all galaxies, and they become AGNs
when a sufficient amount of accretion fuel is available. Developments of obser-
vational technology have further led to a discovery that each SMBH carries about
0.5 % of the mass of its host galaxy, in an amazingly tight proportionality.

In spite of long challenges by a number of observers and theoreticians in
astronomy, there remain major puzzles with AGNs and SMBHs. These include:
how these enigmatic objects were formed in the history of the Universe; how their
masses are kept proportional to those of their host galaxies; and how the “central
engine” in AGNs work to efficiently convert the gravitational energy into radiation,
even though the matter itself should finally disappear beyond the event horizon
of the black hole. Among these puzzles, the last subject was chosen by Dr. Noda for
his Ph.D. thesis.

Typical AGNs emit in broad frequencies from radio to gamma-ray regimes, with
luminosities comparable to or even higher than those of the entire emission from
their host galaxies. The optical to ultraviolet portion of these spectra can be
interpreted as thermal radiation from an accretion disk, through which the accreting
gas gradually falls inward while rotating and releasing half the gravitational energy.
However, AGNs usually emit comparable luminosity in X-rays, of which the
photon energy is too high to be produced by their accretion disks. This requires
some non-trivial mechanisms working in the central engine. Since these X-ray
photons are thought to arise from deeper regions in AGNS, understanding their
X-ray emission mechanisms is expected to reveal the final behavior of the accreting
matter as it approaches the event horizon.

vii



viii Supervisor’s Foreword

The observation tool that Dr. Noda employed is the Japanese X-ray satellite
Suzaku, working in a near-Earth orbit. It covers the soft X-ray range (0.3—-10 keV)
with the X-ray imaging spectrometer (XIS), placed at the focal plane of the X-ray
telescope. It also detects hard X-rays in 10-600 keV with the hard X-ray detector
(HXD), to which our group contributed in the hardware development and the
in-orbit operation. Since the launch in 2005 July, a large number of AGNs have
been observed with Suzaku, and the acquired data are mostly archived. From these
public data sets, Dr. Noda selected 42 observations of 13 Type I AGNs in the
nearby Universe.

Studies over the past three decades established that X-ray spectra of Type I
Seyfert galaxies can be explained by combining several spectral models, including a
power-law (PL) function of photon index I' # 2.0 which approximates the broad-
band X-ray continuum, a “reflection” signature produced when the continuum
X-rays hit the accreting or ambient matter, and an enigmatic “soft excess.”
However, the study has been hampered by model degeneracy; often the same
spectrum can be explained by different combinations of spectral model components.
As a result, the physical interpretation of the central engine was ambiguous. It also
remained uncertain what fraction of the gravitational energy is converted to radi-
ation, instead of being swallowed into the black hole or consumed to launch
jets/outflows.

In order to overcome this difficulty, Dr. Noda developed a simple method, called
the C3PO method, to quantify how the spectrum changes as the source exhibits
intensity variations. This provides a powerful way to decompose, almost in a
model-free manner, AGN spectra into different components. Using this method,
Dr. Noda revealed that the “soft excess” component, seen in the XIS data at <2 keV
from a fair fraction of his targets, is a primary emission rather than a secondary
component produced via reprocessing of the major PL. component. It is likely to
emerge when low-energy photons from the accretion disk are Compton up-scattered
by some hotter electrons in the AGNs.

More importantly, Dr. Noda applied the same C3PO method to the broadband
XIS+HXD data of his targets, and discovered that the hard PL continuum itself
(thought to result also from Comptonization by much hotter electrons) in reality
consists of two distinct primary emission components. One is a highly variable PL
with I' = 2.2, while the other is a less variable and harder PL with I ~ 1.5.
Furthermore, the former was found to dominate when the accretion rate is high,
while the latter becomes the major continuum under low accretion rates. In previous
studies, the I' # 1.5 component was not noticed, presumably because it was mis-
taken for a partially absorbed fraction of the steeper PL. This discovery demands a
drastic revision of the contemporary understanding of the AGN central engine,
since previous X-ray studies of these objects all mixed up the two components.

To summarize his achievements, an AGN central engine consists of at least three
separate regions which Compton up-scatter the disk photons in different ways: one
producing the soft excess, another responsible for the variable I' % 2.2 PL, and
another emitting the absorbed I ~ 1.5 PL. In other words, an AGN central engine
should be in a condition of multizone Comptonization instead of the single-zone
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Comptonization that was implicitly assumed in all previous studies. This is truly
epoch-making progress in the history of AGN studies. Based on these achieve-
ments, Dr. Noda was awarded, in March 2015, the Graduate School of Science
Research Award by the Graduate School of Science, The University of Tokyo.

Tokyo, Japan Kazuo Makishima
March 2015
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Chapter 1
Review

Abstract In the central engine of an active galactic nucleus (AGN), an accretion
disk is formed around the central super massive black hole, and inner regions of the
disk are considered to be covered by a hot electron cloud, often called a corona.
Primary X-ray from an AGN is generated when blackbody photons from the accre-
tion disk is inverse-Compton scattered by the coronal electrons, while secondary
X-ray is produced via Compton down-scattering and photo-absorption to the pri-
mary X-rays by materials surrounding the central black hole. The discovery of an
(apparently) relativistically-broadened X-ray spectral feature, from disk-dominated
AGNes, greatly accelerated studies of the secondary X-rays. However, in these studies,
the primary X-ray continuum has always been approximated as a single power-law
component, and all spectral features deviating from the assumed power-law contin-
uum have been interpreted as secondary components. This assumption, clearly too
simplified considering the strong spatial gradient in the gravitational field around a
black hole, has apparently hampered our correct knowledge of the central engine.
Therefore, the objective of the present thesis is to determine the spectral shapes of the
primary X-rays from disk-dominated AGNs, and study the picture of their engine.

Keywords Active galactic nuclei - Supermassive black hole + X-ray

1.1 Objective of the Present Thesis

Almost every galaxy in the universe is considered to host, at its center, a super massive
black hole (SMBH) with a mass of ~10*~10 M (M, being the solar mass), and when
gas is accretes onto it, its vicinity is expected to shine as an active galactic nucleus
(AGN), with a luminosity reaching 10°°~#" ergs~!. Around the SMBH of an AGN,
the accreting gas is considered to form a gaseous accretion disk, where gravitational
energy of the gas is efficiently converted to radiation. This mechanism is considered
to be the origin of all the emission from an AGN, and is called the central engine.
Direct emission from the central engine appears in the X-ray energies, because
the gas is heated by viscosity to attain high temperatures. Thus, X-rays are expected
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to provide valuable information about extreme conditions near the BH, and to be the
most useful wavelength to study the central engine of AGNs. Such X-ray emission
from AGNs has been studied with more than 20 X-ray satellites launched so far,
including the 5 Japanese ones, Hakucho, Temma, Ginga, ASCA, and Suzaku, which
were launched from 1979 to 2005. Japanese contributions to the X-ray study of AGN's
with these satellites have been quite large.

When the primary X-rays from the central engine interact with surrounding mate-
rials, the spectrum is expected to be modified significantly, due to photoelectric and
resonant absorption, Compton scattering, and the emission of fluorescent photons.
Since Tanaka et al. (1995) detected a structure like a relativistically-blurred Fe-Ka
emission line in an X-ray spectrum from the type I AGN MCG-6-30-15 with ASCA,
the AGN X-ray emission has been attracting much attention as a probe to verify the
general relativity. As a result, a large number of observational and theoretical studies
have been done on this topic. In addition, various absorption features by mildly photo-
ionized materials (often called “warm absorbers”) and outflows have been observed
in X-ray spectra of AGNs, and hence the geometry and physical conditions of such
absorbers have been another popular research subject with instruments having high
energy resolution.

In contrast to the rapid progress in the studies of the “secondary components”
which are generated via reprocessing of materials around a central SMBH, much
less effort has been performed to understand “primary emission”, which is directly
emitted form the AGN central engine. Consequently, the primary spectrum of an AGN
has always been assumed to be a single power-law like continuum, and any deviation
from this simplified assumption has been attributed to the secondary processes. This
was motivated, at least partially, by the intrinsic difficulty of separating the primary
and the secondary emission components.

In the present thesis, we focus on the primary emission from type I AGNs, and
utilize the fact that different (e.g., primary and secondary) components are likely to
exhibit different time variability characteristics. By combining the superior broad
energy coverage of Suzaku and a novel timing analysis method we developed, we
apply a comprehensive “variability-assisted spectroscopy” to the data of a dozen
AGNs. We thus aim to decompose, in a model-independent manner, their overall
X-ray emission into different components. This kind of data-oriented approach has
been quite rare in the past.

1.2 Active Galactic Nuclei

A few percent of total galaxies in the universe have a strong radiation source at their
central region, with its luminosity of 10*' *3 ergs~!. They are called Active Galactic
Nuclei (AGNS). Surprisingly, the AGN luminosity is comparable to, or sometimes
higher than the sum of those of the remaining regions of the galaxy. From their
discovery, AGNs have deeply attracted many astronomers, and have become one of
the hottest and most important topics in astronomical fields.
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1.2.1 Discovery

Seyfert galaxies and quasars, which are today regarded as representatives of AGNs,
were first discovered in different ways. In 1943, C. Seyfert reported a group of
galaxies including NGC 1068, NGC 3516, and NGC 4151, which commonly have
a central region within ~100 pc emitting strong highly-ionized emission lines. They
have broad line widths, which translate to a gas cloud velocity of more than a
1000kms~!. This velocity is much higher than that of a galactic rotation, which
is at most ~500kms~!. This implied the presence of something anomalous in their
central regions, and later it was recognized as an AGN phenomenon.

Quasars were first discovered, in the late 1950’s, as strong radio sources without
obvious optical counterpart. Helped by lunar-occultation experiments, a few of them
were identified, in the early 1960°, with star-like objects with strange broad emis-
sion lines. They hence became to be called “quasi-stellar objects” (QSOs), and then
quasars. In 1963, M. Schmidt hit upon an idea that the unidentified strong emission
lines seen in one such object, 3C273, can be identified with Hydrogen Balmer series,
if an amazing high redshift (for a common sense at that time) of 0.158 is assumed.
After a lengthy debate (e.g., Field et al. 1974) it became a consensus that quasars are
objects at cosmological distances, and their high redshifts are a direct consequence
of the expansion of the universe. This means that its luminosity is ~10® times higher
than the Solar value, and ~10 times higher than a sum of luminosities of all stars
included in a galaxy. After that, similar sources were found one after another, and
they faint galaxy images later became detectable around some of them. Therefore,
quasars were confirmed to reside in galaxies, and became recognized as AGNss.

1.2.2 Classification

AGNs may be classified with respect to several characteristics. Tow major ones are
the luminosity and the radio loudness. Broadness of their optical emission lines
may be employed as a third attribute. In Table 1.1, we summarized a typical AGN
classification, and explain individual types, below.

Table 1.1 Classification of AGNs, except Blazars

Luminosity Radio-loud sources Radio-quiet sources
21045 ergs™! Radio-loud quasars Radio-quiet quasars
~0B-10% ergs™! Radio galaxies Seyfert galaxies
<10® LINERs
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1.2.2.1 Seyfert Galaxies

Seyfert galaxies are AGNs with comparatively low luminosities of 101 * ergs~!.
As a definition, their B-band absolute magnitudes should be larger than —21.5 +
5log ho, where hy is the Hubble constant in units of 100kms~! Mpc~! (Schmidt and
Green Schmidt and Green 1983). They emit time-variable continua which become
particularly strong in the ultra-violet band. Their host galaxies can be easily seen, and
most of them are spiral galaxies. Their optical spectra show high-excitation ionized
emission lines, which allows further classification into two sub classes, type I and type
II, in reference to velocity widths of the emission lines (Khachikian and Weedman
Khachikian and Weedman 1974). As shown in Fig. 1.1a, a type I sources show both
broad and narrow emission lines with velocity widths of ~10* and ~10%km s~!,
respectively. On the other hand, a type II sources show only narrow emission lines
(Fig. 1.1b). Sometimes finer sub classes are defined between type I and II, like e.g.,
type 1.5, 1.8 and 1.9 (Osterbrock 1981).

1.2.2.2 Radio Galaxies

Radio galaxies are AGNs with relatively large radio robes. Their luminosities are
~10%"% ergs~!, and almost all of their host galaxies are elliptical. The large robes
are considered to be generated when jets from the nucleus collide with surrounding
dense gases. The lobes are filled with relativistic electrons, which makes the lobes
luminous synchrotron radio sources. This radio loudness provides a major difference
between Seyferts and radio galaxies. The robes often appear point-symmetrically,
and their sizes sometimes reach ~Mpc which largely exceeds that of its host galaxy,
~10kpc. Similar to Seyferts, radio galaxies can be divided into two sub classes,
type I and type II as shown in Fig. 1.1c, d. Type I radio galaxies are called Broad-
Line Radio Galaxies (BLRGs), while type II sources Narrow-Line Radio Galaxies
(NLRGsS).

1.2.2.3 Quasars

Quasars are the most luminous class of AGNs radiating 10¥~* ergs~!, with their
B-band absolute magnitudes less than —21.5 + 5loghg as a definition. The co-
moving space density of quasars exhibit significant evolution, becoming maximum
of redshifts of z = 1-2, and decreasing both to lower and higher redshifts. Their
optical spectra are similar to those of Seyfert galaxies, and exhibit broad emission
lines (Fig. 1.1f). Their continuum spectra are also like those of Seyfert galaxies,
with high time variability and strong enhancements in the ultra-violet band. Unlike
Seyfert galaxies, quasars include radio-loud and radio-quite sources. A radio intensity
of the radio-loud quasars is approximately three orders of magnitude higher then
that of radio-quiet ones. Although the fist discovered quasar 3C273 is radio-loud
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(Sect. 1.3.1), the number of radio-loud quasars is only ~5 % of the entire population,
and the rests are all radio quite.

1.2.2.4 Blazars

Blazars are radio-loud AGNs characterized by high variability in a broad band and
strong optical polarization. Roughly speaking, a Blazer is considered to be a radio
galaxy or a radio-loud quasar that are observed nearly end-on to its jets, so that non-
thermal (synchrotron, inverse-Compton, and synchrotron-self-Compton) emission
components are significantly enhanced. Because the non-thermal emission domi-
nates their broad-band spectra, optical emission lines become too weak to be detected
(Fig.1.1e), and thermal emission usually becomes undetectable in the X-ray band.
A vF, continuous spectrum of Blazers shows two peaks; one is in the radio—optical
band, while the other in the ~y-ray band, which are due to a synchrotron and syn-
chrotron self-Compton emission, respectively.
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Fig. 1.1 Optical spectra of a the type I Seyfert galaxy NGC4151, b the type II Seyfert galaxy NGC
4941, c the broad-line radio galaxy 3C390.3, d the narrow-line radio galaxy Cygnus A, e the Blazer
0814+425, f the Quasars in average, g the LINER NGC 4579 and h the normal galaxy NGC 3366.
These figures are from the Bill Keel’s slide set (http://www.astr.ua.edu/keel/agn/spectra.html) and
some labels are altered
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1.2.2.5 LINER

LINERs (Low-Ionization Nuclear Emission-line Regions) are AGNs characterized
with low luminosities and emission lines from low-ionized gases (Heckman 1980).
The optical spectrum is similar to that of type II Seyfert galaxies, except low-ionized
emission lines (Fig. 1.1g). Filippenko and Sargent (1994) reported that a half of spiral
galaxies, particularly those in nearby universe, are considered to be LINERs. The
very low luminosities of LINERSs are considered to be a result of rather low accretion
rate, rather than a low BH (e.g., Ishisaki et al. 1996). Luminous AGNs in distant
universe may have evolved into LINERs (Iyomoto et al. 1998).

1.2.3 Spectral Energy Distribution

Spectral Energy Distributions (SEDs) of AGNs extend from radio to «y-ray wave-
lengths, and the spectral shape can be approximated by apowerlow asv F,, oc v~©@~D,
where « is between ~0-1. Figure 1.2 shows SEDs of radio-loud AGNs and radio-
quiet AGNs, excluding Blazars, in a v F,, form. They reveal some important spectral
structures; a hump appearing between ~1000-4000 A, called the big blue bump, a
hump at ~10 p m, called the infrared bump, and a drastic downturn below an infrared
band, called the sub-millimeter break. The first structures is attributed to a black body
emission from an accretion disk formed around the central black hole. Although this
feature presumably extends to a soft X-ray band (above 0.1keV) directly, the energy
range between UV and X-ray cannot be observed in principal, because of neutral
absorptions by interstellar medium. The second one is thought to be thermal emis-
sion from warm dusts with temperatures of 7 < 2000K, while the last one can be
explained by a spectral cutoff in the thermal dust emission.

Fig. 1.2 The mean quasar lem fmm 1004 104 1 1000A O keV 1keV

energy distribution at a rest L I I ! I ! I I
frame in v F,, form, for d = ]
radio-loud (dash-dotted line) 2 B —

and radio-quiet (solid line)
quasars, with the intensity

@
=
=
normalized at 1.25 pm (Elvis - =}
etal. 1994) St
3
ol
L I 5 4
-8 -_[_u " L 1 " 1 " A i 1 . 1
10 12 14 16 18

log(v) (Hz)
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Figure 1.2 shows that a radio intensity of the radio-loud quasars is approximately
three orders of magnitude higher than that of radio-quiet ones (Sect.1.2.2). The
radio signals of radio-loud AGNs are contributed by synchrotron radiation, unlike
the optical-UV and Infrared frequencies dominated by thermal emissions. In the
hard X-ray to vy-ray energies, radio-loud AGNs can have stronger signals than radio-
quiet ones, due to contribution from synchrotron-self-Compton emission in the jets.
In the most extreme jet-dominated AGNs, namely Blazers, the non-thermal signals
become dominant even in the IR to UV frequencies. However, how the AGN jets are
generated, and what makes the three orders of magnitude gap between radio-loud
and radio quiet AGNSs, has so far been unknown.

1.2.4 The Unified Model

Regardless of their radio loudness, AGNs can be divided (Sect. 1.2.2) into type I
objects exhibiting both broad and narrow emission lines, and type II ones showing
only the latter. When the line width of ~500kms~', an ionized gas would need to have
a temperature of ~5million K, which is much higher than the value of ~10,000K,
estimated from intensity ratios of the emission lines. Thus, we cannot explain the
line width by the thermal broadening, and must consider two different regions; one
with a dynamical motion with a velocity of ~1000kms~! and the other with that of
~100kms~!, which are called Broad-Line Region (BLR) and Narrow-Line Region
(NLR), respectively. In 1985, Anntonucci and Miller detected a broad line component
in polarized light from type II AGNs, and showed that they host BLR obscured from
our direct view and observed only in scattered light. Therefore, the type I/type 11
classification of an AGNs depends on whether both BLR and NLR can be seen or
only the NLR can.

The above discovery led astronomers to propose a unified model of AGNs, which
is illustrated in Fig. 1.3. It assumes that an AGN is surrounded by torus-like materials
with an equivalent hydrogen column density of ~10?” cm~2 obscuring both the AGN
central engine and the BLR, and the difference of type I/type Il is attributed to the
observing angle: AGNs seen from a direction of the torus openings are considered
as type I, while those from a side of the torus are type II. Because the NLR is located
outside regions covered by the torus, the narrow emission lines can be observed in
both types. Through X-ray observations with Ginga, Koyama et al. (1989, 1992) and
Awaki et al. (1990, 1991) discovered that type II AGNs are indeed significantly more
absorbed than type I objects, and gave an observational support toward the unified
model. Table 1.2 summarizes components which are invoked by the AGN unified
picture.
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Fig. 1.3 The AGN unified
model proposed by Urry and

Padovani (1995) Narrow Line

/ Region

e /

Broad Line
/ Region
/ ;

Accretion
Disk

Obscuring
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Table 1._2 Components in the Component Size (pc) Density (cm—2)
AGN unified model =

Jet 0.1-10

NLR 1-1000 102-10°

Dust torus 1-100

BRL 0.01-1 108-10M

1.3 The Central Engine of AGNs

AGNSs generate a ~10'2 times higher luminosity than the Solar value, from a central
region within <1pc. According to the contemporary consensus, this is because a
super massive black hole (SMBH) with its mass of 10°~1° M forms an gaseous
accretion disk around it, and works as the central engine which efficiently converts
gravitational energy of accreting matter into radiation (Salpeter 1964; Zel’dovich
and Novikov 1964).

1.3.1 Super Massive Black Holes (SMBHs)

The SMBH interpretation of AGNs has been constructed from many pieces of obser-
vational evidence, starting form Young et al. (1978) who studied the giant elliptical
galaxy M87. They found quit a sharp peak in the surface brightness distribution at
the central region of M87, which is much narrower than those of ordinary elliptical
galaxies. This means that more stars gather at the central region of M87 than in other



1.3 The Central Engine of AGNs 9

ellipticals, and the gathering was considered due to presence of a SMBH at the center.
They estimated its mass to be 2.6 + 0.5 x 10° M, which was the first estimate ever
obtained.

Kormendy (1988) discovered that velocity dispersion and rotation curve of stars in
the nearby spiral galaxy M31 deviate from the galactic rotation at the central region
within 50 light years, exhibiting a sharp anomaly, even though M31 shows no AGN
activity. This gave strong evidence for the presence of a dormant SMBH therein, of
which the mass was, in 1988, estimated to be ~3 x 10’ M. Harms et al. (1994)
spectroscopically observed a gas disk at the nucleus of M87 found by Ford et al.
(1994), and reported that two different locations with an distance of 60 light years
in the center region emitted [OIII] and [NII] lines with Doppler red and blue shift,
corresponding a velocity of 500 & 50kms~'. This indicates that the center region
harbors a strong gravity source, which caused the fast rotation of the gaseous disk.
In this study, an estimated SMBH mass of 2.4 £ 0.7 x 10° M was obtained.

By far the most convincing evidence for the presence of SMBH was obtained in
the LINER galaxy NGC 4258 utilizing strong H,O maser emission (Miyoshi et al.
1995). As shown in Fig. 1.4, positions and line-of-sight velocities of H,O maser
sources within ~0.13 pc from the center were accurately and simultaneously mea-
sured with the VLBI (Very Long Baseline Array) technique. Then, maser-emitting
blobs were found to follow exactly a Keplarian motion, presumably located on a

Flux density (Jy)
n
LOS velocity (km 57')
o

1F 10 s 0 -10

Enpact parameter (mes)

o,__ﬁi_&u_ﬁahl_ﬁ{s@gg
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Fig. 1.4 Simultaneous VLBI measurements of high-resolution (~0.1 mas) positions and line-of-
sight velocities of HoO maser emission from the nucleus of NGC 4258 (Miyoshi et al. 1995). The
inset shows plots between line-of-sight velocities of the masers and distances of their sources from
the center, with a line representing a model of a Kepler rotation
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Fig. 1.5 a Time-dependent positions and the determined projected orbits of the stars S1, S2, S8,
S12, S13, and S14, which all have orbital rotations around Sgr A*. b The zoomed orbit of S2 star
with a cross representing the position of Sgr A* determined by radio observations with a 10 mas
error circle. Black is from Schodel et al. (2003), while gray from Schodel et al. (2002)

gaseous disk seen nearly edge-on, and the central gravitating mass was determined
very accurately as 3.8 = 0.1 x 107 M. Since this huge mass is confined within a
radius of ~0.1 pc, it cannot be anything other than an SMBH. This result is consid-
ered far more reliable than the previous M87 measurement, because the Keplerian
motion of the gaseous disk was found at many points in NGC 4258, while only two
in M87. In fact, the nucleus of NGC 4258 has been established as a low-luminosity
(~4 x 10*ergs~!) AGN, with ASCA (Makishima et al. 1994) and Suzaku (Yamada
et al. 2009) observations. Even our Milkey-Way Galaxy is believed to harbor an
SMBH at the point of Sgr A*. As shown in Fig. 1.5, Schodel et al. (2002, 2003)
reported orbital motions of several stars strongly accelerated by a compact (within a
few pc) gravity source. This is ascribed to an SMBH with a mass of ~4 x 10° M.
Since Sgr A* exhibits rather weak activity (mainly in radio and X-ray signal), it is
considered to be a nearly dormant SMBH. However, some X-ray reflection signals
form regions within ~100pc of Sgr A* suggest a very interesting possibility that it
was highly active ~300years ago (Koyama et al. 1996; Nobukawa et al. 2010).

Recently, almost all galaxies are believed to harbor SMBHs at their centers, and
they are considered to become AGNs if a sufficient amount of accretion fuel is
available. Although the origin of SMBH is a long-lasting puzzle since 1980” (e.g.,
Rees 1978 suggesting several routes of a SMBH formation shown in Fig. 1.6), an
intriguing clue may be provided by the discovery of a tight correlation between the
SMBH mass and its host-galaxy bulge mass (e.g., Gebhardt et al. 2000; Magorrian
et al. 1998; Merritt and Ferrarese 2001). This property is called “co-evolution” of
SMBHs and their host galaxies.
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1.3.2 Eddington Ratio of Super Massive Black Holes

Around SMBHs, accreting gases are heated by their intense gravity, and radiation
may get strong enough to make its pressure comparable to the gravitational force.
When a spherically-symmetric geometry is assumed for simplicity, the luminosity
which makes them equal is called “Eddington luminosity” and expressed as

4rcGM
Lg = TR o5 1046<
oT

logMQ)u (erg/s), (1.1)

where or = 6.65 x 10723 ¢cm? is the Thomson cross section and y is the number
of baryons per electron; ¢ = 1.0, 2.0, and 1.2 for pure Hydrogen, pure Hehum and
gases with Solar abundances. Substltutlng Eq (2.1) to an equation of L = (Mc?, we
can define “critical mass-accretion rate”
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Mg =14 x 1025( A )g U (g/s). (1.2)

where ( is the efficiency (typically ~ -5 12, see Sect. 1.3.3) with which the rest mass
energy of accreting matter is converted to radiation. Because the gas cannot fall in
a spherically-symmetric manner any more when M exceeds Mg, a quantity called
Eddington ratio, defined as ]
L M
A=—=— (1.3)
LE ME

becomes one of the most important parameters characterizing AGNs.

1.3.3 Accretion Disk

When gravitational energy of accreting matter is fully converted to thermal energy
around a black hole, the gas temperature can reach the virial value of

—1
Tty ~ 2GMme_moc® (T NT o (1) g (1.4)
v 3/(]31" 3kB RS RR ’ ’

where kg is the Boltzmann constant. However, when the gas forms a geometrically-
thin and optically-thick disk, called a standard accretion disk (Shakura and Sunyaev
Shakura and Sunyaev 1973), its temperature cannot reach the value of Eq.(2.4),
because half the released gravitational energy goes into Keplarian rotational energy
rather than the thermal energy, and the disk temperature increases only up to a point
where the emergent black body radiation carries away the remaining half. This is
often called “radiatively cooled” condition. Then, the temperature at a radius r of
the standard accretion disk becomes

T(r)~6.3x105(£)4( M )_4(i)_4 (K), (1.5)
My) \108 M, Rs

where R = 2GM/c? is the Schwarzschild radius. This temperature profile of a
standard disk is shown in Fig.1.7a, Assuming a black hole mass of 10 Mg, an
accretion ratio of 0.1 Eddington, and the inner radius of 6 R, the temperature of the
inner edge of the accretion disk becomes ~10eV. This highest temperature at the
innermost radius appears in the UV band, while that at ~10* R in an optical band.
Integrating these black body radiations from the innermost to an outermost radius of
the accretion disk, an optically-thick spectrum, called disk-blackbody spectrum, is
obtained as shown in Fig. 1.7b. This disk emission is considered to be the origin of
the big blue bump shown in Sect. 1.2.3.
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Fig. 1.7 a A Temperature distribution in a standard accretion disk, in which abscissas is the radius
in the units of Rg, while ordinate is temperature in units of K. b A disk spectrum as a superposition
of various black body emissions from different radii on the accretion disk. The black hole mass and
the accretion rate are assumed to be 108 Mg and 0.1, respectively. These are from Kato et al. (2008)

When the mass-accretion rate becomes lower, the gas in the accretion disk get
rarefied, and the cooling does not work effectively. As a result, continuous heating by
viscosity brings the gas temperature much higher, sometimes close to Eq. (2.4), and
the disk becomes thicker than the standard accretion disk. This condition is indicated
in Fig. 1.8. The gas falls into the black hole without strong radiation, making the total
disk emission quite faint. This is called Radiatively Inefficient Accretion Flow (RIAF;
Narayan and Yi 1994), from which a spectrum shown in Fig. 1.9 is expected. In
contrast to the black body spectrum of the standard accretion disk which appears in the
UV-optical band like in Fig. 1.7b, the RIAF spectrum may be generated via thermal
bremsstrahlung, thermal synchrotron, and inverse Comptonization processes, and
appears in a higher energy band up to hard X-rays.
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Fig. 1.8 Thermal equilibria in an optically thick (right solid line) or thin (left solid line) disk, where
the parameters are assumed as M /Mg = 10, R/Rs = 2.5, and the viscosity parameter v = 0.01
(Abramowicz et al. 1995)
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Fig. 1.9 An expected
spectrum which is emitted by
RIAF with 30 b
Mgy = 2.5 x 10° Mg and
M /Mggq = 3 x 107 (Fukue
2007; Manmoto et al. 1997)

log(v L)

24 1 i 1 L 1
8 10 12 14 16 18 20 22

log v

A mass-accreting stellar-mass black hole is known to take two distinct spectral
states (Fig. 1.8); so-called High/Soft state where a standard accretion disk is present,
and Low/Hard state wherein the accretion matter is close to the RIAF condition.
However, it is not yet clear in which of these two states a typical AGN resides.

1.3.4 Black Hole Spin and ISCO

The Einstein equation predicts the presence of an Innermost Stable Circular Orbit
(ISCO), within which any circular orbit becomes radially unstable, so that a test
particle can no longer keep orbiting around the central black hole. Thus, the accretion
disk must end at a radius equal to or larger than the ISCO, the gas rapidly falls into
the black hole. As shown in Fig. 1.10, the ISCO radius in units of the gravitational
radius R, = GM/c* = 1/2 Rs depends on the black hole spin a = J/cMgy,
where J is the angular momentum of the black hole. The normalized spin parameter
a/M can take any value between 0 (Schwarzschild black hole) and 1 (Maximally
spinning Kerr black hole), and correspondingly, the ISCO radius changes from 6 R,
to 1.24 R,.

When the black hole has a higher spin and hence the ISCO takes a smaller radius,
the innermost edge of the accretion disk can get closer to the central black hole.
Then, the accretion matter becomes subject to stronger relativistic effects, including
gravitational redshifts, as well as longitudinal and transverse Doppler effects. These
in turn distort the X-ray spectrum emitted by the innermost disk region. In particular,
the fluorescent Fe-K line is expected to be broadened, and the line profile provides
a valuable information of the black-hole spin. Details of this issue are described in
Sects. 1.4.4 and 1.4.5.
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Fig. 1.10 The dependence
of the ISCO on the
normalized black hole spin
parameter (Fabian and
Miniutti 2005)
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1.4.1 Past Studies of Primary X-ray Continua

As illustrated in Fig. 1.11, an X-ray spectrum from the central region of AGNs is gen-
erally considered to consist of a Power-Law (PL) like primary continuum, a reflection
component accompanied by an Fe-Ka line, and “soft excess” structure (Sect. 1.4.2).
The primary component (Fig. 1.11 green), which is presumably generated via inverse
Compton scattering in a corona (Haardt et al. 1994), can be approximated with a cut-
off power-law function expressed as

Fig. 1.11 Schematic X-ray
spectra of AGNs (Fabian and
Miniutti 2005). Green shows
a PL like primary continuum,
while blue a reflection
component accompanied by
the Fe-Ka line at 6.4keV.
Red illustrates “soft X-ray
excess” structure

o« EVexp(—E/E,),

E? F(E)

(1.6)
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where E is the energy, I' is the photon index, and E. is the cutoff energy. As given
in Sunyaev and Titarchuk (1980), I" is determined as

F=—1/2+,/9/4+4]y, (1.7)

where y is the Compton y parameter defined by a product of the electron temperature
T. and the optical depth 7 as

y = max (7, 7°) x (4kT./mec?). (1.8)

From studies of the primary continua of bright Seyfert galaxies (e.g., Beckmann
et al. 2009; Lubinski et al. 2010), a typical photon index and high energy cutoff are
found to be ~1.8 and several hundreds keV, respectively, so the corona is generally
characterized with an electron temperature of ~10° K and Compton y parameter
(Eq.2.3) of ~1. Seed photons for the inverse Compton are considered to come from
a black body emission of the standard accretion disk, which has a peak temperature
of ~ 10eV, when the BH mass is 10® M, and the Eddington ratio is 10 % (Eq.2.5).

Geometry of the Comptonizing corona generating the PL-like primary continuum
has been considered in various ways. As shown in the top panel of Fig. 1.12, Haardt
and Maraschi (1991, 1993) suggested a simple model, where a uniform plane-like
corona sandwiches the accretion disk in parallel. However, such a slab corona can
be easily cooled by Comptonization, and cannot realize a temperature which is high
enough to explain actually observed hard X-ray spectra (Stern et al. 1995). If the
corona is formed within the inner disk edge like the middle two figures in Fig. 1.12,
the Compton cooling does not work effectively, and the desired hard X-ray spectra
can be obtained (Dove et al. 1997). Alternatively, when the corona is patchy like the
bottom figure in Fig. 1.12, and the covering fraction of the corona against the accretion
disk is relatively small, the Compton cooling becomes inefficient. Then, a hard X-ray
spectrum like the observed one can be produced (Stern et al. 1995). Thus, the bottom
three “photon starved” geometries in Fig. 1.12 are currently possible candidates for
the corona in which the PL-like primary continuum is generated. Further attempts to
identify the correct geometry are yet to be performed.

The heating mechanism raising the coronal temperature close to the virial value
is also a mystery. Similar to the Solar coronae and Solar flares, magnetic processes
may work to heat electrons (e.g., Matteo 1998; Machida et al. 2000; Miller and
Stone 2000). However, the corona around a black hole can energetically dominate
the accretion flow, while that of the Sun contains only ~10~13 of the entire self-
gravitating energy of ~10* erg. Hence, the theory developed for the Sun may not
be easily applied to these black hole systems. Alternatively, the RIAF (Sect. 1.3.2),
which is a different state from the standard accretion disk, is considerable to make
the sphere+disk geometry. In other words, the accretion disk becomes RIAF-like
in the inner region, while it remains as an standard disk in the outer region. In this
mechanism, most of seed photons for Comptonization come from synchrotron radi-
ation internal to the radiatively inefficient flow, and the situation is slightly different
form that illustrated by the second from top case of Fig.1.12. Thus, a conclusive
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Fig. 1.12 Geometries of the central black hole (black), the accretion disk (brown), and Comptoniz-
ing corona (yellow), proposed to explain the formation of the PL-like primary X-ray component.
The top figure shows a sandwich geometry, the middle two show sphere+disk geometries, and the
bottom a patchy corona (Reynolds and Nowak 2003)

explanation of the coronal heating mechanism (in AGNs) has not been obtained yet.
For reference, the most up-to-date Suzaku data on the leading BH binary Cyg X-1
can be consistently explained assuming that the seed photons for Comptonization
are supplied by the optically-thick disk (Makishima et al. 2008; Yamada et al. 2013).

