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Abstract

In most of the supernova remnants (SNRs), plasmas are expected to have an ionization
degree below the equilibrium and to be in a ionization-dominant state. Recent observa-
tions with Japanese X-ray satellites, ASCA and Suzaku, revealed non-standard plasmas,
which have higher ionization degree than expected in a collisional ionization equilibrium.
The plasmas are thought to be in a recombination-dominant state, and thus called re-
combining plasmas (RPs). Such plasmas are not anticipated in a standard picture of the
SNR plasma evolution. Although some scenarios are proposed to explain the RPs, the
formation process of the RP is not fully understood yet. In any scenario, a key seems to
be interactions between the SNR and ambient dense gas.

To understand the formation process of RPs, we perform spatially resolved spectro-
scopic analyses of X-ray emissions from the Galactic SNRs, G166.0+4.3, IC 443, W44, and
W49B with Suzaku. We compare spatial variations of physical parameters of the RPs with
distributions of the ambient gas. In all the remnants, the spectral analyses reveal good
correlations between locations of plasmas with lower electron temperatures and those of
surrounding dense molecular clouds. The lower electron temperatures of the RPs can be
explained well by the thermal conduction between an SNR plasma and a molecular cloud.
For a more quantitatively investigation, we estimated cooling timescales of the thermal
conduction in each remnant. In all the remnants, the conduction timescales are shorter
than a characteristic timescale for a plasma to reach collisional ionization equilibrium.
Therefore, we conclude that the RPs can be realized by the thermal conduction scenario.
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Chapter 1

Introduction

Supernova remnants (SNRs) are the objects resulting from an explosion of a star, i.e.,
supernova (SN). Elements up to Fe are created through stellar nucleosynthesis and SN
nucleosynthesis and are ejected into the interstellar space. A shock wave caused by an
SN explosion propagates in the interstellar space. The expanding shock wave supplies
thermal and non-thermal energy into the interstellar space. The shock heats the plasma
up to a temperature of ~ 107 K. Non-thermal population of particles or cosmic rays
are widely believed to be generated through the diffusive shock acceleration mechanism
working at blast waves of SNRs. Thus, SNe and SNRs act as major sources of metal and
energy in galaxies.

X-ray observations provide a powerful probe to study physics regarding SNR plasmas,
which emit thermal electron bremsstrahlung and various characteristic emission lines from
ions in the X-ray band. In an SNR plasma, ions are gradually ionized by collisions with
electrons. The plasma reaches a collisional ionization equilibrium after ~ 10° yr. Since
most of the SNRs have an age of < 10% yr, SNR plasmas are naturally expected to have
an ionization degree below the equilibrium and to be in a ionization-dominant state.
It was found that many SNRs indeed have ionization-dominant plasmas through X-ray
observations.

Recent observations with Japanese X-ray satellites, ASCA and Suzaku, however, re-
vealed peculiar plasmas in some SNRs, which have higher ionization degree than expected
in a collisional ionization equilibrium. The plasmas are thought to be in a recombination-
dominant state, and thus called recombining plasmas (RPs). Such plasmas are not antic-
ipated in the standard picture of the SNR plasma evolution described above. Although
some scenarios are proposed to explain the RPs, the formation process of the RP is not
fully understood yet. In any scenario, a key seems to be interactions between the SNR
and ambient dense gas.

In this thesis, aiming to understand the formation process of the RPs, we analyze
Suzaku data of four Galactic SNRs: G166.044.3, IC 443, W44, and W49B, and discuss
implications of the results. In particular, we carry out spatially resolved spectroscopy in
order to study the influence of interactions between the SNR shell and ambient gas on the
characteristics of the SNR plasma. The overviews of SNRs and physics regarding SNR
plasmas are reviewed in Chapters 2 and 3, respectively. Chapter 4 gives a description of
the instruments used for the data analysis. The data analysis and results on G166.0+4.3,
IC 443, W44 and W49B are described in Chapters 5, 6, 7, and 8, respectively. In Chap-
ter 9, the results are summarized and the origin of the RPs in the remnants are discussed.



The final conclusion of this thesis is given in Chapter 10.



Chapter 2

Overview of Supernova Remnants

Supernovae (SNe) are the energetic explosive events that occur at the last stage of
evolution of stars. An SN explosion releases kinetic energy of ~ 10°! ergs, with an initial
velocity of ~ 3 x 10* km s~!. The expanding forward shock sweeps up the surrounding
interstellar medium (ISM) while a reverse shock propagates back into the SN ejecta.

The relics of the SNe, called Supernova remnants (SNRs), can be observed in various
energy bands such as radio, optical, X-ray, and gamma ray. SNRs provide us with infor-
mation about the progenitors, explosion mechanisms, and evolution of the remnants. In
this chapter, we explain the basic characteristics of SNe and SNRs.

2.1 Supernovae

2.1.1 Nucleosynthesis

Stellar nucleosynthesis is a generic term of nuclear reactions that elements heavier than
H are generated in stars, but that at the time of supernova explosions is called supernova
nucleosynthesis and is distinguished. When a high-density part occurs in interstellar gas,
gravity in the part becomes strong. Surrounding gas are accumulated by the gravity and
stellar temperature increase in inverse proportion to a radius of the star. A thermonuclear
fusion reaction will start when a distance between protons in the center is close to beyond
the Coulomb barrier which is the repulsion force between protons.

p-p chain process

The proton-proton chain (p-p chain) reaction starts at the phase of stellar evolution
when the core temperature reaches ~ 107 K. The process is described as

H+'H — 2H4et 4+,
H+'H — 3*He+~y
3He +*He — “He+2'H.

The p-p chain is a main process in stars with masses < 2 M on their main sequence.

4
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CNO cycle

When the core temperature reaches ~ 2 x 107 K, the other reaction, the CNO (carbon-
nitrogen-oxygen) cycle becomes dominant;

BC4+1H —» BN44y

BN — BC+em +u,
BC+'H — “N+q
14N—|— 1H N 150 _i_,.)/

B0 — BN+et+1,
PN+'H — "“C+'He.

He burning process

When H is depleted by the above nuclear fusion reactions, He burning begins in the
star’s core. Since ®Be is an unstable nucleus, 2C is finally synthesized by triple-alpha
process;

‘He +*He — ®Be+y
*Be+*He — ™C+n
2C4+%He — %O +1.

The triple alpha process converts He to C and O.

Fusion of heavier elements

When the temperature exceeds ~ 6 x 10® K in the cores of massive stars, carbon-
burning process takes place. The principal reactions are

2o+ 12¢ — 2Ne+ “‘He
2o 42¢ —» BNa+ 'H,

and when the temperature increases, Ne and O burning processes start. These processes
are described as

20Ne + v = 160 + *He
2Ne + *He — 24Mg + 7,

and
160y 1 160
160y 4 160
160y 1 16()
160y 1 160

328 4 v
318 +n
P+ 'H
2831 4 “He,

L1l

i

respectively. Furthermore, 32S, 3¢Ar and °Ca are synthesized by the alpha capture of
283,
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When the temperature exceeds ~ 4 x 10° K, Si burning process starts. Si, S, Ar and
Ca capture He and synthesize iron group elements such as Cr, Mn, Ti, Fe, Co, Ni and
Zn. In the complete Si burning process, most of Si burns out and a large amount of *°Ni
is synthesized. *Fe and °Co are generated by the the beta decay of 5°Ni.

