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Abstract

Iron (Fe) K-shell emission lines have been detected in many Supernova Remnants (SNRs) (e.g.
Yamaguchi et al., 2014). Generally the line emission originates from optically thin thermal
plasma heated by the blast wave. Recently, Sato et al. (2016) reported peculiar line emission
at 6.4 keV from the Galactic SNR Kes 79. The spatial distribution of the line emission was
correlated with a molecular cloud rather than the thermal X-ray radiation. Sato et al. (2014)
also discovered a hint of the 6.4 keV emission line from 3C 391, which can be associated with
molecular clouds. Such a 6.4 keV line was also reported from five Galactic SNRs even though
the electron temperatures of its thermal plasma are lower than ~ 1 keV (Nobukawa et al.,
2017). Since almost no iron K-shell lines are emitted from such low-temperature plasma, the
6.4 keV line emission is thought to be generated by non-thermal processes such as interactions
between low-energy cosmic-ray particles and adjacent cold gases, or photoionization. Based
on the large equivalent width of = 400 eV and the absence of the X-ray irradiating sources,
the authors claimed that the low-energy cosmic-ray proton with the ~MeV energy is the most
plausible origin of the 6.4 keV line. However, the property of the 6.4 keV line and the emission
mechanism are still unclear.

In this thesis, the 6.4 keV line emission is systematically searched for using the Suzaku
X-ray Imaging Spectrometer (XIS) data of several Galactic SNRs. The Suzaku XIS is the best
instrument for our purpose, owing to the good energy resolution (~ 130 eV at 6 keV) as well
as the low and stable background. Our sample consists of SNRs in the western side of the
Galactic plane with their coordinates [ > 180° and |b] < 1°0. SNRs known to have plasma
with the temperature higher than 1 keV are excluded, since the Fe Ka line emitted via thermal
processes can be a contamination of our analysis. Then our sample consists of 11 SNRs.

Spatially-extended enhancements of the 6.4 keV line are found from G304.640.1 at a sig-
nificance level of 3.60, G323.7—1.0 at 4.10 and G346.6—0.2 at 3.20. In addition, there are
signs of the 6.4 keV line enhancements at 2.70 in G330.2+1.0 and at 2.2¢0 in G348.54+0.1. In
G304.6+0.1, G323.7—1.0 and G346.6—0.2, the spatial distribution of the 6.4 keV line emission
is different from that of the thermal X-ray radiation. The equivalent width of the 6.4 keV
line is generally large; in particular, the equivalent width of the enhancement in G323.7—1.0 is

larger than 1200 eV. The combined spectrum of the enhancements in the three SNRs shows the
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equivalent width larger than 760 eV. The energy centroid is 6.40 4+ 0.02 keV, indicating that
the ionization state is lower than 100(n./1 cm™2) yr, here n, is the electron number density of
the plasma.

We concluded that the 6.4 keV line does not originate from thermal plasma, based on the
large equivalent width and the low ionization state. The observed equivalent width and the
energy centroid require low-ionized Fe-rich ejecta. Such low-ionized ejecta are quite unlikely
in G304.64+0.1, G323.7—1.0 and G346.6—0.2 because of the relatively old age of the SNRs
(= 10* yr). In addition, it is impossible to generate the young plasma within 100 yr by the
shock heating, since it takes more than 3000 yr to cross the 6.4 keV emitting region assuming
the shock velocity of 3000 km s™!. The 6.4 keV line emission is explained by non-thermal
processes such as K-shell ionization by photons, non-thermal electrons or protons with energy
above the Fe K-edge (7.1 keV). The photoionization scenario is rejected because of the absence
of the X-ray irradiation source. The scenario of the ionization by cosmic-ray electrons is also
unlikely due to the large equivalent width. The interactions between the protons with an
energy of ~ 10 MeV and the adjacent cold gases, on the other hand, can explain the results.

The protons are possibly accelerated in the SNRs.
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Chapter 1

Introduction

1.1 6.4 keV line emission from SNRs

Iron (Fe) K-shell emission lines have been detected in many Supernova Remnants (SNRs). In
most cases the line emission is located around the center of the SNR, and hence the iron is
thought to originate from the ejecta. The Fe-rich ejecta are heated by the reverse shock, and
the ionization state is often lower than the helium-like (He-like) state in young or middle-aged
SNRs (Yamaguchi et al., 2014). The ionization state determines the Fe Ko energy centroid;
its centroid changes to higher energy from Fe X to Fe XXVI (e.g. Vink, 2012). The Fe Ka
lines detected from the SNRs above are emitted from thermal plasma with a temperature of
2 1 keV.

Sato et al. (2016) reported a peculiar Fe Ko line emission centroid at ~ 6.4 keV from the
Galactic SNR Kes 79. The spatial distribution of the 6.4 keV line emission was correlated with
a molecular cloud rather than the thermal X-ray radiation. Thus the 6.4 keV line emission from
Kes 79 is unlikely to originate from the thermal plasma. Such a 6.4 keV line was also reported
from five Galactic SNRs even though the electron temperatures of their thermal plasma are
lower than ~ 1 keV (Nobukawa et al., 2017). Since almost no Fe K-shell electrons can be
ionized in such low-temperature plasma, the 6.4 keV line emission is thought to be generated
by non-thermal processes. The authors claimed that a possible origin of the 6.4 keV line is
interactions between low-energy cosmic-ray protons and the adjacent cold gas. Due to the lack
of the samples, however, the property and the emission mechanism of the 6.4 keV line are still

unclear.
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1.2 Aim of this work

The aim of this work is to reveal the nature of the non-thermal 6.4 keV line emission from SNRs.
First, we systematically analyze the Galactic SNRs focusing on the 6.4 keV line. Then detailed
analyses are performed for the SNRs which exhibit significant 6.4 keV line enhancement. Based
on the results, the possible origin of the 6.4 keV line emission is discussed.

To investigate the 6.4 keV line, it is necessary to resolve the Fe I Ka (6.4 keV), Fe XXV
Ka (6.7 keV) and Fe XXVI Ka (7.0 keV) lines. In addition, the background has to be low
and stable since the signal of the 6.4 keV line is quite weak. The Suzaku XIS meets these
requirements. The energy resolution of ~ 130 eV at 6 keV is enough to resolve the three Fe
Ka lines. In addition, the background level of the Suzaku XIS is low and stable owing to the
low altitude of its orbit. Thus we used the Suzaku archival data for our analysis.

This thesis consists of the following chapters. The basic physics and previous researches are
reviewed in chapter 2. Then characteristics of the instruments on board Suzaku are explained in
chapter 3. The sample selection and the observations are summarized in chapter 4. In chapter 5,
systematic analyses for all selected SNRs are presented. More detailed analyses for SNRs which
show significant enhancement of the 6.4 keV line are shown in chapter 6. Implications of these
results and previous studies are discussed in chapter 7. Chapter 8 gives the summary of this

thesis.



Chapter 2

Review

2.1 Supernova Remnants (SNRs)

SNRs are nebulae composed of heated interstellar gas and ejecta generated by supernovae
(SNe). When an SN explosion occurs, the ejecta expand into interstellar space and generate
strong shock wave. About 300 SNRs have been discovered in our Galaxy (Green, 2009).

2.1.1 Supernovae

The SN can roughly be classified into two groups based on the explosion mechanism; Type
Ia or Core-Collapse (CC). The optical spectrum of a Type Ia SNe has no H absorption line,
and the Type Ia SN is believed to be a thermonuclear explosion of a white dwarf in a binary
system. When the mass of the white dwarf exceeds the Chandrasekhar limit (~ 1.4 Mg) due
to gas accretion or a merger of two white dwarfs, the thermonuclear burning is ignited. Some
elements such as Fe and Si are synthesized rather than O, Ne, and Mg (Nomoto et al., 1984;
Iwamoto et al., 1999). A CC SN is a catastrophic explosion of a massive star (M > 8 My). A
massive star generates heavy elements at the center and finally an Fe core is produced. Since
Fe is the most stable element, the core cannot generate the energy to support itself against the
gravity anymore. Then the star collapses. A strong shock wave is generated by the released
gravitational energy and it propagates outward. The shock wave leads to the explosive nuclear
fusion and ejects the nuclear-fused material outwards. Therefore, the abundances created by a
CC SN are affected by the envelope, which depends on the mass of the collapsing star. Less of
Fe is ejected by a CC SN compared to a Type Ia SN. The remnants of the core are believed to

leave a neutron star or a black hole after the explosion.

3
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2.1.2 Thermal and non-thermal processes in SNRs
Thermal plasma

After an SN explosion, the ejecta expands without deceleration since the interaction with the
low-density ISM is negligible at first. The expansion velocity is typically about 10* km s™!,
which is much higher than the sound speed in the ISM (~ 15 km s™!). Therefore an expanding
forward shock is generated. In addition to the forward shock, shocks propagate inward the
SNR are also generated. As the shock wave passes, the translational motion converts to the
random motion and the gas is thermalized.

Based on the Rankin & Hugoniot relations, the temperature of the post-shock gas is written

by
3
kT = — pmyv? 2.1
16/’1‘ H s ( )
where p, my and vs show the mean atomic mass, the mass of a hydrogen atom, and shock ve-
locity, respectively. Here the gas is assumed to be mono-atomic gas. Typically the temperature
of the heated plasma reaches about 1 keV. The plasma emits the bremsstrahlung and lines in

the X-ray band. The details of the X-ray emission is summarized in section 2.2.

Non-thermal processes

One of the most important processes in SNRs is cosmic-ray acceleration. The principle idea
of the cosmic-ray acceleration is that the changed particles are reflected by moving magnetic
fields (Fermi, 1949). A head-on encounter between a cosmic-ray particle and the magnetic
field leads to the gaining energy, while a tail-on encounter leads to an energy loss. Since the
head-on encounters occur more frequently than the tail-on encounters, the cosmic-ray particles
increase their energy on average. This statistical acceleration is called the second order Fermi
acceleration.

In the environment of shocks, the acceleration process becomes more efficient. If a cosmic-
ray particle reflects between magnetic structures upstream and downstream of the shock, every
encounter is head-on and thus the cosmic-ray particle is accelerated rapidly. This is called the
first order Fermi acceleration. In Bell (1978), the spectrum of the accelerated particles was
theoretically investigated. By considering a statistical escape from the accelerating region, the
spectrum is calculated to be

dN L
5~ E~=. (2.2)

The electrons accelerated to the GeV band can be observed in the radio band. Indeed,

most of the SNRs are identified in the radio band at first. A relativistic electron moving in

an external magnetic field emits continuum-spectrum radiation. This process is called the
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synchrotron radiation. The critical frequency is defined as

yy = BL< £ )2, (2.3)

4dmec MeC?

where e is the electric charge of the electron, m, is the electron mass, ¢ is the light speed, B
is the strength of the magnetic field perpendicular to the motion of the electron, and FE is the
kinetic energy of the electron. The emitted power reaches its maximum at the frequency of
0.29 times the critical frequency (e.g. Rybicki & Lightman, 1979). For example, radiation at
~ 1 GHz is produced by electrons with the energy of ~ 5 GeV assuming a typical magnetic
field of ~ 10 uG. The observed frequency is proportional to the square of the electron’s energy.

When the kinetic energy of the electrons reaches to the TeV band, X-rays are emitted by
the synchrotron radiation. In addition to the synchrotron X-rays, high-energy gamma-rays are
produced by the inverse Compton scattering. In this process, very high-energy electrons scatter
low-energy photons, such as the cosmic microwave background, to higher energy. The power of

the gamma-rays generated by the inverse Compton scattering is given by

P = 4o7pcB*y* Uy, (2.4)

where o7 is the Thomson cross section, § = v/c (v is the velocity of the electron), 7? =

1 — (v/c)?, and the Uy, is the photon energy density.

High-energy gamma-rays are produced also by the high-energy protons. Accelerated protons
produce neutral pions (7") when they collide with other protons in the interstellar matter such
as molecular clouds. A neutral pion decays with a mean lifetime of 8.4 x 107!" s and then

generates two gamma-ray photons. This process is written as
p+p—op+p+r’ = p+p+y+. (2.5)

To produce a neutral pion, the kinetic energy of the incident protons has to exceed ~ 280 MeV.
In this process, the intensity of the gamma-rays is proportional to the multiplication of the
target density and the cosmic-ray proton’s energy density.

Such high energy cosmic-ray particles are thought to be in many SNRs. For example, non-
thermal continuum X-ray spectrum, which can be explained by the synchrotron radiation, was
discovered in SN1006 (Koyama et al., 1995). Later, association of the high-energy gamma-ray
emission was detected (Tanimori et al., 1998) and then the existence of the very high-energy
electrons was confirmed. The SNR RX J1713.7—3946 is also known to emit very high-energy
gamma-rays. The gamma-ray intensity is well correlated with the distribution of the interstellar

medium (Fukui et al., 2012). Therefore it is suggested that the dominant source of the gamma-
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rays is the high-energy cosmic-ray protons.

The cosmic-ray particles above ~ GeV band have been investigated relatively well. Property
of lower-energy cosmic-rays, on the other hand, is less understood, since neither the electrons
nor protons in the ~ MeV band are hard to observe. For example, the “injection” process for
the acceleration is one of the unresolved problems. Although the Fermi acceleration is thought
to start from relatively high-energy particles of the thermal plasma, the detailed process is
still unclear. In addition to the injection, escape process from the accelerating site is also not
well understood. Assuming a typical strength of the magnetic field in the accelerating site of
0.1 mG, the Larmor radius of an electron or a proton with the energy of 1 GeV are 1 x 1078 pc
or 2 x 1078 pc, respectively. Thus the relatively low-energy cosmic-ray particles cannot escape
from the accelerating region if the direction of the magnetic field is random. To discuss the
detailed process of the cosmic-ray acceleration, information of the low-energy cosmic-rays is

necessary.

2.1.3 Dynamical evolution

The dynamical evolution of an SNR can be classified into four phases: free expansion phase,
adiabatic phase, radiative cooling phase and disappearance phase. Each phase is defined as

follows.

Free expansion phase

After an SN explosion, the ejecta expands without deceleration since the interaction with the
low-density ISM is negligible at first. The expanding forward shock sweeps up the ISM. The
boundary between the ejecta and the ISM is called the “contact discontinuity”. Behind the
contact discontinuity, a reverse shock starts to propagate into the ejecta. When the swept-up

mass of the ISM becomes larger, it starts to affect the SNR’s expansion.

Adiabatic phase (or Sedov-Taylor phase)

When the mass of the accumulated ISM becomes greater than that of the ejecta in the SNR
shell, the kinetic energy of the ejecta is significantly transferred to the ISM and the forward
shock is decelerated. The energy loss via radiation is still negligible in this phase. An exact self-
similar solution called the “Sedov-Taylor solution” is established (Taylor, 1950; Sedov, 1959).
The gas flow is characterized by two parameters; initial kinematic energy of the SN explosion
(Ep) and the surrounding ISM density (ng). The radius Ry and the velocity vs of the forward
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shock, and the mean temperature behind the shock front 7§ are given by

By \Y, ng \-15 bo\2/5
R, = 13 (1225) 2.6
( 105lerg) lem=3 10%yr pe (26)
By \Y°, ng \-1/5 PN TE 1
. = 490 ( ) km s~ 2.7
! (1051erg) lem—3 10%yr S (27)
EO 2/ Nno —2/5 t —6/5
T, — 028 ( ) keV, 2.8
( 1051erg) lem—3 10%yr ¢ (28)

where t is the elapsed time after the SN explosion.

Radiative cooling phase

Atoms behind the shock front are highly ionized by the reverse shock at first. As the SNR
expands and cools adiabatically, the ionized atoms start to capture free electrons and they
can lose their excitation energy by radiation. In this phase, the radiative cooling becomes
significant. The efficient radiative cooling decreases the thermal pressure behind the shock

front and the expansion slows down.

Dispersion phase

More and more ISM is accumulated and the swept-up mass becomes much larger than that of
the ejecta. The expansion velocity of the SNR drops to the sound velocity in the ISM, and
the shock wave no longer lasts. Finally, the expansion velocity decreases to the values of the
random motion of the ISM, and then the SNR disperses.

2.2 X-ray emission from SNRs

So far, more than ~ 100 SNRs have been detected in the X-ray band. The thermal X-ray
emission originates from optically-thin plasma heated by the shock wave. The plasma consists
of the ejecta and the swept-up ISM. In this section, basic physics of the X-ray emitting thermal

plasma and processes of the X-ray radiation are explained.

2.2.1 Emission components

X-ray emission from the plasma consists of three major components: continuum emission, line

emission and radiative recombination continuum (RRC).
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Continuum emission; Bremsstrahlung

Continuum emission is produced by free electrons in the plasma via the Coulomb interaction
with ions. This emission is called thermal bremsstrahlung, when the energy distribution of
electrons follows the Maxwellian distribution. The emissivity of the thermal bremsstrahlung is

given by

257eb ( or

1/2
o ) T2 22 nenge "/ ke Tass (2.9)
BM

B 3mec3
where e is the electron charge, c is the light speed, kg is the Boltzmann constant, T, is the
electron temperature, Z is the ion charge, n, is the electron number density, n; is the ion
number density and gg is the gaunt factor for the free-free emission (e.g. Rybicki & Lightman,
1979). Figure 2.1 shows the theoretical spectrum of the thermal bremsstrahlung. Each color
indicates the spectrum from plasma with a temperature of 0.5 keV, 1.0 keV, 2.0 keV, 5.0 keV
and 10.0 keV. Since the spectral shape of the thermal bremsstrahlung depends only on T, the

electron temperature can be estimated from the spectral shape of the continuum emission.
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Figure 2.1: Theoretical spectrum of the bremsstrahlung in the cases of the electron temperature
of 0.5 keV (Black), 1.0 keV (red), 2.0 keV (green), 5.0 keV (blue) and 10.0 keV (cyan).
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Line emission

Line emission is produced by the bound-bound transition between two quantum levels. A

Hydrogen like (H-like) ion, which has one electron, radiates the line emission with an energy of

E=Z7°R, (% - %) : (2.10)
where the Z, R,, n, and n’ indicate the atomic number, the Rydberg constant (Ry = 13.6 eV),
and the principal quantum number of before and after the transition, respectively. In the case
of a Helium like (He-like) ion, which contains two electrons, the transition is more complicated.
The Ka line from the He-line ion consists of three fine structures: the resonance (1s2p 'P; —
1s? 1Sy), forbidden (1s2s 3S; — 1s* 'Sp), and inter-combination (1s2p *Py; — 1s? 'S) lines.

The energy centroid of the line emission depends on the ionization degree, and thus is a
useful tool to estimate the ionization state. Figure 2.2 shows the energy centroid of the Fe Ka
line as a function of the ionization degree. The energy centroid is almost constant from the ion
charge of 0 (Fe I) to 8 (Fe I) at 6.4 keV. Above the ion charge of 8, it varies from about 6.4 keV
(Fe I) to 6.7 keV (Fe XXV). The energy centroid of the Ka emission from the H-like ion (Fe
XXVI) is 6.97 keV.

6-8_'|'|'|'|'|'|'|'|'|'|'|'|'_
6.7 | ;]
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56.6_— 2* ]
5 [ He :
S 65 ! .
= i g 4 J
€3] | 4 4

B .lIII: b
6.4_-.... ..:==. ]
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Ion charge

Figure 2.2: The energy centroids of Fe Ka lines determined theoretically(squares) and obser-
vationally (triangles). This figure is taken from Vink (2012).
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Radiative Recombination Continuum (RRC)

Radiative Recombination Continuum (RRC) emission is produced when a free electron in the
plasma is captured into the atomic shells. The energy of the emitted photon is described as
hv = E. + x, where E, and y are the energy of the free electron and the binding energy of the
captured electron, respectively. The spectral shape of the RRC is a continuum with a sharp
edge at the binding energy, since the energy of the free electron is not uniquely determined in

the thermal plasma. The emissivity is given by

hv —x 1 12 rec hv —x
€RRC = 4neni1hv T Y—— o “exp | — T , (2.11)

C

where n;y; is the density of ions with a charge state of + + 1 and ¢"* is the recombination

cross-section.

2.2.2 Non-equilibrium ionization

The status of the optically thin thermal plasma depends on two temperatures: ionization
temperature (k7,) and the electron temperature (k7). Here the ionization temperature k7,
indicates the ionization degree of ions in the plasma, while the electron temperature determines
the energy distribution of electrons through the Maxwell-Boltzmann distribution. When kT, =
kT,, the ionization rate and the recombination rate is the same. This state is called the
collisional ionization equilibrium (CIE). When kT, < kT, the plasma is in the non-equilibrium
ionization state (NEI) and is called the ionizing plasma (IP). The ionizing process is more
dominant than the recombining process in the IP.

The IP is usually seen in young SNRs due to the following reasons. The SNR shock con-
verts the translational motion of the gas into the random motion and then thermal plasma is
generated. However, the particles in the plasma are not much ionized at first. The timescale
to reach the CIE is estimated as

Tion = 571 (neS;) " = 10%n " s, (2.12)

where n, is the electron number density and S; is the ionization rate coefficient from the jth
ion (Masai, 1984). When we assume the electron density of n, = 1 cm™3, it takes about
3 x 10* yr to reach the CIE. This timescale is comparable to the SNR age, and thus the plasma
in young SNRs are IPs.