1.4.2 Soft X-ray Excess Structure

AGN spectra often exhibit a phenomenon called “soft excess” (e.g., Arnaud et al.
1985; Turner and Pounds 1989), which appears in their soft X-ray spectra as a steep
flux upturn towards lower energies. The simplest explanation of this structure would
be direct black body emission from the accretion disk around the central black hole,
like in the case of black hole binaries (e.g., Makishima et al. 2008; Yamada et al.
2013). However, as explained in Sect. 1.3.3, the peak temperature of the black body
from AGNs should appear in the UV band, and it cannot explain the structure in the
soft X-ray band.
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Then, several different interpretations have been suggested, including thin-thermal
plasma emission in the host galaxy, a part of relativistically-blurred reflection con-
tinuum (see Sect. 1.4.4), a part of primary X-ray continuum that is affected by ion-
ized absorptions (see Sect. 1.4.6), and thermal Comptonizing signals arising in some
corona that are not so hot as to produce hard X-rays. Nevertheless, none of them are
conclusive, since all these interpretations can explain the same data similarly well,
and degenerate (e.g., Cerruti et al. 2011). Hence, the origin of the soft X-ray excess
structure has also been a big mystery in the AGN studies.

1.4.3 Secondary Signals: Neutral- and Ionized-Disk
Reflection Components

A reflection component (Fig.1.11 blue line) is generated when the primary con-
tinuum is Compton-scattered and/or photo-absorbed by neutral/ionized materials
surrounding the central BH, including the accretion disk and the molecular torus
(Sect. 1.2.4; George and Fabian 1991). In the high energy band, thus, the photons
lose their energy due to the Compton down scattering. The photo-absorption process
makes the reflection continuum with a hard spectral shape in the low energy band,
and produces a deep Fe-K absorption edge at ~7.1keV. As a result, an Fe-Ka line
inevitably sticks out at 6.4keV with an equivalent width of ~1-1.5keV, when the
scattering materials have an Fe abundance of 1 Solar and are cold and neutral (e.g.,
George and Fabian 1991). These strong Fe-K features are due to the high abundance
ratio and fluorescence yield of Fe. Lighter elements also produce fluorescence lines.

The scattering gas in the accretion disk can be ionized due to strong illumination
by the primary X-ray emission. The degree of ionization of the gas can be described
by a quantity called ionization parameter, which is defined as

L —1
&= — (ergcm s~ ), (1.9)
nr

where L is the illuminating luminosity, n is the gas density, and r is the distance
from the illuminating source to the reprocessing gas. When the scattering materials
are ionized, the spectral shape of the reflection continuum changes like in Fig. 1.13.
As the ¢ value gets higher, the number of electrons bound in light atoms decreases,
causing the photo-absorption cross section to decrease in lower energies. This softens
the scattered continuum shape. Another effect of higher values of ¢ is that the 0.98—
3.0keV range becomes dominated by Ko lines of highly ionized light atoms, and the
lines get broader due to Compton scattering by electrons which become hotter. (The
gas temperature is expected to be ~10°K at £ ~ 103~%). At & ~ 10* erg cm s/, the
ionized reflection component becomes like a featureless soft continuum except the
H-like Fe feature peaking at ~7keV (top line in Fig. 1.13).
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1.4.4 Relativistic Effects on Secondary Components

When the X-ray reprocessing takes place at regions closer to the central black hole, the
spectrum becomes affected more strongly by special and general relativistic effects,
resulting in broadening/smearing of spectral features. Since the Fe-K line must be
produced at various distances from the central BH, the observed line profile will be
an weighted mean of those with different broadening strengths. Panels (I, II, and III)
in Fig. 1.14a shows how the profile of an intrinsically narrow line produced in an
optically-thick accretion disk is broadened under Neutonian (longitudinal Doppler),

(a) (b)

(I) Newtonian || (IIT) General relativity

I\ ~
— | ™ | E

(II) Special (IV) Line Profile B
relativity ' [\ h2)

0.5 1 0.5 1 1.5 0.1 1 10 100
Uobs/ Y i Energy (keV)

Fig. 1.14 a The profile of an intrinsically narrow emission line is modified by the interplay of
Doppler energy shifts, relativistic beaming, gravitational redshift, and the combination of them
from top to bottom (Fabian and Miniutti 2005). b Blue represents ionized reflection component
with € = 2 x 10%ergcms™!, while red that affected by the combination of the relativistic effects
shown in panel (a), reported by Fabian and Miniutti (2005)
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special relativistic (plus beaming and transverse Doppler), and general relativistic
(plus gravitational redshift) schemes, respectively, and panel (IV) represents their
overall combination. Figure 1.14b shows a simulated reflection spectrum generated
by an ionized accretion disk with and without the relativistic broadening effects. In
the relativistic reflection, every sharp spectral feature becomes smeared, and connects
with neighboring structures, making the whole spectrum relatively smooth.

Since the strength of the relativistic effects strongly depends on the distance from
the BH, the Fe-Ka line profile emitted from an accretion disk depends sensitively
on the innermost disk radius, inside which fluorescence can be neglected. Thus, an
observed reflection spectrum, when compared with models like in Fig. 1.14b, can
give an estimate of the innermost disk radius, and hence an upper limit on the ISCO
radius (Sect. 1.3.4) because the disk cannot be present inside the ISCO. Then, using
the relation in Fig. 1.10, we can obtain the lower limit on the spin parameter of the
black hole.

In an ASCA spectrum of the bright type I Seyfert galaxy MCG-6-30-15, a spec-
tral feature like the relativistically-broadened iron line was detected by Tanaka et al.
(1995). Figure 1.15a shows this spectral feature fitted with the relativistic iron line
model as presented in Fig. 1.14a. This feature was confirmed in the Suzaku spec-
trum by Miniutti et al. (2007), together with a strong hard X-ray hump (Fig. 1.15b).
The combination of the seemingly broad iron line and the apparently strong Comp-
ton hump was explained by the presence of a strong relativistic reflection compo-
nent, wherein the Fe-K line is relativistically broadened and the Compton hump
is enhanced due to “light bending” effects (Sect. 1.4.5), with a conclusion that the
super massive black hole in MCG-6-30-15 is an almost maximally spinning one with
a/Mgy ~ 1 (Miniutti et al. 2007). In other type I AGNs, similar spectral features
were reported, and they were also concluded to harbor a highly spinning black hole
(Nandra et al. 2007).
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Fig. 1.15 ASCA (panel a) and Suzaku (panel b) spectra of the type I Seyfert MCG—6-30-15, from
Tanaka et al. (1995) and Miniutti et al. (2007), respectively. The ASCA result is presented often
subtracting a PL-shaped continuum
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Like the 0.1-1 keV band of the reflection spectrum shown in Fig. 1.14b, a soft-
excess-like structure can be obtained in the soft X-ray band, by smearing the Fe-L.
edge and many emission lines from ionized lighter elements. As a result, many
attempts were made to explain the soft-excess phenomenon (Sect. 1.4.2) in terms of
the relativistic reflection (e.g., Fabian et al. 2009). However, the explanation of the
broad band (~0.3—-45keV) X-ray spectrum by the relativistic reflection component
requires a fine tuning in £, disk-emissivity index which described how the Fe-K line
emissivity varies with the radius, and the disk inclination.

1.4.5 Light-Bending Effects on the Relativistic Reflection

The relativistically-blurred reflection hypothesis is apparently inconsistent with
results of timing analyses, as represented by the root mean square (RMS) analysis.
Figure 1.16 shows ASCA and Suzaku RMS (root-mean-square) spectra of MCG-6-
30-15, from Matsumoto et al. (2003) and Miniutti et al. (2007), respectively. Here, the
6—-6.5keV and 15-45keV ranges of MCG-6-30-15 are found to exhibit relatively low
time variability. However, accordingly to the interpretation by Tanaka et al. (1995)
and Miniutti et al. (2007), these energy bands in MCG—6-30-15 are dominated by the
relativistic reflection component with the relativistic broad iron line and the strong
Compton hump, and hence they must have high variability, because the relativistic
reflection, generated near the BH, should follow the variable primary emission down
to short timescales. This naive idea disagrees with Fig. 1.16.

To solve the above self-contradiction, Miniutti and Fabian (2004) proposed a
sophisticated scenario invoking general-relativistic “light bending” effects. They
consider a point-like primary emitter with a constant luminosity, which moves in
position along the axis through the black hole perpendicular to the disk. When the
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Fig. 1.16 a An ASCA RMS spectrum of MCG—6-30-15 with binning of 180ks (open and filled
circles) and 23ks (open and filled squares), from Matsumoto et al. (2003). b The same as panel
(a), but the data are from Suzaku, and the binning is 45k s (Miniutti et al. 2007)
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primary source gets closer to the black hole, a larger fraction of photons will be
“bent” toward the disk and the black hole, while the primary intensity arriving to
a distant observer will decrease. Furthermore, as shown in Fig. 1.17, the number of
photons illuminating the disk will not change very much, and so will be the strength
of the reflection component. Therefore, the primary continuum (PLC in Fig. 1.17)
can vary while keeping the reflection strength and the Fe-K line flux both approx-
imately constant. However, this scenario, often called “Light-post model with light
bending”, requires very special geometry with fine parameter tuning. The primary
source must be at a height of several to ten Rg above the black hole, without signifi-
cant lateral extent. It is totally unexplained how the high luminosity of typical AGNs
can be emitted from such a compact source region, and how it can move vertically
without changing the luminosity. The only possibility could be the base of some jets,
but Seyfert galaxies, including MCG-6-30-15, are generally radio quiet, with little
evidence for a significant jet activity.
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Fig. 1.17 Simulated results of the “light bending” model proposed by Miniutti and Fabian (2004).
a Intensities of the Power-Law Component (PLC) and Reflection-Dominated Component (RDC),
and the equivalent width (EW) of the broad iron line, all shown against the distance between the
primary emitter with constant luminosity and the black hole and the viewing angle of 30°. b Same
as panel (a), but with the viewing angle of 60°. ¢ The equivalent width of the broad iron line against
the intensity of PLC, with the viewing angle of 30°. d Same as panel (c¢), but with the viewing angle
of 60°
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1.4.6 Partial Covering Absorption by Ionized Absorbers

The shape of spectra from accreting black holes can be affected not only by the
addition of the secondary (reflection) signals possibly with relativistic smearing, but
also due to photo-absorption by materials of various physical parameters. Besides
the metal abundance which may be usually assumed 1 Solar, such absorbers have
two main physical parameters; the column density and the ionization parameter
& (Sect. 1.4.3). When the former increases, the X-ray spectrum is evidently more
significantly affected with a deeper absorption edges, as shown in Fig. 1.18a. If the
latter increases, the spectral shape becomes generally softer, and energies of the
absorption edges get higher, due to lack of the number of electrons bound in outer
shells of atoms from C up to Fe. The behavior is the same as that in the ionized
reflection component in Fig. 1.13. Then, the spectral shape finally becomes as shown
in Fig. 1.18b. At & > 10°, the Fe ions become mostly He-like (Fe XXV), and at
£ > 10*, they will be mostly fully ionized, thus significantly reducing the absorption
effects.

When patchy absorbers cover the radiating source, some of the primary contin-
uum is absorbed, while the rest not. This condition is called “partial absorption”,
and makes several spectral components which have a common slope and differ-
ent absorption. Employing this model with ionized absorbers, Miller et al. (2008)
successfully explained the Suzaku spectrum of MCG-6-30-15 without invoking the
relativistically-blurred reflection component. As shown in Fig. 1.19, the ionized par-
tial absorption produces an additional hard component (blue), of which hte spectral
shape is similar to that of the relativistic reflection (cyan in Fig. 1.15b). It also predicts
a soft-excess-like features below ~1keV (Fig. 1.19). Furthermore, Miyakawa et al.
(2012) successfully explained the RMS spectra of MCG-6-30-15 and other AGNs
assuming changes only in the partial covering factor. However, this interpretation
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Fig. 1.18 a Spectral shapes of the ' = 2.0 PL model seen through a neutral absorber with a
column density of 0 (black), 102! (red), 102 (green), 10%* (blue), and 10** cm=2 (cyan). b The
same as panel (a), but with a fixed column density of 10>* cm™2 and the ionization parameter is
varied as 10~ (black), 1073 (red), 1072 (green), 10~ (blue), 1 (cyan), 10 (purple), 10% (yellow),
103 (orange), and 10* (light green). These figures are from Ebisawa (2006)
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Fig. 1.19 The Suzaku T T |
spectrum of MCG—6-30-15 —=———t
(black data points), fitted
with a model (red) invoking
partially covering ionized
absorption. In the model,
green, blue, cyan, and orange
represent a direct primary
continuum, an absorbed
primary continuum, a distant
reflection component, and
the cosmic X-ray
background, respectively
(Miller et al. 2008)
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requires several zones (more than two) of absorbers with different column densities
and ionization parameters, and their geometry needs some sort of fine tuning. In
addition, it is yet to be confirmed whether changes in the partial-covering parameters
can be unambiguously distinguished from those in the intrinsic emission.

1.4.7 Ambiguity in X-ray Studies and the Objective
of the Present Thesis

As described so far, the X-ray spectra from AGN central regions, wherein the pri-
mary and the reprocessed or absorbed signals are mixed up, allow several different
interpretations; major two of them are the relativistically-blurred reflection, and the
partially covering ionized absorptions interpretation. They often degenerate in actual
data analysis, and yield similar fit goodness to the same X-ray data like Figs.1.15
and 1.19. Furthermore, they both require a very limited or special geometry that can-
not be examined by other means, thus leaving plenty room for other interpretations.
Thus, the X-ray studies of AGNs are still in a deep confusion.

The interpretations quoted above are commonly based on an assumption that the
spectral shape of a primary continuum is a single Power Law (PL). This physically
means that an AGN central engine, namely a Compton corona, has a single zone with
auniform electron temperature and a single optical depth. However, an AGN, with its
steeply deepening gravitational potential must involve strong gradients in physical
conditions of the matter accreting onto it. Therefore, the simplified assumption of
a single-zone corona may not be warranted, as suggested by Noda et al. (2011). If
so, significant revisions would be needed in the existing views of the AGN X-ray
emission, including the popular disk reflection and partial covering interpretations
in particular. To solve the ambiguity of the AGN X-ray interpretation, it is therefore
essential to clarify the true nature of the primary X-rays from the central engine.
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In the present thesis, we try to discard any preconceived views, and “listen to”
what data are telling us. By utilizing time variations of each spectral component in the
overall X-ray emission from AGNs, we expect to determine its true spectral shape.
Thus, combining X-ray timing studies with rigorous X-ray spectroscopic means will
allow us to much more strongly constrain, than before, the picture of the AGN central
engine. This approach is completely different from the previous ones which assume
the single-PL primary component.
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Chapter 2
Instrumentation

Abstract In the present thesis, we utilized archive data of the 5th Japanese X-ray
astronomical satellite Suzaku, which was launched 2005 from Kagoshima. It consists
of the X-ray Telescopes (XRT), the X-ray Spectrometer (XRS), the X-ray Imaging
Spectrometer (XIS) and Hard X-ray Detector (HXD). The XIS covers 0.3—-12keV
by utilizing X-ray CCD cameras combined with the X-ray Telescopes which focus
X-ray by total reflection. The HXD covers 10-600keV with high sensitivity by
silicon PIN semi-conductor detectors and GSO scintillators, surrounded an active
shield composed of BGO scintillators. The 0.3—-600keV simultaneous coverage with
high sensitivity of Suzaku is imperative to examine spectral and timing properties of
primary X-rays from active galactic nuclei.

Keywords Suzaku + X-ray CCD camera + Semi-conductor detectors * Scintillators

2.1 Overview of the Suzaku Satellite

Suzaku (ASTRO-E2) is the Japanese fifth X-ray astronomical satellite, following
Hakucho launched in 1979, Temma in 1983, Ginga in 1987, and ASCA in 1993.
Among them, the size of Suzaku is second to none, with the entire length of 6.5 m,
the width of 5.4 m, and the weight of 1680kg, as shown in Fig. 2.1. In 2005 July, it was
launched from the Uchinoura space center, by the M-V-6 rocket of Institute of Space
and Astronomical Science/Japan Aerospace Exploration Agency (ISAS/JAXA). As
illustrated in Fig.2.2, it was finally put into an approximate circular orbit with the
orbital inclination of 31° and the altitude of ~550km. Suzaku’s attitude is controlled
by triaxial wheels to orient a normal vector of its solar paddles at the direction of the
Sun within 30°.

Major capabilities of Suzaku include a 0.3-600keV broad-band simultaneous
coverage and high sensitivity in the whole band. The former is realized by two
instruments. One is the X-ray Imaging Spectrometer (XIS; Koyama et al. 2007)
working in a soft X-ray band of 0.3—10keV, placed at focal planes of four units of the
X-ray Telescope (XRT; Serlemitsos and Soong 1996). The other is a non-imaging
high-energy instrument, the Hard X-ray Detector (HXD; Takahashi et al. 2007),

© Springer Science+Business Media Singapore 2016 27
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Fig. 2.1 A cross section (panel a) and an outer view (panel b) of the Suzaku satellite. There figures
are from Mitsuda et al. (2007)

Fig. 2.2 The orbit of
Suzaku. This figure is from
the technical description in
the Suzaku homepage (http://
www.astro.isas.ac.jp/suzaku/
doc/suzaku_td/node6.html)

covering a hard X-ray band of 10-600keV. Its pointing direction is coordinated with
the optical axis of the XRT, and it acquires the data simultaneously with the XIS,
although the HXD has a wider field-of-view (32" x 32" in 10-80keV and 4° x 4°
in >80keV) than the XIS (17" x 17’). Besides them, the X-ray spectrometer (XRS;
Kelley et al. 2007) is mounted at the focal position of one unit of the XRT, but
unfortunately, it did not work in orbit because of loss of its liquid helium coolant.
Positions of these instruments on Suzaku are shown in Fig.2.1, and more detailed
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descriptions of the XRS, the XIS and the HXD are given in Sects.2.2, 2.3, and 2.4,
respectively.

The high sensitivity, as the other specialty of Suzaku, is realized by the low-altitude
orbit, where the effects of cosmic rays, including both primary particles from the Sun
and outside the solar system, and secondary ones such as neutrons, become weak due
to the earth magnetism. In addition, the HXD is designed to minimize the Cosmic X-
ray background, residual cosmic-ray signals, and internal radio-activation and radio-
isotopic background. Together with the wide-band coverage, the high sensitivity of
Suzaku make it ideally suited to the studies of faint X-ray sources, such as active
galactic nuclei.

2.2 The X-ray Telescope (XRT)

Because X-rays have index of refraction which is slightly less than unity, they could
be focused by concave lenses, but the absorption would be unavoidable. Instead, they
can be focused by total reflection (or the Bragg reflection), when they make “grazing”
incidence onto a smooth reflector which is made of materials (mostly metals) with a
high plasma frequency. Specifically, the incident angle from a reflector is limited to
be less than 1° for a few keV X-ray, and the angle becomes smaller when the energy
of X-ray higher.

Each XRT unit (Serlemitsos et al. 2007), shown in Fig. 2.3, has two-section cylin-
drical structures, approximating the type I Wolter optical system which consists of a
hyperboloid and a paraboloid reflectors. The diameter of a tubular structure is 40 cm,
and focal lengths of the four XRT units for the XIS (called XRT-Is) and that for the
XRS (XRT-S) are 4.75 and 4.5 m, respectively. Thin aluminum replica mirrors were
produced by replication technique (Serlemitsos and Soong 1996), and 175 pieces
of them were concentrically nested for each XRT-I and 168 pieces for XRT-S. This
afforded light X-ray telescopes with large effective areas as shown in Fig. 2.4.
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Fig. 2.3 a A photogragh of the XRT. b Positions of the five XRT units at the fop of the spacecraft.
These figures are from Serlemitsos et al. (2007)
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Fig. 2.4 Black and red show a total effective area of the four XRT-I units and that of XRT-S,
respectively. Green, blue and cyan represent those of XMM-Newton, the ACIS-I and the ACIS-S of
Chandra, respectively (Serlemitsos et al. 2007). Transmissions of the thermal shield and the optical
blocking filter, and the quantum efficiency of the CCD are all take into account
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Fig. 2.5 Vignetting of XRT-1, measured with 3—-6keV (black) and 8-10 keV (red) signals of the
Crab Nebula on 2005 August 22-27 (Serlemitsos et al. 2007). The model curves were calculated
with spectral parameters of Ny = 0.33 x 10?2 cm™2, a photon index of 2.09, and a normalization
of 9.85 photons cm~2 s~! keV~!. Sudden drops of the calculated curves shown in Fig.2.5 at 8’
are due to the detector edge, rather than the XRT vignetting. Abscissa axes in panel (a) and (b) are
DETX and DETY, respectively

Important telescope capabilities include the effective area and the angular resolu-
tion. As shown in Fig. 2.4, the total effective area of the XRT is smaller in low energies
than that of XMM-Newton. However, the Suzaku XRT retains a large effective area
towards high energies up to 10keV, and can be comparable with XMM-Newton in
6—10keV, where the Fe-K line and edge structures appear, and high sensitivity is
required to study them. This is a strong advantage of Suzaku in AGN studies. As to
the angular resolution, the Suzaku XRT is characterized by a typical value of ~2'.0
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in terms of half-power diameter, almost independent of the X-ray energy. This reso-
lution is limited by the replication technique and by the conical approximation, and
is about twice finer than that of the previous japanese X-ray satellite, ASCA.

Vignetting is another important characteristic of telescopes. As shown in Fig. 2.5,
the effective area of the XRT decreases by ~20% at ~ 5" in 3—-6keV and at ~ 3.5’
in 8—10keV. Because higher-energy photons have smaller reflection angles, they are
more sensitive to vignetting than lower-energy ones. Thus, when an attitude of the
satellite is shifted from the main target, count rates obtained in the higher energy
bands are more affected than the those in the lower.

2.3 The X-ray Imaging Spectrometer (XIS)

The XIS utilized Charge Coupled Device (CCD), a two-dimensional semiconductor
pixel array, for measuring the energy and two-dimensional position of individual
X-ray photons. When a photon with an energy E enters a CCD, it is photo-absorbed
with a certain probability (i.e., quantum efficiency), and a photoelectron is produced.
The photoelectron collides against Si atoms, and generates electron-hole pairs. The
number of the pairs are proportional to the incident energy, as E/ Ws;, where Wg; ~
3.65 eV is the averaged ionization energy of Si. Thus, counting the number of the
pairs (equivalently, measuring their total charge), we can accurately measure the
energy of the incident single photon.

The XIS consists of four CCD cameras, operated independently in a photon-
counting mode. They are named XISO, 1, 2, and 3, and located on the focal plane
of the corresponding XRT. XISO0, 2, and 3 utilized front-side illuminated (FI) CCDs,
while XIS1 back-side illuminated (BI) one. Each CCD camera has a field of view
of 17'.8 x 17'.8, as defined by the physical CCD size (25 x 25 mm) and the XRT
focal length (4.75 m). Each of them has a time resolution in Normal mode of 8 s, and
an energy resolution of ~130eV at 6keV. The effective area per camera at 1.5keV
is 330 (FI)/370 (BI) cm~2, while that at 8keV is 160 (FI)/110 (BI) cm~2. Figure 2.6
shows the appearance of one of them. As shown in Fig.2.7, quantum efficiency of
the FI CCDs is lower and higher than that of the BI CCD at low and high energy,
respectively. This is because photons enter from the electrode-side surface into an
FI CCD, and low-energy photons are likely to be absorbed by the electrodes or the
insulation layers.

In 2006 November 9, XIS2 suddenly stopped working, presumably due to a col-
lision by a micro-meteorite. Furthermore, after launch, the low-energy effective area
and the energy resolution have gradually been degrading, because of contamination
by out gases from the satellite onto optical blocking filters of the cameras, and an
increase of the charge transfer inefficiency, respectively. However, the energy reso-
Iution has been recovered nearly to its initial value, by artificially injecting charges
to fill in lattice defects, which is called the spaced-row charge injection.
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Fig. 2.6 The picture (panel a) and a cross-sectional view (panel b) of the XIS onboard Suzaku.

These figures are from Koyama et al. (2007)
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2.4 The Hard X-ray Detector (HXD)

The Hard X-ray Detector (HXD) covers the 10—-600 keV broad band with an unprece-
dented sensitivity, and has an appearance as shown in Fig. 2.8. In a hard X-ray band,
signals from typical celestial objects decrease rapidly toward higher energies, while
the background signal does not. In the harder energy bands, the background elimi-
nation is therefore highly important. The background signals are composed of those
entering through the field of view, those entering from outside the field of view and
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Fig. 2.8 The appearance (panel a) and the cross-sectional view (panel b) of the HXD. These figures
are from Takahashi et al. (2007)

detector-intrinsic ones. The first component, dominated by the Cosmic X-ray back-
ground, can be reduced by a tightly collimated field of view of the HXD, which is
shown in Fig.2.8 (right). The second is cut by various anti-coincidence schemes,
among 16 “Well-type” detector units, within each well type detector using phoswich
technique, and between these 16 and surrounding 20 “Anti” detector units. The last
component is eliminated using materials with least amount of natural radio-isotopes,
and those which are not strongly radio-activated in orbit under bombardments with
magnetically-trapped protons.

Each Well-type unit, serving as a main detector, has a stocked 2-layer detec-
tion part; 2 mm-thick silicon PIN diodes in front, and 5 mm-thick GSO scintillators
behind. The former detects photons with energy of 10-70keV, while those with
higher-energy of 40-700keV can pass through it and detected by the latter. The PIN
and GSO elements are placed in a deep “well” formed by BGO scintillators, which
act as an active shield. Scintillation light photons from the two types of inorganic
scintillators, GSO and BGO, are read by a common phototube. The difference of fluo-
rescence decay times between BGO (~300ns) and GSO (~60ns) together with pulse
shape discrimination enables us to distinguish signals from the main detectors (GSO)
and the shields. The BGO shields narrow down the field of view of the main detector
as 4.°5 x 4.°5 in the PIN+GSO band (= 100keV), and a passive fine collimator put
in a well part of the unit makes it even narrower to 34’ x 34’ in the lower-energy PIN
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Fig. 2.9 a The effective area HXD PIN/GSO (Takahashi et al. 2007). b The angular response of a
file collimator along the satellite X-axis (Kokubun et al. 2007)

band (<80keV; the right of Fig.2.9). Finally, the 20 Anti-detectors (Fig.2.8 right)
are also made by BGO crystals, and are individually read by a phototube.
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Chapter 3
Observation and Data Reduction

Abstract In the present thesis, to study spectral and timing properties of primary
X-rays from active galactic nuclei (AGNSs), we selected 13 Suzaku datasets of type
I AGNs, which exhibit relatively bright and variable X-ray signals with sufficiently
long exposures. The XIS and HXD datasets of 13 AGNs were reduced in the standard
ways which are employed in many Suzaku data analyses.

Keywords Suzaku - X-ray CCD camera - Semi-conductor detectors * Scintillators

3.1 Basic Strategy of the Research

The main theme of the present thesis is to study primary X-ray emission from the
central engine of AGNs. For this purpose, we should focus on type  AGNs (type 1-1.9
insub classificationin Sect. 1.2.2). This is because they have absorption with a column
density of <10?!~22 cm~2 on their primary X-ray emission, which is generally much
lower than those of type II objects with >10%* cm~2. As reviewed in Chap. 1, Suzaku
is clearly the most appropriate satellite for this study, because of its simultaneous
coverage of the ~0.5-45 keV broad band of type I AGNs, where primary X-ray
emission extends. Thus, the present thesis begins with searching the Suzaku archive
for suitable AGNSs.

Suzaku has been operated for ~8 years, and observed many AGNs in the perfor-
mance verification phase (~1 year after the launch) and the AO-1-7 cycles. All data
sets include XIS and HXD data which were obtained simultaneously, and become
public as the Suzaku archival data, 1year after their observations. By 2013 March,
~300 AGNs were observed (~350 datasets were obtained), and ~100 of them are
type I AGNs. However, these observations have been proposed and conducted by a
large number of Principal Investigators under different objectives. As a result, the
obtained data sets are quite inhomogeneous; the net exposure (~0.45 times gross
pointing duration) varies form ~10 to ~450 ks, and the actual source intensity and
variability were various. Some objects were observed many times, with a variety
of intervals, while others were only once. Thus, the AGNs available in the Suzaku
archive cannot be regarded as a complete (e.g., flux-limited) sample defined in an
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objective way. Hence, we do not aim to make our research statistically complete in
any sense. Instead, we survey the archive for a limited number of AGNs usable in
the present thesis.

Along the above guideline, we produced light curves and spectra of all the ~100
type I AGNs in the Suzaku archive, and selected 13 objects which are basically rela-
tively bright and variable, with a sufficiently long exposure. More detailed selection
criteria are given in Sect. 4.2 for soft-band study, and in Sect. 5.3 for hard-band inves-
tigation. Table 3.1 give a list (joint from Chaps.4 and 5) of AGNs to be analyzed in
the present thesis.

3.2 Data Reduction

For all the AGNs listed on Table 3.1, we retrieved the XIS (Sect.2.3) and HXD
(Sect.2.4) data from the Suzaku archive. In the present thesis, the data of XIS 0, 2
and 3 (after 2006 November, XIS 0 and 3 only), which use FI CCD chips (Sect. 3.3),
were added and used as XIS FI data. The data from XIS 1 were not analyzed, since
it uses a BI CCD (Sect.2.3), and has a relatively high and unstable background.
On-source events of the three or two XIS FI cameras were extracted from a circular
region of 120" radius centered on each source. Background events were accumulated
on a surrounding annular region of the same camera, with the inner and outer radii of
180" and 270", respectively. The response matrices and ancillary response files were
produced by xisrmfgen and xissimarfgen (Ishisaki et al. 2007), respectively.

In a similar way, we prepared events of HXD-PIN which covers a 10-70 keV
range (Sect.2.4). Non X-ray Background (NXB) contained in the data was esti-
mated by analyzing a set of fake events which were created by a standard NXB
model (Fukazawa et al. 2009). The on-source events and the NXB events were
analyzed in the same manner, and the latter was subtracted from the former.
In addition, the contribution from Cosmic X-ray Background (CXB; Boldt and
Leiter 1987) was estimated and also subtracted from the on-source data. This was
conducted using the HXD-PIN response to diffuse sources, assuming the spec-
tral CXB surface brightness model determined by HEAO 1 (Gruber et al. 1999):
9.0 x 107°(E/3 keV) %% exp(—E /40 keV) erg cm™2 s~! str™! keV~!, where E
is the photon energy. The estimated CXB count rate amounts to 5% of the NXB
signals, in agreement with Kokubun et al. (2007).

Although a higher energy range above =>70 keV is covered by HXD-GSO
(Sect.2.4), we do not use these data here for the following two reasons. One is
that the AGN signals are very weak in this high energy region. The other is that
the GSO background is significantly more variable (Fukazawa et al. 2009; Kokubun
et al. 2007) than that of HXD-PIN, and such artificial variations make our analysis
rather difficult.
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Table 3.1 Information of the Suzaku data sets of AGNs analyzed in the present thesis

Target name | Type Obs. ID Start time Exposure Nominal ver.

MCG-6-30- | Syl 100004010 |2005/08/17 | 46698.7 XIS 2.0

15 #1 16:09:53

NGC 3516 #1| Syl 100031010 |2005/10/12 | 134469.6 XIS 2.0
13:57:09

NGC 4051 #1| NLSy1 | 700004010 |2005/11/10 |119578.0 HXD 2.0
19:14:14

MCG-6-30- | Syl 700007010 | 2006/01/09 | 143196.5 XIS 2.0

15#2 03:20:12

MCG-6-30- | Syl 700007020 |2006/01/23 |98483.4 XIS 2.0

15#3 12:0904

MCG-6-30- | Syl 700007030 |2006/01/27 |96691.9 XIS 2.0

15 #4 22:16:43

Markarian Syl 701084010 |2007/01/22 |51752.8 HXD 2.1

841 #1 08:45:44

Markarian Syl 701084020 | 2007/07/23 | 50925.3 HXD 2.1

841 #2 16:43:49

Markarian Syl 701093010 | 2006/04/25 |24575.6 HXD 2.0

509 #1 18:47:44

Markarian Syl 701093020 |2006/10/14 |25929.8 XIS 2.0

509 #2 07:50:00

Markarian Syl 701093030 |2006/11/15 |24446.6 XIS 2.0

509 #3 09:00:13

Markarian Syl 701093040 | 2006/11/27 |33094.4 XIS 2.0

509 #4 03:54:07

NGC 5548 #1| Sy1 702042010 | 2007/06/18 |31118.8 XIS 2.0
22:28:15

NGC 5548 #2| Syl 702042020 | 2007/06/24 |35915.2 XIS 2.0
21:53:31

NGC 5548 #3| Syl 702042040 |2007/07/08 | 30699.6 XIS 2.0
10:02:55

NGC 5548 #4| Syl 702042050 | 2007/07/15 |30019.7 XIS 2.0
13:57:39

NGC 5548 #5| Syl 702042060 | 2007/07/22 |28917.8 XIS 2.0
10:40:25

NGC 5548 #6| Syl 702042070 |2007/07/29 |31809.9 XIS 2.0
04:20:44

NGC 5548 #7| Syl 702042080 | 2007/08/05 | 38775.7 XIS 2.0
00:37:46

Fairall 9 #1 | Syl 7020430810 | 2007/06/07 | 167798.3 XIS 2.1
03:43:52

4C+74.26 RLQ 702057010 |2007/10/28 |91583.0 HXD 2.1
10:21:17

(continued)
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Table 3.1 (continued)

Target name | Type Obs. ID Start time | Exposure | Nominal ver.