In a star whose mass is larger than ~ 8 solar mass (M), the C burning progresses
and produces O + Ne + Mg. If the mass exceeds ~ 10 M, heavier elements from Si to
Fe are synthesized in order. Therefore, in a massive star, an onion-like structure formed
at the final stage of its evolution (Figure 2.1).

Si

(7

Figure 2.1: Scheme of onion-like structure in a massive star.

2.1.2 Classification of Supernovae

The fundamental classification scheme of SNe is traditionally based on their optical
spectra and light curves as shown in Figure 2.2. If an optical spectrum lacks absorption
lines of hydrogen Balmer series, the SN is classified as Type 1. On the other hand, the SN
is classified as Type Il when its spectrum contains the hydrogen lines (Minkowski, 1939,
1940). Type I SNe are sub-classificated according to the presence of Si and He absorption
feature (e.g., Elias et al., 1985; Wheeler et al., 1987). The SNe with strong silicon feature
are classified as Type Ia. The SNe without strong silicon feature and with helium feature
are defined as Type Ib, whereas those without silicon and helium features are classified as
Type Ic. Subclasses of Type II SNe are distinguished by the shape of their light curves.
The SNe are defined as Type II-L if the shapes of the light curves are linear, whereas the
light caves are plateau in the Type II-P SNe (e.g., Barbon et al., 1973). The typical light
curves of each SN type are shown in Figure 2.3.

As can be seen from the definition, this classification dose not reflect explosion mech-
anisms of SNe. The progenitors of Type Ia SNe are presumed to be white dwarfs with
near-Chandrasekhar mass (~ 1.4 M), whereas Type II progenitors are considered to be
massive stars (M 2 10 My). We describe details of the characteristics for Types la and
IT in the following. Although the spectra of Type Ib SNe lacks hydrogen absorption lines,
the property of their light curves is very similar to those of Type II SNe. Furthermore,
Type Ib SNe are observed only in spiral galaxies and star forming regions. Therefore, the



2.1. SUPERNOVAE 7

progenitors of Type Ib SNe are presumed to be massive stars that have lost their hydrogen
envelopes. The progenitors of Type Ic SNe are also presumed to be massive stars, which
may be progenitors of gamma-ray bursts (GRBs).

Type Ia Supernovae

Type Ia SNe are observed in all types of galaxies including elliptical galaxies, where
no massive stars exist. The lack of hydrogen absorption lines in the Type Ia spectra
suggests that progenitors do not have outer hydrogen envelopes. As we mentioned, the
progenitor of Type Ia SNe is likely to be while dwarfs. When the mass of the white dwart
reaches about the Chandrasekhar limit (1.4 My,)), its gravity exceeds the electron degen-
eracy pressure, and the carbon burning is ignited as the core. Nuclear fusion advances
explosively, and the star is totally disrupted. This explosion does not leave a compact
object such as a neutron star or a black hole. Type Ia SNe mainly yield Fe-peak elements
and intermediate-mass elements Si to Ca. In the literature of nucleosynthesis models of
Type Ia SNe, the heavy elements such as Si and Fe are selectively synthesized (Nomoto
et al., 1984; Iwamoto et al., 1999).

Two possible scenarios are considered for Type Ia SNe. One is the single degenerate
scenario (Whelan & Iben, 1973), which assumes a white dwarf accreting from a nonde-
generate companion. Webbink (1984) proposed the other scenario; the double degenerate
scenario. They assumed the merger of two white dwarfs whose combined mass exceeds
the Chandrasekhar limit. One of the proofs to support the single degenerate scenario
is possible detection of Tyhco Brahe’s 1572 SN (Ruiz-Lapuente et al., 2004). They sug-
gested that the SN was occurred by a binary system of the while dwarf and the red giant
star. On the other hand, the results of SN 2009dc, whose progenitor mass exceeds the
Chandrasekhar limit, supports the degenerate scenario (e.g., Yamanaka et al., 2009). The
origin of Type Ia SNe is still under debate.

Type II Supernovae

Type II SNe are the origin of massive stars with the main sequence masses of > 10 M.
In these massive stars, the nucleosynthesis proceeds to produce Fe in the core. When the
central temperature in the Fe core exceeds ~ 3 x 10° K, photo-disintegration of Fe nuclei
takes place;

%Fe — 13%He+4n — 124.4 MeV
‘He — 2'H+2n —28.3 MeV.

The star cannot support the gravity any more and collapses gravitationally because the
thermal energy is absorbed in the reaction. The inflating matter released the gravitational
energy which is ~ 10%3 ergs by the gravitational collapse in total. The gravitational energy
creates a shock wave which propagates outward. The kinetic energy of the explosion is
typically ~ 10°! ergs because neutrinos carried out 99% of the gravitational binding
energy. This explosion leaves a compact object such as a neutron star or a black hole.
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SN Types
H?
Type I e Type 11
Si? feature of its light curve
Type Ia He 2 Type 1I-P Type II-L
others
Type Ib Type Ic
‘\
\]
thermonuclear core collapse

Figure 2.2: Classification scheme of supernovae based on the features of the spectra and light
curves.

BLUE MAGNITUDE

ib ™ §

L 1 1 1 ' L
50 I00 150 200 250 300 350 400
DAYS AFTER MAXIMUM LIGHT

oOF

Figure 2.3: Light curves for Type Ia, Ib, II-P, and II-L supernovae (Wheeler & Harkness, 1990).
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2.2 Shock Wave Heating

The supersonic SN explosion generates shock wave which compresses, heats up, and
accelerates the media. As shown in Figure 2.4, we take a coordinate to be the rest frame
of the shock, and define upstream and downstream. The tangential component of the gas
velocity is assumed to be zero on both sides. Then, conservation of mass, momentum,
and energy across the shock front can be described as

Pulu = P4V4q (21)
Puvi + Py = pavi + pa (2.2)
1 1
511121 +w, = §Uf21 + wyq, (2.3)

respectively, where p, v, p, w are the mass density, velocity, pressure, and enthalpy of
upstream (subscript u) and downstream (subscript d), respectively. Considering ideal

gas, the enthalpy is given as
P

(v=1p’
where (), v are the heat capacity at constant pressure and the ratio of the heat capacity
at constant pressure to that at constant volume (= C,/Cy ), respectively.

From Equations 2.1, 2.2, 2.3 and 2.4, relations between the physical condition of the
upstream and the downstream, called Rankine-Hugoniot relations, are obtained as

w=CT = (2.4)

po V4 _ (YF+Dpu+ (v —1)pa
Pu_ Vd _ (2.5)
pa va (Y= 1)pu+ (v +1)pa

Vs #: O Vy = O
V) E v, =0 Vd E Vu = Vs
E Pa> Pa E Pus Pu
SNR : ISM SNR : ISM
: (downstream) , (upstream)
Observer rest frame Shock rest frame

Figure 2.4: A schematic view of the shock wave in observer rest frame (left) and shock rest
frame (right). v, p, p, w, and T are the velocity, density, pressure, enthalpy, and temperature,
respectively. Subscripts s, u and d indicate shock, upstream and downstream, respectively.
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Pu _ (Y +1Dpu— (v = 1Dpa

P (0t Dpa—(1— D (2:6)

Ta _ papu _pa(v+1)pu+ (v —1)pa (2.7)
Tu PupPd Pu (ry - 1)pu + (7 + 1>pd ‘

= 5= Dt (4 pa) 23)

U(Qi — 1 {('}/ + 1)pu + (fy - 1)pd}2 (29)