In addition to the IP and the CIE plasma, recombining plasma (RP) has been discovered in
some SNRs (e.g. Yamaguchi et al., 2009). In the RP, the ionization temperature is higher than



2.2. X-RAY EMISSION FROM SNRS 11

the electron temperature (kT, < kT,), so that the recombining process is predominant. The RP
cannot be explained by the standard SNR evolution, but two new scenarios have been proposed.
The one is that the ionization of the plasma is advanced by strong X-ray irradiation (Nakashima
et al., 2013) or high-energy cosmic-rays. The other one is that the electron temperature drops
down by adiabatic rarefaction (Itoh & Masai, 1989; Yamaguchi et al., 2009) or by a thermal
conduction with molecular clouds (Kawasaki et al., 2002). It is still unclear which process leads
to the RP plasma.

2.2.3 Iron K-shell emission from the optically-thin thermal plasma

Figure 2.3 shows simulated X-ray spectra of the CIE plasma focusing on the Fe Ka lines, in the
case of the plasma temperatures of 0.5 keV, 1.0 keV, 2.0 keV, 5.0 keV and 10.0 keV. Here the
iron abundance is assumed to be that of the Sun (Lodders, 2003). We can see quite weak lines
near 6.4 keV in the spectrum of the plasma with the temperature of 0.5 keV. The line intensity
becomes stronger as the plasma temperature increases from 0.5 keV to 2.0 keV, since there are
more electrons having enough energy to excite or ionize the inner shell. In addition, the electron
and the ion interact more frequently in the plasma with higher temperature. Above 5 keV, on
the other hand, the line intensity becomes weaker as the plasma temperature increases. This
is explained by the decrease in the number of the iron having electrons.

The energy centroid of the lines becomes higher as the plasma temperature increases, since
the iron is more ionized. Figure 2.4 shows the energy centroid of the Fe Ka line as a function
of the ionization temperature.

The 6.4 keV line, which is the target of this work, is emitted from the plasma with the low
ionization temperature of k7T, < 0.5 keV. The electron temperature of kT, = 0.5 keV, on the
other hand, is too low to emit strong iron K-shell lines (see figure 2.3). Thus the 6.4 keV line is
not observed from the CIE plasma. In the case of the IP, significant 6.4 keV line can be emitted
if the ionization temperature is low enough (k7, < 0.5 keV) and the electron temperature is
high enough (k7. 2 1 keV).

2.2.4 Non-thermal X-ray radiation from SNRs

Diffuse non-thermal X-ray radiation has been detected from some SNRs (e.g. Koyama et al.,
1995). The emission mechanism is thought to be synchrotron radiation by accelerated electrons.
The energy of the electron is required to be ~ 100 TeV to emit X-rays assuming a magnetic field
of ~ 1-10 uG. The existence of such high energy electrons is confirmed by the clear detection
of TeV gamma-rays from the SNRs(e.g. Aharonian et al., 2006a).
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Figure 2.3: Simulated X-ray spectra of the CIE plasma with the temperatures of 10.0 keV
(black), 5.0 keV (red), 2.0 keV (green), 1.0 keV (blue) and 0.5 keV (cyan), focusing on the Fe
Ka lines. The spectra were simulated using apec model in XSPEC.
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Figure 2.4: Energy centroid of the Fe Ka line as a function of the ionization temperature. The
plasma is assumed to be in CIE.

2.3 Non-thermal Iron K-shell emission line

Many SNRs show iron Ka emission lines. Generally the line emission originates from the

optically thin thermal plasma. Since the energy centroids of the lines are lower than 6.7 keV
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in general, the iron is less ionized than the helium-like state. Yamaguchi et al. (2014) reported
the energy centroid of the Fe Ka line in 23 young or middle-aged SNRs. The energy centroids
are distributed from 6.408 ¢V (RCW 86) to 6.674 eV (IC 443) (see figure 2.5). The authors
suggested that the energy centroids are clearly separated by the progenitor types: the Type Ia

remnants show lower centroids than that of the core-collapse SNRs.

Charge number
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Figure 2.5: Energy centroids and luminosities of the Fe Ka lines from type la (red) and CC
(blue) SNRs. The corresponding effective charge number is shown in the top of the panel. The
circle and squares shows the SNRs in the Galaxy and in the LMC, respectively. The shaded
regions indicate the energy centroids and the luminosities predicted by the theoretical models
of the Type Ia SNRs: green, magenta and orange represent DDTa, DDTg and PDD mod-
els, respectively. The DDTa and DDTg are models assuming a delayed detonation explosion,
while the PDD model adopts a pulsating delayed detonation explosion. The figure is taken
from Yamaguchi et al. (2014).

Sato et al. (2016) reported peculiar line emission centroids on ~ 6.4 keV from the Galactic
SNR Kes 79. The spatial distribution of the line emission is correlated with a molecular cloud
rather than the thermal X-ray radiation. Sato et al. (2014) also discovered a hint of the

6.4 keV emission line from 3C 391, which can be associated with molecular clouds. Such a
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6.4 keV line was also reported from five Galactic SNRs even though the electron temperature
of their thermal plasma is lower than ~ 1 keV (Nobukawa et al., 2017). Since almost no iron K-
shell lines are emitted from such low-temperature plasma, the 6.4 keV line emission is thought
to be generated by non-thermal processes such as interactions between low-energy cosmic-ray
particles and adjacent cold gases, or photoionization. Because of the large equivalent width of
2 400 eV and the absence of X-ray irradiating sources, the authors claimed that the low-energy

cosmic-ray proton with an energy of ~MeV is the most plausible origin of the 6.4 keV line.

2.4 Fe line emitted by non-thermal processes

Fe K-shell line can be produced by non-thermal processes such as K-shell ionization by photons,
cosmic-ray electrons or protons with energy above the Fe K-edge (7.112 keV). In this section

the non-thermal processes are reviewed.

2.4.1 Photoionization

Photoionization by X-rays with an energy higher than the Fe K-edge produces the Fe K-shell
line. The irradiating X-rays ionize the K-shell electrons of the Fe atoms, and the Fe K-shell
line is emitted via the de-excitation. This process is called the X-ray irradiation or the X-ray
reflection. Continuum emission is also produced due to the Thomson scattering by either the
outer-shell and free electrons. The equivalent width depends on the cross sections of the photo-
electric and Thomson scattering, density of the electrons and Fe atoms, and the geometry.
When we assume that the spectrum of the irradiating X-rays is represented by a power-law

with the photon index of I', the equivalent width is written as

1 6.4\" 1

here 6 indicates the angle between the incident and scattered X-rays (Tsujimoto et al., 2007).
The Fe abundance is set to be that of the Sun (Lodders, 2003). When the reflection angle is
0 = 90°, the equivalent width becomes the largest value. Figure 2.6 shows the relation between
the equivalent width and the photon index of the irradiating X-rays in the case of § = 90°.
When the photon index of the irradiating X-rays is I' = 2, for example, the equivalent width is

600 eV. The equivalent width is larger as the photon index becomes lower.
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Figure 2.6: Equivalent width of the Fe Ka as a function of the photon index of the irradiating
X-rays. The Fe abundance is assumed to be that of the Sun.

2.4.2 Ionization by non-thermal electrons or protons
Non-thermal electrons

Non-thermal electrons can produce the 6.4 keV line via the ionization of the K-shell elec-
trons. In addition to the line emission, strong continuum emission is also generated by the
bremsstrahlung. These X-ray emission produced by the non-thermal electrons is investigated
in Tatischeff et al. (2012). The solid line in figure 2.7 (a) shows the cross-section for producing
the 6.4 keV line by the impact of a fast electron, while the dashed line shows that for the
bremsstrahlung at 6.4 keV. The vertical axis is shown in the cross-section per one H atom in
the ambient medium. The Fe abundance is assumed to be that of the Sun (Lodders, 2003).

Non-thermal protons

Non-thermal protons can also generate the 6.4 keV line. In this process, the X-ray continuum
is emitted by the collision of a high-speed proton with an electron in the ambient medium.
This process is called the “inverse bremsstrahlung”. The cross-sections for producing the line
and the continuum X-rays by a non-thermal proton is shown in figure 2.7 (b) with the solid
and dashed lines, respectively. The cross-section for producing the 6.4 keV line has a peak

around 10 MeV, and thus the 6.4 keV line is mainly produced by the protons with the energy



16 CHAPTER 2. REVIEW

% d Electrons Protons
2 T SO E =64 ke) I

.g ! \\dEX \\\ dGB (E.=6.4 keV)

A =0. (3

510 F - BT

= r C

= -

= X

=) L L/ N e

s i i

S L L

i a) b)

= : :

e 10 1111 II 1 IIIIIIII 2I IIIIIIII 3I IIIIIIII 4' IIIIIIII 5I L1y 6 L L lIIlllIl 1 1 IIIIIII 2 1 1 IIIIIII 3 1 11 11111 4
© 1 10 10 10 10 10 10 1 10 10 10 10

E, (keV) E, (MeV)

Figure 2.7: Solid lines shows the cross-sections in units of barn per ambient H-atom for produc-
ing the 6.4 keV line by a fast electron (left panel) and proton (right panel). The dashed lines
show the differential cross-section for producing the continuum emission at 6.4 keV in units of
barn per ambient H-atom per keV. The figures are taken from Tatischeff et al. (2012).

of ~ 10 MeV.

Equivalent width

The equivalent width of the 6.4 keV line produced by the non-thermal electrons or protons was
estimated in Dogiel et al. (2011). The relation between the equivalent width and the particle
index of the incident non-thermal electrons is shown in figures 2.8 with a blue curve, while that
of the protons is plotted with a red curve. The equivalent width of the 6.4 keV line produced by
the non-thermal electrons does not exceed 400 eV. The equivalent width of the line produced by
the protons, on the other hand, strongly depends on the spectral index of the incident particles.
When the spectral index of the incident protons is 2, the equivalent width is about 2 keV.
Both of the non-thermal electrons and protons generate secondary electrons by the ioniza-
tion of the ambient gas. The secondary electrons can also contribute to the X-ray emission.
Tatischeff et al. (2012) considered a model in which cosmic-ray particles penetrate into a nearby
cloud composed of neutral gas at a constant rate. In the model, the fast particles slow down
by the ionization and radiative energy losses, and finally stop or escape from the cloud. The
X-ray spectra produced by the cosmic-ray particles depend on the cosmic-ray particle’s spectral
index, mean path length in the cloud, minimum energy entering the cloud, and the metallicity
of the cloud. Based on the simulated X-ray spectra using several sets of the parameters, it was
estimated that the contribution of the secondary electrons to the X-ray spectra is about 15% at

most around 6.4 keV. Therefore the secondary electrons do not strongly affect the equivalent
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Figure 2.8: Relation between the equivalent width of the Fe Ka and the particle index of the
cosmic-ray electrons (blue) and protons (red). The Fe abundance is assumed to be that of the
Sun.

width shown in figure 2.8.

2.5 Diffuse iron Ka emission along the Galactic plane

The Galactic Ridge X-ray Emission (GRXE) is spatially unresolved X-rays along the Galactic
plane discovered by HEAO 1 (Worrall et al., 1982). In addition to the GRXE, the X-ray inten-
sity has a large peak at the Galactic center (Koyama et al., 1989; Yamauchi et al., 1990). The
emission prevailing in the Galactic center region is called the Galactic Center X-ray Emission
(GCXE). The GRXE and the GCXE are collectively called the Galactic Diffuse X-ray Emis-
sion (GDXE). Strong Fe I, Fe XXV and Fe XXVI K-shell lines are seen in the spectrum of
the GRXE. The GDXE composes some part of the X-ray background in our analysis for the
Galactic SNRs.

Both of the GRXE and the GCXE exhibit clear K-shell emission lines of Mg, Si and
S mainly emitted from the low-temperature (K7 ~ 1 keV) plasma and Fe from the high-
temperature (KT 2 5 keV) plasma. Indeed, the GRXE spectrum cannot be explained by a
one-temperature thermal plasma model, but can fairly be represented by a two-temperature
thermal plasma model (Kaneda et al., 1997). Similar two-temperature model is also required
in the GCXE (Uchiyama et al., 2013). In addition to the thermal plasma, a component to
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emit the Fe Ka line at 6.4 keV is required to well represent the spectra. Figures 2.9 show the
GCXE and GRXE spectra fitted with the two-temperature models as well as the 6.4 keV line

and continuum components radiated from cold material (Uchiyama et al., 2013).
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Figure 2.9: X-ray spectra of the GCXE (left) and GRXE (right). The solid lines are the best-fit
models. The dotted lines show the low-temperature plasma (green), high-temperature plasma
(red), cold matter (blue), cosmic X-ray background (cyan), and the foreground (magenta)
model components. The figures are taken from Uchiyama et al. (2013).

The spatial distribution of the GDXE has often been expressed by exponential models.
Uchiyama et al. (2013) modeled the intensity profile of the several emission lines and the
continuum components adopting coordinates of (l.,b.) = (I + 0°056,b + 0°046), where the
origin (I, b,) = (0°,0°) is the position of Sgr A*. The model is given by

I(l,,b,) = I.xexp (—%) X exp (—'Z—') (2.14)

C

+1Ir X exp (—‘ZZ—R|> X exp (—%) ,

where [c and [g are the e-folding scales along the Galactic plane, while bc and br are the
e-folding scales perpendicular to the Galactic plane, for the GCXE and GRXE, respectively.
The normalizations of the GCXE and GRXE components are written by Ic (GCXE) and
r (GRXE). The parameters of the Fe Ka line intensity profiles were obtained as shown in
table 2.1. The errors in table 2.1 are in the 1o confidence range.

More detailed intensity profiles of the Fe Ka lines were investigated in Yamauchi et al.
(2016). They defined four regions along the Galactic plane; (a) |I| < 0°5, (b) I = 358°5, (c)
[ = 356°0-356°4, and (d) |I| = 10°-30°. The latitude profiles of the Fe Ka lines in each region
were modeled assuming that the GDXE is composed of three components; GRXE, GCXE, and
Galactic Bulge X-ray Emission (GBXE). The GBXE is the X-ray emission associated to the
Galactic bulge, and its spatial distribution is more extended than that of the GCXE. In the
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Table 2.1: Parameters of the Fe Ka line profiles obtained by the two-exponential model fit-
ting (Uchiyama et al., 2013).

Component It Ix! le(®) be(°) Ir(°) br(°)
Fe I Ka 6.2+ 0.6 0.21+£0.09 0.62£0.09 0.234+£0.03 5750 1.14+0.6

Fe XXV Ka 14.57+047 091+£0.08 0.634+0.03 0.27+0.01 454+10 294+0.5

Fe XXVI Ka  6.08 = 0.30 0.18 +0.04 0.632 0.272 452 2.92

I 2 2

T The units are 10~7 photons s~ ! cm~2 arcmin 2.
2 These e-folding scales are linked to those of the Fe XXV Ka.

regions (a), (b) and (c), the GDXE is dominated by the GCXE and GBXE. Then the latitude

profiles were modeled by an equation given by

I(b,) = Igoxgexp (_b 0] > + IgpxEexXp (—b|b—*|) , (2.15)
GCXE GBXE

where Igcxg and Igpxg are the normalizations, while bgexg and bgpxg are the e-folding scales

along the Galactic latitude, for the GCXE and GBXE, respectively. In the region (d), on the

other hand, the GDXE is composed of the almost pure GRXE. The latitude profile in the region

(d) was modeled by

b,
I(b*) == IGRXEeXp (—b!}R)’(E) y (216)

where Igrxg and bgrxg are the normalization and the e-folding scale of the GRXE, respectively.
The best-fit values for the GCXE, GBXE, and GRXE were obtained as summarized in table 2.2.
The errors in table 2.2 show the 1o confidence level.

Yamauchi et al. (2016) also obtained the intensity profiles of the Fe Ka lines along the
Galactic longitude. Figure 2.10 shows the Galactic longitude profiles of the Fe I, Fe XXV and
Fe XXVI Ka line intensities. The longitude distribution, in particular of the Fe I Ka line, is
different between the eastern side and the western side of the Galactic plane. The Fe I Ko line
intensity around [, = 357°-358° (western side) is higher than that around [, = 2°-3° (eastern
side). In addition, a significant enhancement in the Fe I Ka line intensity is seen at | = 330°—
340° (see figure 2.10). There is no such enhancement of the Fe I Ka intensity in the eastern
side, | = 20°-30°.

The origin of the GDXE is still under the discussion. A popular idea for the origin is
a superposition of many faint point sources such as active binaries (ABs) and cataclysmic
variables (CVs). Indeed, in a small area near the Galactic center, more than 80% of the flux of
the GDXE has been resolved into point-like sources (Revnivtsev et al., 2009). However, more
than a half of the Fe I Ka line intensity of the GRXE cannot be explained by the assembly
of the CVs and ABs (Nobukawa et al., 2016). The origin of the excess in the Fe I Ko line is
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Table 2.2: Best-fit parameters of the GCXE, GBXE, and GRXE profiles obtained in Yamauchi
et al. (2016).

Region Component Parameter
Normalization (7)? e-folding scale (b)?
[=0° [ =358°5 [ =356°0-356°4

GCXE Fe I Ka 42402 =1_¢p x0.11 = I_g x0.004 0.22 £0.02
Fe XXV Ka 119406 =l_p x011 = I;_g x 0.004 0.26 + 0.02
Fe XXVIKa 49402 =1I_g x0.11 = I_g x 0.004 0.24 + 0.02

GBXE Fe I Ka 0.31 £0.15 0.35£0.10 0.28 £0.07 1.15£0.36
Fe XXV Ka 1.14+0.34 1.15 £0.27 1.04 £0.21 2.25£0.68
Fe XXVI Ko 0.40 £0.12 0.39 £ 0.10 0.19 = 0.06 2.13 £ 0.66

[ =10°-30° [ = 330°-350°

GRXE Fe I Ka 0.23 £0.03 0.28 +0.04 0.50 = 0.12
Fe XXV Ka  0.76 £ 0.02 0.54 +0.03 1.02+£0.12
Fe XXVIKa  0.09+0.02 = I_1po_s00 0.71 + 0.29

T The units are 10~ photons s~

2 The unit is degree.

unclear.

T 2

cm

arcmin—~.

]
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Figure 2.10: Galactic longitude distribution of the Fe I, Fe XXV and Fe XXVI Ka line fluxes.
The red and black colors show the data of the eastern side and the western side of the Galactic
plane, respectively. The figure is taken from Yamauchi et al. (2016).



Chapter 3

Instruments

3.1 Suzaku satellite overview

Suzaku (Astro-E2; Mitsuda et al., 2007) is the fifth Japanese X-ray observatory developed by
Japan Aerospace Exploration Agency (JAXA), launched from JAXA’s Uchinoura Space Center
(USC) on 2005 July 10. The operation had been processed until 26 August 2015. The orbit is
a near-circular path with an altitude of 550 km and an orbital period of about 96 minutes. The
length of the spacecraft is 6.5 m along the telescope axis and the total weight is ~ 1700 kg.

Figures 3.1 shows a schematic view of the Suzaku satellite.

(a) (b) ﬁ@/\

i XRT-I
| \ {4 units)

/ \ 7 Fo8

- Side panel

.=|= {8 panels in total)

Star
tracker

Figure 3.1: (a) : Schematic view of the Suzaku satellite in orbit. (b) : Side view of Suzaku
with the internal structure (Mitsuda et al., 2007).
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Suzaku is equipped with three types of soft and hard X-ray detectors. There are four X-ray
Imaging Spectrometers (XISs; Koyama et al., 2007a), the X-ray Spectrometer (XRS; Kelley
et al., 2007), and the Hard X-ray Detector (HXD; Takahashi et al., 2007). Each XIS or XRS
is placed in the focal point of a dedicated X-ray Telescope (XRT; Serlemitsos et al., 2007).
Unfortunately, the XRS does not provide the planned science because its liquid helium coolant
was lost on August 8, 2005. We will not discuss the XRS further in this thesis. The XISs employ
X-ray sensitive silicon Charge-Coupled Devices (CCDs) and perform imaging and spectroscopy
in the 0.5-12 keV band. The HXD actually consists of two types of detectors: PIN silicon
diodes and GSO scintillator. The sensitive energy range for the PIN and GSO are 10-70 keV
and 40-600 keV, respectively. Since we used the data of the XIS, the details of the HXD are
beyond the scope of this thesis.

The capability of the XRT and XIS is summarized in table 3.1. The details of these instru-

ments will be described in the following sections.