IC4329A #1 | Syl 702113010 | 2007/08/01 |25453.4 XIS 2.1
10:21:17

IC4329A #2 | Syl 702113020 | 2007/08/06 | 30623.3 XIS 2.1
00:41:45

IC4329A #3 | Syl 702113030 |2007/08/11 |26895.9 XIS 2.1
11:00:23

IC4329A #4 | Syl 702113040 |2007/08/16 |24219.4 XIS 2.1
11:48:47

IC4329A #5 | Syl 702113050 | 2007/08/20 | 24026.2 XIS 2.1
23:26:16

3C382 BLRG 702125010 | 2007/04/27 | 130580.0 | XIS 2.1
23:05:29

NGC 3227 #1| Syl 703022010 |2008/10/28 |58917.2 XIS 22
08:12:52

NGC 3227 #2| Syl 703022020 |2008/11/04 |53699.5 XIS 22
03:36:31

NGC 3227 #3| Syl 703022030 | 2008/11/12 | 56577.2 XIS 22
02:48:55

NGC 3227 #4 Syl 703022040 | 2008/11/20 | 64567.9 XIS 22
17:00:00

NGC 3227 #5| Syl 703022050 | 2008/11/27 | 79429.8 XIS 22
21:29:20

NGC 3227 #6| Syl 703022060 | 2008/12/02 | 51410.5 XIS 22
14:28:03

NGC 4051 #2| NLSy1 703023010 | 2008/11/06 |274530.5 | XIS 22
07:39:03

NGC 4051 #3| NLSy1 703023020 | 2008/11/23 | 78385.5 XIS 22
16:47:60

MCG-2-58- | Syl 704032010 | 2009/12/02 | 138968.8 | XIS 2.4

22 22:36:33

MR2251-178 | RQQ 704055010 |2009/05/07 |136924.0 | XIS 23
03:28:24

NGC 3516 #2| Syl 704062010 | 2009/10/28 | 251355.5 HXD 2.4
05:35:15

Markarian Syl 705025010 |2010/11/21 |102120.5 | XIS 2.5

509 #5 14:17:42

Fairall 9 #2 | Syl 705063010 | 2010/05/19 |229296.3 |HXD 2.5
03:00:49

Markarian Syl 706029010 | 2012/01/05 |244351.8 | XIS 2.7

841 #3 20:45:03

Markarian Syl 706029020 |2012/01/18 |110289.0 | XIS 2.7

841 #4 18:18:03
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Table 3.2 X-ray spectral components and spectral models for them in XSPEC12, utilized in the
present thesis, with parameters, effective rages, and alternative names

XSPECI12
model

Rename

Parameter (unit)

Effective
range

Neutral photoelectric absorption with Wisconsin cross-sections (Morrison and McCammon 1983)

wabs Phabs Equivalent hydrogen column density Ny (102 0.001 to 106
cm~2)

Partial covering absorption by partially ionized material (Reeves et al. 2008)

zxipcf Ioabs Equivalent hydrogen column density Ny (1022 | 0.1 to 500
cm~2)
Tonization paramter log & (erg cm s~ 1) —3t06
Covering fraction C Otol
Redshift z —0.999to 10

Gaussian line profile used for Fe-Ka emission line

zgaussian| Fe-K Center energy in rest frame E (keV) 0 to 100
Line width o (keV) 0to 10
Redshift z —0.999 to 10
Normalization N (photons cm 2571 0to 1024

Power law with high energy exponential cutoff

cutoffpl |PL Photon index I —3to 10
Cutoff energy Ecy (keV) 0.01 to 500
Normarilation N (photons keV~! cm=2s~'at1 |0to 10%*
keV)

Multi-black body components of accretion disk (Mitsuda et al. 1984)

diskbb Diskbb Temperature of inner edge Ti, (keV) 0 to 1000
Normalization 0to 10%*
(((Rin/km)/(D/10 kpc))* cos 6%)

Reflected power law at neutral medium (Magdziarz and Zdziarski 1995)

pexrav Refl Photon index I —10to 10
Cutoff energy Ecy (keV) 1to 10°
Reflection fraction frlf —10°t0 0
Redshift z —0.999 to 10
Abundance of elements heavier than He A (Zp) |0 to 100
Abundance of iron Age (ZFe.o) 0to 10°
Cosine of inclination angle 0.05 to 0.95
Normalization (photons keV~! ecm=2 s~1 at 1 0to 1024

keV)

(continued)
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Table 3.2 (continued)
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XSPEC12 model Rename

Parameter (unit)

Effective
range

Neutral Compton reflection with self-

consistent Fe and Ni lines (Nandra et al. 2007)

pexmon ReflFe |Photonindex I’ —10to 10
Cutoff energy Eqy (keV) 1 to 10°
Reflection fraction fr:,f —10°t0 0
Redshift z —0.999 to 10
Abundance of elements heavier than He | 0 to 10°
A(Zo)
Abundance of iron Afe (Zpe,0) 0to 10°
Inclination angle (degree) 0to 85
Normalization 0to 10%
(photons keV~! cm~2 s~ at 1 keV)

Reflection by a constant density illuminated atmosphere (Ross and Fabian 2005)

reflionx TIorefl |Abundance of iron Afe (Zre,0) 0.1 to 20
Photon index I’ 14t03.3
Ionization parameter & (erg cm s~ 1) 10 to 10000
Redshift z Oto5
Normalization 0to 10%*

Relativistically-blurred refection by illuminated gases (Ross and Fabian 2005)

kdblur*reflionx |RBR Emissivity index g (scales as R™7) —10to 10
Inner radius R, (Rg) 1.235 to 400
Outer radius Rou (Rg) 1.235 to 400
Inclination i (degree) 0to 90
Abundance of iron Age (ZFe,0) 0.1to 20
Photon index I 1.4t03.3
Tonization parameter £ (erg cm s~ 1) 10 to 10000
Redshift z Oto5
Normalization 0to 10%*

Thin-thermal plasma emission (Smith et al. 2001)

apec TTP Plasma temperature kT (keV) 0.008 to 64
Abundance A (Zg) Oto5
Redshift z —0.999 to 10
Normalizaiton 0 to 1024+

(10717 /47 (DA (1 + 2))?) [ nenudV,
where Dp)

(continued)
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Table 3.2 (continued)

XSPEC12 model ‘ Rename ‘ Parameter (unit) Effective range

Thermal comptonization (Titarchuk 1994)

comptt Compton Redshift z —0.999 to 10
Input soft photon (Wine) 0.01 to 100
temperature Ty (keV)
Electron temperature 7, (keV) 2 to 500
Optical depth © 0.01 to 200
Geometry switch 0to5
Normalization Ncomp 0to 10%*
(photons keV—! em=2 sl at 1
keV)

*Parameters of Riy, D, and 6 are “an apparent” inner radius of the disk, the distance to the source,
and the angle of the disk (8 = 0 is face-on), respectively

fWhen an incident PL and reflection component are emitted simultaneously, the fir value of 1
gives a solid angle of reflectors against a primary emitter 27

*Parameters of DA, ne, and nyy show the angular diameter distance to the source (cm), the electron
densities, and the H densities (cm~3), respectively

3.3 X-ray Spectral Models in the Present Thesis

In the present thesis, we utilize X-ray spectral models in XSPEC12. The models
and their references are summarized in Table 3.2, with parameters, effective ranges
of those models, and abbreviated names by which we replaced the model names in
XSPEC12, for simplicity.
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Chapter 4
Soft X-ray Analysis

Abstract We developed and applied variability-assisted spectral analyses to soft
X-ray energies (<3 keV) of Suzaku data sets of several types of active galactic nuclei;
Mrk 509, Fairall 9, MCG-2-58-22 (type I Seyfert galaxies), 3C382 (broad line radio
galaxy), 4C+74.26 (radio-loud quasar), and MR2251-178 (radio-quiet quasar). In all
of them, the derived variable (and dominant) component had a power-law shape with
a photon index of ~1.8. The derived stationary component exhibited a much softer
spectrum equivalent to a photo index of ~4, and was confirmed to be essentially the
same as the previously known “soft excess” component. On time scales of several
weeks, however, this component exhibited slow variations (at least in Mrk 509),
independently of the dominant variable emission with the photon index of ~1.8.
Therefore, the soft component is considered to be an additional primary emission,
rather than a secondary component or contamination from the host galaxy. Interpret-
ing the soft excess as thermal Comptonization emission, an electron temperature of
~0.5keV and an optical depth of ~15 were obtained. Thus, the soft excess phe-
nomenon is likely to be produced in a relatively cool and dense corona, which is
clearly different form those producing the dominant power-law (with an electron
temperature of more than 100keV and an optical depth of less than 1.

Keywords Active galactic nuclei - Soft X-ray excess * Primary X-ray * Suzaku

The central objective of the present thesis is to decompose the AGN X-ray emission
into its constituent components, in as model-independent and general manner as
possible. As already touched on in Sect. 1.4.7, many such attempts have been made
in “static” ways, by theoretically modeling the spectal shapes of these components
and combining them to explain observed X-ray spectra. However, many different
interpretations degenerate, due to insufficient data statistics and due to our limited
knowledge in such spectral modeling. An alternative approach has been to utilize
time variations, including the difference spectrum method and the RMS variation
methods (Sect. 1.4.5). However, it has been difficult to obtain a complete spectral
decomposition with these methods. In this chapter, we hence develop a novel method
of “dynamical” spectroscopy that fully combines the spectrum and timing informa-
tion, and apply it to a soft X-ray energy band below ~3keV of several AGNs. The
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analysis is meant to understand the nature of so-called soft excess phenomena which
have long remained as a mystery.

4.1 Analysis of the Bright Type I Seyfert Markarian 509

Markarian 509 (hereafter Mrk 509) is a bright and typical Seyfert galaxy that exhibits
a strong soft X-ray excess structure (Cerruti et al. 2011). In order to understand
prototypical behavior of the soft excess, and to establish a novel timing method to
analyze it, we first focus on this AGN. It has a redshift of z=0.034, and located at
a Galactic latitude of 42° with a relatively low line-of-sight Galactic absorption of
Ny = 4.4 x 102 cm™2 (Stark et al. 1987). Its estimated BH mass, ~ 1.4 x 10% Mg
(Peterson et al. 2004), and a typical 0.5-2keV luminosity of 1.0 x 10* erg s!,
indicate an Eddington ratio of 0.1 (Vasudevan and Fabian 2009).

4.1.1 Light Curves

To grasp variation characteristics (with possible energy dependence) of Mrk 509,
we made background-subtracted light curves in three bands; 0.5-3keV (soft band)
and 3—-10keV (middle band) using XIS FI, and 15-45keV (hard band) using HXD-
PIN. As shown in Fig.4.1, the source thus exhibited more than ~10% variations
in the softer two energy bands, with apparently tight correlations between them.
The 0.5-3keV variation tend to exhibit slightly larger relative amplitudes than the
3-10keV one, while any time lag between them is within ~1ks. On the other hand,
the hard-band light curve do not show clear correlations with those in the softer
bands, possibly involving rather uncorrelated variations. The behavior of the HXD
signals is investigated in Chap. 5.

4.1.2 Difference Spectrum Analysis

What is spectral shape of the component which produced the soft-band variations in
Fig.4.1? For this purpose, we divide the data into High and Low phases, in which the
data are above and below the dotted line in Fig. 4.1, respectively. Then, we accumulate
High- and Low-phase spectra, and subtract the latter from the former, to extract a
difference spectrum. This method is called “difference spectrum analysis”, and has
often been utilized to identify the main variable component in AGNs (e.g., Miniutti
et al. 2007), as well as in black-hole binaries (Makishima et al. 2008) and accreting
neutron stars (Mitsuda et al. 1984).

Figure 4.2 shows the difference spectrum of Mrk 509. In order to approximately
remove the instrumental responses (Sects. 2.3 and 2.4; particularly energy-dependent


http://dx.doi.org/10.1007/978-981-287-721-5_5
http://dx.doi.org/10.1007/978-981-287-721-5_2
http://dx.doi.org/10.1007/978-981-287-721-5_2

4.1 Analysis of the Bright Type I Seyfert Markarian 509 45

10
oooo... ......-°-..
L]
3
=}
- 0-0.0-0-0 0.2.2.2.0.0
% """" & 007 G g o e e O T T e
24
=
2 1
© .
B . 9y @ . o} B
! EIEI E]'.ﬂ @gﬁ«.@@ & @
! c o
03L . - - -
0 50 100 150 200

Time [ks]

Fig. 4.1 Background-subtracted and dead-time corrected light curves of Mrk 509, with 10ks
binning in the 0.5-3 keV (filled circles), 3-10keV (open circles), the 15-45 keV band (open squares),
with the last one multiplied by a factor of 5. 1o errors of the XIS data points are all less than 0.04
cnt s~!, and smaller than the plotting symbols. Dotted lines show the average 3-10keV count rates

Fig. 4.2 The difference ' ' S
spectrum of Mrk 509 (green) - M

in a form of the I' = 2.0 PL

ratio, obtained by subtracting 0.01 ¢
Low- from High-phase
spectra. Black data points
show the time-averaged
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spectrum in the same form. 103 1L J
Here and hereafter, the data

points below and above

~10keV are from the XIS

and the HXD, respectively 104 |

1 2 10 40
Energy (keV)

detection efficiencies) of the XIS and the HXD, the result is presented in the form
of ratios to a common simulated spectrum, which is generated assuming an input
power-law (PL) spectrum with a photon index of I' = 2.0. There, the time-averaged
spectra (black) are also shown in the same style. These spectral presentations are
identical to the v F, form, except that the effects of finite energy resolutions of the
detectors still remain. The derived difference spectrum looks like a single PL with
I' < 2, without strong spectral features such as Fe-K lines which can be clearly seen
in the time-averaged spectrum. In addition, the difference spectrum lacks the upturn
in <lkeV seen in the other spectrum. In other words, the difference spectrum is
considered to lack the soft excess structure that is observed in the average spectrum.
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To quantify the spectral shape of the difference component, we utilize the process
called spectral fitting. Specifically, an assumed spectral model, with a certain number
of free parameters, is convolved through the instrumental responses (Sect.2.3), and
the obtained simulated data (or model prediction) are compared with the actual
data through chi-square tests. Then, the optimal values of the free parameters are
searched to minimize the chi-square value, and it is examined whether the model
can be accepted or ruled out. Hereafter, we employ an acceptance level to be the null
hypothesis probability Np = 1% in the chi-square test.

We assumed an absorbed-PL model, Phabs * PL where Phabs represents a pho-
toelectric absorption factor due to neutral matter of cosmic abundance (Morrison
and McCammon 1983), and PL a PL model, and fitted the difference spectrum with
the model. This particular model has three free parameters; the equivalent hydrogen
column density Ny of Phabs, as well as the normalization and the photon index I
of PL. See Table 3.2 for details of XSPEC12 models utilized in the present thesis.
The XIS and HXD data were fitted with the same model with a common parameter
set, and the chi-square was calculated over the entire XIS and HXD data points. This
is a process called “simultaneous fitting”. Figure4.3 shows the result of the fit in a
vF, form, wherein ordinate is in a unit of keV2(Photons cm~2 s~! keV~"). Like in
the ratio to the I' = 2.0 PL, the XIS and HXD responses have been removed in this
representation. Furthermore, the results are approximately corrected for the effects of
the finite energy resolution (called deconvolution). The v F,, results, however, depend
on the employed model (so-called obliging effects). Hereafter, we show fitting results
in this presentation, while spectra without fitted by a model in the I' = 2.0 PL ratio.

As shownin Fig. 4.3 and Table 4.1, the fit was acceptable with x 2 /d.o.f.=31.46/45.
Thus, the varying component in Mrk 509 has been successfully reproduced with a
weakly-absorbed PL model. Because the absorption makes the model to have a con-
vex shape, the varying component cannot fully explain the concave shape of the
time-averaged spectrum in the soft X-ray band (Fig.4.3), and another signal com-
ponent should be necessary. In principle, we could then assume an absorbed PL

Fig. 4.3 Top The difference
spectrum of Mrk 509 (green)
in a v F, form, fitted with the _ 0.01 ¢
Phabs * PL model (black). I _'_'_'_._,_____’——
Bottom Fit residuals obtained £ 103 T
by subtracting the model "
from the data 5
£ 4
£10
£
% ) 1
-~
= 0
-2
-4
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Model Parameter Difference Variable (Sect.4.1.5)
(Sect.4.1.2)
Phabs N} 0.08 +0.05 < 0.21
PL r 1927599 1.917933
Ecu (keV) 200 (fix)
w, 260703 L6470
x2/d.o.f. 31.46/45 3.51/4

*Equivalent hydrogen column density in 10?% cm~>

"The cutoff power-law normalization at 1keV, in units of 10~3 photonskeV~! cm=2s~!

with ' = 1.52 having a free normalization, and introduce another softer model
component, so that their sum can reproduce the overall spectrum. However, the
undetermined normalization of the I' = 1.52 PL leaves large freedom in the fitting.

4.1.3 Count-Count Plot

In order to more thoroughly identify different X-ray emission components of Mrk
509, we focus on the energy-dependent variations shown in Fig. 4.1. To quantify the
correlations in the softer two energy bands therein, we made a Count-Count Plot
(CCP), in which abscissa, denoted x, is the 3—10keV band XIS FI count rate, and
ordinate, denoted y, is that in the 0.5-3 keV, with a bin size of 10ks. This bin with was
chosen to be short enough to resolve the variations seen in Fig. 4.1, and long enough
to achieve sufficient photon statistics. The reference band, 3—10keV, was chosen
because the soft excess phenomenon usually vanish in 222.5keV (e.g., Risaliti and
Elvis 2004). Later in Sect. 6.1.3, we show that the spectral decomposition remains
unaffected even if we use 2-3 keV for the reference band.

In the derived CCP, shown in Fig.4.4, x and y are indeed correlated tightly, and
in addition, rather linearly. To examine the correlation in a more quantitative way,
we fitted the data in the CCP with one straight line, expressed as

y=Ax+ B, 4.1)

in which the two parameters, A and B, were both left free. The reason why we
here employ a linear correlation assumption rather than a curved function like an
exponential is threefold. One is that typical weakly-absorbed Seyfert galaxies were
reported to exhibit CCPs with a straight distribution (e.g., Taylor et al. 2003; Noda
etal. 2013b). Actually, later in Chap. 5, we show that CCPs of more variable Seyferts
exhibit linear data distributions. Secondly, assuming a straight line in the fit to the
CCP has a simple physical meaning, that the main variable component varies only
in its normalization without any spectral shape change, and there is no other variable
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Fig. 4.4 The CCP of Mrk
509, in which abscissa gives
NXB-subtracted XIS FI
count rate in 3—-10keV, while
ordinate gives that in
0.5-3keV. All data are
binned into 10ks. The error
bars represent statistical
+10 range. The dotted
straight line refers to

Eq. (4.1). This figure is from
Noda et al. (2011)

N I O . = N e o)

0.5-3 keV Count Rate [cnt/s]

0 0.5 1 1.5 2 2.5
3-10 keV Count Rate [cnt/s]

components, although this might not be always true. Finally, there is no clearly
justifiable non-linear function to fit the distribution.

Here, a systematic error of 1% was included to the 0.5-3keV XIS FI count
rate, to consider uncertainties in the CCD contamination (Sect.2.3) which varies
as the source moves on the focal plane by attitude jittering. The fit goodness was
evaluated by the chi-square test, in which we combined both x and y errors as

o= /oy2 + (ao,)? where o, and o, are 1-sigma statistical errors associated with x

and y, respectively.

As a result, with X2 /d.o.f. = 32.0/17, the data distribution in the CCP has been
reproduced successfully with Eq. (4.1). This property can be explained assuming
that Mrk 509 has a single spectral component which varies in its intensity, but
not in its spectral shape. The derived slope and offset are A = 2.60 £ 0.19 and
B = 0.87 £ 0.37 cnts™!, respectively; They are significantly positive (at more than
90 % confidence level). To examine how the results are affected by a bin size in the
CCP, we repeated the same fits employing bin widths of 5, 20, and 25ks. As a conse-
quence, these fits gave slopes and offsets which are consistent, within 1o errors, with
those in the case of 10ks. Since we thus confirmed that the results are not affected
strongly by the bin size in the CCP, we conduct the subsequent analyses with a bin
size of 10ks.

To be rigorous, the fit goodness of 34.7/17 is somewhat poor, with a null-
hypothesis probability of 0.7 %. This is mainly due to 3 deviating data points, which
are likely affected by changes in the warm absorber. Excluding them gives x2/d.o.f.
= 19.9/14, while the values of A and B are still same as before within errors.
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4.1.4 Count-Count Correlation with Positive Offset
(C3P0O) Method

The two parameters, A and B, of Eq. (4.1) reflect energy dependence of the observed
variability. Since the 0.5-3keV count statistics are high enough, we may divide it
into multiple energy bands, and study this issue in further details. Thus, we divided
the 0.5-3keV band into seven finer bands, 0.5-0.8, 0.8-1, 1-1.2, 1.2-1.4, 1.4-1.7,
1.7-2, and 2-3keV, and made seven additional CCPs. In the derived CCPs shown
in Fig. 4.5, abscissa is again the 3—10keV count rate, while ordinate is those in the
seven finer soft X-ray bands. In the same way as in Fig. 4.4, we fitted these CCPs with
Eq. (4.1), and obtained Table4.2. The CCPs exhibit strong correlations, and the fits
with Eq. (4.1) are successful. All CCPs exhibit positive slopes (A > 0) and offsets
(B > 0). Furthermore, as seen in Table 4.2, the values of A and B, when summed
over the 7 bands, becomes consistent with those in the originate 0.5-3keV band. As
described in Sects.4.1.5 and 4.1.6, the values of A and B in Table 4.2 allows us to
decompose data into a variable and a stationary components. Hereafter, we call this
spectrum-decomposing method the Count-Count Correlation with Positive Offset
(C3PO) method.

This method was first introduced by Churazov et al. (2001) to analyze the data
of the leading black-hole binary, Cyg X-1. It was then applied to AGNs by Taylor
et al. (2003). The method has been then significantly developed by Noda et al. (2011,
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Fig. 4.5 The CCPs of Mrk 509in the seven finer soft X-ray bands. In all panels, abscissa is the
3-10keV count rate like in Fig.4.4, while ordinate gives NXB-subtracted XIS FI count rate in a
0.5-0.8keV, b 0.8-1keV, ¢ 1-1.2keV, d 1.2-1.4keV, e 1.4-1.7keV, f 1.7-2keV, and g 2-3keV.
This figure is from Noda et al. (2011)



50

4 Soft X-ray Analysis

Table 4.2 Parameters obtained by fitting 7 CCPs in Fig. 4.5 with Eq. (4.1)¢

Energy range (keV) A B (counts s™!) x2/d.of.
0.5-0.8 0.15 £ 0.03 0.14 +£0.05 32.1/17
0.8-1 0.27 £0.03 0.17 £ 0.05 30.3/17
1-1.2 0.37£0.04 0.19 £0.06 27.9/17
1.2-14 0.41 £0.04 0.11 £0.07 30.4/17
1.4-1.7 0.56 £+ 0.04 0.03 +£0.07 22.2/17
1.7-2 0.31 £0.03 0.07 £0.06 34.7/17
2-3 0.55 £ 0.04 0.02 +0.06 20.1/17
Sum 2.60 +£0.19 0.87 £ 0.37 -

“Errors refer to 1o confidence limits

2013a,b), to alevel where it can be used to accurately qualify the decomposed spectra.
Below, we follow the latest method by Noda et al. (2013b).

4.1.5 Variable Component

We have obtained seven values of A (Table4.2) which cover the 0.5-3keV energy
range. Since this parameter represents the data-distribution slope in each CCP, a
larger/smaller value of A would mean that this particular energy band is more/less
sensitive to the time variation, in a sense relative to the higher 3—10keV band. There-
fore, we can construct a 0.5-3keV “spectrum” by collecting the 7 values of A, divid-
ing them by the corresponding energy intervals, and then multiplying the average
count rate x in the reference 3—10keV band. As seen in Fig. 4.1, the value of x is
~1.90cnts™!. The results, which we hereafter call a “variable component” or “vari-
able spectrum”, is plotted in Fig. 4.6 in green, after divided by the same I' = 2.0 PL.
used to normalize the difference spectrum in Fig.4.2.

As observed in Fig. 4.6, the variable spectrum is featureless, and exhibits, at least
up to 3keV which is the upper energy band, nearly the same shape as the difference
spectrum which is reproduced in grey. Accordingly, we fitted the variable spectrum
with the same Phabs*PL model. The results, given in Table4.1, confirms that
the values of Ny and I' are consistent, within errors, with those derived from the
difference spectrum (already given in the same table). Thus, the reliability of the
C3PO method has been confirmed by the traditional timing analysis. Furthermore,
the normalization of the variable component is meaningful in its absolute value,
while that of the difference spectrum is not. This means that the C3PO method can
take over the traditional difference spectrum method.
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Fig. 4.6 Time-averaged 0.1
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4.1.6 Stationary Component

Offsets B of Eq.(4.1), divided by the corresponding energy intervals, define a sta-
tionary spectrum in the 0.5-3keV band. In Fig.4.6, we show it in red, as a ratio to
the same I' = 2 PL as the difference and the variable spectra. As expected from the
CCPs which show larger offsets B in lower energy bands, the stationary component
has a soft spectral shape. Then, what kind of physical process is responsible for this
soft spectrum? To examine this, we fitted it with five possible models which are often
used to describe the soft excess structures (Sect. 1.4.2):

1. Power law function (PL), which is a phenomenological model to represent the
general spectral slope,

2. Multi-color disk emission (Diskbb), emitted by an optically-thick accretion disk
as a superposition of black body components with different temperature,

3. Thin-thermal plasma emission (TTP), generated by a hot gas filling a rather large
(often non-AGN) region of the host galaxy,

4. Relativistically-blurred ionized reflection (RBR), generated via reflection of the
primary emission by an inner region of the accretion disk, where the gravitational
effects of the central black hole is significant

5. Thermal Comptonization (Compton), generated in a coronal region that is inde-
pendent of that emits the variable component.

All these fits incorporated the neutral absorption factor, Phabs, with the column
density again fixed at a value of 4.4 x 10?> cm~? which represents the Galactic line-
of-sight column density (Sect.4.1). Furthermore, the redshift was fixed at 0.034. In
the fit with PL, the photon index and the normalization were both left free. The
Diskbb model was fitted with the disk temperature and the normalization left free.
When TTP is employed, the abundance was fixed at 0.5 Solar, while the plasma
temperature and the normalization were left free. In the fit with RBR, the photo index
of the incident power law continuum was fixed at 2, the emissivity index at 3, the
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inclination at 30°, the Fe abundance at 1 Solar, and the inner and outer disk radii of
a disk were at 1.24 and 400 Rg, respectively, while the ionization parameter and the
normalization were left free. Finally, to perform the Compton fit, the seed photon
temperature was fixed at 20eV to simulate typical disk emission, and the geometry
of the electron cloud was assumed to be plane like, while the electron temperature,
the optical depth, and the normalization were left free.

The five models all yielded acceptable fits to the stationary spectrum, and gave the
parameters summarized in Table4.3. The photon index turned out to be ~4, which
is much softer than that of the variable component (~1.9), and the typical slope,
~1.7, of many AGNs. Alternatively, the data were reproduced by thin-thermal emis-
sion with a temperature of ~1keV. The relativistically-smeared reflection model
was successful on the condition that the reflection is generated by an extremely-
relativistic and moderately-ionized accretion disk. When we employ the thermal
Comptonization model, Compton, the additional coronal region was required to
have an electron temperature of <0.5keV, and the optical depth of >16. Although
Diskbb can explain the stationary emission, hereafter we do not consider this alter-
native, since the obtained disk temperatures of ~0.2keV are an order of magnitude
higher than the expected temperature of an inner edge of the accretion disk, calcu-
lated by Eq.(2.5) to be ~20eV for a black hole mass of 103M, and an accretion
rate of 10 % of the Eddington limit. The power-law modeling may not be consid-
ered either, since this phenomenological model was employed only to evaluate the
approximate spectral softness, and has no particular physical meanings. Thus, the
remaining interpretations for the soft stationary component are a thin-thermal plasma
emission, a relativistically-smeared reflection, and a thermal Comptonization.

4.1.7 Opverall Spectral Fitting

Our final step of the analysis of the 2010 Mrk 509 data (Noda et al. 2011) is a proce-
dure to be called “simultaneous model fitting to the spectrum triplet”, where “triplet"
means the C3PO-derived variable and stationary spectra, plus the time-averaged
0.5-45keV data. Specifically, we select a typical two-component spectral model,
requiring the first component to reproduce the variable spectrum, the second one to
successfully describe the stationary signals, and their sum to give an acceptable fit to
the time-averaged spectrum. Considering the triplet in this way has dual advantages.
One of them is that the time-averaged data may be reproduced by many different
two-component models, but this degeneracy is expected to be reduced because some
of these models may fail to express (either one or both of) the C3PO-derived spectra.

Let us explain the other merit of the simultaneous triplet fitting. The slope A
and the offset B derived with the C3PO method have large errors when the source
variation is small. As long as we individually analyze the variable and the stationary
components, the large errors permit many different models to be acceptable, and
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Table 4.3 Parameters, with 90 %-confidence errors, obtained by fitting the soft stationary spectrum
of Mrk 509

Model Parameter Value

PL r 3.96% 1703
Ny 400713}
x2/d.o.f. 2.03/5

Diskbb Tuisk (keV) 0.21750¢
N(;risk
x2/d.o.f. 2.52/5

TTP A(Zo) 0.5 (fix)
kT (keV) 0.6707
Nimp 5385%
x2/d.o.f. 3.89/5

RBR q* 3 (fix)
Rin (Rg) 1.24 (fix)
Rout (Rg) 400 (fix)
Are (Zo) 1 (fix)
&8 < 620
z 0.0344 (fix)
Nigr 0.13 £0.04
x2/d.of. 1.89/4

Compton z 0.0344 (fix)
T, (keV) 0.4515%5Y
T 16.5(> 4.6)
NEompton 4.68 +1.42
x2/d.of. 2.19/4
L** 51134

*The cutoff power-law normalization at 1keV, in units of 10~3 photons keV~! cm™2 s~! at 1keV
"The di skbb normalization, in ((Rjn /km)/(D/10 kpc))2 cos 0, where Rj, is the inner disk radius,
D the distance to the source, and 6 the angle of the disk

#The TTP normalization, in units of (107! /47 (DA (1 +2))?) [ nenudV, where Dy is the angular
size distance to the source (cm), . and ny are the electron and H densities (cm ™)

$The ionization parameter, in units of erg cm s~ !

IThe RBR normalization, in units of 10~ photons keV~!ecm=2 s~! at 1keV

#The Compton normalization, in units of photons keV ' em 2 s at 1keV

**The 0.5-3keV luminosity of the extracted soft stationary emissions, in units of 10*3 erg s~

make it difficult for us to distinguish them. Actually, in Sect.4.1.7, we were not able
to arrive at a unique interpretation of the stationary component. However, we expect
the C3PO-extracted two spectra to add up to become identical to the time-averaged
spectrum, because taking the time average (denoted by < >) of Eq.(5.1) gives

<y>=A<x>+B. 4.2)
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Since the errors associated with A and B tend to cancel out in this summation, we
can make the use of high statistics of the time-averaged signals via the simultaneous
fitting. In particular, we may be able to exclude some of the summed-up models,
because they become discrepant with the time-averaged signals in >3 keV where the
C3PO-derived spectra are no longer defined.

Given these, we fitted the 0.5-45keV time-averaged spectrum with a model of
Phabs*Ioabs* (PL + Refl + Fe-K + SE).Here, Phabs and IToabs rep-
resent the Galactic/intrinsic neutral absorption and an ionized absorption, respec-
tively; The former is the same model as that used in the previous subsection, and
the latter, which is not essential, is described later. PL represents a cutoff PL model,
Ref1 areflection continuum without any relativistic or ionization effects, and Fe-K
a gaussian to represent the Fe-Ko line. The cutoff energy in PL and Ref1 was fixed
at 200keV, and the redshift in Toabs, Ref1 and Fe-K at 0.00885, while the other
parameters were left free. Finally, SE represents the soft excess component, which
is clearly seen in Fig.4.7.

_.
<
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X keV ?(Photons cm s 'keV ™)

[
DO N

0 40

2 1
Energy (keV)

Fig. 4.7 Results of the simultaneous triplet fitting of Mrk 509. The time-averaged spectrum was
fitted with a model of Phabs * Ioabs * (PL + Refl + Fe-K + SE), where SE is a
thin-thermal plasma (TTP), b relativistic reflection (RBR), and ¢ Compton. Simultaneously, the
variable and the stationary components were fitted with Phabs * Ioabs * PL and wabs *
zxipcf * SE, respectively. In panel ¢, the PL and Compton emission are identified to be the
Broad-Band and Soft Primary component in Sects. 6.1 and 6.2, respectively
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First, we examined the case that SE is a thin-thermal plasma emission (TTP) from
the Mrk 509 host galaxy. Its plasma temperature, abundance, and the normalization
were left free, while the redshift was fixed at 0.00885. As shown in Fig.4.7 and
Table 4.4, the fit was unsuccessful with x2/d.o.f. = 590.29/515. The main reason of
this fit failure is that the PL and the SE terms disagree with the C3PO-derived variable
and stationary component, with x?/d.o.f. = 25.33/7 and 17.41/7, respectively. In
addition, the metal abundance (Table 4.4) turned out to be much lower than the Solar
value, which makes the fit physically unrealistic, because galactic center regions
around the AGN must be metal-richer. Thus, the TTP can be ruled out.

Second, we expressed the SE component by a relativistically-blurred reflection
(RBR) component model with the emissivity index ¢, the inner radius Ry,, the ioniza-
tion parameter £, and the normalization left free, while the outer radius R,y and the
inclination fixed at 400 Rg and 30°, respectively. The photon index of the incident
continuum for SE was tied to that of PL. As shown in Fig.4.7, the fit became worse
than the previous fit with the TTP model, and gave parameters shown in Table4.4.
In this case, the variable and the stationary spectra were both successfully repro-
duced with x2/d.o.f. = 5.99/7 and 2.71/7, respectively. On the other hand, the RBR
model, which can explain the C3PO-derived components with strong relativistic
(Rin ~ 1.2R,) and ionized effects (§ ~200), failed to explain the time-averaged
spectrum in the hard X-ray band, and left large residuals especially in 7-10keV.
Thus, RBR interpretation is considered to be inappropriate for the SE model, either.