200 (v — 1)pu+ (v + 1)pa

Assuming the strong shock (pq/p, > 1), Equations 2.6, 2.7, 2.8 and 2.9 can be rewritten
as
Pu_ta =1

I S 2.10
pa - va Y +1 (2.10)
T, —1
fu _Pdy Tt (2.11)
Td pu7+ 1
1
w2 = 0D (2.12)
2pu
—1)?
== (2.13)
2(v +1)pu

respectively. Since v, = vs (see Figure 2.4), we can derive the mean shock velocity at the
rest frame of the upstream using Equations 2.10 and 2.13 as

2(y—1
KTy = ,umH@ = W—Q)/ﬂnHUSQ, (2.14)

pa  (y+1)

where k, ;1 and my are the Boltzmann constant, the mean atomic weight and the hydrogen
mass, respectively. Assuming the non-relativistic monatomic gas (v = 5/3), the density
and velocity ratios in the downstream to the upstream, and the post-shock temperature
are obtained as

Pd

— =1 2.15

. (2.15)

Va 1

— = - 2.16

o 1 (2.16)
kTy = %,umHvz, (2.17)

respectively. The post-shock temperature is determined only by the shock speed. In ad-
dition, the shock wave heats up all particles with different masses to the similar velocities
determined by the shock speed. Therefore, the energy non-equipartition between protons
and electrons are expected. The shock wave heating can be understood as the energy
conversion from the kinetic energy to the internal (thermal) energy.
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2.3 Evolution of SNRs

An SNR is generally composed of an expanding ejecta material (ejecta) and ISM swept
up by the shock wave. The evolution of SNRs can be divided into following several phases;
free expansion, adiabatic, radiative cooling, disappearance, and transition phases (see e.g.,
Cioffi et al., 1988; Truelove & McKee, 1999). These phases are mainly determined by the
ratio of a mass of the ejecta (M) to that of the swept-up ISM (Misy). For simplicity,
we assume that the density of the ambient gas is uniform.

2.3.1 Free expansion phase

After the SN explosion, the stellar materials are ejected around. The explosion gen-
erates a forward shock wave and compresses surrounding ISM. In the initial phase, the
ejecta expands keeping its kinetic energy and velocity constant because Mgy is much
smaller than M,; and is negligible. The expansion velocity (vs) is ~ 10* km s, which
is much larger than the sound speed of ~ 10 km s™! in the surrounding ISM. Most of
the explosion energy (F) is released the kinetic energy while only 2-3% of its total is
converted into thermal energy. Therefore, vs can be described as

2F ; E V2 rap o\ Y2 »
Me- =1.0x 10 (1051—erg) M@ cim s . (218)

The mass of the swept-up ISM is expressed by

Vg =

4
MISM = gﬂ'Rs,umHno, (219)

where R and ng is the radius of the expanding shell and the hydrogen number density of
the swept-up ISM, respectively. Since the free expansion phase continues until that Mgy
is close to M,;, the timescale since the explosion (¢) can be approximately estimated at

E 2\ o\ /3 ng -1/3
tro1.9 % 10% [ =) () ) 2.20
8 (1051 erg) (M@> 1.4 1 cm3 v (2.20)

from an equation of Ry = vst and Equations 2.18 and 2.19. The free expansion phase
typically continues for ¢t < 10273 yr as shown in Equation 2.20.

2.3.2 Adiabatic phase (Sedov phase)

When Mgy becomes much larger than Me; (typically 2 10 M;), the kinetic energy is
transferred to the swept-up ISM. In a phase where energy loss by radiation cooling from
the ISM can be negligible, the expansion is adiabatic, and therefore, this phase is called the
adiabatic phase. In the adiabatic phase, we can be applied the Sedov solution to quantify
an estimate for the outcome of a point explosion; density, pressure, and temperature of
the gas, and the distribution of the shock velocity. Therefore, the phase is also called the
Sedov phase. The radius and velocity of the blast wave, and the mean temperature just
behind the shock front are described as
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t " E N\, ng \-U5
R, =4x 10" - ( 0 ) 2.21
8 (104 yr) (1051 erg) 1 em—3 o (221)
dR t \P7 B N, ny \-U5
L R i = ( ) -1 2.22
! dt 8 (104 yr) <1051 erg) 1 cm—3 e (222)
t N7 E N ong 2
T, =3 x 108 - ( ) K 2.2
310 (104 yr) (1()51 erg) 1 cm™3 ’ (223)

respectively. As shown in those equations, the evolution during this phase is determined
only by ¢, E and ng. Since the ISM density is much larger than that of the ejecta, X-ray
emission from the ISM is dominant at all the X-ray emission in the remnant. Therefore,
ng and T can be estimated from the thermal X-ray spectrum of the SNR. The radius Ry is
also determined observationally if the distance to the remnant is known, and then, we can
derive t and F from Equations 2.21 and 2.23. Until the end of the phase (t ~ 1037 yr),
~ 70% of the initial explosion energy is converted into the thermal energy (Chevalier,
1974).

In transition phase between the free expansion and the adiabatic phase, the outer
shock (forward shock) sweeps up the ISM and its speed decreases with time according
to Equation 2.22, whereas the inner ejecta keeps expanding at constant speed in Equa-
tion 2.18. The swept-up ISM pushes back on the ejecta and causes another shock wave
to propagate inward through the ejecta, called “reverse shock” (McKee, 1974). The for-
ward shock heats surrounding ISM, whereas the ejecta is heated by the reverse shock.
Figure 2.5 shows a schematic view of the SNR in the transition phase.

orwardT

blast shock
wave reverse
shock

shocked
ISM

unshocked
ejecta

(invisible to X-ray

observations)

shocked
ejecta

[SM

Figure 2.5: A schematic view of the SNR in the transition phase between the free expansion
and the adiabatic phase.
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2.3.3 Radiative cooling phase

As shown in Equations 2.22 and 2.22, v, and Ty decrease over time during the adiabatic
phase. When the radiative energy loss becomes large compared with the internal energy
of the remnant, the evolution is no longer adiabatic. This phase is called the radiative
cooling phase. As shown in Figure 2.6, electrons recombine with the heavy elements, such
as C and O, with T, < 3 x 10° K, and a shell of the SNR becomes cooler and denser. The
shell expands conserving its momentum, and an equation of PV = const. is established,
where P and V' are the mean pressure and the volume of the gas, respectively. Therefore,
assuming the non-relativistic monatomic gas (v = 5/3), the time dependency of the shock
expansion is described as

Ry oc t2/7 (2.24)

v ox T (2.25)

McKee & Ostriker (1977) called this stage the pressure-driven snowplow phase.

When the temperature cools down further, the shock expands conserving its radial
momentum; Mgv, = const., where M; is the mass of the shell because the pressure can
be ignored. In the stage called the momentum-conserving snowplow phase (Cioffi et al.,
1988), the time dependency of the shock expansion is obtained as

R, oc t1/4 (2.26)

vg o t3/4, (2.27)

The radiative cooling phase continues for t > 10% yr.

=200f o T o o
t CIE: A\(T) Principal Species.

210

<220

log( Ay, ) ergs cm’s!

-23.0

Figure 2.6: Cooling coefficient for an optically-thin thermal plasma with solar abundances
(Anders & Grevesse, 1989) as a function of plasma temperature (Sutherland & Dopita, 1993).
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2.3.4 Disappearance phase

After the shock velocity drops to the sound speed in the ISM, the SNR lose its bound-
ary and goes out into the ISM. The age of SNRs in the disappearance phase is ~ 10—
108 yr.