Table 3.1: Overview of Suzaku capabilities

XRT Focal length 4.75 m(XRT-I), 4.5 m(XRT-S)
Field of View 17" at 1.5 keV
10!/3 at 8 keV
Effective Area 440 cm? at 1.5 keV

250 cm? at 8 keV
Angular Resolution 1/79-2!28(Half Power-Diameter)

XIS Field of View 17!8 x 17!8
Bandpass 0.2-12 keV
Pixel grid 1024 x 1024
Pixel size 24 pm x24 pm
Energy resolution ~ 130 eV at 6 keV (FWHM)

Effective area 330 cm? (FT), 370 cm? (BI) at 1.5 keV
160 cm? (FI), 110 cm? (BI) at 8 keV

Time Resolution 8 s (Normal mode)

3.2 X-Ray Telescope (XRT)

Five XRT modules are set on the top of the Extensible Optical Bench (EOB) (see figure 3.1).
XRT-S is adapted to the XRS, and the other four modules (XRT-I0, I1, I2 and 13) are dedicated
for the XISs. The focal length of the XRT-I is 4.75 m. Figure 3.2 shows a photograph of one
of the telescope modules (XRT-I1).

The XRT employs Wolter-1 grazing-incidence reflection optics, which is illustrated in fig-
ure 3.3. Although the ideal Wolter-I optics consists of a pair of paraboloidal and hyperboloidal
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Figure 3.2: Picture of the XRT-I. The thermal shield is not yet attached (Serlemitsos et al.,
2007).

paraboloid

X-rays hyperboloid

nested mirrors

focusing point

Figure 3.3: Schematic illustration of Wolter-I optics. X-rays travel along the arrows and con-
centrate on a detector placed at the focusing point.

mirrors, two-stage conical mirrors are adopted in the XRT. In each XRT module, 175 layers of
thin reflectors are tightly nested co-focally and co-axially, and thus provides a large aperture
efficiency. The effective area per unit is about 440 cm? at 1.5 keV and 250 cm? at 8 keV.
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Figure 3.4 shows the effective area as a function of the energy including the response of the
XIS. The effective area for an off-axis source is smaller than that for on-axis one. This effect
is called vignetting. Figure 3.5 shows the relation between the effective area and the off-axis
angle in two energy bands; 3-6 keV and 8-10 keV. The vignetting effect is prominent in the
higher energy.
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Figure 3.4: Effective areas of the four XRT modules compared with that of XMM-Newton and
Chandra. The quantum efficiency of the CCD, and the transmissions of the thermal shield and
the optical blocking filter are all taken into account (Serlemitsos et al., 2007).

Figures 3.6 show images of a point-like X-ray source, SS Cyg, obtained with the XRT + XIS
system. The angular resolution of the XRT-I0 through I3 is 1’8, 23, 20, and 2/0 in Half-Power
Diameter (HPD), respectively. The sky position of a point source can be determined within a

90% error circle with a radius of 19” (Uchiyama et al., 2008).

3.3 X-ray Imaging Spectrometer (XIS)

3.3.1 Overview

Suzaku is equipped with four sets of CCD cameras (XIS0-3) (Koyama et al., 2007a). Each XIS

is placed on the focal plane of the XRT. The overview of the XIS is shown in figure 3.7 and 3.8.

2

The imaging area is composed of pixels of 24 x 24 pym~, which is arranged in an array of
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Figure 3.5: Relation between the effective area and the off-axis angle (vignetting) of the XRT-I
modules using the data of the Crab Nebula in the 3-6 keV and 8-10 keV bands (Serlemitsos
et al., 2007).
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Figure 3.6: Point source images on the focal planes of the XRT-I modules. The images are
smoothed with a Gaussian function of o = 3 pixels, where the pixel size is 24 pm. (Serlemitsos
et al., 2007).

1024 x 1024 pixels. The Field of View (F.0.V.) is 17/8 x 17!8. While the CCD consists of four
segments (A, B, C, and D) with a dedicated readout node, there is no physical gap between the
segments. For on-orbit calibration, %Fe calibration sources emitting a Mn Ko line (5.895 keV)
are attached to illuminate the corners of XIS sensors (see figure 3.8). One side of the CCD is
coated with the gate structure mainly made of Si and SiOs (front side). Front-Illuminated (FI)
CCD detects X-rays that penetrate the gate structure, whereas the BI CCD detects X-rays
coming from the back-side. XIS0, 2 and 3 are FI CCDs, while XIS1 is a BI CCD. Due to the
absence of the gate structure, Bl CCD reaches a high quantum efficiency even below ~ 1 keV.
On the other hand, FI CCD have higher efficiency above 5 keV since the FI CCD employs
thicker depletion layer than BI CCD (~ 65 pm for the FI CCD and ~ 42 pm for the BI CCD)
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out node (Koyama et al., 2007a).

sor (Koyama et al., 2007a).

Figure 3.9 shows the quantum efficiency of the FI and BI CCDs of Suzaku.

3.3.2 Performance

When the XIS started the observation at first, the energy resolution was ~ 130 eV at 6 keV
in full width at half maximum (FWHM). However, CCDs are damaged by the radiation in a
space environment, and increase the charge transfer inefficiency (CTI). It is mainly caused by
charge traps, that capture signal carriers, generated by cosmic-rays. Since the capture of the
charge occurs stochastically, the amount of the captured charge fluctuate and then the energy
resolution becomes worse. To reduce the CTI, a spaced-row charge injection (SCI) technique
has been adopted (Bautz et al., 2007; Uchiyama et al., 2009). By the SCI technique, small
amounts of artificial charges are injected into the pixels. The injected charges fill traps and
then the subsequent charges (signals) are transferred with less charge loss. The SCI has been
a normal observation mode since October 2006. Figure 3.10 shows the long-term variety of
the measured energy and width of the Mn Ka line (5.9 keV) emitted from the 5Fe calibration
sources. The energy resolution improved from ~ 200 eV to ~ 140 eV (Uchiyama et al., 2009)
by the start of the SCI in October 2006.
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Figure 3.9: The quantum efficiency as a function of the incident energy. The solid and dashed
lines represent that of the FI CCD (XIS0) and BI CCD (XIS1), respectively (Koyama et al.,
2007a).
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Figure 3.10: Long-term variety of the measured energy (top panel) and width (bottom panel)
of the Mn Ka line emitted from the **Fe calibration sources (Suzaku Technical Description).

3.3.3 Non X-ray background

In the orbit, charged cosmic-ray particles and gamma rays produce background signals. In

addition, fluorescence X-rays from the materials used in the spacecraft and the 5°Fe calibration
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sources also produce the background. The background which is not caused by the celestial X-
rays is called the Non X-ray Background (NXB). Figure 3.11 shows the NXB spectrum of each
XIS sensor, except for the regions illuminated by the calibration sources. Major line structure
is fluorescence lines from Al, Si, Mn, Ni and Au. The Mn Ka (5.9 keV) and K (6.5 keV) lines
are the scattered X-rays from the calibration sources. XIS0 shows relatively strong Mn K-shell
lines. The background count rate is 0.1-0.2 counts s™' (FI CCDs) and 0.3-0.6 counts s™' (BI
CCD) in the 0.4-12 keV band.
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count/s’keV/pixel

108
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Energy (keV)

22-Jul-2013 14:29

Figure 3.11: NXB count rate of XIS0 (black), XIS1 (red) and XIS3 (blue). The spectra were es-
timated from night Earth observations. The figure is taken from Suzaku technical description?.

The NXB of the XIS is relatively low and stable compared with Chandra and XMM-Newton
owing to the lower altitude of the orbit. The NXB can be estimated using the data obtained
when the spacecraft is pointed toward the night-Earth. The count rate of the NXB anti-
correlates with the geomagnetic cut-off rigidity. Figure 3.12 shows the relation between the
NXB count rate and the cut-off rigidity. The NXB is modeled in Tawa et al. (2008) as a
function of the position on the CCDs and the cut-off rigidity. The reproducibility of the model
is 2.79-4.36% in the 5-12 keV band for each 5 ks exposure of the NXB data.

Owing to the large effective area, high energy resolution, and the low and stable NXB, the
Suzaku XIS is the best instrument to investigate the diffuse X-ray emission especially in the
high-energy band. Thus we used the Suzaku data to study the diffuse structure of the 6.4 keV
line in SNRs.
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Figure 3.12: Relation between the NXB intensity in the 5-10 keV band and the cut-off rigidity.
Black, red and blue data points show those of XISO, 1 and 3, respectively. The figure is taken
from Suzaku Technical Description.
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Observation and data reduction

4.1 Sample selection

To search for the 6.4 keV line and investigate the origin, we chose the SNRs based on three

criteria as follows.

First, SNRs observed by Suzaku with enough exposure were selected. As described in
section 1.2, the Suzaku XIS is the best instrument for this work. To obtain the data with

enough statistics, the SNRs observed with an exposure more than 15 ks were chosen.

Next, the SNRs locate on the Galactic plane were picked-up. To emit the non-thermal
6.4 keV line, target material containing low-ionized iron is necessary independent on the emis-
sion mechanism. From this point of view, SNRs locate on the Galactic plane are expected to
exhibit stronger 6.4 keV line. For this reason, the SNRs along the Galactic plane of |b| < 1°0
were selected. So far, no SNRs showing the non-thermal 6.4 keV line have been reported in
the western side of the Galactic plane. Thus all SNRs in the western side of the Galactic plane
(I > 180°) were selected.

As shown in section 2.2.1, thermal plasma can emit the Fe Ka line. Since the Fe Ka line
emitted via thermal processes can be a contamination of our analysis. The Fe Ko intensity
emitted from thermal plasma with a temperature lower than 1 keV is negligible. Thus the
SNRs which are known to have thermal plasma with the temperature higher than 1 keV were

removed from our sample.

After the selection, 11 SNRs meet the criteria; G290.1—0.8, G298.6—0.0, G304.6+0.1,
G323.7—1.0, G330.2+1.0, G346.6—0.2, G348.540.1, G348.7+0.3, G355.6—0.0, G359.0—0.9 and
(G359.1—0.5. In this thesis, the 6.4 keV line emission is searched for these 11 SNRs at first.
Then detailed analyses are performed for the SNRs which show significant excess in the 6.4 keV

line.

31
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4.2 Previous research for the sample SNRs

Table 4.1 and 4.2 show the property of the sample SNRs revealed in the previous researches.
The SNR names are listed in the first column of each table. In table 4.1, the second column
shows the previous research in which the object was identified as an SNR at first. The size
of and the flux of the SNR in the radio continuum at 1 GHz is summarized in the third and
fourth columns, respectively. Table 4.1 also shows the property of the X-ray emitting thermal
plasma; the ionization state (fifth column) and the electron temperature (sixth column). The
last column summarizes the presence of gamma-ray emission in the GeV and/or TeV bands.
Table 4.2 summarizes the SNR age, the progenitor type, and the confirmation of the interaction

between molecular clouds.

Table 4.1: Summary of the previous researches for the SNRs

SNR name  Discover! Size? Radio flux®> Thermal X-ray* Temperature® Gamma-ray®
G290.1-0.8 7] 19 x 14 42 P’ 0.57-0.891° GeV?®
(298.6—0.0 8] 12 x 9 5 CIE'® 0.7870:0916 GeV?0
G304.6+0.1 8] 8 14 RP'7 0.73 4 0.037 GeV?0
G323.7+1.0 [9] 51 x 382 > 0.61% = ~ GeV?, TeV?®
G330.241.0 [10] 11 5 CIE' 0.7075:3518 -
(G346.6—0.2 [10] 8 8 RPY 0.3019-5319 -
(G348.540.1 [11] 15 72 RP2 049150920 GeV?, TeV?
G348.7+0.3 [11] 17 26 P2 0.9+0.2%"  GeV® TeV3!
G355.6—0.0 [12] 8 x 6 3 CIE? 0.56 & 0.10%2 -
(359.0-0.9 [13] 23 23 P23 0.35 4 0.03% GeV?
(359.1-0.5 [14] 24 14 RP* 0.29 4 0.02%* GeV?

1 Previous research in which the object was identified as an SNR at first.
2 Size of the radio shell at 1 GHz in the unit of arcmin (Green, 2014).
3 Radio flux at 1 GHz in the unit of mJy arcmin~2 (Green, 2014).
4 Tonization state of the X-ray plasma, indicated by ”CIE”, ”IP”, or ”RP”.
5 Electron temperature of the X-ray plasma in the unit of keV.
6 »GeV” means that gamma-rays coincident with the SNR have been detected in the GeV band.
”TeV” means the same but in the TeV band.
"Kesteven (1968), 8Shaver & Goss (1970), “Green et al. (2014), 1°Clark et al. (1975), 11 Clark et al. (1975)
12Gray (1994b), ¥ Downes et al. (1979), " Reich & Fuerst (1984), 15Garcia et al. (2012), 'Bamba et al. (2016a)
17Washino et al. (2016), 8Park et al. (2009), 19 Yamauchi et al. (2013), 2°Yamauchi et al. (2014), 2! Nakamura et al. (2009)
22Minami et al. (2013), 23Bamba et al. (2009), 24Ohnishi et al. (2011)
25 Auchettl et al. (2015), 26 Acero et al. (2016), 27 Araya (2017), 28 Puehlhofer et al. (2015), 29 Aharonian et al. (2008c),
30Xin et al. (2016), 3! Aharonian et al. (2008b)

4.3 Observation and data reduction

Table 4.3 summarizes the observations for the SNRs analyzed in this thesis. The data obtained

at the South Atlantic Anomaly, during the Earth occultation, and at a low elevation angles of
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Table 4.2: Summary of the previous researches for the SNRs
SNR name SNR age (yr) SN type!  MC interaction®

(G290.1-0.8  10,000-20, 000® cc?? possible*?
G298.6—0.0 unknown unclear —
G304.6+0.1  28,000-64, 000" ce33 yes®
G323.74+1.0 unknown unclear -
G330.2+1.0  1,000-1,200'° ccH -
G346.6—0.2 14,000-16, 000" unclear!!:3° yesi 45
G348.5+0.1 ~ 24,000"2 CC736 yes3
G348.7+0.3  350-3,150'3 unclear yes™?
G355.6—0.0 ~ 20,000 unclear -
G359.0—-0.9 ~ 9,700 unclear -
G359.1-0.5 > 10,000'6 COT yes?o

3 ?GeV” means that gamma-rays coincident with the SNR have been detected in the GeV band. ”TeV” means the same but in
the TeV band.

4 Progenitor type of the SNR; Core-Collapse(CC), type Ia (Ia), or unclear.

5 If the SNR is confirmed to be interacted with molecular clouds (MCs), "yes”. ”possible” means that there are signs for the
interaction.

8Slane et al. (2002), *Combi et al. (2010), 1°Park et al. (2009), ' Yamauchi et al. (2013), 22 Yamauchi et al. (2014)

I3Nakamura et al. (2009), **Minami et al. (2013), 5Leahy (1989), ®Bamba et al. (2000),32Garcfa et al. (2012)

33Washino et al. (2016), 34Park et al. (2006), 35Sezer et al. (2011a), 36 Yamauchi et al. (2013), 4! Giacani et al. (2009)

42Filipovic et al. (2005), *3Frail et al. (1996), “*Green et al. (1997), 4°Koralesky et al. (1998) “6Lazendic et al. (2002)

< 5° from the night-earth rim and of < 20° from the day-earth rim, were excluded. We analyzed
the data with the processing version of 3.0.22.43, using HEAsoft version 6.21. The XIS pulse-
height data of each X-ray event were converted to Pulse Invariant (PI) channels using the xispi
software and the calibration database released on 2016 Jun 7. The ancillary response files (arf)
and redistribution files (rmf) were produced using xissimarfgen and xisrmfgen packages of

HEAsoft, respectively.
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Table 4.3: Summary of the Suzaku observations analyzed in this thesis.
SNR name Obs.ID Start time (UTC)  Exposure!  Pointing direction?
G290.1-0.8 506061010 2011/06/25 10:55:24 110.6 (290°1195, —0°7436)
G298.6—0.0 507037010 2012/08/11 20:26:45 17.2 (298°5950, —0°0841)
507037020 2013/02/18 18:14:00 39.7 (298°5919, —0°0714)
G304.6+0.1 505074010 2010/09/03 21:54:15 99.6 (304°5764, +0°1308)
G323.7—1.0 508013010 2013/09/08 10:25:42 36.9 (323°8857, —1°1033)
508014010 2013/09/09 00:31:34 38.9 (323°5092, —0°8166)
508015010 2013/09/09 16:05:38 38.8 (323°7331, —1°3685)
508016010 2013/09/10 04:19:22 42.2 (323°8535, —0°8132)
G330.2+1.0 504083010 2009/09/04 03:33:13 127.8 (330°1401, +0°9841)
504083010 2009/09/07 11:38:35 30.9 (330°1401, +0°9843)
504083010 2010/02/12 19:58:07 92.5 (330°1835, +1°0299)
G346.6—0.2 504096010 2009/10/07 16:54:31 56.8 (346°6290, —0°2222)
G348.5+0.1 504097010 2010/02/29 15:10:15 53.8 (34824422, +0°0965)
G348.740.3 501007010 2006,/08/27 01:27:07 82.9 (34826456, +0°3768)
G355.6—0.0 504098010 2010/02/19 12:35:52 52.5 (355°69101, —0°0379)
G359.0—0.9 502017010° 2008/03/06 13:26:36 72.6 (359°0475, —0°6478)
508057010  2014/03/04 23:05:56 49.8 (359°0947, —0°4452)
508058010 2014/03/07 13:13:32 52.1 (358°8810, —0°8397)
508059010 2014/03/08 19:36:03 53.5 (359°0343, —1°0595)
G359.1-0.5 502016010 2008/03/02 18:08:00 70.5 (358°9171, —0°4784)
502017010% 2008/03/06 13:26:36 72.6 (359°0475, —0°6478)
503012010 2008/09/14 19:35:07 57.7 (359°0993, —0°8700)

T Effective exposure of the screened data (ks).
2 In the Galactic coordinate, (I,b.)32000.0-
3 The data of the observation 508057010 were used for both of the analysis for G359.0—0.9 and G359.1—0.5.



Chapter 5

Systematic search for 6.4 keV line in
Galactic SNRs

5.1 Method of the systematic analysis

This chapter shows the analysis and results of the systematic search for the 6.4 keV line en-
hancement. To investigate the enhancement of the 6.4 keV line, all SNRs were systematically
analyzed by the following way:.

First, an X-ray image in the 6.3-6.5 keV band was created for each SNR. In the image,
there should be diffuse structure. The structure is produced by a superposition of the X-ray
intensity distribution which reflects the real stellar structure and the statistical fluctuation. To
assess whether the enhancement is significant or not, two regions were defined; the “excess”
region and the “reference” region. The excess region was defined to surround the bright part

in the 6.3-6.5 keV band, while the reference region was defined as the other part.

To evaluate the excess quantitatively, 5-8 keV spectra were extracted from the excess and
the reference regions. Since all SNRs in this thesis are located on the Galactic plane (|b| < 1°0),
there should be emission lines of the GRXE (e.g. Yamauchi et al., 2016). The GRXE exhibits
the lines of the Fe I Ka, Fe XXV Ka, Fe XXVI Ka and Fe I Kf at 6.40 keV, 6.68 keV,
6.97 keV and 7.06 keV, respectively. Thus each spectrum was fitted with a model consisting of
a power-law and four Gaussian functions. The energy centroid of each Gaussian was fixed to
be the theoretical value (6.40 keV, 6.68 keV, 6.97 keV or 7.06 keV). The intensity of the Fe I
K line was fixed to 0.125 times that of the Fe I Ka line (Kaastra & Mewe, 1993), while those
of the other lines were free parameters. The widths of the Gaussian functions were fixed to be
zero, except for the Fe XXV Ka line. Since the Fe XXV Ka line is a blend of the resonance,
inter-combination and forbidden lines, the line width was fixed to be 23 eV based on Koyama

et al. (2007b). Both of the photon index and the normalization of the power-law function were

35
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allowed to vary.

Since the SNRs in our sample locate on the Galactic plane, the spectra would be suffered
from the interstellar absorption. However, the absorption has no significant effect in the 5—
8 keV band, although the Fe K-shell absorption edge is at 7.112 keV. Therefore the absorption
column density was fixed to the value of the GRXE (4.22 x 10*? cm™?) or the GCXE (5.59 x
102 cm™2) obtained in Uchiyama et al. (2013) assuming the solar abundance obtained in
(Anders & Grevesse, 1989). G359.0—0.9 and G359.1—-0.5 locate in the Galactic center region
and thus the absorption column density was fixed to 5.59 x 10?2 cm™2. In the spectral fitting
of the other SNRs, the column density was set to 4.22 x 10?2 cm 2.

The spectral fitting was performed using XSPEC (Arnaud, 1996). For the fitting, the data
points of the spectra were binned so that each bin contains at least 20 events. Through the
spectral fitting, the 6.4 keV line intensities in the excess region and the reference region were
obtained. Then the significance level of the 6.4 keV line excess was calculated by comparing
the line intensities in the excess region and the reference region.

More detailed explanation of the analysis is described in section 5.2, taking G290.1—0.8 for

an example.