Finally, we examined the remaining possibility, that is, the thermal Compton
component modeling for the SE signal. The electron temperature, the optical depth,
and the normalization of Compton were left free, while the seed photon temperature
was fixed at 0.02keV as estimated in Sect. 1.3.3, and the geometry was assumed to
be spherical. As shown in Fig.4.7, the fit drastically improved from the TTP and
RBR interpretations, and became acceptable with x?/d.o.f.=550.53/515, 6.77/7, and
2.91/7 for the time-averaged, the variable, and the stationary spectrum, respectively.
(Line-like positive residuals which can be seen at ~0.56 keV are considered due to an
Oy emission line as already reported by e.g., Cerruti et al. 2011). As summarized
in Table4.4, the photon index of the PL, ~1.95, which agree with well with the
value of ~1.92 (Table4.1) obtained by analyzing the variable component alone.
The reflection fraction is ~1.2; namely, the solid angle of cold reflectors against the
primary emitter is ~2.4s, which is moderate and reasonable for a plane-like accretion
disk and a dust torus. Similarly, the soft Comptonization parameters, including the
electron temperature of ~0.25keV and the optical depth of t ~13 are consistent,
within errors, with those derived by analyzing the stationary component (Table 4.3).
In this way, the thermal Comptonization modeling of the soft excess signal has given
a successful and fully self-consistent explanation to the soft excess phenomenon of
Mrk 509.

Let us explain the meaning and motivation of the ionized absorption Ioabs,
which was introduced in the above fits but not described therein. Ionized absorbers
which affect the continuum shape especially below 2keV, and make the spectral
interpretation more complex. Mrk 509 is one of the prototypical examples of such
warm absorbers, (e.g., Kaastraet al. 2011) Thus, to describe the individual continuum
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Table 4.4 Results of the simultaneous fitting to spectrum triplet (the time-averaged, the variable,
and the stationary spectrum) of Mrk 509, wherein the soft excess is represented by the TTP, BRB,
or Compton model

Model ‘ Parameter ‘ TTP RBR Compton

Absorption to all

Phabs Ny 0.044 (fix)

Toabs N/ 22.7 0.13 0.13
logé 2.6 2.3 2.2
Cvr frac. 0.05 1 1

b z 0.0344

Broad-Band Primary component*

PL Tpr 2.04 2,05 1,96
Ecy (keV) 200 (fix)
N 2.03 | 1.81 |1.82

Neutral reflection component

Refl Trer =TI'pL
Ecyt (keV) 200 (fix)
Sret 1.7 |17 1.2
A(Zo) 1 (fix)
AFe (ZFe,0) 1 (fix)
i (degree) 60 (fix)
Nret = NpL

Fe-K E} 6.34 6.34 6.34
o (keV) 0.11 0.08 0.11
NE 2.82 2.46 3.04
EW (eV) 46 41

Thin-thermal plasma component

TTP b4 0.0344 (fix) - -
kT (keV) 0.17 - -
A (Zo) 0.01 - -
Nitee 0.26 - -

Relativistic reflection component

RBR q' - 3.4 -
Rin (Ry) - 1.24 -
Rout (Rg) - 400 (fix) -
Are (Zo) - 1 (fix) -
gft - 216.6 -
z - 0.0344 (fix) -
Niie - 1.10 -

(continued)
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Table 4.4 (continued)

Model ‘ Parameter ‘ TTP RBR ‘ Compton
Soft Primary component™
Compton b4 - - 0.0344 (fix)
To (keV) - - 0.02 (fix)
kT (keV) - - 0.25
T - - 134701
Namp - - 2933
x*/d.o.f. 590.29/501 626.71/500 550.55/501

*Later to be identified in Sect. 6.1.1

TEquivalent hydrogen column density in 10?2 cm~2 for the Galactic or the intrinsic line-of-sight
absorption

“The power-law normalization at 1keV, in units of 10~2 photons keV~! em~2 s~! at 1 keV
SCenter energy in keV in the rest frame

#The Gaussian normalization in units of 10> photonscms™
l'The emissivity index (scales as R™9)

**The TTP normalization, in units of (10717 /47 (Da (1+2))?) f nengdV, where Dy is the angular
size distance to the source (cm), . and ny are the electron and H densities (cm ™)

" The ionization parameter, in units of erg cm=2 s~ !

#The ref11ionx normalization, in units of 107 photons keV~' cm™2 s~ ! at 1 keV

$8The Compton normalization, in units of photons keV-!ecm 2 s !at1keV

1

shapes correctly, we introduced the warm absorber model, and obtained a similar
result to the previous studies with Nj ~ 102! cm™2 and log & ~ 2 (e.g., Cerruti et al.
2011).

A potential problem here is that the errors in the variable and stationary compo-
nents are (anti-) correlated rather than being independent. Usually, we need particular
caution in simultaneously fitting such data sets, because the number of independent
data bins would be over-estimated (double-counted) and hence, the degree of freedom
would be over-estimated. However, this is considered to work in more conservative
sense, because the reduced chi-square would be under-estimated, and hence we can
avoid a risk of wrongly rejecting models that are in fact acceptable. Furthermore, in
the present triplet fitting, the overall degree of freedom (~500) is dominated by those
of the time-averaged spectrum, while those of the C3PO-derived components (~14)
are negligible. Therefore, the effect of double-counting is considered negligible.

Finally, the triplet analysis may raise yet another suspect partially related to the
above issue, that the C3PO-derived spectra with relatively large errors contribute little
to the quantification of the soft excess, and the method gives no more information
than is available from the traditional “static” analysis of the time-averaged spectrum
alone. In order to examine this issue, we removed the C3PO-derived components
from the previous fit, and fitted only the time-averaged spectrum with the model
of Phabs*Ioabs* (PL + Refl + Fe-K + SE), where SE is the Compton
model. As a result, an error range of e.g. the optical depth spread to 12.7-13.9,
which is more than twice as the fit with C3PO components of 13.3—13.8 (Table 4.4).


http://dx.doi.org/10.1007/978-981-287-721-5_6

58 4 Soft X-ray Analysis

Therefore, our dynamical analysis (combined with the static one) provides a much
more powerful tool of the soft-excess study.

4.1.8 Comparison with the 2006 Suzaku Spectra

Prior to the 2010 observation analyzed so far, Mrk 509 was observed by Suzaku four
times in 2006. These observations started on 2006 April 25, October 14, November
15 and November 27, with a typical net exposure of 25ks. Although these data sets
are too short for the C3PO method, we can compare time-averaged spectra among
the total 5 observations. The results, presented in Fig.4.8, shows that the source
was brightest in 2010, while dimmest in 2006 November 27, with a factor of ~1.5
difference. The spectral shape in 2006 April is hardest and flat, while the other
spectra are softer and concave below ~3keV. These differences of the spectral shape
are considered mainly due to changes in the soft band intensity.

To quantify these spectral shape differences, we made four spectral ratios among
the five spectra, using the hardest one (2006 April) as the denominator. The derived
0.5-45keV spectral ratios shown in Fig. 4.9, are relatively flat in the 3—10keV band,
while they show upturn toward the lower energy band below 3keV, with a clear
break at ~3keV. This means that the 3—45keV intensity remained constant within
<10%, whereas that in the 0.5-3keV band is at most 250% different among the 5
observations. Thus, a soft component is considered to have varied in the 0.5-3keV
band, independently of a 0.5-45 keV broad-band continuum, with their spectral shape
kept approximately the same.

To verify the above prospect, we fitted the time-averaged spectra in 2006 with
the same model, based on the thermal Comptonization interpretation, as that in the
fit to the 2010 spectrum (Sect.4.1.8), Phabs*Ioabs* (PL + Refl + Fe-K +
SE), where SE is the Compton model. The parameter conditions were the same as
those in Sect.4.1.8, except that we have not incorporated the variable and station-
ary components into the fits since they cannot be obtained in the 2006 datasets. As
shown in Fig.4.10 and Table4.5, all the time-averaged spectra were successfully
reproduced with the model which explains the soft component in terms of thermal
Comptonization. The obtained fit parameters are summarized in Table4.5. The pho-
ton indices of the main variable Comptonization component modeled by PL are all
~1.80, and all the same within errors among the five observations. Furthermore, the
PL normalization stayed constant within errors. The reflection fractions of the Ref1
model are all ~0.7, and the same within errors. Thus, the flat spectral ratios of the
3-45keV band in Fig. 4.9 can be explained naturally by the conservation of spectral
shapes of these hard continua.

Like in the 2010 case, the thermal Comptonization model has successfully
explained the soft excess in the 2006 data sets. The derived electron temperature
is always low, ~0.3keV, and the optical depth is high, ~10 (Fig.4.10, Table4.5). In
other wards, the soft excess component retained approximately constant slope. How-
ever, its normalization changed significantly by an overall factor of ~1.5. Thus, the
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Fig. 4.8 Time-averaged spectra of the 2006 Suzaku datasets of Mrk 509, and that of 2010 which is
the same as in Fig. 4.2, all shown in the form of ratios to the same I" = 2.0 PL ratio. a 2006 April
25. b 2006 October 14. ¢ 2006 November 15. d 2006 November 27. e 2010 November 21

long-term spectral changes of Mrk 509 (Figs. 4.8, 4.9) can be attributed to intensity
variations (with insignificant shape changes) in the soft Comptonization component.
Because the interval between 2006 November 15 and 27 is about two weeks, the soft
Comptonization component is considered to be variable on a timescale of less than
two weeks, but longer than a few days.
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Fig. 4.9 The spectra acquired on a 2006 October 14, b 2006 November 15, ¢ 2006 November 27,
and d 2010 November 21, all divided by that obtained in 2006 April 25 (Noda et al. 2011)

4.2 Target Selection for Further Analysis

In Sect.4.1, we have succeeded in establishing the novel method called C3PO, to
dynamically extract the soft excess component of Mrk 509, and identifying its nature.
Our next task is to apply it to other AGN datasets obtained by Suzaku, and to examine
whether we can derive similar results. Then, which of the Suzaku-observed AGNs
are suitable for this study? Since timing information is crucial in our attempt, we
must select AGNs which were observed continuously for a sufficient period longer
than ~100ks, and exhibited 0.5-10keV peak-to-peak variations of at least ~10 %.
In order to investigate soft X-ray emission from the central engine, jet-dominated
systems like Blazars should be excluded. Strongly-absorbed objects like type Il AGN's
are also unfavorable, due to their obvious lack of statistics in the soft X-ray band.
In addition, in order for the soft X-ray signals not to be contaminated significantly
by non-AGN soft X-rays (hot plasma emission and integrated discrete sources) from
the host galaxy, we need to select AGNs with a 0.5-3keV luminosity higher than
~ 10® erg s~!, which is a maximum soft X-ray luminosity of elliptical galaxies
without nuclear activity (e.g., Vikhlinin et al 1999; O’Sullivan et al. 2001; Fukazawa
et al. 2006).
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Fig. 4.10 Same as Fig.4.7, but of the 2006 Suzaku spectra, without the variable or stationary
components. The PL and Compton signal are identified to be the Broad-Band and Soft Primary
continuum in Sect. 6.1.1, respectively (Noda et al. 2011). a 2006 April 25. b 2006 October 14. ¢
2006 November 15. d 2006 November 27

Based on the above considerations, we employ the following criteria in searching
the Suzaku archive for those AGNs which are appropriate for our soft X-ray analysis.

1. The Suzaku dataset must have a net exposure of >100ks, with a 0.5-10keV
peak-to-peak variation of 210 %.

2. The object must exhibit a Seyfert-like X-ray spectrum without dominated by a
jet component.

3. The object should not be affected by a strong (= 10>} cm~2) Galactic/intrinsic
absorption.

4. The 0.5-3keV luminosity must be higher than ~ 10 erg s~!.

From the launch in 2005 July, some ~100 type I AGNs have been observed with
Suzaku, amounting to a total of ~130 observations. By examining all those datasets,
we have found 9 AGNs (12 observations) that survive the above criteria (Noda et al.
2013a); Fairall 9 (Seyfert 1), Ark 120 (Seyfert 1), IH0419-577 (Seyfert 1), CBS126
(Seyfert 1), MCG—-2-58-22 (Seyfert 1.5), 3C120 (broad line radio galaxy), 3C382
(broad line radio galaxy), 4C+74.26 (radio-loud quasar), and MR2251-178 (radio-
quiet quasar). Table 4.6 summarizes basic information on these objects.
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Table 4.5 The same as table Fig.4.4, but obtained from the 2006 Suzaku spectra of Mrk 509

Component | Parameter | 2006/4/25 | 2006/10/14 | 2006/11/15 | 2006/11/27

Absorption to all

Phabs Nu 0.044 (fix)

Toabs log Ny 0.347013 0.27101 0.267019 0.277033
log (& [erg cm | 2.037008 2.08700 2.03700 2.03790¢

)

Cvr frac. 0.347015 0277513 0.267019 0.277012
z 0.0344 (fix)
Broad-Band Primary component*
PL r e s T 1
Ecu (keV) | 200 (fix)
NeL 125700 [134%0%  [13070 120755
Reflection component
Refl Cref =TIpL
Ecu (keV) | 200 (fix)
Seet 0.6 0.8 0.7 0.8
A (Zo) 1 (fix)
Afe (Zreo) |1 (fix)
i (degree) 60 (fix)
Nret = NpL
Fe-Ka E. (keV) 6.43700) 6.43100% 6.407000 6.511008
o (keV) 0.107% 0.10705% 0.15708 0.237013
Nre 2.8975%0 295705 3.027% 4.897533
EW (V) 5775 5473 593 1055
Soft Primary component®
Compton z 0.0344 (fix)
To (keV) 0.02 (fix)
kT (keV) 0.33 0.35 0.30 0.29
T 120775 13.675% 11.2757 123798
Ncomp 2.287048 241704 2.84108 1.90%039
Feomp (erg |23 24 2.8 1.9
s~ em™2)
x*/d.of. 561.52/575 | 647.61/655 | 528.92/557 | 706.26/616

“4Later to be identified in Sect.6.1.1

In the same way as Fig. 4.1 for Mrk 509, we produced background-subtracted light
curves of each of the selected 12 data sets all in three bands; 0.5-3keV (soft band) and
3-10keV (middle band) using XIS FI, and 15-45keV (hard band) using HXD-PIN.
Among them, five (to be finally selected in Sect.4.3.1) are shown in Fig.4.11, while
the others are shown in Fig. 4.12. As already required by the 1st observation criterion,
all of them exhibit more than ~10 % variations in the soft and middle bands. Like
in the case of Mrk 509 (Fig.4.1), the softer two bands exhibit a tight correlation at
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Table 4.6 Summary of the 12 observations of the 9 AGNs to be studied in Sect. 4.3

Object name | Type Obs. date Redshift Nu(Gal)? Previous
Suzaku study
Fairall 9#1 Syl 2007 Jun. 7 0.047 0.03 Patrick et al.
(2011)
Fairall 9#2 Syl 2010 May 19 |0.047 0.03 Lohfink et al.
(2012)
CBS126 Syl 2010 Oct. 18 |0.079 0.014 Chiang et al.
(2012)
Ark120 Syl 2007 Apr. 1 |0.033 0.10 Zhou et al.
(2011)
1HO0419- Syl 2007 Jul. 7 0.104 0.02 Tuner et al.
577#1 (2009)
1H0419- Syl 2010 Jan. 16 |0.104 0.02 -
ST7#2
MCG-2-58-22 | Sy1.5 2009 Dec.2 | 0.047 0.027 Rivers et al.
(2011)
3C120#1 BLRG 2012 Feb.9 |0.033 0.17 Lohfink et al.
(2013)
3C120#2 BLRG 2012 Feb. 14 |0.033 0.17 Lohfink et al.
(2013)
3C382 BLRG 2007 Apr. 27 |0.058 0.074 Sambruna
et al. (2011)
4C+74.26 RLQ 2007 Oct. 25 |0.104 0.119 Larsson et al.
(2008)
MR2251-178 |RQQ 2009 May 7 | 0.064 0.024 Gofford et al.
(2011)

@Equivalent hydrogen column density in 1022 cm~2 for the Galactic or the intrinsic line-of-sight

absorption

first glance, with possibly larger variation amplitudes in the softest band. Although
independent variations apparently exist in their hard band, these may be mostly due
to uncertainties in estimating the NXB (Sect.2.4). The analysis of harder energy

bands, including the HXD data, is described in Chap. 5.

4.3 Applying the C3PO Method to Several Other AGNs

In Sect.4.2, we have selected 12 data sets of 9 AGNs that are suitable for our study.
In this section, we apply the C3PO method to them, following the same routine as
established in Sect.4.1 for Mrk 509.


http://dx.doi.org/10.1007/978-981-287-721-5_2
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Fig.4.11 Same as Fig.4.1, but of five AGNs out of the 12 data sets selected in Sect.4.2. The name
of AGNs is shown in each panel (Noda et al. 2013a). a Fairall 9. b MCG-2-58-22. ¢ 3C382. d
4C+74.26. e MR2251-178

4.3.1 CCPs and C3PO Decomposition

To quantify correlation between the soft (0.5-3keV) and middle (3—10keV) bands,
CCPs (one for each observation) were produced from the 12 sets of light curves
(Sect.4.2) in the same manner as in Sect.4.1.4 and Fig.4.4. The CCPs, shown in
Fig.4.13, generally reveal tight correlation between the two energy bands. We pro-
duced linear fits with Eq.(5.1), where the slope A and the offset B were again left
free. Statistical and systematic errors are included in the same way as Sect.4.1.4.
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Fig. 4.12 Same as Fig.4.11, but of the AGNs which are not handled in Sect.4.3. a CBS126. b Ark
120. ¢ 1HO419-577 #1. d 1HO0419-577 #2. e 3C120 #1.f 3C120 #2

As shown in Table4.7 and Fig.4.13, data distributions in the CCPs have been
reproduced successfully (beyond the confidence level of N, = 1%) with Eq.(4.1),
except the second observation of Fairall 9, the first observation of 1H0419-577, and
the first observation of 3C120. The failure of these three linear fits could mean shape
changes in the main variable component, or the presence of more than one variable
components. Because it is difficult to exclude these additional variations, and because
the values of A and B, as well as their errors, are unreliable in these cases, we do not
use these data sets in the subsequent study. The other 9 data sets are consistent with
the view that the main continuum varied without any spectral shape change.
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Table 4.7 Parameters obtained by fitting the twelve CCPs in Fig.4.13 with Eq. (4.1)*

Object A B (counts s~ 1) x2/d.of. Note
Fairall 9#1 4.36 +0.10 0.51 +£0.21 19.2/18 T

Fairall 9#2 3.76 £0.70 —0.29 +0.49 84.1/27 not linear
CBSI126 2.74+0.43 0.08 £ 0.06 31.1/16 B~0
Ark120 3.494+0.23 —0.10£0.20 32.8/17 B~0
1H0419-577#1 3.24+0.20 —0.03+0.12 52.3/23 not linear
1HO0419-577#2  |2.90 £ 0.27 0.05 +£0.11 17.3/19 B~0
MCG-2-58-22 2.33+£0.08 0.33+0.13 31.5/24 T
3C120#1 2.35+0.23 —0.20 £ 0.36 75.5/37 not linear
3C120#2 2.324+0.12 0.12+0.19 27.2/25 B~0
3C382 3.78 £0.26 0.65+0.23 21.6/23 T
4C+74.26 3.224+0.30 0.48 +0.17 12.0/14 T
MR2251-178 1.39 £ 0.22 0.83 £0.31 31.4/26 T

*Errors refer to 1o confidence limits
fFinally selected
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Fig. 4.13 CCPs of the 12 data sets, presented in the same way as Fig.4.4. a Fariall 9 #1. b Fariall
9 #2. ¢ CBS126. d Ark 120. e 1H0419-577 #1. f 1H0419-577 #2. g MCG-2-58-22. h 3C120 #1. i
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Fig. 4.14 The same as Fig. 4.5, but of Fairall 9 (Noda et al. 2013a)

Among the 9 observations, the offset B was consistent with Oin four data sets;
CBS126, Ark 120, the second observation of 1H0419-577, and the second observa-
tion of 3C120. These data sets are unusable in the present study, since they would
not yield, within the data statistics, significant stationary signals at least in the XIS
energy range. The remaining 5 data sets, in contrast, showed significantly positive
offsets. This means that a certain signal should remain in the 0.5-3keV bands, even
when the intensity of the variable component becomes zero. They are considered to
be suited to the C3PO method, hence we hereafter focus on the 5 observations of the
5 objects: the first observation of Fairall 9, MCG-2-58-22, 3C382, 4C+74.26, and
MR2251-178.

After the procedure in Sect. 4.1.5, we divided the 0.5-3 keV band of the individual
5 AGNs into the finer 7 bands and made additional 7 CCPs. The total 35 CCPs
(5 objects times 7 energy bands) are shown in Figs.4.14, 4.15, 4.16, 4.17 and 4.18.
Fitting them with a straight line in the same condition as in Sect.4.1.5 gave the slope
A and offset B from each AGN, as summarized in Table 4.8. Most of the CCPs thus
exhibit strong correlations, and the fits with Eq. (4.1) were successful. Furthermore,
the CCPs have generally given positive slopes (A > 0) and positive offsets (B > 0).
Thus, the C3PO can allow us to decompose the soft-band data of the 5 AGNs into a
variable and a stationary part, like in the 0.5-3keV band of Mrk 509.

Before we proceed to detailed studies of the 5 object with positive B, let us
briefly examine whether they systematically differ from the 4 objects in which B is
consistent with zero. For this purpose we produced Fig.4.19, in which we plotted all
the 12 observations on the plane of B/A < x > representing relative strengths of
the soft excess and the average 3—10keV flux. (The three data sets with unacceptable
linear fits were also included for reference.) It gives us two inferences. One is that
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Fig. 4.15 The same as Fig. 4.5, but of MCG-2-58-22 (Noda et al. 2013a)
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Fig. 4.16 The same as Fig.4.5, but of 3C382 (Noda et al. 2013a)

the 5 positive-B objects tend to have higher X-ray intensities than the others. The
other is that the horizontal error ranges do not appear to differ distinctly between
the two classes, except for Ark 120 which has a rather tight upper limit in B/A <
x >. These suggest that the 4 objects of which B is consistent with 0 do not differ
fundamentally from the 5 positive-B objects; simply they were too faint, or they
happened to have somewhat smaller soft excess than the average. Thus, our results
on the 5 objects to be derived below are considered applicable to general AGNs,
rather than a limited/special subclass of them.
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Fig. 4.17 The same as Fig.4.5, but of 4C+74.26 (Noda et al. 2013a)
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Fig. 4.18 The same as Fig.4.5, but of MR2251-178 (Noda et al. 2013a)

4.3.2 Variable and Difference Spectra

Following the Mrk 509 case (Sect.4.1.4), the slopes A obtained in the finer 7 bands in
each AGN was multiplied by the average 3—10keV count rate, xy, and divided by the
corresponding energy intervals. As seen in Fig.4.11, the value of xq is ~0.84 cnts™!
in Fairall 9, ~1.68cnts™! in MCG-2-58-22, ~1.40cnts~! in 3C382, ~0.95cnts™!
in 4C+74.26, and ~1.50cnts™! in MR2251-178. The variable component of each
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Table 4.8 Parameters obtained by fitting 35 CCPs (seven energy bands times the five AGNs) in

Figs.4.14, 4.15, 4.16, 4.17 and 4.18 with Eq. (4.1)*

4 Soft X-ray Analysis

Object Energy range A B (counts s1) x%/d.of.
(keV)

Fairall 9 0.5-0.8 0.23 +£0.04 0.05+0.03 21.1/18
0.8-1 0.31 £0.04 0.10+£0.03 13.5/18
1-1.2 0.44 +0.05 0.06 +0.21 16.0/18
1.2-14 0.37 £0.06 0.09 +0.05 22.4/18
1.4-1.7 0.55 +£0.07 0.02 £ 0.06 23.9/18
1.7-2 0.29 + 0.04 0.05 +0.03 13.8/18
2-3 0.48 £0.07 0.06 + 0.05 24.6/18

MCG-2-58-22 0.5-0.8 0.17 £0.01 0.01 £0.02 40.8/24
0.8-1 0.25+£0.02 0.08 +0.03 39.3/24
1-1.2 0.34 £0.02 0.08 +£0.03 44.2/24
1.2-14 0.37 £0.02 0.04 +0.03 33.2/24
1.4-1.7 0.46 +0.02 0.05+0.03 41.2/24
1.7-2 0.29 £0.01 0.03 +£0.02 20.8/24
2-3 0.49 +£0.02 0.04 +£0.03 29.3/24

3C382 0.5-0.8 0.14 £0.02 0.08 +0.03 25.4/23
0.8-1 0.25 £ 0.02 0.08 +£0.03 9.3/23
1-1.2 0.27 £ 0.03 0.17 £0.04 18.7/23
1.2-14 0.38 +0.03 0.04 +0.04 14.1/23
1.4-1.7 0.37 £0.06 0.18 +0.08 48.8/23
1.7-2 0.27 £ 0.03 0.06 + 0.04 22.7/23
2-3 0.53 +£0.05 0+0.06 23.7/23

4C+74.26 0.5-0.8 0.05+0.03 0.04 +£0.02 25.6/14
0.8-1 0.06 + 0.03 0.13+0.03 16.6/14
1-1.2 0.20 £0.04 0.10 £ 0.04 14.8/14
1.2-14 0.32+£0.03 0.04 +£0.03 8.0/14
1.4-1.7 0.40 £0.07 0.08 + 0.06 21.5/14
1.7-2 0.19 £ 0.05 0.11 +£0.05 26.2/14
2-3 0.50 £0.05 0.04 £ 0.05 11.5/14

MR2251-178 0.5-0.8 0.08 £ 0.03 0.07 £ 0.05 19.8/26
0.8-1 0.07 £ 0.06 0.17 £0.09 42.9/26
1-1.2 0.16 £ 0.06 0.15+0.09 27.7/26
1.2-14 0.22 £0.07 0.11+0.10 30.2/26
1.4-1.7 0.36 £ 0.05 0.05 +0.08 12.7/26
1.7-2 0.27 £ 0.06 —0.01 £0.09 27.4/26
2-3 0.26 £0.10 0.30+0.14 40.8/26

“Errors refer to 1o confidence limits
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AGN, obtained by assembling the 7 values of A, is shown in Fig.4.20 in green in a
formof aratiotoa I’ = 2.0 PL.

Like in Mrk 509, is the variable component similar to the difference spectrum
in each AGN? To examine this, we made a High- and a Low-phase spectra, and
subtracted the latter form the former to extract a difference spectrum in each AGN
(cf. Sect.4.1.4). The obtained difference spectra, shown in Fig.4.20 in grey, are
apparently PL-like without prominent features such as a Fe-K line, and resemble the
variable spectra (in green) at leastin the 0.5-3 keV band where the latter is defined. For
quantitative comparison, the variable and the difference spectra, were both fitted with
Phabs*PL, where the column density of Phabs and the photon index of PL were
left free, and the parameters summarized in Table4.9 were obtained. As expected
from Fig. 4.20, the variable spectrum of each object thus agree, within errors, with the
corresponding difference spectrum, except for the obvious normalization difference.
Thus, in the same way as Mrk 509, the variable spectrum is considered to be the
same component as the difference spectrum in each AGN.

As shown in Table4.9, the varying components of the 5 AGNs, as well as (that
of) Mrk 509, commonly have photon indices of 1.7-2, which are typical for the
main variable Comptonization signal in type I AGNs (Sect. 1.4.1). In addition, the
derived column density of the absorption is consistent, within errors, with the Galactic
line-of-sight absorption summarized in Table 4.6, except 4C+74.26 which has a sig-
nificantly larger absorption than the Galactic one. This means that 4C+74.26 has a
strong intrinsic neutral absorption (both in the variable and the difference spectra),
while the others do not. For further confirmation, we fitted simultaneously the vari-
able and the difference spectra, using the same (but free) photon index and the same
(but free) absorption, but with separate normalization. The fit has been successful
(Table 4.9) in all the 5 objects; thus, the above inference has been reinforced.


http://dx.doi.org/10.1007/978-981-287-721-5_5
http://dx.doi.org/10.1007/978-981-287-721-5_1
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Fig. 4.20 Time-averaged (black), difference (grey), variable (green), and red stationary spectra of
the 5 AGNss, in a form of ratios to a I' = 2 PL. The PL is common among the 5 panels, as well as
within each. a Fairall 9. b MCG-2-58-22. ¢ 3C382. d 4C+74.26. e MR2251-178

4.3.3 Stationary Components

By dividing the offsets B in the finer soft energy bands by the corresponding energy
intervals, the stationary components of the 5 AGNs has been extracted, and are
shown in Fig.4.20 in red as a ratio to the same I' = 2 PL, as used to normalize
the time-averaged, variable and the difference spectra. All of the stationary spectra
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Table 4.9 Results of the fits to the variable and difference spectra of the 5 AGNs

Fairall 9 MCG-2-58- | 3C382 4C+74.26 | MR2251-178
22
Variable spectra
Phabs | N |<0.13 <0.03 <0.11 0.637038 <185
0.49 +0.12 0.39 +1.06 2.74
PL r 2.02405] 1825005 1.52%575 2.34%095 2.43%118
Ecar 200 (fix)
(keV)
i 0.32 +0.12 0.29 +2.52 3.65
Np. 075500 1.2720.06 0.85%0 07 1572059 1527703
x?/d.of. 3.27/4 7.06/4 6.82/4 7.97/4 4.52/4
Difference spectra
Phabs | N |<0.15 <0.02 <020 0.517939 < 0.64
+0.25 +0.06 +0.17 +0.30 +0.32
PL r 196105 1.841000 1651017 1.94703% 1.441032
Ecu | 200 (fix)
(keV)
Npp o (0495508 (23500 [064T53]  [094%G5 018755
x?/d.of. 21.97/33 66.78/44 30.77/31 17.04/25 10.95/10
Simultaneous fit
Phabs | Njj | <O0.15 <0.02 <0.20 0.517939 < 0.64
0.25 0.06 0.17 0.30 0.32
PL r 19645 1.841)02 1.65%) ¢ 1.94%53) 1441052
Ecu | 200 (fix)
(keV)
Npo (0495508 (203700 [0.64T53]  [094%55y 018755
x2/d.o.f. 21.97/33 66.78/44 30.77/31 17.04/25 10.95/10

*Equivalent hydrogen column density in 10?2 cm~2

"The cutoff power-law normalization at 1keV, in units of 10~2 photons keV~'cm=2s~!

are apparently soft like that of Mrk 509. To evaluate the spectral shapes of the
stationary components, we fitted them again with the five possible models introduced
in Sect.4.1.7, under the same parameter conditions as before. The Galactic absorption
was included into the fits with the column density fixed at the values summarized in
Table4.6. As a result, the fits were all successful, and gave the results in Table4.10.