2.4 Classification of SNRs

In most of SNRs, their X-ray morphologies are almost the same as those in the radio
band. SNRs have been classified into broad categories of shell-like, plerionic (Crab-like)
and composite, based on their radio morphologies. Shell-like SNRs are characterized by
limb-brightened morphology in radio and X-ray bands as shown in Tycho’s SNR (Fig-
ure 2.7). The radio emission is mainly produced by synchrotron radiation from electrons
which is accelerated up by a blast wave. The X-ray emission is composed of thermal
and/or non-thermal X-rays. The origin of the non-thermal X-ray emission is the same as
the radio emissions but the energy of the accelerated electrons is the TeV order. We de-
scribe the origin of the thermal X-rays in Capter 3. Most of the shell-like SNRs are young
SNRs in the free expansion or adiabatic phases such as Tycho, Kepler and Cassiopeia A.

VLA radio image (1.4 GHz) Chandra X-ray image (1.6-2.0 keV)

Figure 2.7: X-ray and radio images of the shell-like SNR, Tyhco. (right) X-ray image in the
energy band of 1.6-2.0 keV with Chandra (Lu et al., 2015). (left) 1.4 GHz radio continuum
image from with the Very Large Array (VLA; Credit Radio: NSF/NRAO/VLA).

The plerionic SNRs have center-filled emissions in both the radio and X-ray bands
(see emissions from 3C 58 in Figure 2.8). Crab Nebula is the most famous remnant of
this type, and therefore, the plerionic SNRs are also called Crab-like SNRs. The origin
of the central emission is a pulsar wind nebula (PWN) powered by a rapidly rotating
neutron star (pulsar). The energy loss of the pulsar causes relativistic electrons and
positrons which radiates a synchrotron radiation by interacting with the magnetic field
of the pulsar. If the center-filled emission from a PWN coexists with a shell emission as
those of the shell-like SNRs, the remnants are categorized into composite SNRs. We show
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the emissions from a typical composite SNR G11.2-0.3 in Figure 2.9. These remnants
associating with a neutron star account for ~ 15% of all X-ray-detected Galactic SNRs.

Chandra X-ray image (0.5-10 keV)

VLA radio image (1.4 GHz)

N
Radio y E

Figure 2.8: X-ray and radio images of the plerionic SNR, 3C 58 (Slane et al., 2004). (upper) X-
ray image in the energy band of 0.5-10.0 keV with Chandra. (bottom) 1.4 GHz radio continuum
image from with VLA.

Rho & Petre (1998) claimed that some SNRs have a radio shell with a center-filled
X-ray morphology. They classified them into mixed-morphology SNRs. Figure 2.10 shows
X-ray and radio images of a typical mixd-morphology SNR, W44. Rho & Petre (1998)
also claimed that ~ 25% of the X-ray-detected SNRs are categorized into the mixed-
morphology class. While the formation mechanism of the mixed-morphology SNRs has
not been fully understood, two scenarios are mainly considered. One is the evaporating
cloudlet scenario (White & Long, 1991), and the other is the thermal conduction scenario
(Cox et al., 1999; Shelton et al., 1999). White & Long (1991) suggested that many small
clouds in the center of the remnant are heated by the blast wave and evaporate, and
then, emit X-rays. Cox et al. (1999); Shelton et al. (1999) considered that outer X-ray
plasma are cooled by the thermal conduction between the plasma and molecular clouds
associated with the remnant, and the center-filled X-ray morphology are produced. In
either scenario, interactions between the blast wave and the clouds play an important role
in the formation of the X-ray morphology. Most mixed-morphology SNRs are actually
associated with molecular clouds as indicated by CO line emissions or OH (1720 MHz)
masers (e.g., Lazendic & Slane, 2006).
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VLA radio image (8.4 GHz) Chandra X-ray image (3.3-8.1 keV)

Figure 2.9: X-ray and radio images of the composite SNR, G11.2-0.3 (Borkowski et al., 2016).
(right) X-ray image in the energy band of 3.3-8.1 keV with Chandra. (left) 8.4 GHz radio
continuum image from with VLA.

Figure 2.10: X-ray and radio images of the mixd-morphology SNR, W44. Suzaku X-ray image
in the energy band of 0.3-10.0 keV with VLA 1.5 GHz radio contours.

Table 2.1: Classification of SNRs.

Radio X-ray
shell-like center-filled shell-like center-filled
Shell-like SNRs O X O X
plerionic SNRs X O (PWN) X O (PWN)
Composite SNRs O O (PWN) O O (PWN)
Mixed-morphology SNRs O X X O
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Chapter 3

Thermal X-ray Plasma in Supernova
Remnants

3.1 Ionization State of Thermal Plasma

Thermal plasma is classified into three states based on relation between its electron
temperature (k7,) and ionization temperature (k7). The relation in each state is de-
scribed as

(1) kT, > kT.; Ionization-dominant state,
(2) kT, = kT.; Collisional ionization equilibrium (CIE) state,
(3) kT, < kT.; Recombination-dominant state,

respectively. The ionization state of SNR plasmas changes during their evolution. The
shock wave heating converts the translational motion into the thermal random motion
(§2.2).

The temperature of the particle behind the shock wave increases in direct proportion
to the product of its mass and the square of the shock velocity (KT} o< m;v?). Since
an ion mass is much larger than the electron mass (m.), the ion temperature (k7}) and
kT, is non-equilibrium (k7; ~ 2000kT,). Then, the temperatures become equilibrium by
the particle interaction with the timescale of the electron-electron and electron-proton

interaction described as

B 3/2
N Ne 1 kT ﬂ
Tee ~ 4.9 > 10 (1 Cm_3> (1 ke\/) (30.9 i (3:1)
_ 3/2
11 "p i InA
Tep ~ 3.1 3 10 (1 Cm_3> (1 keV) (30.9 i (3:2)

where In A is the Coulomb logarithm (Zeldovich & Raizer, 1966).
Following Masai (1994), the timescale to reach an ionization equilibrium is calculated
as

Jj=1

Tion = Z (neSj)_l = ( fle >_1 (min(Si))_1 ~ 102 (%)4 s (3.3)

1 ecm=3 1 em™
Z

18
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where S is the ionization rate coefficient from the ion of Z. From comparison of these
timescales, it is interpreted that the protons heated the electrons, and then the electrons
ionize the ions.

We show ion fractions of O, Ne, Mg, Si, S and Fe in the CIE state as a function of k77,
in Figure 3.1. The fraction of highly ionized ions increases as the kT, rises, and therefore,
a weighted centroid-energy of emission lines becomes high. As shown in Figure 3.2,
the fractions in non-equilibrium plasmas are significantly different with that in the CIE
plasma.

In general, ages of old SNRs are comparable to the ionization timescale, so that their
plasmas are in a CIE state. The plasmas in young and middle age SNRs are in a ionizing-
dominant (underionized) state (called IP; ionizing plasma). However, in some SNRs,
recombination-dominant plasmas (called RP; recombining plasma) are discovered (e.g.,
Kawasaki et al., 2002, 2005; Ozawa et al., 2009b; Yamaguchi et al., 2009). In order to
realize the recombination-dominant state, special gas-environments around the SNR are
required. We describe the formation process of the RPs in §3.3.

3.2 X-ray Emission from Thermal Plasmas

Here, we show mechanisms of thermal X-ray emissions, composing of continuum and
line components, from SNR plasmas.