5.2 G290.1-0.8

X-ray images

First, XIS images were created in the 0.5-3 keV, 5-8 keV and 6.3-6.5 keV bands. XIS1 (BI-
CCD) data were not used to make the images above 5 keV, since the signal-to-noise ratio in
the hard band is worse than that of the FI-CCDs. The corners of the CCD chips illuminated
by the *Fe calibration sources were excluded from the images above 5 keV. Then NXBs were
estimated from the data within 150 days of the observation using xisnxbgen (Tawa et al.,
2008), and were subtracted from the images. After the NXB subtraction, each image was
divided by an exposure map simulated using the XRT+XIS simulator xissim (Ishisaki et al.,
2007) for vignetting corrections. Figures 5.1 show the NXB subtracted and exposure corrected
XIS images of G290.1—0.8 in the 0.5-3 keV (a), 5-8 keV (b) and 6.3-6.5 keV (c) bands. The
0.5-3 keV and 5-8 keV bands images are binned with 8 x 8 pixels and then smoothed with a
Gaussian function of ¢ = 3 bins. The 6.3-6.5 keV band image is binned with 32 x 32 pixels
and then smoothed with a Gaussian function of ¢ = 6 bins.

In the 0.5-3 keV band, diffuse X-ray emission can be seen. The soft X-rays correspond to
the previously known thermal emission. On the other hand, there is no clear structure in the
5-8 keV band. This is consistent with the previous research: the temperature of the thermal
plasma is low with 0.6-0.9 keV. In the 6.3-6.5 keV band, diffuse structure is seen.
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Figure 5.1: (a) : XIS0+1+3 image of G290.1—0.1 in the 0.5-3 keV band. The image is binned
with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins. The cyan contours
show the 843 MHz radio continuum intensity (Whiteoak & Green, 1996). (b) : XIS0+3 image
in the 5-8 keV band. The size of the binning and smoothing are the same with that of (a).
(c) : XIS0+43 image in the 6.3-6.5 keV band. The image is binned with 32 x 32 pixels and
then smoothed with a Gaussian function of o = 6 bins. The areas surrounded with the white
dashed curves are the "excess” region, while the whole field except for the excess region is the
"reference” region.

X-ray spectra

To assess whether the enhancement is a real structure or not, the ”excess” region and the
"reference” region were defined. The excess region was defined to surround the bright part in
the 6.3-6.5 keV band as illustrated with dashed lines in figure 5.1(c). The whole field except
for the excess region was defined as the reference region. X-ray spectra were extracted from
the excess and reference regions. Although the excess region consists of three separated parts,
the data extracted from all areas were added to improve the statistics. Then, the spectra of

XISO and 3 were combined altogether.
Figures 5.2 show the XIS0+3 spectra (Black data points) with the NXB spectra (Red data

points). Here the NXB spectra were estimated using xisnxbgen based on the data between
4300 days from the observation. The spectra after the NXB subtraction are plotted in the
bottom panels. In particular the NXB subtracted spectrum of the reference region shows
residuals with an 7S” like shape around the instrumental Ni K« line at 7.5 keV. The residuals
arise due to the difference in the centroids of the Ni K« lines between the data and the NXB.
The difference is caused by the uncertainty of the response for the NXB spectrum.

The results of the following spectral analysis can be affected by the residuals. Thus the NXB
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Figure 5.2: Top panels : Comparison of the 5-8 keV spectra between that extracted from
the regions (red) and NXB (blue). The left and right panels show the spectra of the excess
region and the reference region, respectively. Bottom panels : The data spectra after the NXB
subtraction.

spectra were shifted and re-normalized as follows. First, the data spectrum was fitted with a
power-law plus Gaussian function in the 7-8 keV band. Here the Gaussian function represents
the Ni Ka line, and hence the width was fixed to be zero. Then the best-fit values of the energy
centroid and the normalization of the Gaussian function were obtained. In the same way, the
energy centroid and the normalization for the Ni Ko line in the NXB spectrum were obtained.
In the case of the spectrum of the reference region, for example, the best-fit centroids of the
Gaussian function were 7.486 keV for the data spectrum and 7.478 keV for the NXB spectrum.
Since the energy scale of the XIS is 3.65 eV /Pl-channel, the NXB spectrum was shifted for
the lower energy with (7486 — 7478)/3.65 = 2 channels. The normalizations of the Gaussian
functions were 3.07x10~* for the data spectrum and 3.01x10~* for the NXB spectrum. Thus we
multiplied the NXB spectrum by a factor of (3.07x107%)/(3.01x 10~%) = 1.02. The comparison
of the spectra between the data and the NXB after the shift and the re-normalization are shown
in figures 5.3. In the same way, the shift and the normalization factor for the NXB spectrum

of the excess region were obtained as 1 channel and 0.98, respectively.

The NXB subtracted spectra were fitted with the model consisting of a power-law and four
Gaussian functions. The details of the model are shown in section 5.1. Figures 5.4 show the
spectra fitted with the phenomenological model. Both of the spectra of the excess region and
the reference region are well represented by the model with x2,; = 0.87 (48 d.o.f.) (excess
region) and x2, = 0.76 (44 d.o.f.) (reference region). The best-fit parameters are summarized
in table 5.1. The intensity of the power-law component is significantly higher in the excess
region than the reference region. The photon index of the power-law component is smaller in
the excess region than the reference region. The intensities of the Fe I, Fe XXV and Fe XXVI
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Figure 5.3: The composition is the same as that of figures 5.2, but the NXB spectra are shifted
and re-normalized.

Ka lines are all consistent between the excess and reference regions. In both of the excess and
the reference regions, we obtained only upper limits for the Fe I Ko intensities within the 90 %

confidence level.
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Figure 5.4: Top panels: 5-8 keV spectra extracted from the excess (left panel) and the reference
(right panel) regions, fitted with the power-law plus four Gaussian functions model. The vertical
axes are normalized with the areas of the regions. The best-fit models are plotted with the
solid lines, while each component is plotted with the dotted line. Bottom panels: Residuals
between the data and the best-fit models.

5.3 G298.6-0.0
X-ray images

Figures 5.5 show the NXB subtracted and exposure corrected XIS images of G298.6—0.0 in
the 0.5-3 keV (a), 5-8 keV (b) and 6.3-6.5 keV (c) bands. The 0.5-3 keV and 5-8 keV bands
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Table 5.1: Best-fit parameters for the excess and reference regions of G290.1—0.8

Parameter Best-fit value

Excess region Reference region
Power-law photon index 21708 3.275%
Power-law intensity? 38 +3 26 + 3
Fe I Ka Intensity? < 1.8 <04
Fe XXV Ka Intensity? < 2.0 2.0+£0.8
Fe XXVI Ka Intensity? <05 <15

1 Observed intensity in the 5.0-8.0 keV band in the unit of photons cm~2 s~1 arcmin—2.

2 Observed intensity in the unit of 108 photons cm~2 s~1 arcmin—2.

images are binned with 8 x 8 pixels and then smoothed with a Gaussian function of 0 = 3 bins.
The 6.3-6.5 keV band image is binned with 32 x 32 pixels and then smoothed with a Gaussian

function of o = 6 bins.

I 2090909 I 09090
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Figure 5.5: (a) : XISO+1+3 image of G298.6—0.0 in the 0.5-3 keV band. The image is binned
with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins. The cyan contours
show the 843 MHz radio continuum intensity (Whiteoak & Green, 1996).(b) : XISO+3 image
in the 5-8 keV band. The size of the binning and smoothing are the same as that of (a). (c)
: XISO+3 image in the 6.3-6.5 keV band. The image is binned with 32 x 32 pixels and then
smoothed with a Gaussian function of ¢ = 6 bins. The areas surrounded by the dashed curves
are the "excess” region, while the whole field except for the excess region and the point-like
source seen in the 5-8 keV band image is the "reference” region.

A bright X-ray source is seen at the northwestern rim of the 0.5-3 keV band image. The
source is coincident with 1RXS J121248.7—623027. In addition, diffuse emission filling the
radio shell is seen. The spatial nature of the diffuse X-ray emission is consistent with the

previously known thermal emission. In the 5-8 keV band, a faint point-like source is seen at
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(I,b) = (298°4871, —0°1215) as surrounded by a green circle. The source is called the hard
point-like source hereafter. The point-like source is also seen in the 0.5-3 keV band. In the
6.3-6.5 keV band, extended structure is seen. A part of the structure is positionally coincident
with the thermal X-ray emission seen in the 0.5-3 keV band. However, the brightest part of

the 6.3-6.5 keV band emission is apart from the thermal X-ray emission.

X-ray spectra

The excess region and the reference region were defined as areas illustrated with dashed lines in
figure 5.5(c). The hard point-like source can be a contamination in the spectral analysis. Thus
a circular region centroids on the hard point-like source was removed with a radius of 2’. The
areas surrounded by the dashed curves in figure 5.5(c) except for the circle centroids on the
hard point-like source was defined as the excess region. The whole field except for the excess

region and the point-like source was defined as the reference region.

The XIS0+3 spectra were extracted from the excess and the reference regions. The NXB
was estimated using the data within £300 days of the observation and then subtracted from
each spectrum. Each spectrum was fitted with the model consisting of a power-law and four
Gaussian functions described in section 5.1. Figures 5.6 show the NXB subtracted spectra of
the excess and the reference regions, with the best-fit models. Both of the model fittings are
statistically acceptable with x2, = 0.97 (33 d.o.f.) for the excess region and x%,; = 1.10 (30
d.o.f.) for the reference region. The best-fit parameters are summarized in table 5.2. All of the
parameters are consistent between the excess and the reference regions. In both of the regions,

only upper limits were obtained for the Fe I K« line intensity within the 90 % confidence level.

Table 5.2: Best-fit parameters for the excess and reference regions of G298.6—0.0

Parameter Best-fit value

Excess region Reference region
Power-law photon index 22717 21713
Power-law intensity! 222 27+ 4
Fe I Ka Intensity? < 2.0 < 0.6
Fe XXV Ka Intensity? < 1.7 < 2.6
Fe XXVI Ko Intensity? 1.84+1.3 <04

1 Observed intensity in the 5.0-8.0 keV band in the unit of photons cm™2 s~1 arcmin—2.

2 Observed intensity in the unit of 108 photons cm~2 s~ arcmin—2.
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Figure 5.6: Top panels: NXB subtracted spectra of G298.6—0.0 extracted from the excess (left)
and reference (right) regions, fitted with the power-law plus four Gaussian functions models in
the 5-8 keV band. The vertical axes are normalized with the areas of the regions.The best-fit
models are plotted with the solid lines, while each component is plotted with the dotted line.
Bottom panels: Residuals between the data and the best-fit models.

5.4 G304.6+0.1
X-ray images

Figures 5.7 show the NXB subtracted and exposure corrected XIS images of G304.6+0.1 in
the 0.5-3 keV (a), 5-8 keV (b) and 6.3-6.5 keV (c¢) bands. The 0.5-3 keV and 5-8 keV bands
images are binned with 8 x 8 pixels and then smoothed with a Gaussian function of o = 3 bins.
The 6.3-6.5 keV band image is binned with 32 x 32 pixels and then smoothed with a Gaussian
function of o = 6 bins.

In the 0.5-3 keV band image, diffuse emission coincident with the radio continuum emission
is seen. The soft X-rays correspond to the previously known thermal emission. In the 5-8 keV
band, a point-like source is seen as surrounded by a green circle in figure 5.7(b). The source is
coincident with the X-ray source 3XMM J130635.2—624619. In the 6.3-6.5 keV band, structure

with an ”S” like shape is seen.

X-ray spectra

Since 3XMM J130635.2—624619 can be a contamination in the spectral analysis, a circular
region centroids on the source was removed with a radius of 2/. The excess region was de-
fined as an area surrounded by the dashed lines except for the circle centroids on 3XMM
J130635.2—624619 (see figure 5.7(c)) The whole field except for the excess region and 3XMM
J130635.2—624619 was defined as the reference region.

The XIS0+3 spectra were extracted from the excess and the reference regions. The NXB
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Figure 5.7: (a) : XISO+1+3 image of G304.6+0.1 in the 0.5-3 keV band. The image is binned
with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins. The cyan contours
show the 843 MHz radio continuum intensity (Whiteoak & Green, 1996). (b) : XIS0+3 image
in the 5-8 keV band. The size of the binning and smoothing are the same as that of (a). (c)
: XISO+3 image in the 6.3-6.5 keV band. The image is binned with 32 x 32 pixels and then
smoothed with a Gaussian function of 0 = 6 bins. The areas surrounded with the dashed curves
are the "excess” region, while the whole field except for the excess region and the point-like
source seen in the 5-8 keV band image is the "reference” region.

was estimated using the data within 4300 days of the observation and then subtracted from
each spectrum. Each spectrum was fitted with the model consisting of a power-law and four
Gaussian functions described in section 5.1. Figures 5.8 show the NXB subtracted spectra of
the excess and the reference regions with the best-fit models. Both of the model fittings are
statistically acceptable with x2, = 1.10 (27 d.o.f.) for the excess region and x%,; = 1.16 (41

d.o.f.) for the reference region. The best-fit parameters are summarized in table 5.3.

Table 5.3: Best-fit parameters for the excess and reference regions of G304.6+0.1

Parameter Best-fit value
Excess region Reference region

Power-law photon index 29717 2.570%
Power-law intensity! 39£6 32+£3

Fe I Ka Intensity? 42+1.6 < 1.0

Fe XXV Ka Intensity? 24+£15 24+£08

Fe XXVI Ko Intensity? <3.0 <11

1 Observed intensity in the 5.0-8.0 keV band in the unit of photons cm™2 s~1 arcmin—2.

2 Observed intensity in the unit of 108 photons cm~2 s~ arcmin—2.

The intensity of the Fe I Ka line in the excess region is significantly higher than that in the
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Figure 5.8: Top panels : NXB subtracted spectra of G304.640.1 extracted from the excess (left)
and reference (right) regions, fitted with the power-law plus four Gaussian functions models in
the 5-8 keV band. The vertical axes are normalized with the areas of the regions. The best-fit
models are plotted with the solid lines, while each component is plotted with the dotted line.
Bottom panels: Residuals between the data and the best-fit models.

reference region. The significance level of the excess is 3.60. The intensities of the other two
lines, on the other hand, are consistent between the regions. The photon index of the power-law
component is also consistent with each other. Although there is a sign that the intensity of
the power-law component in the excess region is higher than that in the reference region, the

significance level of the difference is not so high with 1.70.

5.5 G323.7-1.0

(G323.7—1.0 has a large and extremely faint radio shell, and hence would not be a young SNR.
Based on the angular size of the radio shell (~ 45’) and the distance from the solar system
[5 kpc][] (Araya, 2017), the radius of the radio shell is estimated to be 33 pc. Using the Sedov
solution (see equation 2.6) assuming the explosion energy of 1x 10°! erg and the number density

of the interstellar matter of 1H cm™3, the age of G323.7—1.0 is estimated to be 10° yr.

No significant X-rays have been detected from G323.7—1.0 so far. We, therefore, searched for
X-ray emission, thermal and/or non-thermal, from G323.7—1.0. Suzaku observed four regions
of G323.7—1.0. Figure 5.9 shows the fields of view of the XIS on the 843 MHz radio image of
G323.7—1.0 (Green et al., 2014). The Suzaku observations caught the eastern part of the radio
shell. Suzaku did not observe the brightness peaks of the GeV and TeV gamma-ray emissions

as shown with the white cross point and the contours in figure 5.9, respectively.
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Figure 5.9: Suzaku XIS fields of view (white solid boxes) of the observations for G323.7—1.0
on the 843 MHz radio map taken from SkyView (https://skyview.gsfc.nasa.gov/). The while
dashed ellipse indicates the approximate shape of the radio shell. The contours show the surface
brightness map of > 1 TeV gamma-rays (Puehlhofer et al., 2015). The cross point shows the
brightness peak position of the GeV gamma-ray emission (Araya, 2017).

5.5.1 X-ray images

Three panels in Figure 5.10 show the NXB subtracted and exposure corrected images in the
0.5-3 keV, 5-8 keV and 6.3-6.5 keV bands. The NXBs were estimated using the data within
£300 days from the observation. The 0.5-3 keV and 5-8 keV band images are binned with 8 x 8
pixels and then smoothed with a Gaussian function of o = 5 bins. The 6.3-6.5 keV band image
is binned with 32 x 32 pixels and then smoothed with a Gaussian function of ¢ = 10 bins.

In the 0.5-3 keV band image, there are several point-like sources marked with solid small
circles, while a diffuse structure, indicated by the largest solid circle with a diameter of 8/4, is
found in the southern field. This diffuse structure is called “the soft source” hereafter. On the
other hand, there is no prominent structure in the 5-8 keV band except for one point source
that is also seen in the 0.5-3 keV band. In the 6.3-6.5 keV band, some structures are seen as
marked with dashed curves. Because of their angular sizes of 2 5, which is larger than the

HPD of the XRT (~ 2'), they should not be point sources, but diffuse sources. These sources
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are hereafter called “the 6.4 keV clumps”.
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Figure 5.10: XIS images of G323.7—1.0 in the (a) 0.5-3 keV, (b) 5-8 keV and (c) 6.3-6.5 keV
bands in the Galactic coordinates. The NXBs are subtracted and then the images are corrected
the vignetting effect. The images (a) and (b) are binned with 8 x 8 pixels and then smoothed
with a Gaussian function of ¢ = 5 bins. The image (c) is binned with 32 x 32 pixels and
then smoothed with a Gaussian function of ¢ = 10 bins. The axes of the Galactic longitude
and latitude are plotted on image (b). The largest dotted ellipse in each panel indicates the
approximate shape of the radio shell (see figure 5.9)

5.5.2 X-ray spectra
The 6.4 keV clumps

In order to investigate the 6.4 keV clumps, the “excess region” was defined as illustrated with
dashed curves in figure 5.10(c). The whole field excluding the soft source, the point sources
and the excess region was defined as the reference region. XISO and 3 spectra were extracted
from the excess and reference regions. Although the excess region consists of four parts, the
data extracted from all areas were added to improve the statistics. The NXBs were estimated
using the data within 4300 days of the observation, and were subtracted from the excess and
reference spectra.

Figures 5.11 show the NXB subtracted spectra of the excess region and the reference region
fitted with the power-law plus four Gaussian functions models. Both of the model fittings are
statistically acceptable with y2%, = 0.83 (38 d.o.f.) for the excess region and x%,; = 0.85 (47
d.o.f.) for the reference region. The best-fit parameters are summarized in table 5.4. The

6.4 keV line intensity of the excess region is significantly higher than that of the reference
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region. The significance level of the excess is 4.10. On the other hand, the other parameters

are consistent between two regions.
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Figure 5.11: Top panels: XISO + 3 spectra extracted from the excess region (left) and the
reference region (right) fitted with the model consisting a power-law and four Gaussian functions
model. The best-fit models are plotted with the solid lines, while each component is plotted
with the dotted line. The vertical axes are normalized by the ratio of the area including the
vignetting correction. Bottom panels: Residuals between the data and the best-fit models.

Table 5.4: Best-fit parameters for the excess and reference regions of G323.7—1.0

Parameter Best-fit value

Excess region Reference region
Power-law photon index 23750 2.270°8
Power-law flux! 37E£5 3512
Fe I Ka Intensity? 4.3+1.6 < 0.8
Fe XXV Ko Intensity? <24 1.5+0.7
Fe XXVI Ko Intensity? <09 0.9£0.7

L Observed intensity in the 5.0-8.0 keV band in the unit photons cm~2 s~1 arcmin—2.
2 Observed intensity in the unit of 108 photons cm™2 s~ arcmin—2.

The soft source

In order to investigate the soft source, we extracted an XISO + 3 spectrum from the largest
solid circle in figure 5.10(a). The spectrum of the reference region was used as the background.
Figure 5.12 shows the background-subtracted spectrum.

Although the spectrum has poor statistics, a hint of an emission line can be seen at ~
1.4 keV. We, then, tried fitting the spectrum with an optically-thin thermal plasma model

(APEC) suffering from an interstellar absorption (phabs) fixing the metal abundance of a solar
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value (Lodders, 2003). The model represents the spectrum well with the x%, = 0.44 (8 d.o.f.).
We obtained the plasma temperature 7 = 1.11)3 keV and the absorption column density
Ni = (1.8 £0.6) x 1022 cm™2 as well as the normalization 2.8%]F x 107%. The normalization
is the volume emission measure represented by 10~ n.nyV/4wd?, where ne, ng, V, and d are
the electron density, the hydrogen density, the plasma volume, and the distance from the solar

system, respectively. The observed 1-8 keV flux is estimated to be 8.4 x 10714 erg s cm™2.
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Figure 5.12: Top panel: Background subtracted spectrum of the soft source in the 1-8 keV
band fitted with the absorbed thin-thermal plasma model. The solid line shows the best-fit
model. Bottom panel: Residuals between the data and the best-fit model.