The photon indices of PL became ~3, which is slightly harder than that of the
stationary component of Mrk 509. This is still much softer than the mainly varying
component with I' <2. We no longer consider this PL. modeling which is purely
empirical, or the Diskbb representation which again gave too high temperatures.
In contrast, the TTP model with a plasma temperature of ~1keV, or the RBR model
with an extremely relativistic effects, can reproduce the stationary components of
all of the 5 AGNs, as well as that of Mrk 509. The Compton model is also able to
explain them by an optically-thick corona with the electron temperature of <0.5 and
the optical depth of >15. In this way, properties of the varying signals from the 5
AGNSs, which are of somewhat different types, follow those of Mrk 509.
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Table 4.10 Same as Table 4.3, but obtained in the fits to the stationary components of the 5 AGNs

Model Parameter | Fairall 9 MCG-2- 3C382 4C+74.26 MR2251-
58-22 178

PL r 2807117 2927000 | 3.167585 | 3.247000 2,931
Ny 1927070 [ 1417080 [2.617078 | 3.20£0.92 313713
x*d.of. |2.28/5 4.09/5 6.88/5 7.36/5 4.50/5

diskbb | Tysk (keV) 0357012 10.347047 1033704 | 0267059 0.2710%
N 21.7+£82 [19.5+7.3 [35.9£10.3| 157 +45 140 £ 69
x*d.of. |3.23/5 2.74/5 6.97/5 7.91/5 4.88/5

TTP A(Zo)  |1(fix)
z 0.0471 (fix) | 0.0469 (fix) | 0.0579 (fix) | 0.1040 (fix) 0.0640 (fix)
kT (keV) | 12705 11793 L7559 1.3%0¢ 13703
N 3ONE 23803 T00E 730E 049
x*d.of.  [3.49/5 0.25/5 7.29/5 4.48/5 4.65/5

RBR q 3 (fix)

Rin (Ry) 1.235 (fix)
Rout (Rg) 400
i (degree) |60 (fix)

Are 1 (fix)

(Ze,0)

Tref 2 (fix)

g8 50.0M10  [50.1737s 60.379% | 3637 22.8%41

Nigr 0.62£0.23/0.42+0.17 | 0.61 £0.18 | 1.97 £ 0.47 5.09+1.90

x*dof.  [2.37/4 7.38/4 7.29/4 4.48/4 4.65/4
Compton| z 0.0471 (fix)| 0.0469 (fix) | 0.0579 (fix)| 0.1040 (fix) 0.0640 (fix)

kT (keV) [0.80702% 10267000 10.467027 | 077700 0.8609

T 162710 19411580 12397373 | 14,9767 15271052

N 0.21£0.080.03+£0.01|0.41 £0.12] 0.83 £0.24 0.42+0.14

x*dof.  [2.39/4 2.59/4 6.63/4 7.35/4 4.57/4

L+ 19703 [o4=xo01 [3.77] 10.271§ 6.5173

*The PL normalization at 1keV, in units of 10~3 photons keV~!cm2s~! at 1 keV

"The diskbb normalization, in ((Rin/km)/(D/ 10kpc))2 cos 0, where Rj, is the inner disk radius,
D the distance to the source, and 6 the angle of the disk

#The TTP normalization, in units of (10717 /47 (Da(1+2))?) [ nenudV, where Dy is the angular
size distance to the source (cm), . and ny are the electron and H densities (cm ™)

$The ionization parameter, in units of erg cm 2 s~

IThe RBR normalization, in units of 10~ photons keV~!cm=2s~! at 1 keV

#The Compton normalization, in units of photons keV ' em2s!at 1keV

**The 0.5-3keV luminosity of the extracted soft stationary emissions, in units of 10*3 erg s~!

4.3.4 The Triplet Analysis

Before attempting our final step, i.e., the spectrum triplet analysis (Sect.4.1.7), let us
examine whether the time-averaged spectra of the 5 AGNs suggest the soft-excess
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Table 4.11 Results of the fits to the time-averaged spectra of 5 AGNs with Phabs*Ioabs* (PL
+ Refl + Fe-K + SE) where SE =TTP

Model Parameter | Fairall 9 MCG-2-58- | 3C382 4C+74.26 | MR2251-
22 175
Case without SE
r 2.10 1.90 1.81 1.88 1.69
x*/d.o.f. 1105.61/651| 1099.49/832 | 1070.05/842| 666.18/601 | 1581.01/865
Phabs N 0.032(fix) | 0.035(fix) | 0.074(fix) | 0.21799% | 0.028(fix)
Ioabs Ny - 7270537 1007700 [ 13675281 1.07 £0.02
logé - 435108 12551098 10,5310 1 0.40700)
Cvr frac. |- 0.587012 | >0.62 0.61700:  0.86700
PL r 1997003 | 1.85£0.01 | 1.82£0.01 | 1.9270 0% | 1.72£0.01
Npp 078 £0.01 | 1.34700% | 1.11£0.01 | 1.1070 00 | 1.15709°
Refl Fret 19704 1.8+0.1 [0.570) 0.970: <02
Fe-Ka Eé 6.37+0.02 | 6.25£0.02 | 6.41 £0.03 | 6.40 +0.04 | 6.387003
o (keV) 10~4(fix) |[10~*(fix) |0.099 + 10~4(fix) | 10~*(fix)
0.032
Ni. 2307020 [1.84+032 (2257097 142703 [ 1157030
EW (eV) |77 3373 49171 30135 2178
TTP KT (keV) 0.32F00 10187002 10257098 1 0.687005  0.3140.01
A (Zo) <0005 [<0007 |<0004 [<0005 [0.002+
0.001
Niw 0527005 LS LoonE 0730 806
x*/d.of. 728.62/651 | 846.70/832 | 883.80/842 | 612.45/601 |983.20/865

*Equivalent hydrogen column density in 10?2 cm~2 for the Galactic or the intrinsic line-of-sight
absorption

"The power-law normalization at 1keV, in units of 10~2 photons keV~!cm=2s~! at 1 keV
fCenter energy in keV in the rest frame

$The Gaussian normalization in units of 10~ photonscm™2s ™!
llCenter energy in units of keV

#The apec normalization, in units of (10~ 15/47'[ (Da(1 +Z))2) f nenpdV, where Dy is the angular
size distance to the source (cm), n. and ny are the electron and H densities (cm™)

structure via the conventional “static” analysis. We fitted the the time-averaged
spectrawith Phabs*Ioabs* (PL + Refl + Fe-K),withoutincluding any SE
model. The individual components and their parameter conditions in these fits are
the same as those utilized in Sect. 4.1.7, except for the cutoff energy of MR 2251-178
fixed at 100keV according to Gofford et al. (2011). Like in Sect.4.1.7, the Toabs
factor is explained in the last paragraph. Except for 4C+74.26, the fits failed with
x?%/d.o.f. values shown in Table4.11, mainly because of positive residuals in the soft
X-ray bands. Thus, at least the 4 AGN spectra exhibit soft-excess signals above the
“static” power-law fit. In order to examine these signals coincide with the stationary
component extracted in Sect.4.3.4, let us proceed to the analysis of the spectrum
triplet.
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Fig. 4.21 Fits to the time-averaged spectra of the five AGN, with a model of Phabs * Ioabs
* (PL + Refl + Fe-K + TTP) (Nodaetal. 2013a). a Fairall 9. b MCG-2-58-22. ¢ 3C382.
d 4C+74.26. e MR2251-178
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Table 4.12 Same as Table4.11, but SE = RBR

Model |Parameter | Fairall9 | MCG-2-58- | 3C382 4C+74.26 | MR2251-
2 175
Phabs | Nu 0.032(fix) | 0.035(fix) | 0.074(fix) | 0.267005 | 0.028(fix)
Ioabs | N - <0.36 <0.12 0.247040 13.15+0.02
logé - 0.73%03;  12.52£0.16 2267015 [2.1670%8
Cvrfrac. |- <0.25 >0.43 >0.21 0.657097
PL r 1.99+£0.03 | 1.84700%  11.82+0.02 | 1.92709¢ | 1.83700)
Npr, 0.74+0.01 [1.22+0.02 | 1.04700) 0997008 | 1.23700
Refl | fref 08+03 | <03 <0.2 <0.5 <0.2
Fe-K | Ec 6.38700  16.39+0.03 |6.42700%  16.394+0.04 |6.407007
o (keV) 1074(fix) | 1074(fix) | 0.0957005 | 107*(fix) | 10~(fix)
+0.25 +0.21 +0.44 +0.31
Nre 245702 1201702 12257047 1467035 [0.91+0.25
EW (V) [9178) 33151 5217 372 25T12
RBR | ¢* 4487500 |5.05T5s  487Tod 13967050 1 2457%5]
Rin (R 2307070 [1.24703 12447035 11247020 [1.247077
s*l 58.9f§3§ 101.8%%%;3 103.5%%35;3 94. 1t§§3;§ 20.2%2%;
T +0. +0. +0. +0. +0.
Nreftions 30507, 497704 [239T00s | 24451 | 12850
x*/d.o.f. 785.06/651 | 945.79/832 | 886.26/842 | 660.51/601 | 1145.17/865

As the soft excess signal, we first consider the TTP emission (presumably from
the host galaxy) like in the Mrk 509 case, and fitted the time-averaged spectra of
the 5 AGNs with Phabs*Ioabs* (PLL + Refl + Fe-K + SE), where SE
is represented by the TTP model. Simultaneously, the variable and the stationary
spectra were fitted with Phabs * Toabs * PL and Phabs * IToabs * SE, respectively.
The parameter conditions in these models were the same as those in Sect.4.1.7.
As a result, the fits were successful, except for MR 2251-178 shown in Fig.4.21,
giving x?/d.o.f. values in Table 4.12. However, as shown in Table 4.12, the obtained
abundance in the TTP model were all less than 1 % of the Solar value, and are hence
physically unrealistic. Therefore, the TTP model can be generally ruled out, just like
in the Mrk 509 case.

Next, we employed the RBR interpretation, again with the parameter conditions as
in Sect.4.1.7. Then, the fit was unacceptable (x2/v > 1.10 for v ~ 700, Np < 1%)
for 3C382 and 4C+74.26, which acceptable (x2 /v < 1.10) for the others. The
obtained parameters are summarized in Table4.12. Shown in Fig.4.22, the RBR
model can reproduce the variable and the stationary component, while cannot suc-
cessfully explain the hard X-ray band. Thus, the RBR interpretation is inappropriate
for the origin the soft excess in the 5 AGNs, as well as Mrk 509.

Finally, we considered the Compton process, and set SE = Compton, again with
the same parameter conditions as in Sect.4.1.7. Then, as shown in Fig.4.23 and
summarized in Table4.13, the time-averaged spectra of the 5 AGNs have all been
successfully explained. In addition to the ovarial fit goodness, the variable and the
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Fig. 4.22 Same as Fig.4.21, but the apec component replaced by a kdblur * reflionx
model. The fitted model is Phabs * Ioabs * (PL + Refl + Fe-K + RBR) (Nodaetal.
2013a)
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Fig. 4.23 Same as Fig.4.21, but the apec component replaced by a Compton model. The fitted
model is Phabs * Ioabs * (PL + Refl + Fe-K + Compton) (Noda et al. 2013a)

stationary components have simultaneously been reproduced with x?/d.o.f. = 6.89/7
and 4.01/7 for Fairall 9, 15.69/7 and 10.02/7 for MCG-2-58-22, 8.83/7 and 9.52/7 for
3C382, 13.10/7 and 9.51/7 for 4C+74.26, and 8.30/7 and 5.97/7 for MR 2251-178.
Thus, like in Mrk 509, in all the 5 AGNs, the “dynamic” analyses are considered to
be fully consistent with the “static” analyses. Together with the first-cut results on
Mrk 509 (Sect.4.1), we now conclude that a Compton corona with a relatively low
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Table 4.13 Same as Table4.11, but SE = Compton

Fairall 9MCG-2-58- | 3C382 4C+74.26 | MR2251-
2 175
Absorption to all
Phabs Nu 0.032(fix) | 0.035(fix) | 0.074(fix) | 0.24799>  |0.028(fix)
Toabs Nu - 0367037 0417037 | 1.087032  |0.91+£0.05
logé - 0367058 [3.207018 0577538 0307003
Cvr frac. |- 0.137020 10717037 0547098 10.8370:07
z 0.0471 (fix) | 0.0469 (fix) | 0.0579 (fix) | 0.1040 (fix) | 0.0640 (fix)
Broad-Band Primary component?
PL r 1875001 | 1.84700) | 1.75£0.01 | 1.84 £0.06 | 1.66 + 0.01
Ecu (keV) 200 (fix) 100 (fix)
Npr, 0.68%007 [ 1.33£0.01 [1.03 £0.01 [0.99 £0.09 | 1.0470 0}
Reflection component
Refl ef =TI'pL
Ecu (keV) | 200 (fix) 100 (fix)
Fret 097907  [1.6+£02 [<03 0.4793 <0.1

A(Zo) 1 (fix)
Afe (Zre,0) |1 (fix)
i (degree) |60 (fix)

Nref =NPL

Fe-K E. 6.37700% 16267005 6.43£0.03 | 6.41 £0.04 | 6.40 £ 0.04
o (keV) 1074(fix)  [107*(fix)  [0.09970932 T10~*(fix) | 10~*(fix)
Nre 230007 | 1.89+£0.32(2.1870%, | 1467034 | 1127030
EW (V) |[84712 3413 48+ 3472 2118

Soft primary component*

Compton |z 0.0471 (fix) | 0.0469 (fix) | 0.0579 (fix) | 0.1040 (fix) | 0.0640 (fix)
To (keV) | 0.02 (fix)
kT (keV) |0.5 (fix)
T 1371002 162715 [15.6705 [ 185019 [ 137704
Newp (039008 06601} 227703 130575 4220%]

x2/d.o.f. 721.33/652 | 825.32/833 |894.07/843 | 624.26/602 |929.15/866

“Later to be identified in Sect.6.1.1

electron temperature and a relatively lager optical depth is commonly found in some,
if not all, disk-dominated AGNs.

In these fits, an ionized absorption model, Toabs, was introduced except for
Fairall 9, because Weaver et al. (1995), Sambruna et al. (2011), Kaspi et al. (2004),
and Gofford et al. (2011) reported such effects in MCG-2-58-22, 3C382, 4C+74.26,
and MR 2251-178, respectively. In the fits of Fairall 9, we set Toabs=none, because
the object was reported to have a bare-nucleus (e.g., Schmoll et al. 2009; Patrick
et al. 2011). Since Gofford et al. (2011) reported several absorption features by
outflows in MR 2251-178, we included three zgaussian models with free o and
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negative normalization, representing Fer_xvy1 M-shell unresolved transition forest (at
acenter energy of E. = 0.77keV), Fexxiv L-shell (E. = 1.29keV), and Fexxv_xxvi
K-shell (E. = 7.57keV). The obtained parameters in the Toabs model, shown in
Table4.13, are almost consistent the previous Suzaku studies, within errors.
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Chapter 5
Hard X-ray Analysis

Abstract We applied variability-assisted spectral analyses which we developed in
Chap.3 to hard X-ray energies (3—45keV) of Suzaku data sets of several active
galactic nuclei, including NGC 3516, NGC 3227, NGC 4051, MCG-6-30-15, Mrk
841, NGC 5548, and IC4329A. In all these active galactic nuclei, the derived variable
component had a weakly absorbed power-law shape with a photon index of 1.7—
2.2. The derived stationary components exhibited intense narrow Fe-K lines, with
various continuum shapes. In some cases, it was well explained solely as reflection
signals from a distant/neutral accretion disk or a torus, while in other cases, it also
included an additional featureless harder (a photon index = 1.4—1.7) continuum with
strong absorption (a column density is about 10* cm™2). It sometimes bears the
Fe-K edge feature, but is not accompanied by Fe-K emission lines. In NGC 3516,
this additional harder emission was observed on one occasion, and disappeared in
the other observation when the source became fainter. In NGC 3227, inversely, the
harder component was always present with slow intensity changes, while the rapidly
variable steeper power-law disappeared when the source became fainter. Since the
two featureless continua, namely the rapidly variable steeper one and the slowly
varying harder/absorbed one, thus vary without correlation,we regard both of them
as the primary emission from the central engine.

Keywords Active galactic nuclei + Hard X-ray - Primary X-ray - Suzaku

To fully understand composition of the overall AGN X-ray emission, the hard X-ray
bands above 3keV are even more important than the soft X-ray energies where our
study (in Chap.4) has been successful. This is because the hard X-ray emission of
AGN:s is considered to consist, in still more complex ways than in the soft X-ray
range, of several components overlapping with one another: a variable PL contin-
uum, a reflection continuum accompanied by a prominent Fe-K line, an absorbed PL
caused by partially-covering ionized absorbers, and often a relativistically-blurred
reflection component. Because their spectral shapes are often similar to one another
(Sect. 1.4.7), many different interpretations of the hard X-ray spectra of AGNs degen-
erate, and hence the correct composition has not yet been identified. To overcome
this big difficulty in the X-ray studies, our C3PO method is considered to provide a
powerful tool in the hard X-ray energies as well. In the present chapter, we search
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for more reliable and robust decomposition of the hard X-ray spectra of type I AGNs
than performed before, using the “dynamical” analysis with our C3PO method, as
well as the traditional “static” approach.

5.1 The Highly Variable Type I Seyfert NGC 3516

NGC 3516 is a bright and highly variable type I Seyfert galaxy, located in northern
sky (¢=11h 06m 47.5s, §+72d 34m 07s) at a redshift of z = 0.00885. Its X-ray
spectrum is known to exhibit large time variations on time scales of years (Turner
et al. 2011). Its hard X-ray spectrum has been explained by some authors with
the relativistically-smeared reflection (Markowitz et al. 2006), and by others with
partial ionized absorptions (Turner et al. 2008, 2011). Thus, the interpretation of hard
X-ray spectrum of this object is still controversial. It has a line-of-sight Galactic
absorption of Ny = 3.4 x 10%° cm™!, and an estimated BH mass of 2 x 10’ M,
(e.g., Peterson et al. 2004). Compared to the objects studied in Chap.4, NGC 3516
has a somewhat lower 0.5-2keV luminosity of 2-8x10* erg s~! (George et al.
2002), which translates to an Eddington ratio of ~0.006. In the present section,
we utilize two Suzaku datasets of NGC 3516, obtained on 2005 October and 2009
October (Chap. 3), and analyze the energy range above 2keV, to avoid the reported
contamination by thermal emission from the host galaxy (George et al. 2002).

5.1.1 Light Curves

Figure5.1 shows 2-3, 3—-10keV (XIS FI) and 15-45keV (HXD-PIN) light curves
of NGC 3516 produced from the 2005 and 2009 Suzaku datasets. There, the 2009
XIS data are shown as a sum of two cameras (XIS 0, XIS 3), while those of 2005
are summed over three FI cameras (includes XIS2 which was still alive at that time;
Sect.2.3), and then multiplied by a factor of 0.5 = 2/3 x 0.75, where the additional
factor 0.75 represents the differences in pointing positions between the two obser-
vations (Sect.2.4). The 2009 HXD count rate was multiplied by a different factor
of ~0.9, to compensate for the pointing-position difference. Therefore, the source
intensity in the two observations can be directly compared.

In Fig.5.1, the 2-3 and the 15-45keV signals in 2005 are twice stronger than
those in 2009, while the 3—10keV signal in 2005 is about four times higher than
that in 2009. Therefore, the 2-45keV spectral shape in 2005 is expected to be more
convex than that in 2009. In terms of variation characteristics, the 2005 light curves
fluctuate around the averaged level, while those of 2009 exhibit a more monotonic
decrease. The 2-3keV variation amplitude in 2005 and 2009 is about 50% and a
factor of ~4, respectively, while those in the higher two energy ranges are slightly
smaller. Thus, the source showed different behavior on the two occasions, in terms
of both the spectrum and the variability.
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Fig. 5.1 Background-subtracted and dead-time corrected light curves of NGC 3516, with Sks
binning in the 2-3keV (red), 3-10keV (green), and 15-45keV (blue) bands, respectively. The 2005
XIS count rates are multiplied by a factor of 0.5 to absorb differences in the observing conditions
between the two data sets (see text). Dotted lines show the average 3—10keV count rates. a 2005,
b 2009

5.1.2 Difference Spectrum Analysis

In order to investigate the principal varying component in the 2-45keV band of NGC
3516, we performed the difference spectrum analysis (cf. Sects.4.1.2 and 4.3.2),
dividing the data into a High and Low phase with respect to the average count
rate (a dotted line in Fig.5.1). The accumulated High- and Low-phase spectra of
the two observations are shown in Fig.5.2 in a form of the I' = 2.0 PL ratio.
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Fig. 5.2 The High-phase (black), Low-phase (red), and difference spectrum (green) of NGC 3516
in 2005 (panel a) and 2009 (panel b), in the from of ratios to a common I' = 2.0 PL
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Fig. 5.3 Difference spectra of NGC 3516 in 2005 (panel a) and 2009 (panel b), in a v F,, form,
fitted with Phabs*PL

Because the 2009 light curves show larger variations (Fig.5.1) than those in 2005,
the separation between the High- and Low-phase spectra in 2009 is larger than that
in 2005. Furthermore, as inferred in Sect.5.1.2, the spectra in 2005 are indeed more
convex than those in 2009.

The difference spectra, obtained by subtracting the Low-phase from the High-
phase spectra, are shown in Fig.5.2 (green). Apparently, they are softer than the
High- and Low-phase spectra, and are featureless without noticeable emission lines
(e.g., at ~6.4keV). In addition, the 2005 result is softer and more absorbed than that
of 2009. We fitted them with an absorbed PL continuum with a free column density
Ny and a free slope I', with z = 0.00885 fixed. As shown in Fig.5.3 and Table 5.1,
the fits are successful, and confirm that the difference spectrum in 2005 is softer by
AT ~ 0.5 and more absorbed by ANy ~ 3 x 10?> cm~2. Thus, the slope and the
absorption of the mainly varying continuum have both changed significantly in four
years.

Table 5.1 Results of the fits to the variable and difference spectra of NGC 3516

Model Parameter Difference (Sect.5.1.2) Variable (Sect.5.1.5)
2005 2009 2005 2009
Phabs N 3.6%1 0.44708 4.575% <1.9
0.40 0.11 056 0.14
PL r 2067034 1587015 2197538 L717045
Ecu (keV) 200 (fix)
7 0.15 0.03 1.87 0.07
NPL O'lst().07 0'121—002 0'91t0.55 0'311—0‘10
x2/d.o.f. 26.84/34 106.16/109 11.18/13 15.90/13

*Equivalent hydrogen column density in 10?2 cm~2

"The cutoff power-law normalization at 1keV, in units of 10~2 photons keV~! cm~2 s~!
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5.1.3 Count-Count Plots

Like in Sect.4.1.3, we made CCPs, where abscissa is the count rate in the 2-3keV
data, while ordinate is that in the 3—10 or 1545 keV energy ranges, with a bin size of
25ks. The result, shown in Fig. 5.4 clearly reconfirms the long-term spectral changes
suggested by Figs.5.1 and 5.3. Hereafter, we analyze the 2005 and 2009 data sets
in parallel, but separately. We have included 1 % systematic errors in the 2-3keV
band, while not to the 3—10 and 15—45keV bands, where statistical errors dominate
any systematic error. With x2/ d.o.f.=20.1/8 in 2005 and 19.5/17 in 2009, the CCPs
between the 2-3 keV and the 3—-10keV band were successfully fitted with Eq. (5.1),
and gave A = 2.89+0.31 and B = 0.65£0.08 in 2005, while A = 2.26 £0.05 and
B = 0.056+0.007 in 2009. In the CCPs between the 2-3 and the 15-45keV ranges,
the fits were also successful with x2 /d.o.f.=5.5/7 in 2005 and 28.1/17 in 2009; we
obtained A = 0.09 + 0.06 and B = 0.118 £ 0.015 in 2005, while A = 0.19 £ 0.04
and B = 0.049 £ 0.007 in 2009. Because the obtained slopes and offsets are all
significantly positive, we can apply the C3PO method to the 3-45keV energies of
both data sets.

To confirm that the C3PO parameters thus derived in the higher energy bands are
relatively insensitive to the bin size (like in the soft X-ray result; Sect.4.1.3), we
examined the bin widths of 5, 10, 20, 30ks. From those in the case of 2ks, these
parameters were confirmed change by no more than 5 %, which is less than 1o errors.
Thus, in subsequent analyses of the hard X-ray band, we employ the bin size of 25 ks.
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Fig. 5.4 The CCPs of NGC 3516 in 2005 (red) and 2009 (green), in which abscissas gives NXB-
subtracted XIS FI count rate in 2-3keV, while ordinate gives that in 3—-10keV (panel a) and
15-45keV (panel b). All data are binned into 25ks. The error bars represent statistical £1o range,
and the dotted straight lines refer to Eq. (5.1)
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Fig.5.5 The same as Fig. 5.4, but ordinate gives NXB-subtracted XIS FI count rate in a 3-3.5keV,
b 4-4.5keV, ¢ 5-5.5keV, d 6.25-6.5keV, e 8-10keV, and f 20-30keV

5.1.4 The C3PO Analysis

Like in Sect.4.1.4, we divided the 3—10keV energy range of the two data sets into
13 finer bands, with boundaries at 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.25, 6.5, 6.75,7, 7.5, 8,
and 10keV. Because we aim to analyze the HXD-PIN data as well, the 15-45keV
broadband was similarly subdivided into three; 15-20, 20-30, and 30-45keV. Then,
we made 16 CCPs using again 2-3keV as the reference. In Fig.5.5, six of the 16
CCPs are shown, where the two observations again form two distinct branches. By
fitting the data in the 16 CCPs (separately for 2005 and 2009) with Eq. (5.1), the
parameters summarized in Table 5.2 were obtained. Since the obtained values of A
and B are mostly positive, we can decompose the 3—45keV data into a variable and
a stationary components.

In Chap.4, we have identified the soft excess (= the stationary) component as
those signals which remain even when the 3—10keV (the reference band) intensity
vanishes. In this chapter, the reference band has been changed to 2-3 keV, so that the
C3PO method can be applied to a harder/broader energy range (3—45keV). However,
this raises a technical problem: the 2-3 keV reference band can contain the hardest
end of the soft excess component which is considered to lack fast variations (Chap. 4),
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Table 5.2 Parameters obtained by fitting the CCPs with Eq. (5.1)

89

Observation Range (keV) Slopes* Offsets’ x2/d.of.

2005 3-35 0.52 £0.06 0.22+0.14 18.2/8
354 0.46 £ 0.06 0.49 £0.14 17.5/8
4-4.5 0.41 £0.05 0.62 +£0.12 13.9/8
4.5-5 0.38 £0.05 0.66 +0.11 11.8/8
5-5.5 0.24 +£0.06 0.91 £0.15 24.2/8
5.5-6 0.29 +£0.04 0.64 £0.10 13.1/8
6-6.25 0.08 £ 0.04 0.47 +£0.09 19.5/8
6.25-6.5 0.08 £ 0.03 0.62 +0.08 15.0/8
6.5-6.75 0.06 £ 0.02 0.32 +£0.06 12.9/8
6.75-7 0.04 £0.02 0.32+£0.04 6.8/8
7-1.5 0.10 £0.03 0.37 £ 0.06 12.4/8
7.5-8 0.09 £ 0.01 0.21 £0.04 5.7/8
8-10 0.15+£0.04 0.51 +£0.09 16.6/8
15-20 0.03 £0.14 0.68 £0.11 13.9/8
20-30 0.05£0.21 0.53+0.17 14.7/8
3045 0.15+0.08 0.06 £ 0.07 7.4/8

2009 3-3.5 0.40 £ 0.01 0.12+0.18 26.1/17
3.5-4 0.36 £ 0.01 0.26 +0.14 17.2/17
4-4.5 0.31 £0.01 0.39 £ 0.16 26.0/17
4.5-5 0.26 £ 0.01 0.39 £0.15 25.3/17
5-5.5 0.22 £0.01 0.48 £0.13 24.4/17
5.5-6 0.19 £0.01 0.38 £0.07 8.5/17
6-6.25 0.08 £ 0.01 0.51 +£0.08 22.9/17
6.25-6.5 0.08 £0.01 1.13+£0.09 18.2/17
6.5-6.75 0.05 £ 0.00 0.40 £ 0.05 13.4/17
6.75-7 0.05 £ 0.00 0.34 £ 0.06 22.5/17
7-1.5 0.09 £ 0.01 0.36 + 0.06 11.9/17
7.5-8 0.06 £ 0.01 0.10 £ 0.05 17.9/17
8-10 0.12 £0.01 0.18 £0.09 26.9/17
15-20 0.18 £0.05 2.23+£0.51 37.4/17
20-30 0.06 £ 0.03 2.53+0.29 14.4/17
30-45 0.01 £0.00 0.58 £0.24 24.4/17

Notes

’f‘Slopes, a in units of 1
Offsets, b, for 2005 in units of 10~! and 2009 in units of 10~2

or any other AGN emission that remains constant during typical Suzaku observa-

tions (1-3 days). In other words, the reference-band intensity x in Eq. (5.1) can have a

non-zero and generally unknown intensity floor, C. Then, Eq. (5.1) should be rewrit-

ten as

y=Ax—-C)+B+AC=Ax—-C)+ B

where B' = B + AC.

5.1
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In this case, the variable spectrum must be constructed by assembling A(xg — C),
instead of Axp, resulting in a systematic decrease in the spectral normalization (with
the same slope). The stationary component would be more seriously affected by the
choice of C, because the assembly of B’ is expected to have a different spectral shape
from that of B. However, as already discussed in detail in Noda et al. (2013), the newly
obtained stationary component, constructed from B’, is mathematically a summation
of the stationary component (for C = 0) made from B and the variable component
AC.When C # 0, the variable component is therefore reduced by a certain fraction,
and that signal is simply added on top of the original stationary component. Because
the essence of the signal decomposition is thus the same regardless of the value of C,
we hereafter consider, for simplicity, only the case with C = 0. Further discussion
on this point is given in Sect. 6.1.4.

5.1.5 Variable Components

In the 3-45keV broad energy range, 16 values of the slope A (Table5.2) were
obtained via the C3PO technique. Multiplying them by the average count rate in
the 2-3keV band, xo ~ 0.14 cnt s~! in 2005 and ~0.8 cnt s~! in 2009, and dividing
them by the corresponding energy intervals, the variable component has been con-
structed as shown in Fig. 5.6 in green. It is similar in shape to the difference spectrum
(Fig. 5.3), without prominent spectral features.

To quantify the shape of the variable spectra, we fitted them with Phabs*PL,
where the column density of Phabs and the photon index of PL were left free, like
in the fits to the difference spectra. The fits were successful, and gave the results as
summarized in Table 5.1. The obtained parameters are consistent, within errors, with
those of the difference spectra, except the normalizations which are meaningless in
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Fig. 5.6 The time-averaged (black), the variable (green), and the stationary (red) spectra of NGC
3516 in 2005 (panel a) and 2009 (panel b), in a form of the I' = 2.0 PL ratio
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the difference spectra. Like in the soft X-ray band analyses, the variable and the
difference spectra are thus considered to be essentially identical.

5.1.6 Stationary Components

By dividing the offsets B obtained in the fits to the 16 CCPs by the corresponding
energy intervals, the stationary components have been obtained as shown in Fig. 5.6
in red. They are much harder than the corresponding variable spectra, and notably,
exhibit prominent Fe-Ko lines. These properties are direct consequence of the large
offsets seen in Fig. 5.5 at the Fe-K (panel d) and HXD-PIN (panel f) energies. Espe-
cially in 2009, it looks like a reflection component generated at a distant and cold
material. However, the two stationary spectra are considerably different, especially
in the 3-45keV continuum intensity and intensity ratio of the Fe-Ka line to the
continuum.

To investigate physical processes producing the stationary components, we pro-
ceed to the spectral fitting (cf. Sects.4.1.6 and 4.3.3). In the hard X-ray region, the
following models are possible (Sects.4.1.6 and 4.3.3):

e A cold reflection continuum generated at a neutral accretion disk or dust torus,
accompanied by a sharp Fe-K edge at ~7.1keV and a narrow Fe-Ka emission line
at ~6.4keV. It is modeled by Ref1Fe.

e An ionized reflection component produced by an ionized accretion disk. Its edge
depth and edge energy, as well as the emission-line intensity, depend on the ion-
ization parameter €. It is modeled by Torefl.

e Arelativistically-blurred and ionized reflection continuum, created at regions close
to the central black hole, e.g., on an ionized accretion disk. The model for this com-
ponent is denoted here RBR (its XSPEC model name is kdblur*reflionx).
It differs from the 2nd model (a simple ionized reflection) in that the edges and
lines are smeared by relativistic effects, including the longitudinal and transverse
Doppler effects, and the gravitational redshift, all working at a range of radii from
the BH. As a result, the model looks somewhat like a hard featureless continuum.

e An absorbed PL continuum, which represents another primary continuum inde-
pendent of the variable PL. It is modeled by Phabs’ *PL".

These models, from top to bottom, progressively become featureless. Because the
narrow Fe-Ko structures can be clearly seen in the stationary spectra, at least the
ReflFe model should be included, but it is not obvious at this stage whether any
other component(s) must also be included or not.

First, we fitted the stationary components with Phabs*Ref1Fe alone. The col-
umn density of Phabs, and the photon index I' of the incident PL continuum for
ReflFe, were fixed at the values obtained in the fits to the difference spectrum in
Table 5.1. (The results depend only weakly on the value of I".) The abundance and
the inclination of Ref1Fe were fixed at 1 Solar and 60°, respectively, while the
other parameters were left free. As a result, the stationary component in 2009 has
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been successfully reproduced only by Ref1Fe as shown in Fig.5.7e, and yielded
the parameters summarized in Table5.3. Thus, our C3PO method has allowed to
extract the refection signals in nearly model-independent ways. Before the present
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Fig. 5.7 The stationary component in 2005 (panel a—d) and 2009 (panel ), fitted with several hard
X-ray models. Blue represents a cold reflection model Ref1Fe, purple an absorbed PL Phabs
* PL, orange an ionized disk reflection Toref1l, and cyan a relativistically-blurred and ionized
reflection model RBR. a 2005 with Refl1Fe, b 2005 with IoRef1, ¢ 2005 with ReflFe + RBR, d
2005 with Ref1Fe + Compton, e 2009 with Ref1Fe
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work, such a pure reflection spectrum was observed only in very limited cases, and
its spectral shape was usually assumed based on model calculations (e.g., George and
Fabian 1991). In contrast, the Re £ 1 Fe model failed on the 2005 stationary spectrum
(Fig.5.7a), because it over-predicts the Fe-Ka line and under-predicts the observed
3-10keV continuum. It would be unrealistic to try improving the fit by reducing
the Fe abundance, because a nuclear region of the host galaxy would be sufficiently
metal enriched, and 1-Solar abundance reflection has already given a very satisfac-
tory explanation of the 2009 stationary component. This means that an additional
continuum (without the Fe-K features), which is softer than the cold reflection con-
tinuum, must be introduced in the fitting model to the 2005 stationary component.
Thus, we tried two component fits to the 2005 stationary spectrum.

Considering the need for a somewhat softer continuum than the cold reflection,
an ionized reflection component (Sect. 1.4.3), Toref1, was added, with the photon
index of the incident PL and the Fe abundance fixed at 2.1 and 1 Solar, respec-
tively, while the other parameters left free. Thus, we fitted the stationary spec-
trum in 2005 with Phabs* (ReflFe + Iorefl). As shown in Fig.5.7b and
Table 5.3, the fit drastically improved to x2/d.o.f.=20.11/13. Further incorporat-
ing relativistic effects into the ionized reflection, and hence utilizing the model as
Phabs* (ReflFe + RBR), the fit became still better, and fully acceptable with
x?/d.0of.=9.69/11 (Fig.5.7c and Table 5.3). Thus, the combination of the cold reflec-
tion and the relativistically-blurred reflection can reproduce the stationary component
in 2005.

An absorbed PL can be an alternative candidate for the additional softer
continuum. In the above successful fit, we therefore replace the RBR model by
Phabs’ *PL", and fitted the 2005 stationary emission with Phabs* (ReflFe +
Phabs’ *PL"’ ), where Phabs’ and PL "’ are meant to be distinct from Phabs and
PL, which were to fit the variable component (Table 5.1), respectively. The parameter
of Phabs and ReflFe were the same as those in the previous fit, while the other
parameters (including those of Phabs ’ *PL ‘) were left free. As shown in Fig.5.7d,
the fit was successful as well, and the parameters are summarized in Table 5.3.

In summary, the C3PO-derived stationary spectrum in 2009 can be explained in
terms of pure cold reflection, while that of 2005 additionally requires either RBR or
an absorbed PL in addition.