3.2.1 Continuum emission

The continuum emission from the SNR plasma consists of three components; bremsstrahlung,
radiative recombination continuum (RRC), and two-photon emission due to free-free, free-
bound, and bound-bound transitions of electrons, respectively.

Bremsstrahlung

When a free electron in the plasma is deflected by an ion, it decelerates and produces
electromagnetic radiation called bremsstrahlung. The emissivity of the bremsstrahlung
for a electron with the Maxwell-Boltzmann distribution is given by

32meb [ 2r \“? ~E
_ T2 720 n; ( )- 3.4
o 3mec? (Bkme> c i Telti CXP kT, g (34)
= 6.8 x 10738 Te_1/2Zi2neni exp<;T ) gz ergs ' cm > Hz !, (3.5)

where e, ¢, k, me, Z, n., n;, I/, and gy; are the electron charge, light speed, Boltzmann
constant, electron mass, atomic number, densities of electron and ion, emitted photon
energy, and velocity averaged Gaunt factor (e.g., Rybicki & Lightman, 1979), respectively.
For a typical thermal plasma emitting X-rays, the Gaunt factor is described as

o 3T\ V2
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Figure 3.1: Ion populations as a function of the ionization temperatures for O, Ne, Mg, Si, S
from Arnaud & Rothenflug (1985) and Fe from Arnaud & Raymond (1992). The figure is taken
from Sawada (2011).
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Figure 3.2: (a) Ion population of Fe in a CIE plasma as a function of the electron temperature
kT,. Orange, magenta, red, blue, and green lines represent Ar-like, Ne-like, He-like, H-like, and
bare Fe, respectively. (b) Ion population of Fe in an kT, = 5 keV ionizing plasma as a function
of the ionization timescale n.t. (c) Same as (b) but for recombining plasma where the initial
and current electron temperatures are assumed to be 30 keV and 0.3 keV, respectively. The
figure is taken from Smith et al. (2014).

and therefore, the spectral shape of the bremsstrahlung only depends on T,.. Equation 3.4
can be approximated for each relation between F and kT, as

E° (E < KT,)
e ox ¢ B0 (E S KTL) (3.7)
exp (—k—%) (E > ET,).

Thus, the bremsstrahlung spectrum has the energy cut-off near £ ~ kT, as shown in
Figure 3.3, and we can measure T, from the observed spectrum of hot plasmas.

Radiative recombination continuum

RRC is electromagnetic radiation emitted when a free electron recombines with an ion.
Figure 3.4 shows an emission process of the RRC. The energy of emitted photon is the
sum of the kinetic energy of the free electron and the binding energy of the recombined
electron. The spectrum of the RRC has an energy edge depending on the binding energy
of the recombined electron as shown in Figure 3.3. The emissivity of the RRC for electrons
with the Maxwell-Boltzmann distribution is given by

E — e 1 E — Eutee
€or = dnenz g B ( KT, - )\/ 2o, O B~ Eedge) eXp( N ng) (38)

where nz 11, Fedge, and o, are the density of the ion with the atomic number Z and the

ionization state j+1, the binding energy of the recombined electron, and the recombination
cross section to the level n, respectively.
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Figure 3.3: The emissivity of a pure silicon plasma in a recombined-dominant state (kT, =
1 keV, net = 5x 10'° em ™3 s). Shown are the contributions of bremsstrahlung (red dotted line
radiative recombination continuum (red dashed line) and two-photon emission (red solid line
The figure is taken from Vink (2012).

);
).

When the electron temperature is much lower than the binding energy (k7. < Eedge),
Equation 3.8 can be approximated as

E - Ecd e
Tg) (E > Eugge) (3.9)

=0 (E < Fuage). (3.10)

Epf X exp(—

In this dissertation, we denote the RRC emitted by the recombination of H-like ions
to the ground state of He-like ions as “He-RRC”, and call that of bare ions to the ground
state of H-like ions “H-RRC”. We summarize Feqge of He-RRC and H-RRC for heavy
elements in Table 3.1.

Two-photon emission

When an electron is excited from 1s? 1Sy to 1s2s 1S, states by a free electron, the
electron cannot transit directly from 1s2s 1Sy to 1s? 1S, because of a selection rule. In
a low-density environment, second collision does not happen easily, and therefore, the
electron transits while emitting two photons. Although the sum of the energy of the two
photons is conserved, the energy of the each photon is not uniquely determined. Therefore,
a spectrum of the two-photon emission is a continuum as shown in Figure 3.3.
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Figure 3.4: Schematic illustration of emission mechanism for radiation recombination continua
(red arrows) and cascade lines (blue arrows).

Table 3.1: K-shell edge energies (FEeqge) of He-RRC and H-RRC. These values correspond
to the K-shell binding potential of He-like and H-like ions, respectively.

Z  Element Eedge (keV)
He-RRC H-RRC

12 Mg 1.763 1.958
14 Si 2.439 2.666
16 S 3.225 3.482
18 Ar 4.121 4.406
20 Ca 5.128 5.440

26 Fe 8.830 9.194
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3.2.2 Line emission

The line emission is due to bound-bound transitions with different energy levels for
electrons. For a hydrogen atom, the energy of a photon is described as

E=R, <i—i,2), (3.11)

n?2 n

where R,, n, and n' are the Rydberg constant (13.6 eV), and the principal quantum
number of before and after the transition, respectively. For heavy H-like elements with
the atomic number of Z, that is given by

1 1
E~ Z°R, (ﬁ - ﬁ) : (3.12)
The emission lines of H-like Ko (2p — 1s), H-like K (3p — 1s), and H-like Ky (4p — 1s)
are called Lya, Lyf, and Ly~ lines, respectively.

In the case of He-like ions, Ko emission are composed of resonance (1s2p 'P; —
1s? 1Sy), forbidden (1s2s 3S; — 1s 1S;), and inter-combination (1s2p 3Py — 15 1Sp)
transition lines (Figure 3.5). The emission lines of He-like Ko (n = 2 — 1), He-like
KB (n = 3 — 1), and He-like Ky (n = 4 — 1) are called Hea, Hef3, and Hey lines,
respectively. We show centroid-energies of K-shell lines in Table 3.2.

shell n=2

3 150 shell n=1 (ground)

Figure 3.5: Level scheme for a He-like ion. Transitions of w, (x, y), and z indicate that of
resonance, inter-combination, and forbidden lines, respectively. (Porquet et al., 2001)

As radiation processes with the bound-bound transitions in SNRs, the photoelectric
effect and the collisional excitation are well known. However, in a recombination-dominant
state, the dielectronic recombination and the cascade decay are not negligible.
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Table 3.2: Centroid senergies (eV) of K-shell lines of H-like and He-like ions.

Lya LyB  Lyy Hea HeB Hey
res.* frb.* int.*
O 654 775 817 574 561 569 665 698
Ne 1022 1211 1277 922 905 915 1072 1127
Mg 1472 1745 1840 1352 1330 1343 1579 1660
Si 2006 2377 2506 1865 1840 1854 2183 2294
S 2623 3107 3277 2461 2431 2447 2884 3033
Ar 3323 3936 4151 3140 3104 3124 3685 3875
Ca 4106 4864 5130 3908 3845 3892 4582 4819
Fe 6966 8266 8732 6702 6641 6670 7798 8217
Ni 8077 9590 10107 7806 7744 7766 9190 9680
*res., frb., and int. indicate resonance, forbidden, and
inter-combination lines, respectively.