5.6 G330.2+1.0

X-ray images

Figures 5.13 show the NXB subtracted and exposure corrected XIS images of G330.2+1.0 in
the 0.5-3 keV (a) and 5-8 keV (b) bands. Both of the images are binned with 8 x 8 pixels and
then smoothed with a Gaussian function of ¢ = 3 bins. In the 0.5-3 keV band, shell structure
and some point-like sources are seen. The point-like source in the shell, marked as ”sourceA” in
figure 5.13, corresponds to the CCO candidate of G330.2+1.0 (CXOU J160103.1—513353; Park
et al., 2006, 2009). The brightest source locates in the south of the SNR, marked as ”sourceB”
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in figure 5.13(a), is the cataclysmic variable 3XMM J160050.4—514245. Unlike the other SNRs
in this thesis, the shell structure of the SNR can clearly be seen even in the 5-8 keV band.
This is consistent with the previously known fact that the X-ray radiation of G330.241.0 is

dominated by the non-thermal emission.
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Figure 5.13: XIS images of G330.2+1.0 in the 0.5-3 keV band (a) and 5-8 keV band (b). The
images are binned with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins.
The cyan contours show the 843 MHz radio continuum intensity (Whiteoak & Green, 1996).
The data of XISO, 1 and 3 are used for the 0.5-3 keV band image. The 5-8 keV band image
is created using the data of XISO and 3. Cyan contours in image (a) show the intensity of
843 MHz radio continuum emission (Whiteoak & Green, 1996).

X-ray spectra

Due to the strong non-thermal emission, it was difficult to investigate the distribution of the
6.4 keV line emission using the 6.3-6.5 keV image. Thus the source region was defined as a
circle surrounding the X-ray shell of the SNR at first. The radius of the source region is 6'.
The other part of the field of view was defined as reference region. A circle with a radius of 5’
centroids on the sourceB was removed from the reference region to remove the contamination
from the sourceB. The definition of the regions is seen in figure 5.13(b).

The XIS0+3 spectra were extracted from the source and the reference regions. The NXB
was estimated using the data within +300 days of the observation and then subtracted from
each spectrum. Each spectrum was fitted with the model consisting of a power-law plus four
Gaussian functions described in section 5.1. Figures 5.14 show the NXB subtracted spectra of
the source and the reference regions, fitted with the power-law plus four Gaussian functions
models. Both of the model fittings are statistically acceptable with x2, = 1.07 (51 d.o.f.) for
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the source region and x2, = 1.28 (42 d.o.f.) for the reference region. The best-fit parameters
are summarized in table 5.5. There is a sign that the intensity of the Fe I Ka line in the source
region is higher compared to that in the reference region. The significance level of the excess
in the source region is 2.0 o. The line intensities of the Fe XXV and Fe XXVI Ka lines are
consistent between the source and the reference region.
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Figure 5.14: Spectra of the source region (left panel) and the reference region (right panel),
fitted with the model consisting of a power-law and four Gaussian functions. The vertical axes
are normalized with the areas of the regions. The solid lines in the top panels show the best-fit
models, while the dotted line shows each component of the model.

Table 5.5: Best-fit parameters for the source and reference regions of G330.2+1.0

Parameter Best-fit value

Source region Reference region
Power-law photon index 2.54+0.2 1.9+£04
Power-law intensity! 160 + 3 57+ 3
Fe I Ko Intensity? 1.5+0.8 < 0.9
Fe XXV Ko Intensity? 24+£0.8 3.2+ 0.8
Fe XXVI Ko Intensity? <15 < 0.5

1 Observed intensity in the 5.0-8.0 keV band in the unit of 10~8 photons cm~2 s~! arcmin—2.
2 Observed intensity in the unit of 108 photons cm™2 s~! arcmin—2.

Next, the spatial distribution of the line intensity is investigated. We divided the source
region into 12 regions. The source region is divided by every 60 degrees from the north direction
in the equatorial coordinates at first. Then the regions are divided into the inner part (r < 4’)
and the outer part (4 < r < 6'). The divided regions, tagged as numbers from 1 to 12, are
described in figure 5.15. The spectrum was extracted from each region and then the NXB

was subtracted. Note that the NXB spectra were not shifted and re-normalized, since the
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spectrum extracted from each region do not have enough statistics to correct the NXB. Then

each spectrum was fitted with the model consisting of a power-law and four Gaussians model.

B
0 0.003 0.015 0.062 0.25 1

Figure 5.15: Definition of 12 regions to investigate the line intensity distribution in the source
region, overlapped on the 5-8 keV band image.

Table 5.6 shows the summary of the line intensities of Fe I, Fe XXV and Fe XXVI Ka in
each region obtained by the spectral fitting. Although most of the regions show only the upper
limits of the Fe I Ka line intensity, the region number 5 shows stronger Fe I Ka line. The
intensities of the Fe XXV and XXVI Ka lines, on the other hand, are consistent between all

12 regions.

Then we compared the spectrum between the region number 5 and the source region except
for the region number 5. Figures 5.16 show the spectra extracted from the region number 5
(left panel) and the other part of the source region (right panel). Each spectrum is fitted with
the power-law plus four Gaussian functions model. The vertical axes are normalized with the
ratio of the areas, considering the vignetting effect. The best-fit parameters are summarized in
table 5.7. The significance level of the enhancement of the Fe I Ko line in the region number 5
is 2.70 compared to the reference region. The other part of the source region shows a sign that
the Fe I Ka line intensity is also higher than that of the reference region with a significance
level of 1.50. The intensity of the power-law component of the region number 5 is lower than

that of the other part of the source region.
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Table 5.6: Line intensities of Fe I, Fe XXV and Fe XXVI Ka in the region 1-12 of G330.2+1.0

Region number Line intensity*
Fe I Ka Fe XXV Ka Fe XXVI Ka
1 < 5.5 < 6.1 < 6.7
2 < 1.5 3.2+£28 <19
3 <35 3.715% <22
4 < 4.6 4.5+ 3.2 <4.1
5) 49428 42428 < 3.1
6 < 3.7 < 5.1 <24
7 < 3.6 <4.6 <1.6
8 <45 < 3.2 <41
9 < 5.2 4.1+3.2 < 5.7
10 < 3.2 < 3.6 <6.2
11 <4.0 <48 < 2.2
12 <4.0 < 5.1 <29

1 Observed intensity in the unit of 108 photons cm™2 s~! arcmin—2.

Table 5.7: Best-fit parameters for the region number 5 and the other par of the source region

Parameter Best-fit value
Region number 5 Source region except for the region number 5
Power-law photon index 34757 2.440.2
Power-law intensity’ 102179 172 4+ 4
Fe I Ko Intensity? 4.9+28 1.24+0.5
Fe XXV Ko Intensity? 42428 2.3+09
Fe XXVI Ko Intensity? <31 <14

1 Observed intensity in the 5.0-8.0 keV band in the unit of of 10~8 photons cm~2 s~! arcmin—2.

2 Observed intensity in the unit of 108 photons cm™2 s~! arcmin—2.
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Figure 5.16: Comparison of the spectra of the region number 5 (left panel) and the other part
of the source region (right panel). The upper panels show the spectra fitted with the power-law
plus four Gaussian functions model. The vertical axes are normalized with the ratio of the
areas, considering the vignetting effect. The bottom panels show the residuals between the
data and the best-fit models.

5.7 G346.6—0.2
X-ray images

Figures 5.17 show the NXB subtracted and exposure corrected XIS images of G346.6—0.2 in
the 0.5-3 keV (a), 5-8 keV (b) and 6.3-6.5 keV (c) bands. The 0.5-3 keV and 5-8 keV bands
images are binned with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins.
The 6.3-6.5 keV band image is binned with 32 x 32 pixels and then smoothed with a Gaussian
function of o = 8 bins.

In the 0.5-3 keV band, diffuse X-ray emission filling the radio shell is seen. The spatial
distribution of the diffuse emission is consistent with the previously known thermal emission.
Above 5 keV, on the other hand, there is no significant diffuse X-ray emission. There are two
point-like sources surrounded by green circles in figure 5.17(b). In the 6.3-6.5 keV band, an
excess with a size of ~ 9 x 4.

X-ray spectra

In order to investigate the diffuse source in the 6.3-6.5 keV band, both of two point-like sources
seen in the 5-8 keV band were removed with circular regions with the radius of 2’ from the
following analysis. The excess region was defined as an area surrounded by the dashed ellipse
except for the green circles shown in figure 5.17(c) The whole field except for the excess region
and the circular regions was defined as the reference region.

The XIS0+3 spectra were extracted from the excess and the reference regions. The NXB
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Figure 5.17: (a) : XIS0+1+43 image of G304.640.1in the 0.5-5 keV. The image is binned with
8 x 8 pixels and then smoothed with a Gaussian function of 0 = 3 bins. Cyan contours in figure
(a) show the 843 MHz radio intensity (Whiteoak & Green, 1996). (b) : XISO+3 image in the
5-8 keV. The binning and the smoothing is same as that of (a). The green circle shows the
position of the point-lie source. (c) : XIS0+3 image in the 6.3-6.5 keV band (c). The image
is binned with 32 x 32 pixels and then smoothed with a Gaussian function of ¢ = 8 bins. The
regions surrounded wth cyan dashed lines is the ”"excess” region, and the remaining part of the
field of view is the "reference” region. The color scales are normalized so that the bright pixel
is 1.

was estimated using the data within 4300 days of the observation and then subtracted from
each spectrum. Each spectrum was fitted with the model consisting of a power-law and four
Gaussian functions described in section 5.1. Figures 5.18 show the NXB subtracted spectra of
the excess region and the reference region with the best-fit models. Both of the model fittings
are acceptable with x2 , = 0.73 (22 d.o.f.) for the excess region and y%, = 1.21 (29 d.o.f.). The
best-fit parameters are summarized in table 5.8. The intensities of the Fe XXV and Fe XXVI
Ka lines are consistent between the excess and reference regions. The intensity of the Fe I Ka
line of the excess region, on the other hand, is significantly higher than that of the reference
region. The significance level of the enhancement is 3.20. There is a sign that the photon index
of the power-law component is larger in the excess region with a significance level of 2.20. The
intensities of the power-law components in the energy band of 5-8 keV are consistent with each
other.
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Figure 5.18: Top panels : 5-8 keV spectra of G346.6—0.2 extracted from the excess (left) and
reference (right) regions, fitted with a power-law plus four Gaussian functions model. The
vertical axes are normalized with the areas of the regions.The solid lines in the top panels show
the best-fit models, while the dotted lines show the components of the model. Bottom panels :
Residuals between the data and the best-fit models divided by the error of each bin.

Table 5.8: Best-fit parameters for the excess and reference regions of G346.6—0.2

Parameter Best-fit value

Excess region Reference region
Power-law photon index 46715 2.370%9
Power-law intensity! 4818 51+5
Fe I Ka Intensity? 5.6 2.3 < 1.8
Fe XXV Ka Intensity? 77+24 6.8£1.5
Fe XXVI Ko Intensity? 2.3+£2.0 <24

1 Observed intensity in the 5.0-8.0 keV band in the unit of photons cm~2 s~1 arcmin—2.
2 Observed intensity in the unit of 108 photons cm™2 s~! arcmin—2.

5.8 G348.5+0.1
X-ray images

Figures 5.19 show the NXB subtracted and exposure corrected XIS images of G348.5+0.1 in
the 0.5-3 keV (a), 5-8 keV (b) and 6.3-6.5 keV (c) bands. The 0.5-3 keV and 5-8 keV bands
images are binned with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins.
The 6.3-6.5 keV band image is binned with 32 x 32 pixels and then smoothed with a Gaussian
function of o = 6 bins.

In the 0.5-3 keV band image, diffuse emission is seen near the center of the field of view.
The soft X-rays correspond to the previously known thermal emission. In the 5-8 keV band,

two sources are seen as tagged as A and B in figure 5.19(b). The source A is coincident with
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Figure 5.19: (a) : XISO+1+3 image of G348.54+0.1 in the 0.5-3 keV band. The image is binned
with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins. The cyan contours
show the 843 MHz radio continuum intensity (Whiteoak & Green, 1996). (b) : XIS0+3 image
in the 5-8 keV band. The size of the binning and smoothing are the same as that of (a). (c)
: XISO+3 image in the 6.3-6.5 keV band. The image is binned with 32 x 32 pixels and then
smoothed with a Gaussian function of ¢ = 6 bins. The areas surrounded with the dashed curves
are the "excess” region, while the whole field except for the excess region and the sources A
and B is the "reference” region.

the non-thermal source named as CXOU J171419.8—383023 (Aharonian et al., 2008c). The
source B in figure 5.19(b) is coincident with the point source 3XMM J171428.5—383600. In the
5-8 keV band image, on the other hand, no clear diffuse emission is seen. In the 6.3-6.5 keV

band, there is structure near the sources A and B.

X-ray spectra

The excess region was defined as an ellipse illustrated with the dashed line in figure 5.19(c).
The sources A and B can be contaminants to estimate the iron Ko line intensities. The regions
around the sources A and B were removed with circles with radii of 3/5 and 2!0, respectively.
The whole field except for the excess region and the circular regions around the sources A and
B was defined as the reference region.

The XIS0+3 spectra were extracted from the excess and the reference regions. The NXB
was estimated using the data within +300 days of the observation and then subtracted from
each spectrum. Each spectrum was fitted with the model consisting of a power-law and four
Gaussian functions described in section 5.1. Figures 5.20 show the NXB subtracted spectra of
the excess and the reference regions with the best-fit models. Both of the model fittings are

statistically acceptable with x2, = 1.09 (38 d.o.f.) for the excess region and x*/,.q = 1.10 (25



5.8. G348.5+0.1 57

d.o.f.) for the reference region. The best-fit parameters are summarized in table 5.9.
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Figure 5.20: Top panels : NXB subtracted spectra of G348.5+0.1 extracted from the excess
(left) and reference (right) regions, fitted with the power-law plus four Gaussian functions
models in the 5-8 keV band. The vertical axes are normalized with the areas of the regions.
The best-fit models are plotted with the solid lines, while each component is plotted with the

dotted line. Bottom panels: Residuals between the data and the best-fit models.

Table 5.9: Best-fit parameters for the excess and reference regions of G348.5+0.1.

Parameter Best-fit value

excess region background region
Power-law photon index 2.179°8 2.370%
Power-law intensity! 8615 64+ 7
Fe I Ka Intensity? 45+18 < 3.0
Fe XXV Ko Intensity? 6.9+1.9 73422
Fe XXVI Ka Intensity? <1.6 <1.6

1 Observed intensity in the 5.0-8.0 keV band in the unit photons cm™2 s~! arcmin—2.
2 Observed intensity in the unit of 108 photons cm~2 s~ arcmin—2.

The spectrum extracted from the excess region shows a sign of the enhancement in the Fe I
Ka line. The significance level of the enhancement is 2.20. The intensities of the Fe XXV Ka
and the Fe XXVI Ka lines are consistent between the excess region and the reference region.
The photon index of the power-law component is also consistent between the regions. The
intensity of the power-law component, on the other hand, is significantly higher in the excess
region with a confidence level of 3.9¢.

The X-rays from the source A (see figure 5.20) might affect the estimation of the line inten-
sities of the excess region. To check the degree of the contamination, we extracted a spectrum
of the source A. Figure 5.21 shows the XIS0+3 spectrum of the source A. The spectrum of

the reference region was subtracted as the background. No clear signs of the lines are seen.
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Then the spectrum was fitted with a model which is the same with that applied for the spectral
fittings of the excess and the reference regions. The 6.4 keV line flux of the source A was ob-
tained to be < 2.2 x 107% photons cm~2 s~!. Based on the point-spread function of the Suzaku
XRT simulated with the xissim toolkit, it is estimated that about 5 % of the photons from
the source A leak into the excess region. Since the area of the excess region is 120 arcmin™2,
the contamination for 6.4 keV line intensity from the source A is estimated to be less than
2.2x107% x5 %/120 = 9.1 x 107'° photons cm™2 s~! arcmin™2. This value is only 2 % of the
6.4 keV line intensity in the excess region and thus the contamination is negligible. It is also
confirmed that the source B does not exhibit the significant 6.4 keV line. Since the source B
is much fainter than the source A, we concluded that the contamination from the source B is

also negligible.
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Figure 5.21: Top panel : Background subtracted spectrum of the source A, fitted with the
power-law plus four Gaussian functions models in the 5-8 keV band. The best-fit models are
plotted with the solid lines. Note that each Gaussian functions are not seen in the range of the
figure. Bottom panel: Residuals between the data and the best-fit models.

5.9 G348.7+0.3
X-ray images

Figures 5.22 show the NXB subtracted and exposure corrected XIS images of G348.7+0.3 in
the 0.5-3 keV (a), 5-8 keV (b) and 6.3-6.5 keV (c) bands. The 0.5-3 keV and 5-8 keV bands
images are binned with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins.
The 6.3-6.5 keV band image is binned with 32 x 32 pixels and then smoothed with a Gaussian

function of o = 6 bins.
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Figure 5.22: (a) : XISO+1+3 image of G348.740.3 in the 0.5-3 keV band. The image is binned
with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins. The cyan contours
show the 843 MHz radio continuum intensity (Whiteoak & Green, 1996). (b) : XIS0+3 image
in the 5-8 keV band. The size of the binning and smoothing are the same as that of (a). (c)
: XISO+3 image in the 6.3-6.5 keV band. The image is binned with 32 x 32 pixels and then
smoothed with a Gaussian function of ¢ = 6 bins. The regions surrounded with dashed lines
except for the circular regions around the sources A, C and D is the ”excess” region, while the
whole field except for the excess region and the sources A, C and D is the "reference” region.

In the 0.5-3 keV band image, two point-like sources are seen (tagged as A and B in fig-
ure 5.22(a)). The source A is coincident with the AXP candidate CXOU J171405.7—381031 (Naka-
mura et al., 2009). The source B is coincident with 1RXS J171354.4—381740. In addition to
the point-like sources, it is known that there is a faint extended source near the source A (Naka-
mura et al., 2009). Due to contamination by the PSF tail of the source A, the extended source
cannot be seen clearly in figure 5.22(a).

In the 5-8 keV band, diffuse emission is seen in the south of the source A. This structure is
coincident with the previously known diffuse emission consisting of the thermal and the non-
thermal components. The point sources tagged as ”C” and ”D” in figure 5.22(b) is coincident
with the point sources 3XMM J171416.4—380559 and 3XMM J171400.7—382054, respectively.

In the 6.3-6.5 keV band, extended emission spreads to the southern direction from the
source A. Some part of the 6.3-6.5 keV enhancement is coincident with the diffuse structure
seen in figure 5.22(b).

X-ray spectra

In the following analysis, areas around the sources A, C and D were removed by circles with

radii of 2!/7 (source A) and 2/0 (sources C and D). The excess region was defined as an area
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surrounded by the dashed lines in figure 5.22 except for the circle centroids on the sources A,
C and D. The whole field except for the excess region and three sources was defined as the
reference region.

The XIS0+3 spectra were extracted from the excess and the reference regions. The NXB
was estimated using the data within 300 days of the observation and then subtracted from
each spectrum. Each spectrum was fitted with the model consisting of a power-law and four
Gaussian functions described in section 5.1. Figures 5.23 show the NXB subtracted spectra of
the excess and the reference regions with the best-fit models. Both of the model fittings are
statistically acceptable with x2, = 0.98 (32 d.o.f.) for the excess region and x2, = 1.34 (27

d.o.f.) for the reference region. The best-fit parameters are summarized in table 5.10.
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Figure 5.23: Top panels : NXB subtracted spectra of G348.7+0.3 extracted from the excess
(left) and reference (right) regions, fitted with the power-law plus four Gaussian functions
models in the 5-8 keV band. The vertical axes are normalized with the areas of the regions.
The best-fit models are plotted with the solid lines, while each component is plotted with the
dotted line. Bottom panels: Residuals between the data and the best-fit models.

Table 5.10: Best-fit parameters for the excess and reference regions of G348.7+40.3.

Parameter Best-fit value

Excess region Reference region
Power-law photon index 2.1108 2.0+0.5
Power-law intensity! 13019, 58 +4
Fe I Ka Intensity? < 4.8 1.2+ 1.0
Fe XXV Ka Intensity? 4.6+£2.9 5.5+ 1.1
Fe XXVI Ka Intensity? < 2.7 <09

1 Observed intensity in the 5.0-8.0 keV band in the unit photons cm™2 s~! arcmin—2.
2 Observed intensity in the unit of 108 photons cm~2 s~ arcmin—2.

Only an upper limit is obtained for the intensity of the Fe I Ka line in the excess region,
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although its best-fit value is higher than that in the reference region (see figure 5.23). The
intensity of the power-law component of the excess region is significantly higher than that of
the reference region. This result is reasonable because the excess region contains the diffuse
non-thermal emission seen in the 5-8 keV band. The other parameters are consistent between

the excess and reference regions.