5.1.7 Triplet Spectrum Analyses

As the final confirmation of the C3PO decomposition of the 2009 spectrum, we
followed the procedure in Sects.4.1.7 and 4.3.4, and simultaneously fitted the
triplet spectra. Specifically, the 2009 variable spectrum was fitted with model_v =
Phabs*Ioabs*PL (found in Sect.5.1.5), its stationary counterpart with
model_s0 = Phabs*Ioabs*ReflFe (after Sect.5.1.6), and the 2009 time-
averaged data simultaneously with model_v + model_s0. The parameter con-
ditions were the same as those in Sects. 5.1.5 and 5.1.6, except that the column density
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Table 5.3 Results of the spectral fits to the C3PO-derived stable spectra in 2005 and 2009

Component ‘ Parameter ‘ 2005 ‘ 2009
Absorption to all

Phabs | N 3.6 (fix) 0.9 (fix)
Neutral reflection component

Refl Cref 2.12 (fix) | 175 (fix)

Ecy (keV) 200 (fix)

Jret (82/27) 1 (fix)

A(Zy) 1 (fix)

Are (Zpe,0) 1 (fix)

i (degree) 60 (fix)

Ni 0.70 0.6710:03
x*/d.o.f. 90.24/15 18.99/15
Absorption to all
phabs N 3.6 (fix) E
Neutral reflection component
Refl Cref 2.12 (fix) E

Ecyt (keV) 200 (fix)

Jret (R/270) 1 (fix)

A(Zgy) 1 (fix)

Afe (ZFe,0) 1 (fix)

i (degree) 60 (fix)

Nig 2.00 -
ITonized reflection component
Iorefl Afe (ZFe,0) 1 (fix)

Tref 2.12 (fix) -

& (erg cm s7h 97.0 -

N3 0.65 -
x2/d.o.f. 20.11/13 -
Absorption to all
Phabs N 3.6 (fix) E
Neutral reflection component
Refl Cref 2.12 (fix) E

Ecu (keV) 200 (fix)

Jret (2/27) 1 (fix)

A(Zgy) 1 (fix)

Are (Zre,0) 1 (fix)

i (degree) 60 (fix)

Nt 331774 -

(continued)



5.1 The Highly Variable Type I Seyfert NGC 3516 95

Table 5.3 (continued)

Component ‘ Parameter 2005 2009
Relativistic reflection component
RBR q 5.6 -
Rin (Ry) 1.6 -
Rout (Ry) 400 (fix) -
A(Zgy) 1 (fix)
Tref 2.12 (fix) -
£ (ergecms™!) 49.4 -
Nref 1321—8:}32 -
x2/d.of. 9.69/11 -
Absorption to all
Phabs N 3.6 (fix) -
Neutral reflection component
ReflFe Tret 2.12 (fix) -
Ecy (keV) 200 (fix)
Sret (82/27) 1 (fix)
A(Zo) 1 (fix)
AFe (ZFe,O) 1 (fix)
i (degree) 60 (fix)
N 0.33£0.50 -
Hard Primary component™
Phabs ’ Niy, 11.6733 -
PL’ T 1517975 -
Ecy (keV) 200 (fix)
NE, 261708 -
x2/d.of. 9.22/12 -

*Later to be identified in Sect.6.1.2

TEquivalent hydrogen column density in 1022 cm™
¥The Ref1£Fe normalization at 1keV, in units of 10~2 photons keV~! cm~2 s~! at 1 keV
$The RBR or Torefl normalization, in units of 107

#The PL normalization at 1keV, in units of 10~2 photons keV~! cm=2 s~ ! at 1keV

2

of Phabs and the incident photon index of Ref 1Fe were tied to those inmodel_v.
In addition, model_v was multiplied by an ionized absorption factor Toabs, of
which the meaning and motivation are explained in the last paragraph. As shown
in Fig.5.8a and Table5.4, the fit to the 2009 spectral tripled has been successful.
What happens when an ionized reflection component is considered alternatively to
the neutral reflection component? This issue was difficult to examine by only the fit
to the stationary component in Sect. 5.1.6, because the stationary spectrum does not
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Fig. 5.8 Simultaneous fits to the time-averaged (black), the variable (green), and the stationary
spectra (red) of NGC 3516 in 2009 (panel a) and 2005 (panels b and c). Blue line represents the
ReflFe model, cyan the RBR model, while purple the additional Comptonization model. In panel
(a and ¢), the PL. model in green is found as the Broad-Band Primary continuum, while the Phabs ’
* PL’ signal in purple as the Hard Primary component in Sect.6.1.2

cover <3keV, where the ionized reflection includes many emission lines as shown in
Fig. 1.13, giving a large difference from a neutral one. To examine this, we replaced
ReflFeinmodel_s0 by Iorefl, and fitted again the spectral triplet. The result
became still successful with x2/d.o.f.=548.9/484, but gave a rather stringent upper
limit of ionization parameter as £ < 12.3. Thus, the reflection component is required
to be almost neutral in the 2009 data of NGC 3516. In short, the wide-band 2009
spectrum of NGC 3516 have been decomposed successfully into a variable PL with
I' ~ 1.7 and a reflection from a (nearly-) neutral material.

When the same analysis was applied to the 2005 spectral triplet, the simultaneous
fit naturally failed with x2/d.o.f.=1472.89/744: as expected (Sect.5.1.6), the model
underpredicts the 3—-10keV continuum of the stationary spectrum, and of the time-
averaged data as well. Accordingly, we changed model_s0 into model_sl1 =
Phabs * Ioabs * (ReflFe + RBR), by adding the RBR component which
is one of the two surviving interpretations in Sect.5.1.6. The ionization parameter
and the normalization of the RBR model were left free, its Fe abundance was fixed
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Table5.4 Parameters obtained by fitting simultaneously the time-averaged spectrum of NGC 3516,
together with the variable and stationary spectra derived by the C3PO method

Component Parameter 2005 2009
Absorption to all
Phabs Nio 2.4 0.9702
Ioabs N; 13.5 <24
log& 3.07 £0.06 > 4.89
Cvr frac. 1 (fix)
z 0.0086 (fix)
Broad-Band Primary component
PL I'o 1.88 | 1.70709%
Ecut (keV) 200 (fix)
Npy 11.4 1313508
Reflection component
ReflFe Tref =TI'pL
Ecy (keV) 200 (fix)
Jret (2/27) 2.0 20405
A(Zo) 1 (fix)
AFe (ZFe,0) 1 (fix)
i (degree) 60 (fix)
Nret = NpL
x*/d.o.f. 1472.89/744 508.61/484
Absorption to all
Phabs Njo 48+04 -
Ioabs N 5.11’8:2 —
logé 3.11 £ 0.06 -
Cvr frac. 1 (fix)
Z 0.0086 (fix)
Broad-Band Primary component
PL To 2.20 £0.15 |-
Ecy (keV) 200 (fix)
7] 0987028 B
Reflection components
ReflFe Trer =TI'pL
Ecy (keV) 200 (fix)
Jret (R/27) 2.8%04 -
A(Zgy) 1 (fix)
Afe (ZFe,0) 1 (fix)
i (degree) 60 (fix)
Nret = NpL
RBR q > 4.3 -
Rin (Rg) < 1.8 -
Rin (Ry) 400 -

(continued)
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Table 5.4 (continued)
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Component Parameter 2005 2009
i (degree) 60 (fix)
AFe (ZFe,Q) 1 (fix)
Lref =TI'pL
£ (ergems™!) <73.6 -
Nref 2631—8;2 -
x2/d.of. 998.54/741 -
Absorption to all
Phabs Nio 3.6+04 -
Ioabs N;r 43.8f8ig -
log& 3.11 £0.06 -
Cvr frac. 1 (fix)
z 0.0086 (fix)
Broad-Band Primary component*
PL T 2.17+0.15 -
Ecut (keV) 200 (fix)
Ny 0997028 E
Reflection component
ReflFe Tier =TI'pL
Ecyt (keV) 200 (fix)
Sret (82/27) 2.5%0 -
A(Zo) 1 (fix)
Are (Zre,0) 1 (fix)
i (degree) 60 (fix)
Nref = NpL
Hard Primary component™
Phabs’ N;_ﬁ 8.9Jj%:g -
PL’ Iy 1.42 +0.06 -
Ecy (keV) 200 (fix)
v, 0997038 -
x2/d.of. 799.28/741 -

*Later to be identified in Sect.6.1.2

*f Equivalent hydrogen column density in 1022 cm™

2

#The power-law normalization at 1keV, in units of 10~2 photons keV~! cm~2 s~! at 1 keV

$The ref1ionx normalization in units of 10~°

at 1 Solar, and its incident photon index was tied to that of the PL component. The
other parameters were treated in the same way as in the 2009 triplet fitting, Then,
as shown in Fig.5.8b and Table 5.4, the fit to the 2005 spectral triplet drastically
improved, and the two C3PO-derived spectra were well reproduced. Nevertheless,
the overall fit still remained unacceptable with x2/d.o.f.=998.54/741, because the
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model does not agree in shape with the time-averaged spectrum, particularly in the
7-10 and 15-45keV ranges. In short, the BRB interpretation of the stationary signals
is inappropriate as an explanation of the 2005 Suzaku data.

To examine the additional absorbed PL model which is the other candidate
allowed by the 2005 stationary spectrum, we changed model_s1 to model_s?2
= Phabs*Ioabs* (ReflFe + Phabs’*PL’), allowing all the parameters of
Phabs '’ *PL" tobefree. Then, as shownin Fig. 5.8c and Table 5.4, the fits to the 2005
triplet has become fully successful. Furthermore, not only the overall chi-square, but
also those of the individual components became acceptable; X2/d.o.f. =777.31/709,
11.34/16, and 10.62/16, for the time-averaged, the variable, and the stationary spec-
tra, respectively. The obtained photon index of the main variable PL (model_v) is
consistent, within errors, with that obtained by fitting the variable component only
(Sect.5.1.5). The photon index of PL’ is ~1.4, and the column density of Phabs’
is ~9 x 10?> cm™? (totally ~1.2 x 10? cm™? for Phabs*Phabs’). They are
all consistent, within errors, with those obtained in the fit to the 2005 stationary
emission, and are significantly different from those of model_v.

Like in Sect.4.1.7, the triplet analysis has thus successfully brought our “dynam-
ical” C3PO decomposition into full agreement with the traditional “static” model
fitting analysis. Furthermore, it successfully solved the degeneracy of the two mod-
els (RBR and Phabs’ * PL’), where the latter remained feasible in Sect.5.1.6 to
express the 2005 stationary spectrum. The 2009 data can be decomposed into; (i)
a variable PL component with a canonical slope (I'y = 1.6) and a relatively weak
absorption (Npg ~ 1 x 10?> cm™2), expressed by model_v, and (ii) a reflection
component (with a narrow Fe-K line), namely, model_s0, produced in approxi-
mately Solar-abundance materials located far away from the central BH. This recon-
firms one of the simplest views of the AGN emission (Sect. 1.4.1). The 2005 data
has been successfully decomposed as well, but into three components; (i) the same
model_v as seen in 2009, but with a steeper slope (I'g ~ 2.2) and a higher absorp-
tion (Npo ~ 1 x 10?2 cm™?), (ii) the reflection component, model_sO0, which has
an approximately the same intensity as that in 2009, and (iii) a strongly absorbed
(N1 ~ 9 x 10?2 cm™2), flatter (I'; ~ 1.4) PL. The sum of (ii) and (iii) makes
up model_s2. Although these results all assume zero intensity floor (C = 0) in
the reference energy band (2-3keV), cases with C # 0 can be readily explained by
assuming that a certain fraction of model_ v remained unchanged, and was included
into the stationary signals. In other words, our spectral decompositions in 2009 and
2005 both remain valid even if C # 0 in the 2-3keV reference band.

In these fits, the ionized absorption modeled by Toabs was introduced, whereas
Turner et al. (2011) found several zones of ionized absorbers in NGC 3516, from the
same Suzaku data. Although they considered multiple ionized absorption models,
we used only one IToabs model, and succeeded in deriving the acceptable results
on both data sets.
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5.1.8 A Brief Discussion on the Origin of the
“Strongly-Absorbed PL Component”

Evidently, the most important result from the present study on NGC 3516 is the
discovery of (iii), namely, the strongly-absorbed PL contributing to the stationary
signal in 2005. Its presence and absence account for the main difference between the
2005 and 2009 data. In 2005, it was indeed 5—10 times more intense than the neutral
reflection, and dominated the HXD-PIN range. In many studies, this component has
been interpreted to be due to “partial absorption”, in the other words, regarded as
some of the primary emission passing though absorbers (Sect. 1.4.6). However, this
popular interpretation cannot explain the results obtained with the C3PO method,
because the origin of the partially-absorbed components is the primary emission,
and they should show the identical variation properties and spectral shapes in the
hard X-ray band to the non-absorbed part of the primary continuum in model_wv.
The partially-absorbed primary component thus would not significantly appear in
the stationary emission obtained with the C3PO method.

Then, how is the strongly-absorbed and stationary PL. component, which was
derived with C3PO, is produced? We first consider the secondary components,
which are produced by reprocesses including photo-absorption and Compton down-
scattering (reflection) by some materials around the central BH. If the secondary
components are generated at distant locations from the central region emitting pri-
mary X-ray, they have low time variability, which may explain the lack of variability
of the C3PO-derived stationary emission. In addition, when the geometry and ion-
ization degree of the materials are finely tuned, its hard spectral shape might be
successfully explained as well. However, the secondary components must include a
certain flux of Fe-K line, depending on the Fe abundance of the materials. When we
force the models of the secondary components to reproduce the stationary compo-
nent, in addition to the model of the distance reflection, the Fe abundance became
required to be unrealistically low. Furthermore, the solid angle of the materials gen-
erating the distant reflection against the primary region got required to be >4 as
shown in Table 5.4 in 2005, which is unrealistically large.

To make the solid angle of the distant reflectors moderate to be ~2m for an infi-
nite plane, the amount of illuminating primary X-ray emission needs to be increased.
Then, we naturally interpreted the strongly-absorbed and stationary PL as an addi-
tional primary component to the variable PL. When we consider the two kinds of
primary PL components, the solid angle of the distant reflectors became ~2.57 as
shown in Table 5.4, which is much more reasonable than the previous value. Such
interpretations including multiple primary components were already reported in a
black hole binary Cyg X-1 (e.g., Makishima et al. 2008; Yamada et al. 2013), and
applied to several types of AGNs to explain the soft excess in this chapter. These cor-
respond to a novel picture that the AGN central engine presumable includes several
coronae with different electron temperatures and optical depths generating distinct
hard primary continua. This issue is discussed again in Sect.6.5.
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5.2 The Type I Seyfert NGC 3227

In NGC 3516 (Sect. 5.1), the strongly-absorbed PL emission (Sect.5.1.7) changed in
its intensity from 2005 to 2009, independently of that of the main variable PL. How-
ever, we have not caught a moment in which the strongly-absorbed PL component
just varied. To catch that moment, we should investigate another AGN which was
observed by Suzaku more frequently. Therefore, we next focus on the typical and
bright Seyfert galaxy NGC 3227, which was observed 6 times with Suzaku for a gross
exposure of ~50ks each (Sect.3.1). Intervals between adjacent observations were
commonly two weeks. This AGN has a redshift of z = 0.0039 and a column density
of the Galactic absorption Ny ~ 2 x 10% cm~2. Its black hole mass and typical
0.5-2keV luminosity are ~4 x 10’ M, (e.g., Peterson et al. 2004) and ~5 x 10*!
erg s~ (George et al. 1998), which implies an Eddington ratio of ~0.001.

5.2.1 Spectra Obtained from Six Individual Observations

Figure 5.9 shows six time-averaged 2—45keV spectra of NGC 3227, visualizing
how the spectral shape changed among the six observations. The spectra commonly
exhibit a prominent Fe-Ku line at ~6.35keV (6.4keV at the rest frame), of which
the intensity is apparently similar among the six data sets. A clear Ni-Ko emission
line at ~7.15keV and a deep Fe-K absorption edge at ~7.1keV can be seen in the
4th spectrum, while they are less prominent in the others.
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Fig.5.9 Background-subtracted Suzaku spectra of NGC 3227 obtained in the 1st (red), 2nd (green),
3rd (blue), 4th (purple), Sth (cyan), and 6th observations (orange). They are normalized to acommon
I' =2.0 PL (Noda et al. 2014)
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The six spectra have rather different continuum shapes as well. The spectrum in
the 1st observation, when the source was brightest, has a much softer shape than the
other data sets, while that in the 4th observation is the faintest and hardest. Thus,
the intensity differences among the 6 observations are much larger in softer X-rays
than in the range above ~10keV. In the 2—10keV band, the spectral shape is concave
in the 4th observation, while rather convex in the others. Because NGC 3227 thus
exhibited even larger spectral shape changes than the previous source, NGC 3516,
this AGN is considered to deserve detailed studies.

5.2.2 Light Curves

To study time variations of NGC 3227, we show, in Fig.5.10a, an overall 2-3 and
3-10keV light curves combining all the six data sets. Panels (b), (c), and (d) of the
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Fig. 5.10 a Background-subtracted and dead-time corrected 2-3keV (filled) and 3—10keV (open)
light curves of the six Suzaku data sets of NGC 3227 with 10ks binning. The observations are
specified by colors in the same way as in Fig.5.9. Panels b, ¢, and d show expanded light curves
in the 1st, 2nd and the 4th observations, respectively, in the 2-3keV (filled circle), 3-10keV (open
circle), and the 15-45keV (open square) bands with 10ks binning. Errors in the XIS data points
are all less than ~0.02 cnt s~!, and omitted. The HXD-PIN data points have typically ~1.4 %
systematic errors (Fukazawa et al. 2009)
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Fig. 5.11 A scatter plot 0.8
between the hardness (15-45

vs. 2-3keV) and the 2-3keV -
RMS variation of NGC
3227. Colors of the data
plots are the same as in
Figs.5.9 and 5.10, indicating
the six observations. These
are from Noda et al. (2014)
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same figure give those of the 1st, 2nd, and 4th observations, respectively, in three
energy bands. At least on the 1st occasion (Fig.5.10b), the variation amplitudes were
larger in the XIS signals than those of HXD-PIN.

As shown in Fig. 5.10a, the source was more variable in the 1st and the 3rd obser-
vations than in the others. Particularly in the first observation, the count rate varied by
an order of magnitude within only ~100ks, and the shortest timescale of the variation
was ~20ks (510Rg /c). In contrast, the 2nd, 4th, and 5th observations individually
recorded variations by no more than 20 %. (The variations seen in the HXD-PIN
light curves in Fig.5.10 could be due to residual NXB variability.) Thus, the source
exhibited interesting short- and long-term variations, together with complex spectral
changes (Fig.5.9).

A comparison between the spectra (Fig.5.9) and the light curves (Fig.5.10) sug-
gests that the source is more soft-X-ray variable as the HXD versus XIS hardness ratio
decreases. To examine this property, we made a scatter plot between the hardness
ratio obtained by dividing the 15-45keV time-averaged count rate by the 2-3keV
one, against the RMS variability calculated using the entire light curve with 10ks
binning in each observation. The results, shown in Fig. 5.11, clearly confirm the sug-
gested negative correlation. This phenomenon cannot be easily explained by changes
of a single variable spectrum (unless assuming an artificial fine tuning), and suggests
the presence of a highly variable soft emission and a less variable hard component.

5.2.3 Count-Count Plot

To investigate characteristics of the variability, we produced, in Fig. 5.12, a2-3 versus
3-10keV CCP incorporating all the six observations. Surprisingly, data points in the
CCP distribute along a single broken line with a clear break point at a 2-3 keV count
rate of x ~ 0.16 cnt s~'. Hereafter, the distributions above and below the break are
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called Bright and Faint branches, respectively. The data points from the 1st (red) and
the 3rd (blue) observations, when the source was bright and variable, mostly follow
the Bright branch, while those from the other data sets (cyan, green, orange, and
purple) define the Faint branch. We fitted the data in the two branches separately
with Eq. (5.1), in the same way as in Sect.5.1.3. As a result, the Bright-branch
data were expressed reasonably well with a slope A = 1.48 £ 0.08 and an offset
B = 0.6240.03, with x? /d.0.f.=30.0/17. In contrast, the fit to the Faint branch was
unsuccessful with x2/d.o.f.=99.5/44 because of a larger data scatter. Particularly,
the Sth data set (cyan), which is somewhat in between the two branches, showed large
deviations. Excluding the 5th data (cyan), and further increasing the systematic error
to 7 %, the fit in the Faint branch became successful with X2 /d.o.f.=53.2/44, giving
A =4.55+0.36 and B = 0.18 £ 0.04. Clearly, the two branches have significantly
different parameters.

As seen in the light curves, the Bright-branch data exhibit fast variations on a
timescale of <1 day (Fig.5.10b), while those in the Faint branch are dominated by
slower (~2weeks) variations as represented by the behavior of the 2nd, 4th, 5Sth,
and 6th data sets in Fig.5.10a. The break at x ~ 0.16 cnt s~! is a point where the
short-term variability disappears, and the long-term one starts dominating. In other
words, this CCP data distribution provides evidence for the presence of independent
short- and long-term variations, each caused presumably by intensity (but not shape)
changes of a certain spectral component.
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5.2.4 The C3PO Application to the Short-Term Variation

To quantify the spectral variability, we apply the C3PO method to the entire assembly
of the six data sets of NGC 3227. Selecting again the 2-3keV as the reference, the
3-10keV XIS and 15-45keV HXD-PIN ranges were divided into the 13 and 3 finer
bands, respectively, with the same boundaries as those in Sect. 5.1.3. Then, as shown
in Fig.5.13, all the 16 finer-band CCPs were found to exhibit the same break point
at x ~ 0.16 cnt s~! as Fig.5.12. Hence, we divided the data into the Bright and
Faint branches in the same way, and separately fitted the two branches with Eq. (5.1)
in each CCP. The systematic error of 3 % was incorporated into fits to the Bright
branch, while 7 % to the Faint one. The fit results summarized in Table 5.5 show that
the short-term variation has significantly positive values of A and B in all the CCPs,
while the long-term variation has B < 0 in lower energies. In higher energies, the
offsets of both branches become more significantly positive relative to the average
intensity in that energy band. Thus, the stationary spectrum from either branch is
expected to be hard.

Like in Sect.5.1.3, we decomposed the Bright-branch data (the 1st and 3rd data
sets) into variable and stationary components by the C3PO method. For simplicity,
we again assumed C = 0, and employed the multiplicative factor of x ~ 0.55 cnt
s~! (the average rate in 2-3keV in the two observations) to calculate the variable
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Fig. 5.13 The finer-band CCPs of NGC 3227, in which all the 6 data sets are merged together, and
the 2-3keV band is used as reference. All data are binned into 10ks, and the error bars represent
statistical 10 range. The two dotted straight line represent the fits with Eq. (5.1) to the two
separate branches. These figures are from Noda et al. (2014). a 3-3.5keV, b4-4.5keV, ¢ 5-5.5keV,
d 6.25-6.5keV, e 8-10keV, f 20-30keV
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Table 5.5 Parameters obtained by fitting to the short- and long-term variations in the 16 CCPs
Short-term (Bright) Long-term (Faint)

Range | Slopes Offsetsx 102 | x2/d.o.f. |Slopes Offsets x 102 | x2/d.o.f.
(keV)

3-35 (0.34+£0.01 [4.60+£0.32 | 17.8/17 0.63+0.05 | —0.544+0.33|51.3/36
35-4 10.27+0.01 |6.24+0.26 | 13.0/17 0.66 +0.05 | —0.294+0.36|50.2/36
4-45 1022+£0.01 |6.92+041 | 31.7/17 0.73£0.07 | —0.54+0.44| 68.6/36
45-5 |0.17+£0.01 |7.30£0.33 | 26.1/17 0.78 £0.06 |—0.764+0.40|51.1/36
5-5.5 ]0.14+£0.01 |7.05+£0.41 | 31.1/17 0.69+0.06 |—0.194+0.39|54.5/36
55-6 |0.10£0.01 |6.584+0.40 | 35.4/17 0.63+0.05 |0.15+0.33 |42.6/36
6-6.25 |0.04+0.01 |3.43+£0.18 | 20.4/17 0.29 £0.03 |0.27 £0.18 |42.7/36
6.25-6.5/0.03 £0.01 |4.20£0.21 | 23.1/17 0.27£0.02 |1.35£0.17 |26.2/36
6.5-6.75/0.03 £0.01 |2.61£0.17 | 25.8/17 0.22£0.02 |[0.39£0.15 |40.5/36
6.75-7 10.02+£0.01 |2.13£0.20 | 45.0/17 0.18 £0.02 |0.47£0.13 |33.5/36
7-75 10.04+£0.01 |3.58+£0.20 | 23.5/17 0.32£0.03 |0.30+0.19 |40.4/36
75-8 ]0.04+£0.01 |2.17£0.21 | 40.0/17 0.234+0.02 |0.18 £0.15 |42.9/36
8-10 0.05+0.01 |4.994+0.32 | 43.7/17 0.47£0.03 |0.43+0.23 |32.0/36
15-20 |0.04+£0.01 |6.79+£0.42 | 12.9/17 0.27 £0.09 |3.56 £0.67 |57.4/36
20-30 |0.04+0.01 [480+£035 | 12.4/17 0.23 £0.08 |2.72+0.57 |43.8/36
3045 [0.00£0.01 |1.60+0.27 | 26.6/17 0.09£0.06 |0.58+0.42 |67.1/36

component. (Although we could alternatively choose C = 0.16, the break point,
subsequent results do not differ significantly from the case with C = 0.) As shown
in Fig.5.14a, the variable component derived in this way is again featureless with
a rather steep slope, while the stationary component has a hard shape and exhibits
a prominent Fe-Ko emission line at ~6.4keV. These characteristics of the short-
term C3PO components are apparently similar to those of NGC 3516 extracted in
Sect.5.1.3.

5.2.5 The Long-Term Variation

What kinds of components are responsible for the long-term variation that distin-
guishes the CCPs of this AGN from those of NGC 3516? To examine this, we next
applied the C3PO method to the Faint branch. The variable component was con-
structed using a 2-3keV count rate of xo ~ 0.1 cnt s~!, which is the average over
the 2nd, 4th and 6th data sets. Figure 5.14b shows the long-term variable and station-
ary components derived in this way. The variable component (varying on long time
scales) is very similar in shape to the stationary component in the Bright branch,
except the lack of the Fe-K line. Instead, the Fe-K line appears in the Faint-branch
stationary component. The hard X-ray signals that were in the Bright-branch station-
ary spectrum were approximately halved into the Faint-branch C3PO components.
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Fig. 5.14 The C3PO results on NGC3227 in the Bright (or short-term; panel a) and the Faint (or
long-term; panel b) branch, produced by the 1st+3rd and 2nd+4th+6th data sets, respectively. Green
and red in (a) show the Bright-branch variable and stationary spectrum, respectively, while purple
and blue in (b) the Faint-branch variable and stationary ones, respectively. All are in the case of
C = 0. Black is the averaged spectrum over the 1st and 3rd data sets (panel a), while that over the
2nd, 4th, and the 6th observations (panel b). These are from Noda et al. (2014)

Hereafter, the derived four components, the Bright-branch variable and stationary,
the Faint-branch variable and stationary are called BV, BS, and FV, FS, respectively.

In Fig.5.14b, FS declines too steeply below ~6keV, lacking signals in the
3-5.5keV range. This is obviously because of the negative values of offset B
(Table5.5), which make FV and FS over- and under-estimated, respectively. Thus,
the case with C = 0 is physically unrealistic, and we must consider a positive inten-
sity floor C in Eq. (5.1), but too large a value of C is meaningless (Sect.5.1.3). We
therefore chose an intensity floor of C = 0.01 cnt s~! which is the minimum that
makes all the offset values in the 3—45keV band positive. The corrected FV and
FS components for the long-term variation are shown in Fig.5.15. Thus, FV and

@, , (b)

+
M o T
0.01 Ey ﬁm‘l’t E BY

A

=
Intensity

9 # (~hours)
5 i) —
A N es——

10731 J[J[
|

(~ch]& [
FS e T
10,4 “:\’ ‘ ) v v Branch
2 5 10 40 Faint Bright

Energy (keV)

Fig. 5.15 a The same as a superposition of Fig.5.14 (a) and (b), but the Faint-branch components
(purple and blue) were re-calculated using C = 0.01 cnt s—!. Grey shows the spectrum averaged
over the faint-branch observations (Noda et al. 2014). b A schematic diagram of the relation and
variations of the four C3PO components found in NGC 3227
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FS decreased and increased, respectively. As a result, FS (blue) has become very
similar in shape to a cold reflection component, including the Fe-Ko emission line
at ~6.4keV and the hard X-ray hump. Below, we utilize these corrected FV and FS
derived with C = 0.01 cnt s~! as the Faint-branch components.

In Fig. 5.15, the Bright-branch spectra (the same as Fig. 5.14a; BV in green, BS in
red, the total in black) are superposed for comparison. We can reconfirm the resem-
blance of BS (red) and FV (purple) except the Fe line, and the clear spectral shape
difference between the variable emissions in the Bright and Faint branch. There, the
time-averaged spectrum in the Faint branch (black in Fig.5.14b) is also reproduced
in grey. Surprisingly, BS is nearly identical, both in shape and normalization, to
the Faint-branch time-averaged spectrum, including the Fe-K emission line and the
Compton hump. From these, we arrive at the following view of the spectral intensity
variations of NGC 3227; BV varies on short time scales (within ~1 day) in the Bright
branch, without spectral shape changes. When BV disappears, BS which is equal to
FV+FS becomes dominant, and the state changes into the Faint branch. During the
Faint-branch state, FV varies on long time scales (~2 weeks), while FS remains sta-
ble for 22 months. Intensity variations and relations of the four spectral components
in the two branches are schematically summarized in Fig.5.15b.

The striking agreement of the red (BS) spectrum in Fig. 5.15a with the grey one is
considered physically meaningful, rather than a mere chance coincidence. This gives
an a posteriori justification to our Bright-branch C3PO analysis, wherein C = 0 was
assumed.

5.2.6 Overall Spectral Fitting

In order to confirm the spectral decomposition and the time variability characteriza-
tion made in Sect.5.2.5, we move on to simultaneous fits to the triplet spectra like in
Sect.5.1.7. Because the 1st and 3rd observations are considered to include BV and
BS (which is roughly the same as FV+FS), while the others only FV and FS, these
two cases are handled in different ways.

First, we examine the 1st and the 3rd (Bright branch) data sets. Following the
analysis of NGC 3516 (Sect.5.1), we again employ the interpretation that invokes
the additional primary component (modeled as an absorbed hard PL). Hence, we
prepared model_bv = Phabs*Ioabs*PL and model_bs = Phabs*Ioabs*
(ReflFe + PhabsC’*PL’), and fitted the triplet spectra in the Bright branch
data sets with them under the same parameter conditions as in Sect.5.1.7. Here,
PhabsC’ appears for the first time; it is basically the same as Phabs ’, but includes
an additional free parameter describing the fraction covered by the absorber with
N{;. (The introduction of the particle covering model is to explain the spectra in the
Bright branch by the same model as that for the Faint branch, which is explained
in the next paragraph.) As shown in Fig.5.16a, c, the fits were successful both in
the 1st and 3rd data sets, giving parameters in Table5.6. The photon index of BV
became 'y ~ 2.3, while that of the additional PL, which is part of BS and later
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Fig. 5.16 Simultaneous fits to the time-averaged (black), BV (green), BS (red), FV (purple), and
FS (blue) spectra. The 1st (panel a) and 3rd (panel c¢) spectra are fitted with model_bv and
model_bs, while the 2nd (panel b), 4th (panel d), 5th (panel e), and the 6th (panel f) spectra with
model_fv and model_fs. The PL model in green and the Phabs’ * PL’ model in purple
are identified to be the Broad-Band and Hard Primary component, respectively, in Sect. 6.1.2. These
are from Noda et al. (2014)
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becomes equivalent to FV, turned out to be significantly harder with I'y ~ 1.5.
These slopes of the individual primary continua are similar to those of NGC 3516.
In addition, the absorption working on the additional PL became significantly higher
(~10% cm~?) than that on BV, like in NGC 3516. The covering fraction of PhabsC’
was consistent, within errors, with 1in both observations. Thus, the additional PL in
NGC 3227 is presumably the same component as that in NGC 3516. The change in
the time-averaged spectrum from the Ist to the 3rd data sets can be explained only
by an intensity decrease of BV.

Next, we simultaneously fitted the triplet spectra, individually in the 2nd, 4th,
5th, and 6th data sets (Faint branch). The utilized models are model_fv =
Phabs*PhabsC’ *PL’ and model_fs = Phabs*ReflFe, of which sum is
equal to model_bs utilized in the fits to the Bright-branch data sets. Obviously,
this model composition is motivated by the close resemblance between the red and
grey spectrain Fig. 5.15a. The employed parameter conditions were the same as those
of mode_Dbs, except that the photon index, the reflection fraction and the normaliza-
tion in Ref1Fe were fixed at 2, 1, and left free, respectively. As shown in Fig.5.16
and Table 5.6, the fits were successful, except for the 4th data set. The slowly vari-
able components, namely FV, were successfully reproduced by a partially-absorbed
PL with the column density of ~10% cm~2, the covering fraction of ~0.8, and the
photon index of ~1.5. The stable component, namely FS, was explained by a neutral
and distant reflection model. This justified our choice of C = 0.01 cnt s~! in the
Faint-branch C3PO analysis (Sect.5.2.5). The difference among the 2nd, 5th, and
6th time-averaged spectra can be attributed to intensity changes of FV alone.

5.2.7 Possibility of Other Interpretations

Because NGC 3227 has periods when the rapidly variable PL (i.e., BV) disappears,
we can utilize such Faint-branch data to test other models for FV, under higher
statistics than in NGC 3516. In the present subsection, let us utilize the 2nd data
set for this purpose. The FV component, which was successfully modeled by a
(partially) absorbed PL model, may allow at least two alternative interpretations; a
relativistically-blurred refection (BRB), and a thermal Comptonization with high-
temperature seed photons. The former may be considered again, even though it failed
to explain the triplet spectra of NGC 3516 (Sect.5.1.7); so we first tried this interpre-
tation. Replacing the PhabsC’ *PL"’ by RBR, the triplet fitting was repeated with
model_fvl = Phabs*RBR, where the photon index of the incident PL and the
iron abundance were fixed at 2.3 and 1 Solar, respectively, while the other parameters
were fixed at the same values as in Sect.5.2.6. As shown in Fig.5.17a and Table 5.7,
the triplet fit became unsuccessful, with x2/d.o.f.=299.2/156 (cf. 180.7/155 previ-
ously), mainly due to large positive residuals in the 7-10keV band. After all, the
RBR interpretation fails to explain the stationary additional spectral component, like
the NGC 3516 case.
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Fig. 5.17 Same as Fig.5.16b, but fitted with model_fvl = Phabs* (ReflFe + RBR) and
withmodel_fv2 = Phabs* (ReflFe + Compton + Compton). Thisisfrom Nodaetal.
(2014). a RBR. b Compton

Next, we examined the interpretation invoking a thermal Comptonization compo-
nent with a high seed photon temperature of several keV. We replaced the PhabsC ’
model by Compton + Compton, and fitted the triplet spectra with model_fv2
= Phabs* (Compton + Compton). The use of two Comptonization compo-
nents is to mimic the partially absorbed PL comprising model_fv, because a
Comptonized emission would drop steeply toward lower energies if the seed photon
has a rather high temperature. The electron and seed photon temperatures of one
Compton were fixed at 200 and 0.02keV, respectively, while those for the other
Compton were left free. Optical depths were left free in both Compton models. As
shown in Fig. 5.17b and Table 5.7, the fit was unsuccessful with x 2 /d.o.f. =246.7/153,
mainly because of negative residuals around ~7.1keV. This structure is considered
to correspond to a neutral Fe-K absorption edge produced by a neutral absorber, and
the failure of this double Compton model is caused by its lack of the Fe-K edge seen
in the actual data. In other words, the FV component is best reproduced by a strongly
(and partially) absorbed PL, and its low energy cutoff is actually due to photoelectric
absorption by nearly neutral matter.