Dielectronic recombination

Dielectronic recombination is a radiative process when a free electron is captured
and in the end a photon is emitted. When a free electron recombines with an ion, a core
electron is subsequently excited. The electron returns to a lower level and emits a satellite
line at a slightly lower energy than the normal transition. Figure 3.6 shows the emission
mechanism for the dielectronic recombination.

free
electron @

n:OO
A n=4
n=2 - O0—0— = —0O0——

Energy

-l —0—O0— —-O0—— —O0—0O—

Figure 3.6: Schematic illustration of emission mechanism for the dielectronic recombination.

Cascade decay

Cascade decay is accompanied by the recombination of electrons into higher excited
levels in the free-bound transitions (Figure 3.4). In plasmas with a recombination-
dominant state, the intensity ratio of the cascade decay to the other normal transitions
is higher than that in plasmas with a state of collisional ionization equilibrium.
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3.3 Recombining Plasma in SNRs

3.3.1 Discovery of recombining plasma

Kawasaki et al. (2002) reported a first observation of RPs in SNRs. They analyzed
ASCA data of the mixed-morphology SNR IC 443 and measured kT, based on the H-like
to He-like Ko intensity ratios of Si and S, and compared them with k7,. They found that
kT, is significantly higher than kT, and suggested that the plasma is overionized. In the
observations of 1C 443 (Yamaguchi et al., 2009) and W49B (Ozawa et al., 2009b) with
Suzaku, they discovered RRCs, which provides clear evidence that the plasmas are in
an extremely recombining state. Subsequent Suzaku observations revealed RPs in other
mixed-morphology SNRs in the Galaxy as well as in the Large Magellanic Cloud. We sum-
marized the SNRs where RPs are clearly or possibly detected with Suzaku observations
in Table 3.3.

3.3.2 Formation process of recombining plasma

The formation process of RPs has not been fully understood yet, but two scenarios are
mainly discussed. One is the rarefaction scenario (Itoh & Masai, 1989). If a supernova
explodes in a dense circumstellar matter (CSM) around the massive progenitor, ejecta
and the CSM are shock-heated and quickly ionized because of the high density. When the
shock breaks the CSM out to a lower density ISM, kT, is decreased by adiabatic cooling.
Kawasaki et al. (2002) proposed the other scenario, the thermal conduction scenario. If an
SNR shock is interacting with a molecular cloud, thermal conduction occurs between the
SNR plasma and the cloud, and, therefore, kT, drops. Since the recombination timescales
of ions are generally longer than the conduction timescales, k7T, cannot follow the decrease
of kT,, and RPs can be realized.

Both of the scenarios require special gas-environments around the remnants; a dense
CSM and a molecular cloud for the rarefaction and thermal conduction scenarios, respec-
tively. In order to investigate the origin of RPs, we need to obtain spatial distributions of
physical parameters of the thermal plasmas (e.g., kT, n.t) and to compare the parameters
and the gas environments.

3.3.3 Toward the understanding of the origin of RPs

In order to understand the origin of RPs, we used Suzaku data of the Galactic SNRs
(G166.0+4.3, IC 443, W44 and W49B, and perform spatial resolved spectroscopy. These
SNRs are known to have unique ambient gas through observations in the radio, infra-
red, X-ray and/or gamma-ray bands. In some of the remnants, the previous observations
already reported the detection of RPs. The sizes of the SNRs allows us to divide the
remnants into some regions by using the Suzaku telescope. The high sensitivity and the
high energy resolution of Suzaku can detect RRCs of heavy elements and enable us to
accurately determine the X-ray spectral features of the thermal plasma.
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Chapter 4

Instruments

4.1 Suzaku Satellite

Suzaku is the fifth in a series of Japanese X-ray astronomy satellites devoted to ob-
servations of celestial X-ray sources (Mitsuda et al., 2007). It was launched by the Japan
Aerospace Exploration Agency (JAXA) aboard an M-V launch vehicle from JAXA’s Uchi-
noura Space Center on July 10, 2005. The spacecraft was put into a near-circular orbit
at a ~ 570 km altitude with an inclination angle of ~ 31° and an orbital period of ~ 96
min. Figure 4.1a shows a schematic view of the Suzaku satellite in orbit. The length of
the spacecraft is 6.5 m after the deployment of the extensible optical bench (EOB) and
the total weight is 1706 kg. Suzaku had been operated for ~ 10 yr, which exceeds its
planned lifetime of ~ 2 yr. Because of problems on its batteries and attitude control, the
operation of Suzaku has been finished on June 1, 2015.

Suzaku carried two imaging detectors: the X-ray Imaging Spectrometer (XIS; Koyama
et al., 2007) and the X-ray Spectrometer (XRS; Kelley et al., 2007) combined with the X-
ray Telescopes (XRT; Serlemitsos et al., 2007) and a non-imaging hard X-ray detector: the
Hard X-ray Detector (HXD; Kokubun et al., 2007; Takahashi et al., 2007). Figure 4.1b and
Table 4.1 present a side view and the specifications of the instruments and the telescopes
on Suzaku, respectively. The XIS consists of four cameras with X-ray charge-coupled
devices (CCDs) named XIS0, 1, 2 and 3. The CCDs of XIS0, 2 and 3 are front-illuminated
(FI) devices whereas that of XIS1 is a back-illuminated (BI) CCD. XIS2 and a part of
XISO0 have not been functioning since November 2006 and June 2009, respectively (Suzaku
XIS documents in 2007 and 2010). The HXD covers the bandpass of 10-600 keV. The
XRS is the first micro-calorimeter system for X-ray astronomy but it failed to work after
August 8, 2005 because of a liquid helium coolant loss. In this dissertation, we used
data of the XIS so that we describe the details of the XRT and the XIS in the following
sections.
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Figure 4.1: Schematic view of the Suzaku satellite (Mitsuda et al., 2007).

Table 4.1: Overview of Suzaku capabilities (Mitsuda et al., 2007).

XRT Focal length 4.75 m
Field of view 17 at 1.5 keV, 13’ at 8 keV
Effective area 440 cm? at 1.5 keV, 250 cm? at 8 keV
Angular resolution 2’ (Half power diameter)
XIS  Field of view 17.8 x 17'.8
Bandpass 0.2-12 keV
Pixel grid / size 1024 x 1024 / 24 pm X 24 pm
Energy resolution ~ 130 eV FWHM at 6 keV
Effective area 330 cm? (FI), 370 cm? (BI) at 1.5 keV
(including the XRT) 160 cm? (FI), 110 cm? (BI) at 8 keV
AXD Field of view 5 x 425 (> 100 keV), 34" x 34" (< 100 keV)

Bandpass

10-600 keV
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4.2 X-ray Telescope (XRT)

4.2.1 Mechanism and design

The refractive index of, for instance, glass for X-rays is close to unity as opposed to
a much larger value for visible light. Therefore, we cannot use the same focusing method
as visible light to focus X-rays. The most common method to focus X-rays is using
total external reflection. X-rays are reflected when the grazing incidence angle is shallow
enough (< 1°). In 1952, Wolter proposed the design composed of two-stage reflection
mirrors in order to realize a wide filed-of view (FOV). The Wolter type I telescope is the
most widely used for X-ray astronomy. It is composed of primary and secondary mirrors
in parabolic and hyperbolic shapes, respectively (Figure 4.2).

Suzaku carried five Wolter type I telescopes. One is for the XRS (named XRT-S),
and the others are for the XIS (named XRT-I). We hereafter refer to XRT-I simply as
the XRT. The XRT contains in total 175 pairs of concentric thin-foil reflectors, whose
thickness is 175 pum (Figure 4.3). The diameter and weight of the XRT are 399 mm and
19.3 kg, respectively. The total weight of the four modules of the XRT is only < 80 kg
which is smaller than those of mirrors aboard other X-ray astronomy satellites such as
Chandra (~ 950 kg) and XMM-Newton (~ 1300 kg).