5.10 G355.6-0.0

X-ray images

Figures 5.24 show the NXB subtracted and exposure corrected XIS images of G355.6—0.0 in
the 0.5-3 keV (a), 5-8 keV (b) and 6.3-6.5 keV (c) bands. The 0.5-3 keV and 5-8 keV bands
images are binned with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins.
The 6.3-6.5 keV band image is binned with 32 x 32 pixels and then smoothed with a Gaussian

function of o = 6 bins.
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Figure 5.24: (a) : XISO+1+3 image of G355.6—0.0 in the 0.5-3 keV band. The image is binned
with 8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins. Cyan contours
show the 843 MHz radio continuum intensity (Whiteoak & Green, 1996). (b) : XIS0+3 image
in the 5-8 keV band. The size of the binning and smoothing are the same as that of (a). (c)
. XISO+3 image in the 6.3-6.5 keV band. The image is binned with 32 x 32 pixels and then
smoothed with a Gaussian function of ¢ = 6 bins.

In the 0.5-3 keV band image, a diffuse structure is seen in the radio shell. This emission
is coincident with the previously known thermal plasma of G355.6—0.0 (Minami et al., 2013).
A bright X-ray source at the west of G355.6—0.0 is the young open cluster NGC 6383 (Rauw
et al., 2003). In the 5-8 keV band, two X-ray sources are seen. The one tagged as ”A” in
figure 5.24(b) is NGC 6383, while the other one tagged as "B” is a CV candidate named as
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Suzaku J173530—3236 (Minami et al., 2013). On the other hand, there is no distinct diffuse
structure.

In the 6.3-6.5 keV band, sources A and B are clearly seen. In addition to these sources,
two enhancements tagged as E and W are seen. However, the enhancement E would not be

involved with the SNR, since the enhancement is away from G355.6—0.0 over the diameter of
the SNR.

X-ray spectra

Circular regions centroids on the source A with a radius of 3/5 and centroids on the source B
with a radius of 3!/5 were excluded from the following spectral analysis.

First, we investigated the spectrum extracted from a combined region of the enhancements
E4+W excluding the circular regions centroid on the sources A and B. The reference region
was defined as whole field except for the enhancements E and W, and the sources A and B in
figure 5.24. The XIS0+3 spectra were extracted from the E+W and the reference regions. The
NXB was estimated using the data within 4300 days of the observation and then subtracted
from each spectrum. Each spectrum was fitted with the model consisting of a power-law and
four Gaussian functions described in section 5.1.

Figures 5.25 show the NXB subtracted spectra extracted from the E4+W region and the
reference region with the best-fit models. Both of the fittings are acceptable with x2, = 1.38
(23 d.o.f.) for the E+W region and 2, = 0.83 (49 d.o.f.) for the reference region. The best-fit
parameters are summarized in table 5.11. The intensity of the 6.4 keV line emission in the
E+W region is higher than that in the reference region with a significance of 2.90. All the

other parameters are consistent between the E+W and the reference regions.

Table 5.11: Best-fit parameters for the E4+W and reference regions of G355.6—0.0.

Parameter Best-fit value

Excess region Reference region
Power-law photon index 27103 22405
Power-law intensity? 94 + 10 97 +6
Fe I Ka Intensity? 72+28 < 3.0
Fe XXV Ko Intensity? 12.5£3.2 123+2.1
Fe XXVI Ko Intensity? < 4.4 25+ 1.7

1 Observed intensity in the 5.0-8.0 keV band in the unit photons cm™2 s~! arcmin—2.

2 Observed intensity in the unit of 108 photons cm~2 s~1 arcmin—2.

Next the spectrum of the region W was tested in the same way. Figure 5.26 shows the NXB

subtracted spectrum extracted from the region W fitted with the power-law plus four Gaussian
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Figure 5.25: Top panels : NXB subtracted spectra of G355.6—0.0 extracted from the E+W
region (left) and the reference (right) region, fitted with the power-law plus four Gaussian
functions models in the 5-8 keV band. The vertical axes are normalized with the areas of the
regions. The best-fit models are plotted with the solid lines, while each component is plotted
with the dotted line. Bottom panels: Residuals between the data and the best-fit models.

functions model. The fittings is acceptable with y%,; = 1.00 (36 d.o.f.). The intensities of the
Fe Ka lines are (5.94+3.4) x 1078 (Fe I), (14.744.1) x 1078 (Fe XXV) and < 5.3 x 1078 photons
cm~? s7! aremin™? (Fe XXVI). The enhancement of the Fe I Ko line is not significant with

1.90 in the case that only the western part of the enhancement is involved with G355.6—0.0.

5.11 G359.0-0.9
X-ray images

Figures 5.27 show the NXB subtracted and exposure corrected XIS images of G359.0—0.9 in
the 0.5-3 keV (a), 58 keV (b) and 6.3-6.5 keV (c) bands. The images of 0.5-3 keV and
5-8 keV bands are binned with 8 x 8 pixels and then smoothed with a Gaussian function of
o = 3 bins. The 6.3-6.5 keV image is binned with 32 x 32 pixels and then smoothed with a

Gaussian function of ¢ = 6 bins

In the 0.5-3 keV band image, a diffuse structure is seen near the radio shell. In addition,
bright emission is seen at the northeast corner of the image. This brightness peak is a com-
position of two X-ray sources; SLX 1744—299 and SLX 1744—300. SLX 1744—299 is a pulser,
while SLX 1744—300 is a low-mass X-ray binary. These sources can also be seen in the 5-8 keV
band image (see figure 5.27(b)). In addition, diffuse X-ray emission is seen in the 5-8 keV band
image as marked with a white dashed rectangle. In the 6.3-6.5 keV band image, enhancement
is seen near the radio shell of G359.0—0.9.
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Figure 5.26: Top panel : NXB subtracted spectrum of G355.6—0.0 extracted from the region
W fitted with the power-law plus four Gaussian functions model in the 5-8 keV band. The
best-fit model is plotted with the solid line, while each component is plotted with the dotted
line. Bottom panel: Residuals between the data and the best-fit model.

X-ray spectra

The excess region was defined as areas surrounded by dashed lines in figure 5.27(c). The point
sources seen in the 5-8 keV band were removed with circles centroids on the sources with a
radius of 2’. Note that the excess region includes the diffuse emission seen in the 5-8 keV band,
which indicate that the enhancement in figure 5.27(c) is possibly affected by the continuum
emission. Thus a spectrum extracted from whole excess region will be investigated first, then a
spectrum of the excess region except for the rectangle region, illustrated by white dashed line
in figure 5.27(b), will be checked. A reference region is all of the field of view except for the
excess region and the point-like source. First, spectra extracted from the whole excess region
and the reference region are fitted with a power-law plus four Gaussians model. Both of the
model fittings are statistically acceptable with y2,; = 0.92 (65 d.o.f.) for the excess region and
XZq = 1.07 (56 d.o.f.) for the reference region. The best-fit parameters are summarized in
table 5.12.

Both of the intensities of the Fe I Ka and Fe XXV Ka in the excess region are slightly higher
than that in the reference region with significance levels of 1.7¢0 and 2.60, respectively. The

intensity of the continuum emission, on the other hand, is clearly higher in the excess region.
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Figure 5.27: (a) : XIS0+1+3 image of G359.0—0.9 in the 0.5-5 keV. The image is binned with
8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins. The cyan contours
show the 843 MHz radio continuum intensity taken from the Skyview homepage. (b) : XIS0+3
image in the 5-8 keV. The binning and then smoothing is same as that of (a). Green circle
shows the position of the point-lie source. (c) : XIS0+3 image in the 6.3-6.5 keV band (c). The
image is binned with 32 x 32 pixels and then smoothed with a Gaussian function of ¢ = 6 bins.
The regions surrounded with cyan dashed lines is the "excess” region, and the remaining part

of the field of view is the "reference” region. The color scales are normalized so that the bright
pixel is 1.
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Figure 5.28: Top panels : NXB subtracted spectra of G359.0—0.9 extracted from the excess
(left) and reference (right) regions, fitted with the power-law plus four Gaussian functions
models in the 5-8 keV band. The vertical axes are normalized with the areas of the regions.
The best-fit models are plotted with the solid lines, while each component is plotted with the
dotted line. Bottom panels: Residuals between the data and the best-fit models.

Then a spectrum, which was extracted from the excess region except for the diffuse emission
seen in the 5-8 keV band, was tested. Figure 5.29 shows the spectrum fitted with a power-
law plus four Gaussians model. The fitting is acceptable with x?/v = 1.09 (v = 49). The
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Table 5.12: Best-fit parameters for the excess and reference regions of G359.0—0.9.

Parameter Best-fit value

Excess region 1! Excess region 22 Reference region
Power-law photon index 2.44+0.2 2.54+0.3 2.440.2
Power-law flux® 2187 188+ 7 124 £ 2
Fe I Ko Intensity® 56+1.9 5.2+1.9 3.3+0.7
Fe XXV Ko Intensity? 15.1+2.2 15.5+2.2 11.0£0.9
Fe XXVI Ko Intensity? 3.5+1.9 3.4+£19 3.3+0.8

1 Whole area of the excess region.

2 Excess region except for the diffuse emission seen in the 5-8 keV band.

3 Observed intensity in the 5.0-8.0 keV band in the unit photons cm™2 s~! arcmin—2.
4 Observed intensity in the unit of 10~8 photons cm~2 s~1 arcmin™2.

best-fit parameters are also summarized in table 5.12. Although the intensity of the power-law
component decreases by the removing of the diffuse emission seen in the 5-8 keV band, it is
still higher than that in the reference region. The intensities of three Gaussians, on the other
hand, does not change significantly. Since the significance level of the enhancement of the Fe I

Ka line is only 1.40, it is concluded that there is not a significant enhancement of 6.4 keV line
at G359.0—0.9.
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Figure 5.29: Top panel : 5-8 keV spectra of G359.0—0.9 extracted from the excess region, except
for the diffuse emission seen in the 5-8 keV band fitted with a phenomenological model. The
solid line in the top panel shows the best-fit model, while the dotted lines show the components
of the model. Bottom panel : Residuals between the data and the best-fit model.
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5.12 G359.1-0.5

X-ray images

Figures 5.30 show the NXB subtracted and exposure corrected XIS images of G359.1—0.5 in
the 0.5-3 keV (a), 5-8 keV (b) and 6.3-6.5 keV (c) bands. The images of 0.5-3 keV and
5-8 keV bands are binned with 8 x 8 pixels and then smoothed with a Gaussian function of
o = 3 bins. The 6.3-6.5 keV image is binned with 32 x 32 pixels and then smoothed with a

Gaussian function of o = 6 bins.
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Figure 5.30: (a) : XIS0+1+3 image of G359.1—0.5 in the 0.5-3 keV. The image is binned with
8 x 8 pixels and then smoothed with a Gaussian function of ¢ = 3 bins. The cyan contours
show the 843 MHz radio continuum intensity taken from the Skyview homepage. (b) : XIS0+3
image in the 5-8 keV. The binning and the smoothing is same as that of (a). Green circle shows
the position of the point-lie source. (c¢) : XIS0+3 image in the 6.3-6.5 keV band (c). The image
is binned with 32 x 32 pixels and then smoothed with a Gaussian function of o = 6 bins. The
regions surrounded with cyan dashed lines is the ”excess” region, and the remaining part of the
field of view is the "reference” region. The color scales are normalized so that the bright pixel
is 1.

In the 0.5-3 keV band, there are two distinct diffuse enhancements which correspond to
X-ray emission from G359.0—0.9 and G359.1—0.5. The diffuse X-ray emission of G359.1-0.5
locates in the radio shell. In the 5-8 keV band, on the other hand, no bright diffuse emission
is seen in the radio shell. The northwestern part of the image is brighter than the southeastern
part. This tendency is roughly consistent with the distribution of GRXE and GCXE, which
are brighter for lower absolute Galactic latitude. In the 6.3-6.5 keV band, an enhancement is

seen in the northwestern part of the image.
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X-ray spectra

The excess region is defined as the areas surrounded by dashed lines in figure 5.30(c). Five
point-like sources surrounded by green circles in figures 5.30 were removed from the excess
region with circles with a radius of 2/0. The whole field except for the excess region and the
point-like sources was defined as the reference region.

The spectra of the excess and reference regions were fitted with the power-law plus four
Gaussians function model. The model can explain both of the spectra with x2, = 1.08 (46
d.o.f.) for the excess region and x2, = 1.09 (97 d.o.f.) for the reference region. The best-fit

parameters obtained in the fitting are summarized in table 5.13.

Energy (keV) Energy (keV)

Figure 5.31: Top panels : NXB subtracted spectra of G359.1—0.5 extracted from the excess
(left) and reference (right) regions, fitted with the power-law plus four Gaussian functions
models in the 5-8 keV band. The vertical axes are normalized with the areas of the regions.
The best-fit models are plotted with the solid lines, while each component is plotted with the
dotted line. Bottom panels: Residuals between the data and the best-fit models.

Table 5.13: Best-fit parameters for the excess and reference regions of (G359.1—0.5.

Parameter Best-fit value
Excess region Reference region Reference region (corrected) 3
Power-law photon index 1.9+0.3 2.14+0.2
Power-law intensity! 200 + 8 147+ 3 173+ 6
Fe I Ko Intensity? 1214+2.2 5.8+ 0.8 10.5£ 1.5
Fe XXV Ka Intensity? 25.9 £ 2.7 15.0+ 1.0 23.2+1.5
Fe XXVI Ko Intensity? 6.2+ 2.2 4.3+0.8 6.3+ 1.2

1 Observed intensity in the 5.0-8.0 keV band in the unit photons cm~2 s~1 arcmin—2.

2 Observed intensity in the unit of 108 photons cm™2 s~ arcmin—2.

3 Parameters for the reference region after the correction by the latitude profiles of GCXE and GBXE.

All of the intensities of the power-law, Fe I Ka ,Fe XXV Ka and Fe XXVI Ka lines in the
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excess region is significantly higher than those in the reference region. This would be caused
by a latitude distribution of the GDXE, since the excess region locates closer to the Galactic
plane. At the position of G359.1—0.5, the GDXE is dominated by the GCXE and GBXE.
Assuming that the X-ray emission in the reference region consists of the combination of the
GCXE and GBXE, the observed intensities of the Fe Ka lines and the power-law were corrected
to the intensities predicted in the excess region, using the e-folding scales along the Galactic
longitude obtained in Uchiyama et al. (2013), see table 2.2. Since the barycenters for the excess
region and the reference region are (I,b) = (359°024,—0.369) and (I,b) = (358°999, —0.561),
the intensities of the Fe I, Fe XXV Fe XXVI Ka lines and the power-law in the reference region
were multiplied by 1.80, 1.55, 1.48 and 1.27, respectively. The corrected intensities are also
summarized in table 5.13.

After the correction of the GCXE and GBXE distribution, the enhancements in the line
intensities become not significant with 1.00 (Fe I Ka), 1.70 (Fe XXV Ka) and < 1o (Fe XXVI
Ka). The intensity for the power-law component is also consistent with each other. Thus it is
concluded that the Fe I Ko in the excess region is not significantly higher than the reference
region, when the intensity profiles of the GCXE and GRXE are considered.

5.13 Summary of the systematic analysis

Table 5.14 shows a summary of the systematic search for the 6.4 keV line in the eleven Galactic
SNRs. G304.64+0.1, G323.7+1.0 and G346.6—0.2 show clear excess of the 6.4 keV line with
confidence levels greater than 30. In addition, G330.241.0 and G348.540.1 show the signs
for the enhancement with confidence levels of > 20. It is concluded that these three samples
show significant enhancement of the 6.4 keV line coincident with each SNR. To investigate the
property of the 6.4 keV line enhancements, more detailed analysis for G304.64-0.1, G323.7+1.0
and G346.6—0.2, which show > 30 excess in the 6.4 keV line, is performed in the next section.

Although the absorption column density was fixed to the value obtained by Uchiyama et
al. (2013), the degree of the absorption does not significantly affect the results. Even when
we fit the spectra of the excess and reference regions of each SNR without any consideration
of the absorption, the significance level of the enhancements in G304.64-0.1, G323.741.0 and
(G346.6—0.2 are higher than 30, while that of the other SNRs are lower than 3o.
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Table 5.14: Summary of the systematic analysis for 11 SNRs

SNR name Fe I Ko line intensity? Notation
Excess region Reference region Excess significance

G290.1-0.8 <18 <04 N/A 2]
(G298.6—0.0 < 2.0 < 0.6 N/A 2]
G304.6+0.1 42+1.6 < 1.0 3.60

G323.7+1.0 43+1.6 < 0.8 4.10

G330.2+1.0 49428 < 0.9 2.70 3]
G346.6—0.2 5.6 £2.3 < 1.8 3.20

G348.5+0.1 45+1.8 < 3.0 2.20

G348.7+0.3 <438 1.2+ 1.0 N/A 2]
G355.6—0.0 59+ 34 < 3.0 1.90 (4]
G359.0—-0.9 56+ 1.9 3.3+£0.7 1.90 5]
G359.1-0.5 12.1£2.2 105+ 1.5 1.00 6]

1 2 2

1 Line intensities in the units of 10~® photons s~! cm~2 arcmin—2.

2 Only upper limits are obtained for the Fe I Ka line intensity in the excess region.

3 The excess region for G330.241.0 corresponds to the region number 5 in section 5.6.

4 Only the enhancement in the region W (see section 5.10) is used in the summary.

5 The area, where the diffuse emission in the 5-8 keV is seen, is included in the excess region

6 The intensity in the reference region is the value after the correction for the intensity profiles of GCXE and GBXE.



Chapter 6

Detailed analysis and results of the

6.4 keV line enhancements

6.1 Comparison between the observed line intensities
and the GRXE

Since the GRXE exhibits strong Fe Ka lines, the 6.4 keV line enhancements seen in the SNRs
might be explained by the fluctuation of the GRXE. To investigate the possibility, the observed
6.4 keV line intensities in G304.6+0.1, G323.7—1.0 and G346.6—0.2 were compared with the
Fe I Ka intensity profile of the GRXE.

Yamauchi et al. (2016) made the Galactic longitude profile of the Fe I Ko intensity using
the data within |b] < 1°0 (see figure 2.10). Although the intensity depends on the Galactic
latitude, the latitude distribution was not considered in Yamauchi et al. (2016). We corrected
the latitude distribution and made a new Galactic longitude profile of the Fe I K« intensity
at the Galactic latitude of each SNR. The latitude distribution of the Fe I Ko intensity was
assumed to be represented by an exponential function with an e-folding scale of 0°5 based on
Yamauchi et al. (2016).

In the case of G304.640.1, for example, the Galactic latitude of the SNR is b = 0°1
hence b, = 0°146 (the definition of the coordinates (l,,b,.) are shown in section 2.5). Thus
an Fe I Ka intensity of the GRXE obtained using the data at b, was multiplied by a factor
of exp(—0°146/0°5) /exp(—b,/0°5). All data points of the GRXE intensity in the western side
of the Galactic plane were corrected by the same way. Figure 6.1 shows the corrected Fe Ko
intensity profile of the GRXE (blue) and the observed 6.4 keV line intensities in the excess
(red) and reference (black) regions of G304.640.1. Because of the absence of the GRXE data
at |l.| > 40°, the Fe I Ka intensity of the GRXE at the position of G304.6+0.1 is unclear.

The 6.4 keV line intensities of G323.7—1.0 and G346.6—0.2 were also compared with the

71



72CHAPTER 6. DETAILED ANALYSIS AND RESULTS OF THE 6.4 KEV LINE ENHANCEMENTS

10 ————

'

iy

T T T T
[ —

—_
T
1

1078 photons s™! cm™2 arcmin™?

M ' ' ' '
10 20 50
Absolute 1, (degree)

©
=

(9]

Figure 6.1: Comparison between the Fe I Ka intensity profile of the GRXE (blue) and the
observed 6.4 keV line intensity in the excess (red) and reference (black) regions of G304.6+0.1.
The error bar of each data point of the GRXE profile shows the 1o confidence level, while that
of the 6.4 keV line intensities in the excess and reference regions show the 90% confidence level.

GRXE. The Galactic latitude of G323.7—1.0 and G346.6—0.2 are b = —1°0 and b = —0°2,
respectively, and thus the Fe I Ko intensity of the GRXE at b = —1°0 (|b.| = 0°954) and
b= —0°2 (]bs| = 0°154) were estimated. Figures 6.2 show the Fe I Ka intensities of the GRXE
at b= —1°0 (left panel) and b = —0°2 (right panel). The observed 6.4 keV line intensity in the
excess regions (red data points) and the reference regions (black data points) are also plotted.

In both of G323.7—1.0 and G346.6—0.2, the 6.4 keV line intensity in the reference regions
are comparable with that of the Fe I Ka intensity of the GRXE. The intensities in the excess
regions, on the other hand, are higher than the GRXE Fe I Ka intensities by factors of ~ 10
(G323.7—1.0) and ~ 4 (G346.6—0.2). Although G304.6+0.1 locates outside the range of the
GRXE profile, we concluded that at least the enhancements in G323.7—1.0 and G346.6—0.2 do
not the fluctuation of the GRXE. There are excess of the 6.4 keV line intensity in addition to
the GRXE.