5.3 Target Selection for Further Analysis

In NGC 3516 (Sect.5.1) and NGC 3227 (Sect.5.2), we discovered the new hard
X-ray component, characterized by a hard slope, a high absorption, and relatively
slow variations. In order to examine whether this component is a general phenom-
enon, we need to apply, like in Sect. 4.2, the C3PO method to hard X-ray bands of
other Suzaku AGN data sets. As already learned from NGC 3516 and NGC 3227, a
successful C3PO analysis requires a long exposure and large variations. In addition,
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Table 5.7 Same as Table5.6, but with model_fv1l

5 Hard X-ray Analysis

Phabs* (ReflFe + RBR) and

model_fv2 = Phabs* (ReflFe + Compton + Compton)

‘ ‘ 2nd
Absorption to all
Phabs N 3.1
Neutral and relativistic reflection
ReflFe [ret 2 (fix)
Ecut (keV) 200 (fix)
Jret 1 (fix)
b4 0.0039 (fix)
A (Zgy) 1 (fix)
Afe (Zre,0) 1 (fix)
i (degree) 60 (fix)
N 1.6
RBR q 5.4
Rin (Rg) 1.4
Rout (Ry) 400
i (degree) 60 (fix)
Are (Zo) 1 (fix)
I (keV) 2.3 (fix)
& (ergcm s7h 25.5
Nigr 6.8
x2/d.of. 299.2/156
Absorption to all
Phabs N 0.17
Reflection
ReflFe [ref 2 (fix)
Ecy (keV) 200 (fix)
Sret 1 (fix)
z 0.0039 (fix)
A (Zg) 1 (fix)
AFe (ZFe,G) 1 (fix)
i (degree) 60 (fix)
N 1.6
Double Compton
Compton z 0.0039 (fix)
Ty (keV) 0.02 (fix)
T. (keV) 200 (fix)
T 1.4
Neomp 0.26

(continued)
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Table 5.7 (continued)

2nd

Compton z 0.0039 (fix)

To (keV) 1.6

T. (keV) 84

T 34

§

NCOmp 6.2

x2/d.o.f. 246.7/153

*Equivalent hydrogen column density in 1022 cm™2

"The Ref1Fe normalization at 1keV, in units of 10~2 photons keV~! cm=2 s~ ! at 1keV

#The RBR normalization in units of 1076

8The thermal Comptonization component normalization, in units of 107> pho-
tons keV~! cm™2 s~ at 1keV

we would like to examine whether or not the relevant hard X-ray component varied,
e.g.,on long time scales. Thus, suitable AGN targets may be selected from the Suzaku
archive, based on the following criteria:

e The object must have been observed with Suzaku more than twice.

e The net total exposure after summing all the observations must be longer than
200ks.

e The object must have exhibited peak-to-peak variations by more than a factor of
two.

These criteria are objectively defined, like the initial selection criteria in this chapter:
a main difference is that we here require a larger variation amplitude (10 % vs. factor
2), because the HXD-PIN data have much larger measurement errors than those of the
XIS. After filtering the entire Suzaku archive of type I AGNs (~100 objects, ~130

Table 5.8 Summary of information on the 5 AGNss to be studied in Sect. 5.4

Object No. of obs. | Type Redshift Mgy™ Ny(Galt Previous

name Suzaku
study

NGC 4051 |3 Syl 0.0033 0.2 1.3 Terashima
et al. (2009)

MCG-6-30- | 4 Syl 0.00775 0.3 1.4 Miniutti

15 et al. (2007)

Mrk 841 4 Syl 0.047 10 2.3 Cerruti et al.
(2011)

NGC5548 |7 Syl 0.047 100 1.7 -

I1C4329A 5 Syl 0.016 1 46.1 -

*Black hole mass in an unit of 107 M,
TEquivalent hydrogen column density in 10?3 cm~2 for the Galactic or the intrinsic line-of-sight
absorption
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total observations) with these criteria, 5 AGNs (23 observations) remained; NGC
4051, MCG-6-30-15, Mrk 841, NGC 5548, and IC4329A, which are all type I Seyfert
galaxies. The data sets of NGC 5548 and IC4329A were obtained within 2—-3 months,
while the others were observed with intervals of several weeks—several years. The
longest interval is about four years between the 2nd and the 3rd observations of Mrk
841. Table 5.8 is a summary of the information about these 5 AGNss.

In the same way as Fig.5.1, we made background-subtracted light curves of the
selected 5 AGNs, and show the results in Fig.5.18. These 2-3keV light curves all
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Fig. 5.18 Light curves of all observations of the selected five AGNs, presented in the same way
as Fig.5.1. The name of AGNs are shown above each panel. a NGC 4051, b MCG-6-30-15, ¢ Mrk
841, d NGC 5548, e IC4329A
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satisfied the above criteria, exhibiting peak-to-peak variations by a factor of 2> 2. In
particular, the 2-3keV variation amplitude of NGC 4051 is large enough to reach
about an order of magnitude. On the other hand, all the 15-45keV light curves
commonly have lower variability than the other bands. This suggests the presence of
stable signals in the harder energy band, which may be effectively extracted by the
C3PO method.

5.4 Application of the C3PO Analysis to Other AGNs

5.4.1 Extractions of Variable and Stationary Spectra

Following the recipe of the C3PO method, we produced 3—10 versus 2-3keV CCPs
of the five AGNs, as shown in Fig.5.19. Multiple data sets of the same object were
merged into a single CCP. Surprisingly, all the five CCPs reveal a tight linear cor-
relation, in spite of the various intervals up to four years. This makes a contrast to
the case of NGC 3516 in which the 2005 and 2009 data followed different branches,
and to that of NGC 3227 where the data points drew a broken line. Especially in
the NGC 4051 and MCG-6-30-15 CCPs which have the longest total exposure of
~400ks, almost all the points distribute on a single straight line. Actually, as shown
in Table 5.9, fittings of the five CCPs with Eq. (5.1) are all successful, giving signifi-
cantly positive slopes and offsets. Thus, we can apply again the C3PO method to the
total datasets of each AGN. This makes our study simpler than in Chap. 4, where we
had to discard 7 observations out of the 12 initially-selected ones, to make the C3PO
method work.

With the same energy boundaries as in Sect. 5.1, we divided the 3—45keV range
into finer energy bands, made 16 CCPs for each AGN (totally 80 CCPs), and fitted all
of them with Eq. (5.1). These CCPs and the fitting results are shown in Figs. 5.20,5.21,
5.22,5.23,5.24 and Tables 5.10, 5.11 and 5.12, respectively. Then, the variable and
stationary components shown in Fig. 5.25 were obtained. The C3PO-derived variable
spectra are all featureless, and are generally softer than the time-averaged spectrum in
each AGN. The stationary components commonly exhibits an Fe-Ka emission line,
and the Fe-K absorption edge at ~7.1keV can be clearly seen particularly in those of
MCG-6-30-15 and IC4329A. Intensity ratios between the extracted Fe-Ko emission
line and the stationary continuum (i.e., the line equivalent width) are smaller than
that expected in the cold neutral reflection, except for NGC 5548. Therefore, the
variable components are all similar to those obtained in the 2005 and 2009 data sets
of NGC 3516; the stationary component of NGC 5548 is similar to the 2009 results
of NGC 3516, while those of the other four AGNs to the 2005 case of NGC 3516.
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Fig. 5.19 The CCPs of the selected five AGNs, produced between the 2-3 and 3—10keV bands.
Different data sets of the same object are distinguished by colors. a NGC 4501, b MCG-6-30-15,
¢ Mrk 841, d NGC 5548, e IC4329A

Table 5.9 Parameters obtained by fitting the 5 CCPs in Fig.5.19 with Eq. (5.1)*

Object A B (counts s~ 1) x2/d.of.
NGC 4051 1.36 £ 0.02 0.14 £+ 0.01 56.3/33
MCG-6-30-15 1.51£0.04 0.41£0.05 45.4/35
Mrk 841 1.59 +0.06 0.07 +£0.01 23.3/34
NGC 5548 2.03 +£0.03 0.05 £ 0.01 19.1/20
IC4329A 1.84 £0.05 0.36 £ 0.09 10.2/12

4A systematic error of 2 % is included in the 3-10keV bands

5.4.2 Spectral Analysis

To verify the expectation in the previous subsection, we jump to the triplet spectral
analysis, because it can take over the preliminary analysis of the variable and con-
stant component. In the same way as in Sects. 5.1 and 5.2, we employ the additional
primary continuum interpretation, and utilize model_v Phabs*Ioabs*PL
and model_s Phabe*Ioabs* (ReflFe + Phabs’*PL’), where NGC
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Fig. 5.21 The same as Fig.5.5, but of MCG-6-30-15. a 3-3.5keV, b 4-4.5keV, ¢ 5-5.5keV, d
6.25-6.5keV, e 8-10keV, f 20-30keV
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Fig. 5.22 The same as Fig.5.5, but of Mrk 841. a 3-3.5keV, b 4-4.5keV, ¢ 5-5.5keV, d 6.25-
6.5keV, e 8-10keV, f 20-30keV
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Fig. 5.24 The same as Fig.5.5, but of IC4329A. a 3-3.5keV, b 4-4.5keV, ¢ 5-5.5keV, d 6.25-
6.5keV, e 8-10keV, f 20-30keV

Table 5.10 Parameters obtained by fitting to 16 CCPs of NGC 40512

NGC 4051
Range (keV) Slopes Offsets x 102 x%/d.of.
3-35 0.30 +£0.01 1.55+0.11 34.9/34
354 0.23 £0.01 1.86 £+ 0.09 30.8/34
4-4.5 0.18 £0.01 1.98 +0.09 33.9/34
4.5-5 0.15+0.01 1.91+0.10 57.6/34
5-5.5 0.12£0.01 1.79 £ 0.08 39.6/34
5.5-6 0.09 +0.01 1.67 £0.07 38.8/34
6-6.25 0.04 +£0.01 0.76 £ 0.04 36.5/34
6.25-6.5 0.04 +£0.01 1.13+£0.05 45.1/34
6.5-6.75 0.03 £ 0.01 0.63 £0.04 60.3/34
6.75-7 0.03 £ 0.01 0.49 £ 0.03 33.5/34
7-1.5 0.04 £0.01 0.70 £ 0.05 61.9/34
7.5-8 0.03 +£0.01 0.53 £0.03 41.5/34
8-10 0.06 +0.01 0.90 £ 0.07 79.1/34
15-20 0.04 +£0.01 2.214+0.22 61.0/34
20-30 0.03 £0.01 1.70 £0.19 56.4/34
30-45 0.01 £0.00 0.47+£0.12 40.3/34

aSystematic errors of 3 % are included
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Table 5.11 Parameters obtained by fitting to the 16 CCPs of MCG-6-30-15 and Mrk 841
MCG-6-30-15 Mrk 841

Range Slopes Offsetsx 102 | x2/d.o.f. Slopes Offsets x 10% x2/d.o.f.
(keV)

3-3.5 0.33+£0.01 |3.08£0.59 |17.4/35 0.34 £0.01 |0.29£0.25 |32.6/37
354 0.26 £0.01 |4.14 £0.54 | 19.7/35 0.25+0.01 |1.02+£0.22 |32.9/37
4-4.5 0.22+£0.01 |3.65£0.48 |20.8/35 0.21 £0.01 |1.01 £0.23 |44.7/37
4.5-5 0.174+0.01 |4.32£0.54 | 36.1/35 0.18 £0.01 |0.82£0.18 |32.1/37
5-5.5 0.14 +:0.01 |4.04 £0.42 |29.1/35 0.13£0.01 |1.14£0.17 |39.2/37
5.5-6 0.11+£0.01 |4.29 £0.39 |34.0/35 0.13£0.01 |0.71 £0.16 |40.4/37
6-6.25 0.05+0.01 | 1.97 £0.28 |57.6/35 0.05+0.01 |[0.78£0.12 |46.8/37
6.25-6.5 |0.04 £0.01 |2.56 £0.22 |38.4/35 0.04 £0.01 |0.44 £0.09 |39.5/37
6.5-6.75 |0.04 £0.01 |1.40+0.21 |52.6/35 0.02+0.01 |0.63£0.08 |33.2/37
6.75-7 0.03+£0.01 | 1.14 £0.16 |37.6/35 0.03+£0.01 |0.40£0.09 |49.6/37
7-1.5 0.05+0.01 | 1.12£0.24 |49.8/35 0.05+0.01 |0.45+£0.11 |57.7/34
7.5-8 0.04£0.01 |0.84 £0.15 |33.2/35 0.03 £0.01 |0.35£0.07 |38.4/37
8-10 0.07+£0.01 |2.18 £0.29 |48.6/35 0.04+0.01 |1.16 £0.15 | 65.8/37
15-20 0.02+0.01 |3.88£0.46 |58.3/35 0.07 £0.03 | 1.47£0.55 | 64.0/37
20-30 0.01 £0.00 |3.01 £0.35 |41.3/35 0.09 £0.03 |0.32£0.49 |60.7/37
30-45 0.00 £0.00 | 0.88 £0.24 |46.5/35 0.03£0.01 |0.11 £0.44 |37.3/37

4Systematic errors of 3 % are included

Table 5.12 Parameters obtained by fitting to the 16 CCPs of NGC 5548 and IC4329A%
NGC 5548 1C4329A

Range Slopes Offsetsx 102 | x2/d.o.f. Slopes Offsets x 10% x2/d.o.f.
(keV)

3-3.5 0.374+0.01 |2.19£0.13 | 10.0/20 0.36+0.01 |1.82+0.90 |2.0/12
3.54 0.324+0.01 |4.44£0.14 | 13.8/20 0.32+0.01 |0.40£1.08 |3.9/12
4-4.5 0.28 £0.01 |3.01 £0.15 |20.3/20 0.25+0.01 |[2.86 £1.34 |7.8/12
4.5-5 0.24 +£0.01 |3.88£0.13 |20.0/20 0.21 £0.01 |4.16 £1.01 |5.8/12
5-5.5 0.20+£0.01 |5.12£0.12 |20.4/20 0.17£0.01 |3.91£1.08 |8.9/12
5.5-6 0.174+0.01 |3.96 £0.12 |24.5/20 0.14 £0.01 |5.06 £1.22 | 14.5/12
6-6.25 0.07 £0.01 | 0.54 £0.07 |20.4/20 0.06 £0.01 |3.02+£0.59 |11.3/12
6.25-6.5 |0.06 £0.01 | 6.53 £0.83 |28.0/20 0.06 +0.01 |3.01 £0.58 | 11.7/12
6.5-6.75 |0.05£0.01 {0.27 £0.05 | 15.6/20 0.05£0.01 |2.50£0.50 |12.0/12
6.75-7 0.05+0.01 |0.40 £0.05 |15.2/20 0.04 £0.01 |1.91£0.36 |7.6/12
7-1.5 0.08 £0.01 |0.32 £0.08 |28.8/20 0.07 £0.01 |2.42+£0.58 |10.9/12
7.5-8 0.06 £0.01 | 0.26 £0.07 | 30.0/20 0.05+0.01 |1.86£0.60 | 19.2/12
8-10 0.11+£0.01 |0.46 £0.12 |40.3/20 0.09 £0.01 [3.90£0.91 |15.9/12
15-20 0.07+£0.01 |2.41 £0.32 |32.4/20 0.06 £0.01 |6.03£1.42 |21.8/12
20-30 0.04 £0.01 | 1.97£0.29 |33.2/20 0.04+£0.01 |6.34£1.23 |21.6/12
30-45 0.00+£0.01 |0.91 £0.15 | 19.4/20 0.01 £0.00 |2.45+£0.66 |20.1/12

4Systematic errors of 3 % are included
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Table 5.13 Results of the triplet spectral fits of the selected five AGNs

NGC 4051 |MCG-6-30- | Mrk 841 | NGC 5548 | IC 4329A
15
Absorption to all
Phabs N 0.517030  0.67 0427042 1039703 | 1.0370%
Toabs Nuot 74274 161 0.37%] 27557 64.6M787
logé 19701 43 27758 33703 0.8703
Cvrfrac. 0367005 |1 >0.36 >0.27 0.25+0.1
z 0.0023 (fix) | 0.0078 (fix) | 0.0364 (fix) | 0.0172 (fix) | 0.0161 (fix)
Broad-Band Primary component*
PL To 2401008 2.23 1209700 | 1.71£0.03 | 2155058
Ecu (keV) | 200 (fix)
Ny 232403 [2.21 10427008 [0.82+0.05 [ 8.09770)
Reflection component
ReflFe [ref =Ty
z 0.0023 (fix) | 0.0078 (fix) |0.0364 (fix) [ 0.0172 (fix) [0.0161 (fix)
A(Zo) 1 (fix)
Afe (Zre,0) | 1 (fix)
Jret 19793 |07 (12£02 [05+0.1 [0440.1
i (degree) 60 (fix)
Nret = NpL
Hard Primary component™
Phabs’ | Njj, 9.3+24 10.1 1937100 [ 2507103
PL’ I 1.62 £0.13 | 1.40 L4193 |- 1.32£0.19
Ecu (keV) | 200 (fix)
Ny 0.15700¢ T0.14 0.05+0.01 |- 0.387039
x*/d.o.f. 645.88/592 | 980.4/824 | 568.7/600 | 313.8/277 | 550.4/574

*Later to be identified in Sect.6.1.2
TEquivalent hydrogen column density in 1022 cm™
The PL normalization at 1keV, in units of 1072 photons keV~! cm™2 s~! at 1 keV

2

5548 required only model_s = Phabe*Ioabs*ReflFe. Among the multiple
observations of each AGN, the brightest data set was utilized for the time-averaged
spectrum, and the x( value, which determines the normalization of the variable com-
ponent, was selected to be the average 2-3keV count rate in the brightest data set.
As shown in Fig. 5.26 and Table 5.13, the fits were successful except for MCG-6-
30-15. The result of MCG—-6-30-15 is discussed in the final part of the present section.
As expected, an acceptable result was obtained in NGC 5548 without including the
additional absorbed PL. This is similar to the 2009 result of NGC 3516 shown in
Fig.5.8a; the seven observations of NGC 5548 can all be understood as combinations
of the variable PL and the stable reflection component. On the other hand, results
on the other objects are similar to that of the 2005 data set of NGC 3516, which is
characterized by the prominent presence of the additional PL. In all these cases, the
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Fig. 5.25 The same as Fig. 5.6, but of the selected five AGNs. a NGC 4501, b MCG-6-30-15, ¢
Mrk 841, d NGC 5548, e IC4329A
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Fig. 5.26 Fitting results of the triplet spectral analyses in the selected 5 AGNs. The green PL
and purple Phabs’ * PL’ model are found to be the Broad-Band and Hard Primary continuum
in Sect. 6.1.2, respectively. a NGC 4501#2, b MCG-6-30-15#2, ¢ Mrk 841#3, d NGC 5548#5, e
IC4329A#2
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Fig. 5.27 Same as 0.1
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additional PL has a significantly harder slope than that of the main variable PL, and
is absorbed by an optically-thick material with a column density of ~10%3 cm™2, just
in the same way as the 2005 observation of NGC 3516 and NGC 3227. Thus, the
additional hard components in these AGNs, including NGC 3516, NGC 3227, NGC
4051, MCG-6-30-15, Mrk 841, and IC4329A, are considered to be generated by a
common physical process.

Among the selected five AGNs, only the fit for MCG-6-30-15 failed (Table 5.10),
mainly because of positive residuals in 5-7keV and negative ones in 7-10keV. In
addition, the C3PO-derived stationary component was not explained successfully in
the 7-10keV band. This suggests that the absorbed-PL modeling of the additional
hard continuum needs to be improved to better reproduce the time-averaged and
the C3PO-derived stationary spectra of this particular object. Then, we invoked the
partial covering absorptions for the additional component like the NGC 3227 Faint-
branch cases, and replaced Phabs’ by PhabsC ‘. However, the triplet spectral
fitting with model_s = Phabs*Ioabs* (ReflFe + PhabsC’*PL’) was
not significantly better, with x2/d.o.f.=960.0/822. Then, we further invoked ioniza-
tion effects in the partial absorption, replacing PhabsC by Ioabs, and fitted the
triplet spectra of MCG—6-30-15 withmodel_s = Phabs*Ioabs* (ReflFe +
TIoabs’ *PL’).AsshowninFig.5.27 and Table 5.14, the fit significantly improved,
and became acceptable with x2/d.o.f.=899.9/819. According to this model, the sta-
tionary component is implied to have a partial ionized absorption with a covering
fraction of ~0.9, and the spectral shape of its additional PL is similar to those in the
Faint-branch data sets of NGC 3227.

In the fits of the present section, the ionized absorption modeled by Ioabs
was generally applied to the overall model as well, because MCG-6-30-15, NGC
4051, Mrk 841, NGC 5548, and IC4329A were all reported to bear ionized absorp-
tion features by Miller et al. (2008), King et al. (2012), Longinotti et al. (2010),
Andrade-Velazquez et al. (2010), and Steenbrugge et al. (2005), respectively. In
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Table 514 A result of MCG-6-30-15 with  model_s = Phabs*Ioabs*
(RefFe+Ioabs’*PL"')
MCG-6-30-15
Absorption to all
Phabs N} 0.73 £ 0.06
Ioabs N:I 9.712"26‘O
logé 47108
Cvr frac 1 (fix)
Z 0.0078 (fix)
Broad-Band Primary component*
PL o 2.22 +£0.03
Ecu (keV) 200 (fix)
7] 21708
Reflection component
ReflFe [ref =Ty
Ecy (keV) 200 (fix)
Sref 0.5+0.1
Z 0.0078 (fix)
A (Zo) 1 (fix)
AFe (ZFe,0) 1 (fix)
i (degree) 60
Nret = NpL
Hard Primary component™
Ioabs’ N:I 47.6:?36
logé 2.1£0.1
Z 0.0078 (fix)
Cvr frac. 0.92f8:gi
PL’ T 175701
Ecut (keV) 200 (fix)
Nev 0.52702%
x2d.of. 899.9/819

*Later to be identified in Sect.6.1.2

TEquivalent hydrogen column density in 10?> cm™

2

“The PL normalization at 1 keV, in units of 10=2 photons keV~! cm™2 s~! at 1 keV

MCG-6-30-15 and NGC 4051, several ionized absorption features by outflows were
also reported. Thus, we additionally introduced three negative gaussians at ~2.4,
~6.67, and ~6.97keV, which correspond to S XV Hex (e.g., Rodes-Roca et al.

2011), Fe XXV, and Fe XXVI absorption, respectively.
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Chapter 6
Discussion and Conclusion

Abstract By applying flux variability-asisted spectral analyses to Suzaku datasets,
we have revealed that the X-ray emission from active galactic nuclei (AGNSs) consists
of multiple primary components, with different spectral hardness, different absorp-
tion, and different variability characteristics. We can identify at least three of them;
(1) the previously known, rapidly varying, power-law shaped continuum with rather
low absorption; (2) the soft excess component, of which the presence itself was long
known but was not necessarily recognized previously as a primary component; and
(3) the newly identified hard component with strong absorption and slow variation.
These results imply that the AGN central engine formed around a supermassive black
hole consists of several distinct regions where physical parameters are different and
independent. This makes a contrast to the so-far popular assumption,and urges sig-
nificant revision to the currently popular scenario of the X-ray emission from AGNs.
To establish the actual geometry and configuration of these multiple emission zones
is our future work.

Keywords Active galactic nuclei, Central engine, Supermassive black hole

With the C3PO method, we succeeded in the model-independent spectral decompo-
sition, in the soft and hard X-ray energies of the selected type I AGNs. In the present
chapter, we summarize the obtained results, examine properties of the extracted
spectral components, and discuss their nature.

6.1 Summary of the Result

We mainly divided the Suzaku 0.5-45 keV band into two energy ranges; the soft X-ray
(0.5-3keV) band and the hard X-ray (3—45keV) band, and applied the C3PO method
to them in Chaps. 4 and 5, respectively. Below, the obtained results are summarized
individually.

© Springer Science+Business Media Singapore 2016 129
H. Noda, X-ray Studies of the Central Engine in Active Galactic Nuclei
with Suzaku, Springer Theses, DOI 10.1007/978-981-287-721-5_6
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6.1.1 Soft X-ray Results

Analyzing the Suzaku data sets of Mrk 509 and the five AGNs in Sects.4.1-4.3
with the C3PO method, and further employing the technique of simultaneously fit-
ting spectral “triplets”, we succeeded in extracting two spectral components which
generally exist in the 0.5-3 keV band of these objects:

1. A PL-like continuum with a photon index of ~1.8, which is highly variable on a
timescale of several hours, namely ~10R/c. It is dominant not only in the soft
X-ray band, but also in the hard X-ray band above 3 keV. Therefore, we hereafter
call it the Broad-Band Primary component.

2. A soft component, to be identified with the long-known issue of “soft X-ray
excess” feature. It exhibits a long-term variations on a timescale of ~3—10 days,
namely ~1000R,/c, which is independent of that of the Broad-Band Primary
component above. It has a typical 0.5-3 keV luminosity of ~10* erg s~!, while
its spectral shape is represented by a color temperature of ~0.2 keV, or an equiv-
alent photon index of 3—4. In the triplet analysis in Chap.4, it has been repro-
duced successfully by neither a thin-thermal plasma emission (possibly in the
host galaxy), nor a relativistically-blurred ionized reflection component that is
produced as secondary emission. Instead, it can be regarded as a primary emis-
sion. Given this, we therefore call it the Soft Primary component. The nature of
this component and its physical interpretation is discussed in Sect. 6.4.

6.1.2 Hard X-ray Results

With the application of the C3PO method to the hard X-ray region of NGC 3516
(Sect.5.1), NGC 3227 (Sect. 5.2), and the selected five AGNs (Sect. 5.4), we revealed
the presence of the following three spectral components in the 3—45 keV energy range.

1. A single cutoff PL-like continuum with a photon index of ~1.7-2.3, suffering
relatively low absorption with a column density <10?> cm~2. It is highly vari-
able on a timescale of several hundreds ks or less, namely ~10R,/c, except for
some objects like NGC 3516 in 2009 and NGC 5548, which exhibited relatively
monotonic variations. It does not change its spectral shape when its flux varies,
making CCP distributions linear. It is colored in green throughout, and considered
to be identical to Broad-Band Primary component identified in Sect.6.1.1.

2. A reflection component from cold and neutral materials without relativistic
effects. It is accompanied by a narrow Fe-Ka emission line, which has an inten-
sity consistent with an Fe abundance of ~1 Solar. It remained unchanged during
the individual observations of NGC 3516. In the other six AGNs selected for the
hard-band study, it also remained almost constant through multiple observations,
with intervals up to ~5 years. It is expressed in blue in the present figures.
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A hard PL component (in purple) with a photon index of 1.3-1.8, strongly
absorbed with a column density of ~10%* cm~2. While this component is much
less variable than the Broad-Band Primary component, it varied significantly
between the 2005 and the 2009 observations of NGC 3516, and in the Faint
branch of NGC 3227. Unlike the reflection component, it lacks any narrow spec-
tral features, such as an Fe-Ka emission line, and can be reproduced by neither
a neutral nor ionized reflection spectral model. Furthermore, the triplet analy-
sis ruled out its interpretation as a relativistically-smeared reflection component.
More generally, this component cannot be a secondary one, since it varied quite
independently of the Broad-Band Primary component that makes up a major
part of the primary emission in many AGNSs. It cannot be the partially absorbed
primary signal, either, since its spectral slopes are considerably harder, and the
underlying CCPs are quite linear. This is indeed a new component that has not
been noticed before, and we devote Sect. 6.5 to its discussion. In addition to the
former two primary components, it is hereafter called Hard Primary component.

6.1.3 Relation Between the Soft-Band and Hard-Band

Results

In Chap.4, the 0.5-3 keV photon variations were examined against the 3—10 keV
reference signals, while the analysis in Chap.5 decomposed the 3—45 keV spectra
using the 2-3 keV intensity as the reference. Then, is it possible to decompose both
soft and hard X-ray spectra simultaneously? To examine this, we applied the C3PO
method simultaneously to the 0.5-2 and the 3-45keV regions of Mrk 509in 2010
and NGC 3516 in 2005, taking the 2-3 keV band as the common reference.

Ratio

NG (b)
Mrk 509 n NGC 3516 (2005)
e sl I
0.01 |
$+ﬂ(
1073} T
10

1 2 10
Energy (keV) Energy (keV)

Fig. 6.1 Triplet spectra of Mrk 5091in 2010 (panel a) and NGC 3516 in 2005 (panel b), decomposed
with the C3PO method using the 2-3keV signals as the reference. Black, green and red show the
time-averaged, the variable, and the stationary spectra, respectively
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The results of this analysis on Mrk 509 are given in Fig. 6.1a. Using the 2-3 keV
counts as the reference, the 0.5-2 keV signals have been decomposed again into Soft
Primary component (red) and Broad-Band Primary component (green), of which
the intensities and spectral shapes agree, within errors, with those when the 3—10
keV counts were used as the reference (Fig.4.6 in Sect.4.1.4). Thus, the soft X-ray
decomposition of Mrk 509 is relatively insensitive to the choice of the reference
band. Furthermore, Fig. 6.1a shows a hint of a stationary hard component including
a Fe-Ka emission line at ~6.4 keV and a hard X-ray hump in the 15-45 keV range
(by reflection component maybe with the Hard Primary component), suggesting that
the method is applicable in principle to the entire energy range. However, the C3PO-
derived stable hard X-ray signals of Mrk 509 have much poorer statistics than those
of the AGNs studied in Chap. 5, simply because of much lower variability of Mrk
509. The same limitation applies to the the other AGNs selected in Chap. 4, which
also have rather lower variability.

Figure 6.1b shows the broad-band C3PO results on NGC 3516 (in 2005) when
the 2-3 keV signals are used as the reference. (The results above 3 keV should be
exactly identical to Fig. 5.6a.) Thus, the stationery signals of NGC 3516, which have
been very strongly detected in energies above 3 keV, are also found in the soft X-ray
band below 2 keV, with a spectral shape similar to that of Mrk 509. However, this
soft-excess luminosity of NGC 3516 is ~2 x 10* erg s~! (in 0.5-2 keV), which is
comparable to that of typical soft X-ray emission from the host galaxy. Therefore,
we cannot conclude for sure whether NGC 3516 hosts the Soft Primary component
or not. The other AGNs selected in Chap. 5 are subject to the same problem.

As we have seen above, the C3PO method can in principle be applied to wide-
band data, and can be used to decompose broad-band spectra into a variable and
a stationary components. However, AGNs suited to the soft band analysis are not
necessarily appropriate for the hard X-ray studies, and vice versa. This is the reason
why we had to conduct separately the studies in Chaps.4 and 5. Generally speaking,
the hard-band decomposition requires highly variable AGNs with relatively low BH
masses, while the soft-band study favors higher-luminosity AGNs (to avoid the host-
galaxy contamination) which are intrinsically less variable. Actually, as shown in
Fig. 6.2, the BH masses of the AGNs analyzed in the two chapters exhibit distinct
distributions.

6.1.4 Problems and Limitations of the C3PO Method

6.1.4.1 Problems

Although the C3PO method has been proven to provide a very powerful mean of
decomposing AGN spectra, it is of course subject to several intrinsic problems and
limitations. Here, let us examine these issues. The most straightforward one is how to
choose the reference band. However, as already shown to some extent in Sect.6.1.3,
the C3PO results will not be very sensitive to this choice, as long as intensity variations
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at different energies are correlated linearly with one another. We may then choose
an energy band where the stationary component becomes minimum. In fact, the 2-3
keV range used in Chap.5 and Sect.6.1.3 satisfies this condition (e.g., Markowitz
et al. 2003; Noda et al. 2013b); the soft excess signals decrease rapidly above ~2
keV, while the hard-band stationary components generally have considerably harder
spectra than the averaged spectrum. Then, the problem reduces to the issue of how
to deal with a finite offset that may remain even in the optimally chosen reference
band.

Let us hence consider the more fundamental problem with the C3PO method,
i.e., its inherent uncertainty in the offset count rate included in the reference band,
or “intensity floor” (Sect.5.1.3). In Chap.5, we assumed for simplicity that this
intensity floor, C in Eq. (5.1), to be zero, and gave some justification in Sects.5.1.3
and 5.2.5. However, this assumption is not necessarily warranted, and there is no way
to estimate C from the data themselves. Thus, after Noda et al. (2013b), we examined
in a more concrete manner how the spectral shapes of the C3PO-derived variable
and stationary components depend on the assumed values of C. The result of this
attempt on the 2009 data of NGC 3516 is shown in Fig. 6.3, where we changed C
from O (the same as in Chap. 5) to the maximum allowed by the data (=the minimum
intensity observed in the reference band of 2-3 keV). The variable component (the
Broad-Band Primary in Sect. 6.1.2) thus keeps its spectral shape independently of C,
and only its intensity decreases as C gets larger. On the other hand, as expected from
Sect. 5.1.3, the stationary components change in both its spectral shape and intensity
as we assume different values of C.

As already described in Sect.5.1.6, the C3PO-derived stationary component of
NGC 3516 in 2009 can be reproduced by a neutral and distant reflection (the 2nd
component in Sect.6.1.2) when C = 0. When C > 0, a PL-like component formed
by the AC term in Eq.(5.1) is added on top of the neutral reflection component,
making the spectral shape more concave. The same phenomenon happens in the
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Fig. 6.3 Effects of different intensity floors on the NGC 3516 data in 2009. a Same as Fig.5.4a,
but with colored lines showing different intensity floors to be chosen in the 2-3 keV reference band.
b The time-averaged spectrum (black; the same as Fig. 5.8a), compared with the C3PO-extracted
variable component assuming six different values of C between 0 and the maximum allowed by
the data. Colors correspond to those in panel (a). ¢ The same as panel (b), but for the stationary
signals. These are from Noda et al. (2013a)

other AGNs as well. The concave spectral shapes with C > 0 may be explained
in the following two ways. One is adding a new PL, and the other is changing the
spectral shape of the reflection component (or of the Hard Primary component if it
is present). Mathematically, the former option is much simpler and more reasonable,
because the normalization decrease in the variable component towards higher C
must be compensated exactly by an increase in the stationary component. Actually, as
studied in detail in Noda et al. (2013b), the flatter shapes of the stationary component
for C > 0in Fig. 6.3c can be readily explained by presuming that the variable PL did
not completely vanish during our observation. This is the most preferred treatment
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of the intrinsic uncertainty in C, and the effects are at most some changes in the
relative strengths of the Broad-Band and Hard Primaries (Sect. 6.1.2). In Chap. 5, we
implicitly adopted this stand point. Importantly, the Faint-branch data of NGC 3227
(Fig.5.14) actually fulfilled this condition.

When we alternatively choose to modify the spectral shape of the reflection com-
ponent, ionized refection process (Fig. 1.13) may be invoked to explain the flatter
spectral shapes in Fig. 6.3 towards larger C. However, the ionized reflection com-
ponent includes many emission lines at <3 keV as shown in Fig. 1.13. We in fact
considered such a possibility already in Sect.5.1.7 in our analysis of the triplet spec-
trum of NGC 3516, and found that strong ionization of the reflector can be ruled
out (¢ < 12.3). Of course, an ionized reflection model would give a better fit to the
stationary component with C # 0, but such a modeling is disfavored by the time-
averaged spectrum which has a much higher statistics and is capable of utilizing the
full energy resolution of the XIS.