! paraboloid
! " primary " hyperboloid
! " secondary "

(a) front view (b) the cross section

Figure 4.2: Schematic view of the XRT composed of nested reflectors: (a) front view; (b) cross
section including the optical axis (Mori et al., 2005).

4.2.2 Performance

In spite of its light weight, the XRT has a large effective area, 450 cm? at 1.5 keV
and 250 cm? at 7 keV, which is comparable to those of the mirrors aboard XMM-Newton
(Figure 4.4a). However, the XRT trades off the spatial resolution. In order to evaluate
the spatial resolution, we commonly use a half power diameter (HPD), which is defined
as a diameter within which 50% of focused X-rays from a point source are enclosed. The
HPDs of the XRT are 1'.8-2".3 (see Figure 4.4b), which is about one order of magnitude
larger than those of Chandra and XMM-Newton.

The effective area is a function of the off-axis angle, which tends to decrease toward the
off-axis. This effect is called “vignetting”. The vignetting effect is more evident in higher
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Figure 4.3: Photograph of the XRT (Serlemitsos et al., 2007).

energies because the critical angle for total external reflection is in inverse proportion to
the X-ray energy. Figure 4.5 shows the vignetting curves of the XRT in the 3-6 keV and
8-10 keV bands.
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Figure 4.4: (a) Total effective area of the four XRT-I modules with those of XMM-Newton and
Chandra. Transmissions of the thermal shield and the optical blocking filter, and the quantum
efficiency of the CCD are all taken into account. (b) XISO image of a bright point source,
SS Cygni. The figures are taken from Serlemitsos et al. (2007)

4.3 X-ray Imaging Spectrometer (XIS)

4.3.1 Overview of the XIS

Figure 4.6 shows a photograph and a side view of a XIS module. The pixel structure
of the CCDs is classified as a MOS type which consists three layers; Metal, Oxide, and
Semiconductor. The CCD chips have layers of poly-silicon, silicon-dioxide and p-type
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Figure 4.5: Vignetting curves of the XRT. The data points are obtained from observations of
the Crab nebula. The model curves are calculated with a ray-tracing simulator with spectral
parameters of the Crab nebula. The figures are taken from Serlemitsos et al. (2007).

silicon, which function as a MOS-junction. Each CCD has four segments (A, B, C, and
D) consisting of an imaging area, a frame-store region and a readout node (Figure 4.7).
The imaging area has 1024 x 1024 pixels with a pixel size of 24 ym x 24 ym. Combined
with the XRT, the imaging area covers the 17'.8 x 17".8 region in the sky. When an X-ray
photon is absorbed in the depletion layer of the CCD, electron-hole pairs are produced in
proportion to the X-ray energy. Generated charge is transferred from the imaging area
to the frame-store region after an exposure, and is read out from the node.

In the FI CCDs, incident X-rays are attenuated by the 0.7 pm thick gate structure
so that quantum efficiency (QE) on the low-energy side is lower. On the other hand, the
BI CCD gains high QE in the low-energy band because of its thin dead layer, ~ 10 nm
(Figure 4.8). In the high energy band above ~ 4 keV, the QE of XIS0 is higher than that
of XIS1 because of the thicker depletion layer (~ 76 pm for the FI CCDs and ~ 42 pm for
the BI CCD). In the case of the BI CCD, X-ray photons are incident from the opposite
side of the electrode so that we need to fully deplete it. It is difficult to process a thick
full-depletion layer.

4.3.2 Calibration; charge transfer inefficiency

In orbit, CCDs suffer from radiation damage such as crystallographic defects in the
depletion layer generated by cosmic rays. When signal charge is transferred to the readout
nodes, a part of the charge is trapped in the crystallographic defects and is lost, which
increases charge transfer inefficiency (CTI). The charge loss is a stochastic process so that
the amount of the loss fluctuates and energy resolution also deteriorates (Nakajima et al.,
2008; Ozawa et al., 2009a).

In order to reduce the CTI, we use a method of a spaced-raw charge injection (SCI)
(Prigozhin et al., 2000; Bautz et al., 2004; LaMarr et al., 2004). Artificial charge is injected
into given pixels from serial registers attached to the top of each column and fills the traps
so that subsequent charge is transferred with less charge loss. Figure 4.9 shows a trend
of centroid energy and width of the Mn Ka lines (5.895 keV) from the *Fe radioactive
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Figure 4.6: (a) Photograph and (b) side view of the XIS (Koyama et al., 2007).
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Figure 4.7: Schematic view of the XIS CCD (Koyama et al., 2007).
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Figure 4.8: Quantum efficiency of the XISO (black) and the XIS1 (red) as a function of incident
photon energy (Koyama et al., 2007).

sources equipped on two corners of each XIS (see Figure 4.7). The centroid energy of each
sensor was decreasing from the launch to August 2006 and the width was increasing in
this period. The XIS team for the first time performed the SCI in August 2006, and then,
the centroid energy and the width were recovered. At the start of the SCI operations, the
amount of the artificial charge was equal to the amount produced by 6 keV and 2 keV
X-ray photons for the FI and BI CCDs, respectively. The CTI of XIS1 was more rapidly
increasing as shown in Figure 4.9, and, therefore, the injected charge amount was changed
from 2 keV to 6 keV in 2011.

The gain and the energy resolution of each sensor are improved by the SCI. However,
the pulse height shows periodic variation because the SCI depends on the distance between
the pixel of interest and the preceding charge injection row. Therefore, all the XIS data are
calibrated with a method to correct the pulse height for the periodic variation (Uchiyama
et al., 2009). Figures 4.10 and 4.11 show the trend of centroid energy and width of the
the Mn Ka lines after the calibration, respectively. The uncertainty of the energy-scale
determination is < 20 eV (0.3%) for each sensor.

4.3.3 Calibration; gain

For gain calibrations of the XIS in the high energy band, Mn Ka and K/j lines of
the calibration source are used. For calibration in the low-energy band, the XIS team
uses emission lines of O Lya (0.654 keV), Ne Hea (0.921 keV), Ne Lya (1.021 keV) and
Mg Hea (1.352 keV) from the bright SNR E0102—72.3 (Figure 4.12). Figure 4.13 shows
trends of centroid energies of the emission lines of XISO. The gains of all the XIS sensors
are calibrated < 10 eV.

We describe below our own gain calibration method with an example of W49B. In
analyses of thermal emission of SNRs, centroid energies of emission lines provide us with
information of electron temperatures and degrees of ionization of the plasmas. The un-
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panel (b) indicate the segment A and D data of each sensor, respectively (Suzaku Technical
Description).
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Figure 4.11: Trend of width of the Mn Ko lines for calibrated data of the XIS (a) before and (b)
after turning on the charge injection technique. The black and blue points in panel (b) indicate
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certainty of ~ 10 eV significantly affects spectral fitting results. Therefore, we need a
more accurate calibration than that performed by the XIS team.