6.2 Equivalent width and energy centroid of the 6.4 keV
line

To estimate the equivalent width of the 6.4 keV line enhancement of each SNR, the spectrum of

the reference region was subtracted from that of the excess region after correcting the difference
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Figure 6.2: (Left panel) : Blue data points show the Fe I Ka intensity profile of the GRXE
along the Galactic longitude at b = —1°0. The red and the black data points are the observed
intensity of the 6.4 keV line in the excess and reference regions of G323.7—1.0. The error bar of
each data point of the GRXE profiles shows the 1o confidence level, while that of the 6.4 keV
line intensities in the excess and reference regions show the 90% confidence level. (Right panel)
: The same plot with the left panel, but the intensity profile of the GRXE at b = —0°2 and
the observed intensity of G346.6—0.2.

of the area taking into account the vignetting. Figures 6.3 show the spectra of the excess regions
of G304.6+0.1, G323.7—1.0 and G346.6—0.2 after the subtraction. The spectra were fitted with
a model consisting of a power-law and two Gaussian functions. The energy centroids of the
Gaussian functions were fixed to be 6.40 keV and 7.06 keV assuming the Fe I Ka and the
Fe T K@ lines, respectively. The intensity of the Fe 1 Kf line was set to 0.125 times that
of the Fe I Ka line. When the width of the 6.40 keV line was set to be a free parameter,
it was consistent with zero in each SNR. The upper limits were 83 eV (G304.64+0.1), 92 eV
(G323.7—1.0), and 104 eV (G346.6—0.2). Thus widths of both of the 6.40 keV and 7.06 keV
lines were fixed to be zero. The best-fit parameters are summarized in table 6.1.

All three SNRs exhibit the quite large equivalent widths. The lower limits of the equivalent
widths of G304.64+0.1, G323.7—1.0 and G346.6—0.2 are 670 eV, 2300 eV and 5200 eV, respec-
tively. The continuum level and hence the equivalent width are sensitive to the vignetting
correction. The lower limits become 440 eV, 1200 eV and 570 eV, respectively, when the
uncertainty of the vignetting correction is assumed to be 5% according to Suzaku technical
description.

Then the energy centroid of the gaussian functions for the 6.40 keV lines were arrowed to
vary to investigated the energy centroids. The energy centroids are obtained as 6.38 £0.04 keV
(G304.6+0.1), 6.40 &+ 0.04 keV (G323.7—1.0) and 6.387007 keV (G346.6—0.2). These values
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Figure 6.3: Spectra of the excess regions of G304.6+0.1 (top left), G323.7—1.0 (top right) and
(G346.6—0.2 (bottom), corresponding spectra of the reference regions are subtracted. The solid
lines show the best-fit model consisting of a power-law and a Gaussian function.

are consistent with the Fe I Ka. The upper limits of 6.42-6.44 keV indicate that the Fe is less
ionized than the ~O-like or Ne-like states.

6.3 Combined spectrum of G304.6+0.1, G323.7—1.0 and
G346.6—0.2
The spectral nature of the 6.4 keV enhancements of G304.64-0.1, G323.7—1.0 and G346.6—0.2 is

similar with each other: the large equivalent widths and the low energy centroids hence the low

ionization states. To investigate the enhancements in more detail, the spectra of G304.6+0.1,
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Table 6.1: Best-fit parameters for the excess regions after the subtraction of the spectra of the
background regions.

Parameter Best-fit value

G304.64+0.1 G323.7-1.0 G346.6—0.2
Power-law photon index 4.879%0 N/A? > 5.4
Power-law flux! 0.2140.20 <15 0.175%
6.4 keV line equivalent width(keV)  1.977%° > 2.3 30.07559

1 Observed intensity in the 5.0-8.0 keV band in the unit of 10~ photons cm™2 s~ arcmin—2.
2 Both of the lower- and upper-limits are obtained within the 90% confidence level.

(G323.7—1.0 and G346.6—0.2 were added altogether assuming that the 6.4 keV line in the three
SNRs are emitted via the same mechanism.

The combined spectrum of the excess regions of G304.6+0.1, G323.7—1.0 and G346.6—0.2 is
plotted with black data points in figure 6.4(a). The red data points in figure 6.4(a) shows that
of the reference regions. Then the combined spectrum of the reference regions was subtracted
from that of the excess regions. Figure 6.4(b) shows the combined spectrum of the excess
regions after the subtraction. The subtracted spectrum was fitted with the model consisting of
a power-law and two Gaussian functions, which is applied in section 6.2. The energy centroid
of the Gaussian function for the 6.4 keV line was set to be a free parameter. The width of
the 6.4 keV line was consistent with zero, and we obtained only an upper limit of < 76 eV.
Thus the width was fixed to be zero hereafter. The spectral fitting gives the equivalent width
of 2.5 keV and the energy centroid of 6.40 & 0.02 keV. When we take into account the
systematic uncertainty of the vignetting correction, the lower-limit of the equivalent width
become 760 eV. The upper limit of the energy centroid of 6.42 keV corresponds to the Fe Ka
line with a charge number of about XIV (Mg-like state).

Next we tried to fit the combined spectrum of the excess regions assuming emission from
ionizing plasma. The combined spectrum was fitted with the NEI model in XSPEC. The nor-
malization, electron temperature and ionization timescale were set to be free parameters. The
abundance of Fe was also a free parameter, while those of the other elements were fixed to the
values of the Sun (Lodders, 2003). Figure 6.5 shows the combined spectrum fitted with the NEI
model. Although the model represents the spectrum well, either a high Fe abundance and a
high electron temperature are required. Figure 6.6 shows the delta-x? map and the confidence
contours for various electron temperatures (horizontal axis) and Fe abundances (vertical axis).
If the electron temperature is 1 keV, at least the Fe abundance of 30 solar is needed to represent
the observed spectrum at a confidence level of 90%. Even if the electron temperature reaches
5 keV, the Fe abundance higher than 3 solar is required. The ionization timescale is obtained

to be net < 3 x 10% s ecm ™3, here n, is the electron density in the plasma.
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Figure 6.4: (a) : Combined spectrum of the excess regions (black) and the reference regions (red)
of G304.6+0.1, G323.7—1.0 and G346.6—0.2. (b) : Top panel shows the combined spectrum of
the excess regions, from which that of the reference regions is already subtracted. The best-
fit power-law plus Gaussian functions model is plotted with the solid line. The dotted lines
indicate the each component of the best-fit model. The residuals between the data and the
best-fit model are shown in the bottom panel.
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Figure 6.5: Same spectrum with figure 6.4(b), but fitted with the NEI model.

6.4 Spatial distribution of the 6.4 keV line enhancement

First, we made projection profiles of the 6.4 keV line enhancements seen in G304.6+0.1,
(G323.7—1.0, and G346.6—0.2 to test the expanse. In the case of G304.640.1, for example,
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Figure 6.6: Delta-x? map resulting from the fitting by the NEI model. The red, green and
blue curves indicate the confidence contours corresponding to the levels of 68%, 90% and 99%,
respectively. The cross point shows the best-fit value.

an X-ray count profile in the 6.3-6.5 keV band was made along the green arrow in the left
panel of figure 6.7. Before to make the profile, the NXB was subtracted from the 6.3-6.5 keV
band image and then the exposure correction was applied. Although the left panel of figure 6.7
was smoothed with a Gaussian function, the profile was made based on a non-smoothed image.
The right panel of figure 6.7 shows the projection profile of the 6.4 keV line enhancement of
G304.64-0.1. The horizontal dashed line shows an averaged count in the reference region. By
the similar way, we also made projection profiles of the enhancements in G323.7—1.0 (figure 6.8)
and G346.6—0.2 (figure 6.9).

Although the statistics are low, all of the three enhancements show the expanse with 5 to
10". The width of the point spread function of the Suzaku XRT, on the other hand, is ~ 2" (see
table 3.1), which is much smaller than the size of each bin in figures 6.7, 6.8, and 6.9. All of
the enhancements expanse larger than the spatial resolution of the Suzaku XRT.

Table 6.2 shows the summary of the approximated size of the 6.4 keV line emitting regions
in G304.6+0.1, G323.7—1.0, and G346.6—0.2. Each angular size was determined based on the
6.3-6.5 keV X-ray image. The actual size was calculated based on the angular size and the
distance from the solar system obtained in the previous researches. The 6.4 keV line emitting
regions are estimated to be larger than 10 pc.

Next we compare the spatial distribution of the 6.4 keV line enhancements and the thermal
plasma. Figures 6.10 show the 6.3-6.5 keV band images of G304.640.1 (left), G323.7—1.0
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Figure 6.7: Left panel: The green rectangle indicates a region from which the projection profile
was extracted. The color image is the same with figure 5.7(c). Right panel: Projection profile
of the X-ray count in the 6.3-6.5 keV band along the direction of the green arrow in the left
panel. The dashed line indicates the averaged count in the reference region. The error bar of
each data point indicates the 1o Poisson error.
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Figure 6.8: The same figure with figure 6.7 but for G323.7—1.0.

(center) and G346.6—0.2 (right) compared with the intensity distribution of the 0.5-3 keV X-
rays (contours). Since the X-rays in the 0.5-3 keV band are dominated by emission from the
low-temperature thermal plasma, the contours in figure 6.10 correspond to the distribution of
the low-temperature thermal plasma. The contours of G323.7—1.0 are noisy since its thermal

radiation is faint. The brightness peaks of the 6.4 keV line emission are apart from the radiation
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Figure 6.9: The same figure with figure 6.7 but for G346.6—0.2.

Table 6.2: Summary of the size of the 6.4 keV line emitting regions in G304.6+4-0.1, G323.7—1.0
and G346.6—0.2.

Angular size' Distance? Actual size?
G304.6+0.1 ~ 5 > 9.7 kpc? > 15 pc
G323.7-1.0 ~ 84 5 kpc® 10 pc
(G346.6—0.2 ~ 8 5.5 kpc or 11 kpc® 10 pc or 20 pc

T Approximated angular size of the 6.4 keV line emitting region.

2 Distance to the SNR from the solar system.

3 Actual size of the 6.4 keV line emitting region calculated based on
its angular size and the distance from the solar system.

4 The size of the largest 6.4 keV clump.

5 Caswell et al. (1975), ¢ Araya (2017), 7 Koralesky et al. (1998)

in the 0.5-3 keV band, indicating that the 6.4 keV line emission does not associate with the
low-temperature plasma.

Figures 6.11 show the 6.3-6.5 keV band images of G304.64-0.1 (left) and G346.6—0.2 (right)
compared with the 843 MHz radio continuum of Whiteoak & Green (1996). The brightness
peak of the 6.3-6.5 keV X-rays of G346.6—0.2 is almost coincident with the bright part of the
radio shell in the southeastern rim. Although the 6.3-6.5 keV X-rays and the radio continuum
are not strongly associated in G304.6+0.1, the distance from the brightness peak of the 6.3
6.5 keV X-rays to that of the radio continuum (~ 2’) is smaller than that to the thermal
X-ray emission’s peak (~ 6'). Figure 6.12 shows the contours of the 6.3-6.5 keV intensity
overlapped on the 843 MHz radio map. The radio emission of G323.7—1.0 is quite weak and

clear correlations cannot be seen. Roughly the 6.4 keV clumps locate near or on the radio shell.
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Figure 6.10: 6.3-6.5 keV band images of G304.64+0.1 (left), G323.7—1.0 (center) and
(G346.6—0.2 (right) compared with the 0.5-3 keV X-ray distribution (contours). The size of
the binning and the smoothing for the images are the same with that applied in the systematic
analysis (see chapter 5).

G304.6+0.1 (G346.6—0.2

0.4 0.6

Figure 6.11: 6.3-6.5 keV band images of G304.640.1 (left) and G346.6—0.2 (right) compared
with the 843 MHz radio distribution (contours). The color images are the same with that in
figure 6.10. The contours of the 843 MHz radio intensity were made using the data of Whiteoak
& Green (1996).



6.4. SPATIAL DISTRIBUTION OF THE 6.4 KEV LINE ENHANCEMENT 81

—10.05
3
.F:" 0.005
4_) -
<
— |
L
~—
O
S
(av]
@) 5%X104
'324.000 3.080
g 5%X10°5

Galactic Longitude
Figure 6.12: Contours of the 6.3-6.5 keV intensity overlapped on the 843 MHz radio map taken

from the Skyview homepage. The dashed ellipse indicates the approximated shape of the radio
shell.



Chapter 7

Discussion

7.1 Origin of the 6.4 keV emission line

7.1.1 Thermal plasma origin

IP can emit the iron K-shell line at ~ 6.4 keV. Indeed, the spectral model assuming the IP can
represent the combined spectrum of G304.640.1, G323.7—1.0 and G346.6—0.2 (see section 6.3).
The spectral fitting reveals that the high Fe abundance and the high electron temperature are
required for the plasma, as well as the low-ionization state.

The electron temperature of the thermal plasma previously known in G304.6+0.1 (kT ~
0.75 keV) and G346.6—0.2 (kT, ~ 0.3 keV) is too low to emit the significant Fe Ka line. In
addition, the spatial distribution of the 6.4 keV line is different from that of the soft X-rays
in G304.64+0.1 and G346.6—0.2. Although the newly discovered soft source in G323.7—1.0
is possibly thermal plasma, the Fe Ka line emitted from the soft source is estimated to be
7 x 107! photons cm™2 s™! arcmin™2 based on the best-fit parameters (see section 5.5). This
value is about 500 times smaller than the observed 6.4 keV line intensity. In addition, the
spatial distribution of the soft source is completely different from the 6.4 keV clumps. Thus
the origin of the 6.4 keV line is not the thermal plasma seen in the soft X-rays.

Based on the spectral fitting by the IP model, the Fe abundance is required to be more
than 3 solar if the electron temperature is assumed to be 5 keV. The electron temperature of
the plasma in SNRs is lower than ~ 5 keV in general. The lower the electron temperature
becomes, the higher Fe abundance is required to explain the observed spectrum. Such a high
abundance could be realized only in Fe-rich ejecta. The ionization timescale obtained by the
spectral fitting (net < 3x10° s cm™3) means that the thermal plasma originates from the ejecta
is younger than 100(n./1 cm™3)~! yr. The ejecta in G304.6+0.1, G323.7—1.0 and G323.7—1.0
are quite unlikely in such a low ionization state due to the old age of the SNRs: the ages were
estimated to be (2.8-6.4) x 10* yr for G304.64-0.1 (Combi et al., 2010), ~ 10° yr for G323.7—1.0

82
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(this work) and (1.4-1.6) x 10* yr for G346.6—0.2 (Yamauchi et al., 2013). Indeed, Yamaguchi
et al. (2014) reported that only young SNRs exhibit such a low energy centroid of ~ 6.42 keV
using the Suzaku archive data of many SNRs.

The thermal plasma origin is also disfavored by the size of the 6.4 keV line emitting regions.
The 6.4 keV line emitting regions were estimated to be larger than 10 pc (see table 6.2). If
the origin of the 6.4 keV line is the thermal plasma, the plasma larger than 10 pc should be
generated by the shock heating. When we assume a shock velocity of 3000 km s~!, it takes
about 3000 yr to cross 10 pc. Since G304.6+0.1, G323.7—1.0 and G323.7—1.0 are not young
SNRs, the shock velocity would be slower than 3000 km s~ and thus it takes more than 3000 yr
to generate the thermal plasma with the size of 10 pc. Based on the fitting of the observed
spectrum, on the other hand, the thermal plasma is younger than 100 yr assuming a typical
electron density of ~ 1 cm™3. It is impossible to generate the thermal plasma larger than 10 pc
within 100 yr by the shock heating.

From the reasons above, the 6.4 keV line does not originate from the thermal plasma. The
6.4 keV line emission has to be explained by non-thermal processes such as K-shell ionization
by photons, non-thermal electrons or protons with an energy above the Fe K-edge (7.1 keV).

We discuss which particle is the dominant source for the observed 6.4 keV line emission.

7.1.2 Non-thermal processes
Photoionization

The 6.4 keV line can be produced by the photoionization. The equivalent width of the 6.4 keV
line can be larger than the observed value, 760 eV, when the spectral photon index of the
X-ray irradiating source is smaller than I' = 1.5 in the case that the Fe abundance of the X-ray
reflecting cloud is equal to that of the Sun (see figure 2.6). The photon index can be larger if
the Fe abundance of the cloud is higher. In this prosess, bright X-ray sources are required in
the vicinity of the SNR. We searched for luminous X-ray source near G304.640.1, G323.7—1.0
and G346.6—0.2, and estimated the luminosity required for the X-ray sources to generate the
observed 6.4 keV line intensity.

We found that PSR B1259—63, which is a high-mass X-ray binary hosting a neutron star, is
located ~ 1.2 degrees away from G304.6+0.1 (Greiner et al., 1995). The distance from the solar
system to PSR B1259—63 is estimated to be 1444 kpc from the parallax of 0.7040.28 mas (Gaia
Collaboration et al., 2016). The distance to G304.64-0.1, on the other hand, is estimated to be
larger than 9.7 kpc by measuring the 21-cm absorption profiles (Caswell et al., 1975). When we
assume that both of G304.64-0.1 and PSR B1259—63 locate 14 kpc away from the solar system,
the distance between G304.640.1 and PSR B1259—63 is 13 kpc x sin(1°2) = 290 pc. Since
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the angular size of the 6.4 keV emitting region is ~ 5’ the actual size is ~ 20 pc. Then the
hydrogen number density of the 6.4 keV emitting cloud is estimated to be ~ 340 cm™3 based
on the empirical relation between the density and size of ny = 180(D/40pc)™"? em™ (Scoville
et al., 1987), where D is the size of the cloud. Note that there are no available data of 2CO or
HI with enough angular resolution to estimate the density of the cloud. With this assumption
and the photon index of PSR B1259—63 (I" ~ 1.6; Chernyakova et al., 2009), a luminosity of
~ 1.3 x 10% erg s~! in the 0.1-100 keV band is required for PSR B1259—63 to generate the
observed intensity of the 6.4 keV line. The iron abundance of the cloud is assumed to be that of
the Sun (Lodders, 2003). Since the luminosity exceeds the Eddington luminosity of a neutron
star (~ 2 x 10% erg s7!) by a factor of 6.5, the photoionization is unlikely to be the significant
origin of the 6.4 keV line.

Cir X-1, which is an X-ray binary hosting a neutron star, is located ~ 2° away from
G323.7—1.0. The distance from the Sun to Cir X-1 is estimated to be 4.1 kpc (laria et al.,
2005). The minimum distance between G323.7—1.0 is 140 pc, and in this case the size of the
6.4 keV emitting region is ~ 10 pc. Then the hydrogen number density of the cloud is esti-
mated to be ~ 600 cm™ based on an empirical relation between the density and size. With
this assumption and the photon index of Cir X-1 (I' = 2.6; laria et al., 2005), a luminosity
of ~ 2.2 x 10% erg s7! in the 0.1-100 keV band is required for Cir X-1. Since the luminosity
exceeds the Eddington luminosity for a neutron star by an order of magnitude, Cir X-1 is not

the significant source for the photoionization.

In the vicinity of G346.6—0.2, there are three bright X-ray sources; 1RXS J170849.0—400910,
RX J1713.7—3946, and 4U 1708—40. The separations between G346.6—0.2 and these sources
are 0°3 (1RXS J170849.0—400910), ~ 0°5 (RX J1713.7—3946) and 0°7 (4U 1708—40). The
distance from the solar system to G346.6—0.2 is estimated to be 5.5 kpc or 11 kpc based on the
line-of-sight velocity of the associated OH maser (Koralesky et al., 1998). The size of the 6.4 keV
line emitting region of G346.6—0.2 is roughly 8. By the similar way applied for G304.6+0.1
and G323.7—1.0, we calculated the required luminosity for 1RXS J170849.0—400910, RX
J1713.7—3946, and 4U 1708—40. The parameters used in the calculation and the results are
summarized in table 7.1. All of the luminosity exceed that each X-ray source can emit, al-
though that of 1RXS J170849.0—400910 exceed the Eddington luminosity of a neutron star
only by a factor of two. The highest flux ever observed from 1RXS J170849.0—400910 is about
5x 107" erg em™2 s7! in the 1-10 keV band (Scholz et al., 2014). An unabsorbed luminosity
in the 0.1-100 keV band is estimated to be 5.2 x 10% erg s~!, assuming the photon index of
I' = 3.1 and the absorption column density of Ny = 2.434 x 10*> cm~2 obtained in Scholz et
al. (2014), and the distance of 5.5 kpc. This luminosity is about two orders of magnitude lower

than that required. Thus these three X-ray sources are unlikely to be the significant source for
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Table 7.1: Parameters used to calculate the luminosity required for the X-ray sources in the
vicinity of G346.6—0.2.

1RXS J170849.0—400910 RX J1713.7—3946  4U 1708—40

Object type Neutron star® SNR' Neutron start’
Distance(kpc)? Unknown 18 10-151
Minimum separations(pc)? 29 4500 130
Photon index? 3.16 2.49 2.4212
Required luminosity (erg s=!)* 4 x 10% 1 x 10% 9 x 10%

T Distance from the solar system to the X-ray sources.