Yet another possibility to explain the stationary spectrum extracted with C # 0 is
to assume that the Hard Primary component (Sect. 6.1.2) has a flatter shape toward
lower energies, instead of decreasing rapidly as represented by the strong absorption.
This condition may be realized by physical processes such as partial and/or ionized
absorption, which we already invoked in Sect.5.2.6 when analyzing the data of
NGC 3227. Since this possibility cannot be ruled out, we must be cautious about
the values of Ny attributable to the Hard Primary component; it may decrease by
several times if higher values of C are chosen. Nevertheless, the higher energy part
of the stationary component is much less (<10 %) affected by the uncertainty in C.
Therefore, the very hard nature of the Hard Primary component is considered more
robust. In particular, as argued in Sect.5.2.5, the Faint Branch spectrum of NGC
3227, with significant absorption, is important, because it becomes almost solely the
Hard Primary component after subtracting the distant reflection.

6.1.4.2 Limitations

Let us also consider limitation of the C3PO analysis. This method, needless to say,
cannot be utilized if the object is not variable. In addition, it can be applied only to
those AGNs of which the CCPs are characterized by linear data distributions, like
those studied in the present thesis. However, some objects show non-linear CCPs as
presented in Fig. 6.4. Such behavior may take place if, e.g., two or more components
are varying independently on similar time scales, or when the intensity changes are
mainly caused by those in the absorption, or when a single component varies both
in intensity and spectral shape. Since this kind of CCPs cannot be reproduced by a
straight line, the C3PO method cannot be applied to those AGNs. They are beyond
the scope of the present thesis.

By the C3PO method, we succeeded in obtaining two spectral components (vari-
able and stationary), from both the soft and hard X-ray bands, hence, 2 x 2 = 4 com-
ponents in total. Because the variable component in the soft X-ray band is considered
to be the same as that in the hard X-ray band, namely the Broad-Band Primary, one
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Fig. 6.4 A CCP of the 6
narrow line type I Seyfert
galaxy 1H0707-495 (Fabian 5t

and Miniutti 2005). Black
and red data points are from
different observations
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variable and two stationary components were, in reality, extracted. However, each
of these components can be a composite of multiple sub-components which vary on
similar time scale. Thus, the number of the obtained components must be a lower
limit. In fact, the stationary component in the hard X-ray band can be divided into
the Hard Primary component and the neutral disk reflection component, by a spectral
fitting which is independent of the C3PO method, or utilizing long-term variations
(in NGC 3227; Sect.5.2.5).

6.2 A Novel Picture of AGN X-ray Spectra

Our results summarized in Sect.6.1 may be illustrated in Fig.6.5, which gives a
novel picture of AGN X-ray spectra, to replace the previous one shown in Fig. 1.11.
In this view, the Soft Primary component in red and the Hard Primary component
in purple are primary components, as well as the fast variable Broad-Band Primary
component in green that was previously regarded as the only primary emission. The
largest difference from the previous view appears in the interpretation of the hard
X-ray signals. A part of the hard X-ray (15-45 keV) hump, which was so far inter-
preted solely as secondary components such as relativistically-blurred reflection
and/or a partially-absorbed Broad-Band Primary, is in reality contributed signifi-
cantly by the slowly-varying Hard Primary component (the 3rd in Sect.6.1.2) dis-
covered in the present thesis.

Our novel picture evidently has important implications for the central engine. In
this view, the spectral shape of the primary continuum is concave as a sum of the
three components (the Soft, Broad-Band, and Hard Primaries), in contrast to the
previous picture (Fig.1.11) where the primary emission was assumed as a single
PL. Furthermore, these primary three components are all explained most reasonably
in terms of inverse-Comptonization of some seed photons, as they are reproduced
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Fig. 6.5 A novel schematic picture of AGN X-ray spectra. Green, red, purple, and blue lines repre-
sent the rapidly variable Broad-Band Primary component, the slowly variable Soft Primary compo-
nent (Chap.4), the strongly-absorbed Hard Primary component without rapid variation (Chap.5),
and the neutral disk reflection component, respectively

by Compton or PL (Sects.4.3.4 and 5.4.2). This means that the central engine of
AGNs are composed of multiple primary coronal regions with different electron
temperatures and/or different optical depths, presumably reflecting complex geom-
etry of the overall primary emission region. Below, from Sects. 6.3 through 6.5, we
discuss, one by one, the four characters of Fig. 6.5, and consider a possible geometry
of the central engine in Sect. 6.6.

6.3 Neutral Disk Reflection Component

According to our new picture presented in Sect. 6.2, the neutral disk reflection com-
ponent (represented by a blue broken line) is the only genuine secondary component,
produced presumably in outer accretion-disk regions or molecular torus (Sect. 1.2.4).
Of course, this is component has long been known, but our new method allows us to
much better constrain the reflection parameters, including the Fe abundance Ap. and
the reflector solid angle 2. To see this, we repeated the fitting to the 2009 spectrum
of NGC 3516, but this time, without fixing Ag. to 1 Solar (cf. Sect.5.1.7). Figure 6.6
shows how the data constrain A, and €2, when only the time-averaged spectrum is
fitted (panel a) as performed in many previous works, and when the C3PO-derived
two components are simultaneously incorporated (panel b) as in Chap.5. Without
the C3PO-derived components, the two parameters degenerate as shown in Fig. 6.6a,
imposing very large errors on both parameters. In this case, we would not be able
to discuss physical condition of the reflecting materials surrounding the central BH.
Previous studies of the X-ray emission form AGNs always suffered this kind of spec-
tral degeneracy (Sect. 1.4.7). On the other hand, the inclusion of the C3PO-derived
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Fig. 6.6 Confidence contours of the Fe abundance and the solid angle of the reflection, obtained
in the fit to the time-averaged spectrum of NGC 3516 in 2009, without considering (panel a)
and simultaneously incorporating (panel b) the C3PO-derived variable and stationary components.
Black, red, and green contours represent 68, 90, 99 % confidence levels, respectively

components have drastically reduced the errors on the two parameters (panel b).
Thus, we have revealed almost model-independently that the scattering materials
which generated the reflection component of NGC 3516 in 2009 have Ag. ~ 1.2
Solar value and 2 ~ 3.8, within errors of several tens percent. This great improve-
ment occurs in the following way. In Fig.6.6a, the Fe-Ka line flux is accurately
constrained by the time-averaged spectrum, but the secondary continuum is not, due
to its confusion with the primary continuum. If €2 is decreased, the reflection in the
hard secondary continuum would be compensated by adjusting the other (primary)
components, while Ag. would increase to explain the line photon flux. This produces
the strong anti-correlation between the two parameters. This kind of degeneracy is
solved by our C3PO method (particularly in this case where the absorbed Hard Pri-
mary component is absent), because the stationary component accurately constrains
both the Fe line flux and continuum of the reflection signals.

In the fit to NGC 3516 in 2009 in Sect.5.1.7, the Fe-Ka line width was fixed at
o = 0.035keV. To examine the distance of the reflector, we repeated the triplet fits
with o left free, and obtained an upper limit as o < 0.05keV. If we identify the
reprocessor with an optically-thick accretion disk in Keplerian rotation, its typical
distance is hence constrained as 22500Rs, where Rg ~ 6 X 10'2 cm for a BH mass
of 2 x 10’ M, in NGC 3516. In addition, we can independently estimate the distance
of the reprocessor because the reflection component of NGC 3516 in 2009 was
extracted as emission that was constant during the observation period of ~500ks.
This means that the reprocessor must be extended over a linear dimension larger than
~500ks x ¢ ~ 1.5x10'® cm ~5000Rs, in good agreement with the estimation from
the Fe-K line width. Thus, in the triplet fit of NGC 3516 in 2009, we succeeded in
constraining, much better than before, the distance to the repocessor which generated
the secondary X-rays, as well as its Ap, and 2.
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Fig. 6.7 The solid angle of reflection (divided by 27) against illumination by the Broad-Band
Primary component (the 1st in Sect.6.1.2), shown as a function of the 3—10keV flux in all the
Suzaku observations utilized in the present thesis; NGC 3516 (red), NGC 3227 (green), NGC 4051
(blue), MCG—-6-30-15 (purple), Mrk 841 (cyan), NGC 5548 (orange), and 1C4329A (black). A
dashed line and a dotted line indicate solid angles of 2m and 4, respectively. Filled circles show
the results summarized in Tables 5.4, 5.6, and 5.10, while open circles give revised values when the
solid angle is calculated against the Broad-Band and Hard Primary continua in Sect. 6.1.2

The estimated 2 (Fig. 6.6b) of NGC 3516 in 2009 is much larger than the value of
27, expected for an infinite plane of an accretion disk. How about the other AGNs?
Fig.6.7 summarizes the values of 2 of the analyzed AGNs obtained in the triplet
fits, as a function of their 3—10keV flux. As best represented by the behavior of
NGC 5548, all the AGNs exhibit negative correlation in Fig.6.7. Some data points
including the faintest occasion of NGC 5548, NGC 3516, and NGC 4051 show
very large values of 2 to reach an unphysical vale of ~4x. This discrepancy can
be solved, when we take it into account that the primary source was rather faint in
these observations, while the reflected emission, generated at ~5000Rs/c, should
represent a longer-term average luminosity. Actually, if we consider the average
3-10keV flux of NGC 5548 to be ~1.5 x 107! erg s=' cm™2, the solid angle
becomes reasonable at 2 ~ 27.

Although the unusually large values of €2 can be thus explained in some cases, the
puzzle still remains for the 2005 observation of NGC 3516 and the bright occasions
of NGC 4051, because these data were taken in a relatively bright phase. These
cases can be solved by a different idea: the values of €2/27 in Fig. 6.7 (filled circles)
were calculated assuming that the illuminating primary signals come only from the
Broad-Band Primary (green in our spectra), while the reality is that the Hard Primary
(purple), regarded as another primary emission, must be contributing as well. In other
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words, the value of €2 should be shared by the two PL components. Open circles in
Fig.6.7 show the solid angles re-calculated by taking into account the illuminating
primary X-rays from the harder PL. All of them, including NGC 3516 and NGC
4051, become consistent with & ~ 27 or less, which is physically natural for an
infinite plane. Thus, the presence of the Hard Primary component is essential in
obtaining correct understanding of the reflector.

6.4 Optically-Thick Compton Interpretation
of Soft Primary

The largest significance of our results obtained in Chap.4 is that the long-known
soft X-ray feature, which was so far identified in “static” ways through spectral
fitting as an excess above an assumed PL, has been extracted in dynamical ways
without assuming any continuum model. In Sect.4.3, we selected several types of
AGNs which left a significantly positive y-intercept in the CCPs between 0.5-3 and
3-10keV band, and systematically applied the C3PO method to obtain the stationary
soft component. This component was confirmed to be responsible for the soft excess
phenomenon, and to be common to different types of AGNs, including even the more
strongly absorbed one. Although the C3PO decomposition did not work in Sect. 4.3,
in 7 out of 12 AGNs, these 7 objects, as already argued therein, do not appear to
be qualitatively different from the successful 5 objects; simply they were somewhat
fainter, or had smaller soft-excess strengths. Therefore, our results derived in Sect. 4.3
are considered to be general enough.

Another scientific importance of the results in Chap. 4 is that the soft excess sig-
nals in our sample AGNs have been confirmed to be primary photons, rather than
some secondary ones (e.g., ionized relativistic reflection). This is mainly because
the soft component has been extracted as an independent emission that has different
variability characteristics from those of the main PL. Furthermore, in Sect.4.1.7, the
C3PO-extracted soft excess component of Mrk 509 was successfully reproduced by
a thermal Comptonization component with a low electron temperature of ~0.4keV
and a high optical depth of ~15. Recently, Mehdipour et al. (2011) conducted simul-
taneous mutli-wavelength observations of Mrk 509 with XMM-Newton, Hubble,
FUSE and Swift. As shown in Fig. 6.8, they detected a steep continuum ranging from
the optical to the soft X-ray frequencies, and interpreted it as a soft Comptoniza-
tion component with an electron temperature of ~0.2keV and an optical depth of
~17, which are very similar to the Compton parameters we derived (Sect.4.1.7).
This means that the independent two analyses, our timing analysis and their multi-
wavelength spectral fitting, revealed the presence of the same soft Comptonization
emission. As described in Sect. 4.3.4, the same interpretation applies to the soft excess
components from the 5 AGNs in addition to Mrk 509.

In what kind of coronae are these Soft Primary signals produced? Their time vari-
ability is much lower than that of the Broad-Band Primary component, and occurs on
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Fig. 6.8 Multi-wavelength spectral fitting of Mrk 509 (Mehdipour et al. 2011). Red shows the data
of OM onboard XMM-Newton, purple the HST/COS, brown the FUSE, and green the EPIC-pn
onboard XMM-Newton. Grey solid line represents the blackbody emission, dark green solid line the
broad-band primary emission, while the dashed purple line the stationary soft primary component

time scales of several days to weeks which correspond to 2> 10° Rg in Mrk 509. Consid-
ering these spectral and variability characteristics, one possible location of the corona
may be surface of the accretion disk. Although the temperature of a standard accre-
tion disk in AGNs cannot theoretically reach such a high temperature as ~0.5keV
(Sect. 1.3.3), its surface might harbor a considerably hotter atmosphere when illu-
minated by the main hard X-ray emission (the two harder primaries) with a high
luminosity of ~10* erg s~!, or when heated by magnetic mechanism (Sect. 1.4.1).
As described in Sect. 6.7, simultaneous X-ray and optical observations of selected
objects could be useful to reveal the origin of the Soft Primary component.

6.5 The Hard Primary Component

6.5.1 Photon Index Versus Absorption

In Chap. 5, we succeeded in obtaining two variable hard X-ray continuum compo-
nents with different properties; one is a weakly absorbed softer PL with faster vari-
ability, called the Broad-Band Primary component, and the other a more strongly
absorbed harder PL with slower variations (Hard Primary; Sect.6.1.2). To charac-
terize them, we produce, in Fig. 6.9, a scatter plot between Ny and I' of these com-
ponents after Tables 5.4, 5.6, and 5.10. There, we employed only Ny of the neutral
absorption, while the ionized absorption was ignored. Because the absorption to the
Hard Primary in the Faint branch of NGC 3227 was partial, each spectrum defines a
pair of data points, with and without the absorption by Ny ~ 10%* cm~2 (connected
by red lines). A vacancy seen at (I, Ny) = (=2, = 5 x 10> cm~?) is considered
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Fig. 6.9 Column densities against photon indices of the variable (open circle) and stationary (filled
circle) PL. components, which have been identified with the Broad-Band and Hard Primaries, respec-
tively, taken from Tables 5.4, 5.6, and 5.10. The partially-absorbed hard primaries in the 2nd, 5th,
and 6th observations of NGC 3227 are plotted twice; one is strongly absorbed, while the other
weakly, which are connected together by red dotted lines

due to the selection effect, because we chose type I AGNs with a total absorption of
Ny <103 ecm™2.

In Fig. 6.9, the overall data points appear separated into two groups, a steeper-
slope group and a flatter-slope one, separated by a gap at I" ~ 1.9. The Hard Primary
components all belong to the flatter-slope group. The Broad-Band Primaries mostly
belong to the steeper-slope group, but with two exceptions, namely NGC 3516 in
2009 and NGC 5548 (all 7 data sets combined together). Thus, some caution is
needed when we examine these two particular cases.

6.5.2 Estimation of Comptonization Parameters

Let us interpret Fig. 6.9 in terms of thermal Comptonization (Sect. 1.4.1). The photon
index of ~1.6 representing the flatter-slope group is consistent with those reported in
the past studies (e.g., Mushotzky 1976; Tucker et al. 1973), and those of black hole
binaries in the low/hard state (e.g., Remillard and McClintock 2006). In addition, it
is relatively similar to theoretical predictions (e.g., Haardt et al. 1994; Haardt and
Maraschi 1993), and presumably well explained as thermal Comptonization continua
(Sect. 1.4.1). Utilizing Eqgs. (2.7, 2.8), the Compton y-parameter can be estimated as
~1.4, and the optical depth becomes 0.8, when assuming an electron temperature of
kT, = 200keV.

The photon index of ~2.3, representing the steeper-slope group in Fig.6.9, is
slightly larger than the theoretically preferred value. Such a steeper PL continuum
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has often been observed in many highly accreting AGNs such as Narrow Line Seyfert
I galaxies (e.g., Laor et al. 1994; Boller et al. 1996). The y-parameter is estimated as
~0.8, and the optical depth becomes 0.4, when we assume the same k7. = 200keV
as before.

As above, the flatter- and steeper-slope groups differ, interestingly, by a factor
of ~2 in their Compton optical depth 7, assuming a common k7,. To examine
whether this property depends on the assumed value of kT, we produce Fig.6.10
from Egs. (2.7, 2.8), where the expected photon index I' is displayed on a (kT T)
plane. With any value of k7, between 10 and 1000keV, the flatter-slope group is
concluded to have about twice higher 7 than the steeper-slope group.

6.5.3 Dependence on the Eddington Ratio

Apart from a few exceptions, the present AGNs generally host two hard X-ray con-
tinua, the variable and the stationary ones, which have been identified with Broad-
Band and Hard Primary components, respectively. (Although this division is not
completely identical to that of Fig. 6.9, we come back to this issue later in Sect. 6.5.4.)
Then, which parameter determines the relative dominance of the two continua? Let
us tentatively employ the Eddington ratio n as the parameter, because this is the
most fundamental parameter that controls the accretion physics. For this purpose,
Fig.6.11 displays flux ratios of the Hard versus Broad-Band Primaris, calculated in
the 6-10keV range, as a function of 7. The 6-10keV band was chosen because it is
not affected by the absorption so strongly, and not much contributed by the distant
reflection (Fig.6.5). The value of 1) was estimated from Eq. (2.1) and the black hole
masses in Sects. 5.1, 5.2, and Table 5.8; the bolometric luminosities were calculated
by multiplying the observed 3—10keV fluxes by a common bolometric scaling fac-
tor of 10, and then scaling for the redshift. In Fig.6.11, each AGN appears twice;
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the brightest and faintest observations among all, connected by a line. Because the
intensity changes of an object among its multiple observations is mostly attributed
to variations of the Broad-Band Primary (except for NGC 3516), with the Hard Pri-
mary component showing smaller or no changes, the connecting line always have a
negative slope. Since NGC 3516 in 2009 and NGC 5548 exhibited no Hard Primary
component (the stationary signals are explained solely by the distant reflection),
only upper limits are shown. In contrast, the Faint branch of NGC 3227 showed no
Broad-Band Primary component, and it is expressed as a lower limit.

Figure6.11 reveals a clear dependence of the Hard/Broad-Band Primary ratio
on 7. While this spectral ratio is approximately constant at 0.3—1 for = 0.01, it
increases drastically as the object becomes less luminous. In other words, 7 can be
indeed regarded as the controlling parameter. However, NGC 5548 and NGC 3516
are seen to violate this general trend. This issue is considered in the next subsection.

6.5.4 Re-classifying the Two Hard X-ray Components

InFig.6.11,NGC35161in2009 and NGC 5548 exceptionally deviate from the general
spectral dependence on the Eddington ratio. This may be related to the fact that the
dominant hard X-ray continua in these two cases, though obtained with the C3PO
analysis as the variable PL components, are classified in Fig. 6.8 into the flatter-slope
(to be identified with the Hard Primary) group. This suggests that we should employ
the classification of Fig. 6.9, rather than the ways (either “variable” or “stationary”
in the C3PO procedure) through which these components were identified.
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Fig. 6.12 Same as Fig. 6.11, but the variable PL components of NGC 3516 in 2009 and NGC 5548,
once considered in Fig. 6.12 as the Broad-Band Primary, are re-considered as the Hard Primaries

With the above suggestion, we modified Fig.6.11 into Fig.6.12, by changing
ordinate from the variable-PL versus stationary-PL ratio into those between the
flatter-slope PL to the steeper-slope one, which we identify with the ratios of the
Hard and Broad-Band Primaries. Obviously, data points other than NGC 3516 (in
2009) and NGC 5548 have remained unchanged, because the two classifications
schemes are equivalent for them. Now, all the objects consistently follow a common
dependence, and define a kind of state transition at  ~ 0.01.

In creating Fig.6.12, we carried out some additional analysis shown in Fig. 6.13.
There, we refitted the same spectra of NGC 3516 (2009) and NGC 5548 as in
Figs.5.8a and 5.21d, but including an additional softer PL (in green), representing
Broad-Band Primary, with its slope fixed at 2.3. The obtained upper-limit normal-
izations for the additional softer PL were then converted to the lower limits shown
in Fig. 6.13. Thus, the C3PO-derived variable spectra in these two exceptional cases
were interpreted to consist of a stronger flatter-slope PL, and a weaker steeper-slope
PL. Based on the above results, we consider that the variable I' ~ 1.7 PL of NGC
3516 in 2009 (Fig. 5.8a) and NGC 5548 (Fig.5.21d), though derived as the variable
part of the data, should in reality be regarded as the Hard Primary components of
the other AGNs, and of NGC 3516 itself in 2005. Actually, the light curves of NGC
3516 in 2009 (Fig.5.1b) and NGC 5548 (Fig.5.18d) lack rapid variations that are
seen in NGC 3227, NGC 4051, and MCG-6-30-15.
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Fig. 6.13 Panel (a) and (b) are same as Figs. 5.8a and 5.21d, respectively, but model_ v isreplaced
bymodel_v” = Phabs * Ioabs * (PL1l + PL2),where PL1 is the Hard Primary (I" ~
1.7; purple), and PL2 is the Broad-Band Primary (I' = 2.3; green) components. The PL2 intensity
is set at its upper limit

6.6 A Possible Geometry of the AGN Central Engine

Let us qualitatively consider a possible geometry of the AGN central engine, which
is suggested by the present work. The most important conditions are the following
five.

1. The geometry must accommodate at least these PL-shaped primary components,
i.e., the Broad-Band Primary, the Soft Primary, and the newly found Hard Primary.

2. The Hard Primary component is less variable on short timescales, and is more
strongly absorbed, than the Broad-Band Primary component.

3. The Hard Primary component requires an optical depth which is about twice
higher than the Broad-Band Primary one (Fig.6.10), when the same k7T (e.g.,
~200keV) is assumed.

4. When the accretion rate gets lower, the Hard Primary component relative to the
Broad-Band Primary one increases.

5. The Soft Primary component representing the long-known soft excess phenom-
enon is yet another Comptonized emission with a relatively low k7. and a high 7
(Sect. 6.4), presumably near the accretion-disk surface.

A difficult part of this attempt is how to explain, in a natural way, the differences
between the Hard Primary and Broad-Band Primary continua. The 3rd condition
above may provide a clue, suggesting that the Hard Primary photons are generated
after Compton scattered twice, while the Broad-Band Primary ones only once. If this
condition is somehow realized, the slower variability of the Hard Primary PL (2nd
condition) is automatically satisfied, because variations in the single-scattered pho-
tons would be smeared out in the second scattering. The 4th condition must be consid-
ered on the basis of the generally accepted view (Sect. 1.3.3) of geometrical changes
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Fig. 6.14 A geometry of the AGN central engine suggested by the present work in the case of a
17 < 0.01 and b7 2> 0.01. Green, red, purple, and blue lines represent the Broad-Band Primary
component, Soft Primary, Hard Primary, and the black body radiation from the accretion disk,
respectively

of the accretion flow, from an standard disk to an optically-thin and geometrically-
thick flow like the idea of RIAF (Sect. 1.3.3), which will take place as the accretion
rate decreases. In short, the key point is how to improve the generally accepted disk-
corona picture (Sect. 1.3.3), so that the distinction between the Broad-Band Primary
(presumably single-scattered) continuum and the Hard Primary one (scattered twice)
in physically natural and reasonable ways.

The above consideration leads us to propose a quantitative geometry of the AGN
central engine as shown in Fig. 6.14. There, an optically-thick accretion disk (red) is
considered to intrude partially into an inflated RIAF-like region, or corona (yellow),
where electrons are expected to attain a high temperature (e.g., 200keV) presumably
through Coulomb collisions by ions which are much hotter due to their larger mass.
Soft photons from the disk will be Comptonized in the corona into hard X-ray signals,
which are considered to take either of the following three paths. (Path 1) Escape from
the corona and directly reach distant observers (located in various directions). (Path 2)
Reach the other side of the corona, and again scattered therein. (Path 3) Swallowed
into the BH due to the gravitational light bending. As the scattering point becomes
closer to the central BH, the probability of Path 1 is expected to decrease, while that
of Path 3 to increase. The Broad-Band Primary component is considered to be just
these hard X-ray photons which emerged via Path 1, particularly those created at
relatively outer coronal regions where the corona is cooler due to efficient cooling by
the soft photons. On the other hand, Path 2, particularly in regions close to the BH, is
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considered to produce the Hard Primary component, because the second scattering
will naturally double the Compton optical depth, and will smear out fast variations
as the photons travel from the first scattering points to the second.

When n < 0.01, the corona will increase in both radial and vertical directions,
as theoretically predicted by Fig.1.8. Then, as illustrated in Fig.6.14a, a mutual
viewing factor between the nearer and farther sides of the corona will increase, and
hence the Hard Primary component via Path 2 will be enhanced. When 1 > 0.01,
the corona presumably diminishes in size (Fig. 1.8). Even through the Path (1) will
remain relatively unaffected, a larger fraction of photons that are scattered in the
corona into forward directions (towards smaller radii) will take Path 3 rather than
Path 2. As a result, the Hard Primary component will diminish.

The above scenario can, at least qualitatively, explain the origin of the two hard X-
ray continua and the M -dependence of their relative strengths. Quantitative enhance-
ment of the scenario may be achieved by, e.g., numerical simulations considering
general relativity. However, we must here admit that a few issues still remain unac-
counted. One is the Faint branch of NGC 3227, in which the Broad-Band Primary
component disappeared while the Hard Primary component still persisted. This prop-
erty cannot be readily explained by the present scenario, and requires its further
refinement/modification.

Another problem is the relatively strong absorption seen in the Hard Primary.
Except in MCG-6-30-15, the effect can be well explained by neutral absorption.
Actually, if fitting hard PL. components with a model of a power law absorbed by
ionized matters, an upper limit of the ionization parameter is obtained as & < 10'2
erg s~ cm, which is essentially consistent with being neutral. The absorber under
consideration must affect the Hard Primary photons, but not those in the Broad-
Band Primary continuum. Then, the only possible location of such an absorber is the
conical opening region above (and below) the BH. Assuming a typical size of such a
region as, e.g., | x 1073 pc = 3 x 10" cm ~300 R (for a BH mass of 3 x 107 M),
the average absorber density to create a column density of ~10%* cm~2 should be
n~3x107 f~! cm™3, where f is filling factor of the absorbing gas. Then, from Eq.
(2.9), such an absorber is estimated to have an ionization parameter £ ~ 300 f for
an assumed luminosity of 102 erg s~!, and the observed constraints can be fulfilled
if f < 0.3. Interestingly, these conditions of the absorber is similar to those of
clouds in the the broad-line region (Sect. 1.2.4; Table 1.2). Therefore, the absorption
of the Hard Primary continua may be related to the broad-line region. However, the
values of Ny and ¢ of the absorption to the Hard Primary continuum are subject
to considerable uncertainties, due to the problem of the C3PO method explained in
Sect.6.1.4, as well as the selection effect mentioned in Sect.6.5. This difficulty in
explaining the difference of absorption between the two primary components remains
another unanswered problem in the present work.
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6.7 Future Work

To strengthen our new spectral view (Fig.6.4) and new geometry (Fig.6.14) and
to better understand the nature of the Hard Primary component, the following two
ways are considered effective; one is multi-wavelength simultaneous observations
in the X-ray and optical wavelengths, and the other is use of the next X-ray satellite
ASTRO-H with unprecedented capability.

6.7.1 Simultaneous Observations with Suzaku
and Optical Telescopes

Although X-ray observations are powerful in studying the AGN central engine, two
pieces of important information are missing. One is the condition of the optically-
thick accretion disk, of which the emission does not reach the X-ray energies. The
other is accurate measurements of the accretion rate, since X-ray emission from
optically-thin accretion flows, as represented by the name of RIAF (Sect. 1.3.3), may
not be proportional to the accretion rate, M. These two shortcomings are compensated
simultaneously, by the information of optical continuum, which is considered to arise
from the optically-thick accretion disk. This urges us to attempt simultaneous optical
and X-ray observations of suitable AGNs.

For the above purpose, we have proposed 6 Suzaku observations of NGC 3516, all
of which were successfully accepted for the AO-8 cycle. We have also succeeded in
having these X-ray observations all simultaneously followed up by Japanese 5 optical
telescopes shown in Fig. 6.15; from north to south, Pirika (Hokkaido), Kiso Schmidt
(Nagano), MITSuME (Yamanashi), Nayuta (Hyogo), and Kanata (Hiroshima). Each
Suzkau observation has a net exposure of ~50ks, and intervals between them are

Fig. 6.15 Positions of 5
medium-size the Japanese
optical telescopes utilized in
the 6 simultaneous
observations of NGC 3516

with Suzaku ‘«; ;

Pirika

Kiso Schmldt'

- 3..®;:.':','MITSuME

S
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taken as 2 weeks, 1 month, 2 month, half a year, and a year. Thus, we can extract the
variable and the stationary components by the C3PO method in each observation,
and compare their individual intensity variations with those of optical signals, on
various timescales from several weeks to 1 year.

In the past, a number of X-ray and optical simultaneous observations have been
conducted. As a result, some AGNs such as NGC 3227 and NGC 5548 showed
tight X-ray versus optical correlations, while other AGNs such as NGC 4051 and
MCG-6-30-15 did not (e.g., Breedt 2009; Suganuma et al. 2006; Uttley 2006). In the
light of the present studies, this may be because the Broad-Band Primary and Hard
Primary components (and sometimes the Soft Primary component) were all mixed
up together. In our studies, we can compare the intensity of each X-ray component
with that of optical signals, and hopefully identify which X-ray component is best
correlated with, or even following/leading the optical emission.

6.7.2 Studies with ASTRO-H

Being developed under an extensive international collaboration, the 6th Japanese
X-ray astronomical satellite ASTRO-H will be launched in 2015, as a powerful suc-
cessor to Suzaku. Major capabilities of ASTRO-H include the extremely high energy
resolution (~0.1% at 6keV) realized by the Soft X-ray Spectrometer (SXS) placed
at a focal plane of the Soft X-ray Telescope (SXT), and an extremely wide (0.3—
600keV) energy coverage with high sensitivity, jointly realized by the Soft X-ray
Imager (SXI), the Hard X-ray Imager (HXI) at the focus of the Harf X-ray Telescope
(HXT), and the Soft Gamma-ray Detector (SGD). As exemplified by a simulated
0.3-600keV spectrum of Mrk 509 in Fig.6.16, a combination of the SXI, the HXI,

ASTRO-H (0.3-300 keV)
0.1 s -
Simulation
0.01F
7z i \ Soft Prlmurﬁ_ -
- Hard Primary / 3
Neutral disk \
. eflection+Fe-Ko.
4 Disk black body H \
10 o L R | . . )
0.01 0.1 1 10 100
Energy (keV)

Fig. 6.16 The same wide-band spectra of Mrk 509 as presented in Fig. 6.8, but with the XMM-
Newton actual data replaced with simulations for ASTRO-H for an exposure of 100ks. The assumed
spectral composition refers to Fig. 6.4. Green, red, purple, blue, and brown lines show models of
the Broad-Band, Soft, Hard Primary component, neutral disk reflection accompanied by Fe-Ko
emission /ine, and the black body radiation of the accretion disk, respectively
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and the SGD will allow us to detect an AGN X-ray spectrum from ~0.3 to ~300keV,
to apply the C3PO decomposition to the entire energy range, and to measure the elec-
tron temperature (and hence the optical depth) of the coronae which have remained
poorly constrained. Furthermore, utilizing the SXS, we can study absorption and
emission lines in detail, and physical conditions of absorbers and reprocessors. This
will also help us to study primary emission, by correctly eliminating the secondary
components.

6.8 Conclusion

In the present thesis, we developed a variability-assisted spectral analysis method
called C3PO, which allows us to model-independently decompose a time-averaged
spectrum of an AGN into a variable and stationary components during an observation.
With the method, we analyzed a dozen of Suzaku data sets of type I AGNs, focusing
on separately their soft and hard X-ray bands, and obtained the following results.

1. The soft X-ray (0.5-3keV) signals of the AGNs with relatively high luminosities
of >10* erg s~! are composed of a rapidly (on several hours) variable component
with ' ~ 1.8, and a slowly (on several days—weeks) varying soft component
with a slope equivalent to I' ~ 4. The former can be interpreted as a main
broad-band Comptonization component, to be called the Broad-Band Primary
component, which has been well recognized as the primary component in many
AGN X-ray studies. The latter can be identified with the “soft excess” feature
which has long been known in many AGNSs, and was successfully interpreted
also as a thermal Componization, to be called the Soft Primary component with
an electron temperature of ~0.5keV and an optical depth of 10-15. Thus, the
mysterious soft-excess phenomenon has been understood as a part of the primary
continuum.

2. The hard X-ray (3—45keV) spectra of those AGNss that show the largest variations
among the Suzaku data sets consists of; the same Broad-Band Primary compo-
nent (with I' = 1.7-2.2) as identified in 1, the stationary neutral disk reflection
component accompanied by the narrow Fe-Ka line, and a slowly (on several days—
weeks) variable hard PL-shaped (I" = 1.5) continuum. While the first component
is weakly absorbed with Ny < 1022 cm~2, the last one is strongly absorbed with
Ny ~ 10% cm™2, sometimes partially. Because the last component exhibits inde-
pendent time variations from the first one, and has a significantly harder spectral
shape without accompanied by Fe-K emission lines (but sometimes with the Fe-K
edge feature), it can be interpreted as another independent primary component in
the hard X-ray band, to be called the Hard Primary component.

3. The 0.5-45keV spectra from the AGN central engine, which used to be regarded
in the past studies as a single primary component, have been found to consist of the
multiple primary components with different spectral shapes and time variability.
This means that the central engine of AGNs include several coronal regions with
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different physical parameters and distances from the central super massive black
hole.

. The primary X-ray emission from AGNs can no longer be approximated by a
single PL (with a high-energy cutoff). Its spectrum becomes concave in the 0.5—
10keV band, and exhibits some hump in the 15-45keV range which was previ-
ously attributed entirely to the secondary Compton hump. These results require
a significant revision in the determination of the secondary features, including
“broad” Fe-K lines and the reflector’s solid angle.

. On top of these primary continua, the reflection signal with clear Fe-K line and
strong Fe-K edge is superposed as the only secondary component. The reflection,
with neither strong ionization nor relativistic effects, is considered to be produced
by (nearly-) neutral materials, at large (2 1000 R,) distances from the central black

hole.
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