2 Minimum separations between the X-ray sources and G346.6—0.2.

3 Spectral photon index assumed in the calculation based on the previous researches.

4 Required luminosity for the X-ray sources in the 0.1-100 keV band to generate the observed 6.4 keV line intensity.
5 1RXS J170849.0—400910 is an AXP and hence is a magnetar candidate (Scholz et al., 2014).

6 Scholz et al. (2014)

T RX J1713.7—3946 is a famous SNR exhibiting non-thermal hard X-rays (e.g. Koyama et al., 1997).
8 e.g. Pfeffermann & Aschenbach (1996); Koyama et al. (1997); Fukui et al. (2003)

9 The averaged spectral index was observed to be I' = 2.4-2.5(Koyama et al., 1997).

104U 1708—40 is a Low-mass X-ray binary hosting a neutron star.

11 Estimated using the reddening in the infrared band (Revnivtsev et al., 2013).

12 Migliari et al. (2003)

the photoionization.

Ionization by cosmic-ray electrons

A scenario that the Fe in the cold and dense cloud is ionized by cosmic-ray electrons might be
possible. In this process, strong continuum emission must be generated by the bremsstrahlung.
The equivalent width of the Fe Ka line for the bremsstrahlung is 400 eV at most assuming a
solar abundance (see figure 2.8). Since the equivalent width of the observed 6.4 keV line is higher
than 760 eV based on the combined spectrum of G304.640.1, G323.7—1.0 and G346.6—0.2, the
Fe abundance has to be higher than 1.9 times of the solar value. The abundance is too high as

the ISM and thus an Fe-rich material such as ejecta is required.

The brightest part of the 6.4 keV line emitting region in G304.64-0.1 locates outside the
radio shell of the SNR. G346.6—0.2 also shows the sign that some part of the 6.4 keV line
enhancement is outside the radio shell. These spatial distributions disfavor the ejecta origin,
since the radio shell would be the outermost part of the SNR. In addition, as discussed in
section 7.1.1, the ejecta in G304.6+0.1, G323.7—1.0 and G346.6—0.2 are unlikely to be low-

ionized enough to explain the observed energy centroid.
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Ionization by cosmic-ray protons

The 6.4 keV line can also be produced via ionization by protons. In this process, the equivalent
width of the Fe I Ko emission can be higher than 1 keV for gas with a solar abundance (Dogiel
et al., 2011) (see figure 2.8). Thus the observed equivalent width (> 760 eV) can naturally be
explained with the proton origin. The Fe I K« intensity is calculated by

dN

1
Is axev = = /0-6.4keVUnHlZFeﬁdE7 (7.1)

where 0¢.41ev 1S the proton’s cross-section for the Fe I Ka emission, v is the velocity of the
proton, ny is the hydrogen number density of the clump, [ is the thickness of the clump along
the line-of-sight, Zp, is the iron abundance of the clump, and dN/dE is the spectral number
distribution of the proton.

Since the angular size of the 6.4 keV emitting region in G304.6+0.1 is ~ 5, the thickness
of the cloud along the line-of-sight is assumed to be [ = dsin(8'). Here d is the distance from
the solar system to the 6.4 keV emitting region. When the spectrum of the cosmic-ray proton
is set to be dN/dE « E~27 assuming the Galactic cosmic-rays (Cronin, 1999), a proton energy
density of ~ 200(nyg/100 cm™3)~1(d/10 kpc)~t eV em™ (0.1-1000 MeV band) is required to
generate the observed 6.4 keV line intensity. The abundance of the iron Zg, is assumed to be
that of the Sun (Lodders, 2003). This energy density is much higher than the canonical value
for the Galactic cosmic-ray (~ 1 eV cm™3).

The angular size of the largest 6.4 keV clump of G323.7—1.0 is ~ 8. Then the thickness of
the clump along the line-of-sight is assumed to be | = dsin(8'). By a similar calculation above,
a proton energy density of ~ 150(ng /100 cm=3)"1(d/10 kpc)~! eV em™ in the 0.1-1000 MeV
band is required to generate the 6.4 keV line intensity observed in G323.7—1.0.

We applied the similar estimation for G346.6—0.2 using its angular size of 8. Then, by a
similar calculation, a proton energy density of ~ 210(ngy/100 cm™3)~1(d/10 kpc)~* eV cm™3 in
the 0.1-1000 MeV band is required.

Short summary

The origin of the 6.4 keV line observed in G304.640.1, G323.7—1.0 and G346.6—0.2 is not
the thermal plasma, because of the quite low energy centroid of < 6.418 keV and the large
equivalent width of > 760 eV. Then the non-thermal processes should be the origin of the
6.4 keV line. The photoionization scenario is rejected because of the absence of the X-ray
irradiating source. The non-thermal electron scenario might be possible, but the anomalous
large Fe abundance of 1.9 solar or more is required. The scenario of the ionization by protons
with the energy of ~ 10 MeV can naturally explain the observed 6.4 keV lines in G304.6+4-0.1,
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G323.7—1.0 and G346.6—0.2 without any anomalous assumption. Then we concluded that the
protons with an energy of ~ 10 MeV are the most plausible source of the non-thermal 6.4 keV

line enhancement.

7.2 6.4 keV line enhancement and emission in the other

wave length

7.2.1 Gamma-rays

Very high-energy gamma-rays have been detected in the GeV band from G304.6+0.1 (Wu
et al., 2011; Gelfand et al., 2013) and in the GeV-TeV band from G323.7—1.0 (Araya, 2017;
Puehlhofer et al., 2015). The radiation mechanism of such high-energy gamma-rays is explained
by either (1) the inverse-Compton scattering of low-energy photons by high-energy electrons
or (2) the decay of neutral pions generated by collisions between high-energy protons and an
interstellar matter. The 6.4 keV line, on the other hand, is likely to be generated by the low-
energy (~ 10 MeV) protons (see section 7.1). In this section, we discuss the relation between
the high-energy protons in the gamma-ray emitting region and the low-energy protons in the
6.4 keV line emitting region.

Gamma-ray emission from G304.640.1 was investigated in Gelfand et al. (2013) using the
Fermi-LAT data. Based on the radio, X-ray and gamma-ray spectra, they claimed that the
gamma-rays are mainly generated by the decay of the pions produced by the high-energy
protons. The cutoff energy of the proton spectrum was estimated to be higher than 500 GeV.
The extent of the gamma-ray source, on the other hand, is not clear because of the large point
spread function of the Fermi-LAT (~ 0.3°; Gelfand et al., 2013). The energy density of the
cosmic-ray protons in the gamma-ray emitting region is unclear and thus the relation between
the 6.4 keV line and gamma-ray emissions cannot be discussed in detail.

In G323.7—1.0, the brightness peak of the gamma-ray emission is about 20" away from
the 6.4 keV clumps (see figures 5.9 and 5.10). If the origin of the gamma-rays is the high-
energy protons, Araya (2017) found out that the proton spectrum can be represented by a
power-law with a particle index of s = 1.5 (particle number density o« E~®) and a cut-
off energy of 15 TeV. The total energy of the cosmic-ray protons in the gamma-ray emit-
ting region was estimated to be 1.07 x 10 erg (d/1 kpc)?(ng/1 cm™3)~! = 1.07 x 10%° erg
(d/10 kpc)?(ng/100 ecm™3)~! where d and ny are the source distance from the solar sys-
tem and the averaged density of the target material, respectively (Araya, 2017). According
to the TeV gamma-ray image in Puehlhofer et al. (2015), the size of the bright part of the

gamma-ray source is ~ 20 corresponding to the actual size of 60(d/10 kpc) pc. The volume
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can be calculated to be 3.3 x 10°°(d/10 kpc)® ¢cm® assuming a sphere with the diameter of
60(d/10 kpc) pc. Then the averaged energy density of the cosmic-ray protons is calculated to
be 1.9(ny/100 ecm™3)~1(d/10 kpc) ™ eV em™ above 280 MeV. The energy density in the 0.1-
1000 MeV band becomes 1.8 x 107%(ng/100 cm™3)71(d/10 kpc)™* eV ecm™ when we assume
the proton spectrum estimated in Araya (2017). The 0.1-1000 MeV proton energy density in
the 6.4 keV clumps, ~ 150(ng/100 cm™2)71(d/10 kpc) ™t eV em™ (see section 7.1.2), is larger
than this value with about four orders of magnitude. In other words, significant gamma-ray
emission should be associated with the 6.4 keV clumps if the proton spectrum in the 6.4 keV
clumps is the same with that in the gamma-ray source. Observationally, on the other hand,
the gamma-rays are not associated with the 6.4 keV clumps (see figure 5.9). Thus the number
density of GeV/TeV protons in the 6.4 keV clumps must be less than that in the gamma-ray
region. This means either that the spectral index of the cosmic-ray protons in the 6.4 keV
clumps is larger, or the cut-off energy is smaller than that in the gamma-ray emitting region.
Higher-energy protons easily escape from the acceleration site, since their mean free path
is longer than those of the lower-energy ones (Ohira et al., 2011). The 6.4 keV line emitting
region might be the acceleration site, and the escaped high-energy protons would hit a high-
density cloud located far from the 6.4 keV region and produces the high-energy gamma-rays.
More qualitative discussion on possible correlations between the 6.4 keV line and gamma-ray
emissions require detailed studies on the 6.4 keV line, gamma-rays as well as the 2CO or HI

with an angular resolution better than a few arcmin. These would be future projects.

7.2.2 12CO line (molecular clouds)

12C0(J = 2-1) observations for RX J1713.7—3946 were performed with the NANTEN2 4 m
telescope (Sano et al., 2013). G346.6—0.2 was caught in a part of the observations and 2CO
(J = 2-1) data were obtained. Figure 7.1 shows the intensity map of the *CO (J = 2-1) in

the line of sight velocity range of —84.3 — —65.5 km s .

The 2CO clumps in this velocity
range would be associated with G346.6—0.2, since the line of sight velocity of the OH masers
interacting with the SNR is distributed from —79.3 to —73.9 km s! (Koralesky et al., 1998).
Indeed, in this velocity range, small peaks of 12CO intensity would be associated with the OH
masers plotted with the yellow crosses in figure 7.1.

We can see a 2CO clump in the northeast of the radio continuum shell. The northern part
of the 6.4 keV line enhancement (red contours in figure 7.1) is roughly coincident with the
12CO clump. If the origin of the 6.4 keV line is the low-energy cosmic-ray protons, its intensity
is proportional to the multiplication of the target density and the cosmic-ray proton’s energy
density. Based on the 2CO map, the target density in the northern part of the 6.4 keV line

emitting region is higher than that in the southern part. The energy density of the cosmic-ray
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Figure 7.1: Color map shows the intensity of the 2CO (J = 2-1) around G346.6—0.2 in the line
of site velocity range of —84.3 — —65.5 km s™!. The positions of the four OH masers (Koralesky
et al., 1998) are marked with the yellow crosses. The radio continuum intensity at 843 MHz is
shown by the white contours. The red contours indicate the 6.3-6.5 keV X-ray intensity.

protons would be higher in the southern part.
Neither for G304.6+0.1 and G323.7—1.0, there are available data of the '2CO or HI with
an enough angular resolution. The detailed observations for the molecular clouds around those

SNRs can be helpful to understand the spatial distribution of the low-energy cosmic-rays.

7.2.3 Far-infrared (dust)

In the interstellar space, more than 99% of Fe is thought to be depleted onto dust grains (Draine,
1995). If the origin of the 6.4 keV line is Fe atoms in a dense cloud, infrared emission form
the dust in the cloud should be seen. Figures 7.2 show the 140 pm far-infrared images of
G304.64+0.1, G323.7—1.0 and G346.6—0.2 taken by AKARI. 140 um is a peak wavelength of
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the blackbody emission with a temperature of 20 K, and thus the images show the distribution
of the dust not strongly heated.

G304.6+0.1  G3237-1.0  (G346.6-0.2

lllll
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Figure 7.2: AKARI 140pum infrared images of G304.64-0.1, G323.7—1.0 and G346.6—0.2. The
Suzaku fields of view and the excess regions are surrounded by the white solid and cyan dashed
lines, respectively.

Since these SNRs locate on the Galactic plane, the far-infrared images are suffered from the
background and/or foreground emissions. No clear association with the 6.4 keV enhancements
are seen. The absence of the association means that the clouds emitting the 6.4 keV line are
not so dense, or there are dense clouds but the dust grains in the clouds are destructed. If
the dust grains are efficiently destructed, large amount of Fe would be in the gas-phase and in
the low-ionization state. Such low-ionized gas-phase Fe has been detected in some SNRs (e.g.
1C443; Kokusho et al., 2013) with the Fe IT line emission at 1.257 pm and 1.644 pm. The Fe 1T
line observations for G304.64+0.1, G323.7—1.0 and G346.6—0.2 would reveal the nature of the
target material emitting the 6.4 keV line.

7.3 Characteristics of the SNRs and the 6.4 keV line

Table 7.2 shows the summary of the SNRs focusing on the 6.4 keV line intensities. In addition
to the samples selected in this work, SNRs known to exhibit non-thermal 6.4 keV line emission
are also listed: W28, Kes67, Kes69, Kes78, W44 (Nobukawa et al., 2017), and Kes 79 (Sato et
al., 2016). The SNR age, presence of gamma-ray emission, the progenitor type, and the con-
firmation of the interaction between molecular clouds are the same information as summarized

in tables 4.1 and 4.2. The radio intensities at 1 GHz were calculated based on the radio flux
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and the size of the SNRs listed in Green (2014). When we calculated the areas of the SNRs,
the shape of each SNR was approximated to be an ellipse.
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(G304.64+0.1 and G346.6—0.2 are categorized into middle-aged or old SNRs. Although the
age of G323.7—1.0 is unclear, it would be an old SNR because of its large and extremely
faint radio shell (see section 5.5). Thus it can be said that at least middle-aged — old SNRs
can exhibit significant 6.4 keV line enhancement. Many young SNRs were removed from the
sample because they usually have hot plasma with the temperature higher than 1 keV. The
property of the non-thermal 6.4 keV line including the young SNRs are hard to be examined

because of strong iron K-shell emission lines originate from the thermal processes.

The radio flux of G323.7—1.0 has not been measured in the 1 GHz band, but measured
by the Molonglo observatory Synthesis Telescope (MOST). Since the MOST is not sensitive
to smooth structure on a scale larger than 30’, only a lower limit in the 843 MHz band was
obtained (Green et al., 2014). We estimated the radio intensity at 1 GHz assuming a typical
spectrum of the radio emission of SNRs, S, oc v7%5 (Green, 2014). Here S, is the energy flux
density at the frequency v. The radio intensity of G323.7—1.0 at 1 GHz was calculated to be

> 0.36 mJy amin2.

The relation between the intensities of the radio continuum at 1 GHz
and the 6.4 keV line is plotted in figure 7.3. No clear correlation can be seen due to the large
error bars for the 6.4 keV line intensities. X-ray data with more high statistics and high energy
resolution obtained by future missions such as XARM or Athena make it possible to discuss

the relation.

Gamma-ray emission has been detected from many SNRs in the GeV and/or TeV bands
independent on the significance levels of the 6.4 keV line detection. G346.6—0.2, on the other
hand, exhibits significant 6.4 keV line enhancement without any gamma-ray detection. Thus

the intensity of the non-thermal 6.4 keV line is unlikely to be related to the gamma-ray emission.

Although the progenitor types of 8 out of 17 SNRs in table 7.2 are unclear and no SNRs
have been confirmed to originate from type Ia SNe, at least CC SNRs can exhibit the non-
thermal 6.4 keV line emission. Yamaguchi et al. (2014) reported that the energy centroids of
the thermal Fe Ko lines from CC SNRs are significantly higher than 6.4 keV (see section 2.3).
In other words, the result supports the idea that the observed 6.4 keV line enhancement does

not originate from thermal processes.

Due to the short lifetimes of massive stars, most CC SNe are thought to occur inside dense
molecular clouds. Indeed, 11 out of 17 SNRs in table 7.2 have been confirmed to be interacting
with molecular clouds. The interactions with molecular clouds have not been confirmed in
(G323.7—1.0 since no observations have been performed. For G323.7—1.0, observations of 12CO
or HI with an angular resolution better than a few arcmin as well as OH maser are required to
discuss the relation between the 6.4 keV line and the molecular cloud interaction. These would

be future projects.
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Figure 7.3: Relation of the intensities between the radio and 6.4 keV line in the SNRs. The
horizontal axis shows the averaged intensity of the radio continuum at 1 GHz (see table 7.2),
while the vertical axis shows the 6.4 keV line intensity of the enhancement. The SNRs analyzed
in this work are plotted with red data points. Black and blue data points show the SNRs
investigated in Nobukawa et al. (2017) and Sato et al. (2016), respectively. The error bars of
the black data points indicate the 1o confidence level, while that of the other data points are
in the 90% confidence level.

7.4 Implications to the GDXE

GDXE shows the Fe I, Fe XXV, and Fe XXVI Ka lines. Revnivtsev & Sazonov (2007) resolved
about 20% of the GRXE flux into point sources with the detection limit of ~ 10%! erg s7! in
the 1-7 keV band at (I,b) ~ (28°5, —0.°0). However, Nobukawa et al. (2016) reported that the
GRXE spectrum could not be well fitted with any combination of point sources of magnetic
CVs, non-magnetic CVs, and active binaries. The Fe I Ka flux of the GRXE was ~ 2 times
larger than that estimated from the combined model of the magnetic CVs, non-magnetic CVs,
and active binaries. The spectrum of the GRXE is different between the eastern side and the
western side of the Galactic plane. The difference is described by a combination of a power-
law and a 6.4 keV line (Nobukawa et al., 2015). The equivalent width of the 6.4 keV line
is ~ 1.3 keV. If the origin of the excess in the 6.4 keV line of the GRXE is the low-energy
cosmic-ray proton, the authors estimated that the averaged proton energy density is 80 eV
cm 3.

We suggest that old SNRs can be the source of the 6.4 keV line of the GRXE. In the last
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phase of the SNR evolution (disappearance phase), the expansion speed drops and the shock
wave no longer lasts. Then the radio continuum emission becomes weaker and weaker. On
the Galactic plane, there should be old SNRs which have not been discovered due to the low
surface brightness of the radio emission. The radio emission is radiated from the electrons in
the energy band of ~ GeV. The 6.4 keV line, on the other hand, is generated by the protons
with an energy of ~ 10 MeV, if the origin is the low-energy cosmic-ray proton. There might be
protons which can generate the 6.4 keV line even though there is no significant radio continuum
emission. In fact, the radio shell of G323.7—1.0 is extremely faint (Green et al., 2014), but there
is significant 6.4 keV line emission. The accumulation of such old SNRs might be the origin of
the excess of the 6.4 keV line in the GRXE.



Chapter 8
Conclusion

Eleven SNRs are systematically searched for the 6.4 keV line emission using Suzaku XIS data.
In these SNRs, the temperature of thermal plasma is lower than 1 keV, or X-ray emission
from thermal plasma has not been detected. Based on the 5-8 keV spectra, spatially-extended
enhancements of the 6.4 keV line are found from G304.6+0.1 with the significance level of 3.60,
(G323.7—1.0 with 4.10 and G346.6—0.2 with 3.20. In addition, there are signs of the 6.4 keV line
enhancements with the significance level of 2.60 in G330.2+1.0 and with 2.80 in G348.5+0.1. In
G304.6+0.1, G323.7—1.0 and G346.6—0.2, the spatial distribution of the 6.4 keV line emission
is not correlated with the thermal X-ray radiation. The equivalent width of the 6.4 keV line is
generally large; in particular, the equivalent width of G323.7—1.0 is larger than 1200 eV. The
combined spectrum of the enhancements in the three SNRs shows the equivalent width larger
than 760 eV. The 6.4 keV line emitting gas of G304.6—0.1, G323.7—1.0 and G346.6—0.2 has
to be less ionized than the Mg-like state, based on the energy centroid of 6.40 4 0.02 keV.
Ionizing non-equilibrium thermal plasma can emit the 6.4 keV line. However, the line
centroid suggests that n.t < 3 x 10° s cm ™2, which means that the age of the plasma is smaller
than 100 yr assuming the typical density of SNR plasma of 1H cm™3. Such low-ionized ejecta
are unlikely in G304.6+0.1, G323.7—1.0 and G346.6—0.2 because of the relatively old age of the
SNRs (2 10* yr). In addition, it is impossible to generate the spatially extended plasma within
100 yr by the shock heating. The large equivalent width also disfavors the thermal plasma
scenario. Then, the 6.4 keV line emission is explained by non-thermal processes such as K-shell
ionization by photons, non-thermal electrons or protons with energy above Fe K-edge (7.1 keV).
The photoionization scenario is rejected because of the absence of the X-ray irradiation source.
The scenario of the ionization by cosmic-ray electrons is also unlikely due to the large equivalent
width. The interaction between the proton with ~ 10 MeV and the adjacent cold gas, on the

other hand, can explain the results. The protons are possibly accelerated in the SNRs.
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