For the gain collection, we used Ly« lines of Si (2.006 keV), S (2.628 keV), Ar
(3.323 keV) and Ca (4.108 keV) from W49B and a Mn Ko line (5.895 keV) from the
calibration sources. Hea lines were not used because centroid energies of lower ionized
lines, such as Li-like and Be-like lines, are close to those of He« lines, and intensity ratio
of them depend on electron temperatures and ionization degrees of plasmas. We fitted
narrow-band spectra in each energy band around the lines with a Gaussian and a power
raw for the underlying continuum. We then obtained the relation between the true en-
ergies and the Gaussian centroids with linear regression (Figure 4.14). We corrected the
gain using the relation. Figure 4.15 shows XISO spectra of the SNR W49B before and
after the gain correction. The emission lines are moved toward the true values.

4.3.4 Data reduction; flickering pixels

Before analyzing XIS data, we must discard hot pixels and flickering pixels. The
former always output pulse heights larger than the threshold for X-ray event detection,
whereas the latter output large pulse heights intermittently. The number of these pixels
increase in the orbit due to the radiation damage. Hot pixels are automatically identified
and removed in orbit. On the other hand, it is difficult to remove flickering pixels in orbit,
and thus, they are filtered out in the on-ground data reduction process.

In order to remove the flickering pixels, the XIS team provides maps of the flickering
pixels called “noisy pixel maps” for each sensor (Figure 4.16). The XIS team defined the
flickering pixels as those exceeding a threshold in a given period of time, and searched the
pixels from 19 month data in the non X-ray background database. Ratios of the flickering
pixels to the total are 1.5% (15594 pixels), 6.1% (64020 pixels), and < 0.1% (4139 pixels)
in XISO0, 1, and 3, respectively. We show spectra of the SNR G166.0+4.3 before and after
the filtering of the flickering pixels (Figure 4.17).
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Figure 4.12: XISO Spectrum of the SNR E0102—72.3.
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Figure 4.13: Trends of centroid energies of O Ly, Ne Hea, Ne Lya and Mg Hea of E0102—72.3
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Figure 4.14: Comparison of centroid energies of emission lines from W49B before applying the
calibration described in §4.3.3. The red line indicates a function estimated by linear regression.
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Figure 4.15: Green and Blue crosses show XISO0 spectra of the SNR W49B before and after the
gain correction, respectively. Centroid energies of the Si and S Ly« lines shift 9 and 7 eV after
the correction, respectively.
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Figure 4.16: Maps of the flickering pixels provided in April 2016.

4.3.5 Non X-ray background (NXB)

In the orbit, high energy particles produce background signals, called non X-ray back-
ground (NXB). NXB spectra are obtained by observations pointing toward the Earth at
night. Figure 4.18 shows the NXB spectra of XISO (FI CCD) and XIS1 (BI CCD). The
NXB includes the fluorescence X-ray lines of Al Ka, Si Ka, Ni Ka and K3, and Au La,
L3 and Ma from materials of the spacecraft, and Mn Ko and K from the 3 Fe calibration
sources. One of the origin of the continuum emissions is Compton scattering of cosmic
X-rays or X-rays produced by interactions between cosmic rays and the satellite structure.
The other is an ionization of cosmic-ray electrons or secondary electrons produced by the
interactions.

Figure 4.19 shows the NXB spectra obtained by CCDs on Chandra, XMM-Newton
and Suzaku in other to compare their background levels. The XIS has lower background
level in the energy band of 3-10 keV because of the lower altitude of the orbit of Suzaku.
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Figure 4.17: Spectra of each sensor in the northwest region of the SNR G166.0+4.3. Black and
red crosses indicate the spectra before and after the reduction of the flickering pixels, respectively.
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Figure 4.18: Spectra of the NXB in the XISO (black) and the XIS1 (gray) (Tawa et al., 2008).

-2
1078 1073 1074 1073

Counts s~ keV™! arcmin™2 cm

1077

Chandra ACIS—-S3
Chandra ACIS—-10123
XMM  MOS1

XMM PN

ASCA SISO

Suzaku XIS—Fl

407
‘(n T T TTTT

Energy (keV)

Figure 4.19: XIS background counting rate as a function of energy. The background rate was
normalized with the effective area and the field of view, which is a good measure of the sensitivity
determined by the background for spatially extended sources. The background rate of Chandra
and XMM-Newton adopted from Katayama et al. (2004) are shown for comparisons. (Mitsuda

et al., 2007)



Chapter 5

G166.04+4.3

5.1 Previous Works and Our Aims

(G166.04+4.3 is a Galactic SNR whose radio shell has a large bipolar structure in the
west with a smaller semicircle shell in the east (Sharpless, 1959; Landecker et al., 1982;
Pineault et al., 1987). Landecker et al. (1982) estimated the distance to G166.04+4.3 as
5.0£0.5 kpc by using the ¥-D-z (surface brightness-diameter-distance above the Galactic
plane) relationship. Pineault et al. (1987) suggested that the gas density in the east is
higher than that in the west because of the unusual morphology of the radio shell.

G166.0+4.3 was observed in the X-ray band with ROSAT (Burrows & Guo, 1994),
ASCA (Guo & Burrows, 1997) and XMM-Newton (Bocchino et al., 2009). Burrows
& Guo (1994) found that the X-ray morphology is distinct from the radio morphology
and reproduced the spectrum with CIE models (Figure 5.1). They estimated the age of
the remnant to be ~ 2.4 x 10* yr by applying the evaporating cloudlet model (White
& Long, 1991) and assuming the estimated distance of 5 kpc. Bocchino et al. (2009)
classified G166.044.3 as an mixed-morphology SNR and reported that the spectra can be
reproduced by an IP model.

The gas environment of G166.044.3 is clearly different between the east and the
west, according to the morphology of the radio shell. It is one of the best sources for
studying plasma evolution depending on the environment. In this Chapter, we report
on observational results of G166.04+4.3 with Suzaku, which has high sensitivity and high
energy resolution in the energy band of 0.3-12 keV. Throughout this chapter, errors are
quoted at 90% confidence levels in the text and tables, and error bars in the figures indicate
lo confidence intervals. We assume 5 kpc as the distance to the remnant. All spectral
fits are performed with XSPEC version 12.9.0n. The plasma models are calculated with
ATOMDB version 3.0.2. We used solar abundances given by Anders & Grevesse (1989).

5.2 Suzaku Observation and Data Reduction

We performed Suzaku observations of G166.0+4.3. Table 5.1 summarizes the obser-
vation log. In this analysis, we used data from the XIS installed on the focal planes of
the XRT. XIS2 and a part of XISO are not used in what follows (see §4.3.1).

We reduced the data using the HEADAS software version 6.19. We used the calibration
database released in 2015 October for data processing. The total exposure time of the five
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observations is ~ 226 ks after the standard data screening. In the processing of the XIS
data, we removed cumulative flickering pixels by referring to the noisy pixel maps provided
by the XIS team (§4.3.3). We also discarded pixels adjacent to the flickering pixels. NXBs
were estimated by xisnxbgen (Tawa et al., 2008). The redistribution matrix files and the
ancillary response files were produced by xisrmfgen and xissimarfgen (Ishisaki et al.,

2007), respectively.

Figure 5.1: ROSAT image of G166.0+4.3 in the 0.52-2.02 keV band with 1.4 GHz radio contours
(Burrows & Guo, 1994). The coordinates refer to the J2000.0 epoch. The red curve along the
bottom of the image represents the X-ray intensity along the slice shown as a green line, which
passes through the center of the SNR near its plane of symmetry. The inset in the upper
left-hand corner is a color image of the radio continuum data, scaled from 0 to 1.67 K.

Table 5.1: Suzaku observation log of G166.0+4.3.

Target Obs. ID Obs. date (R A Dec. ) Effective Exposure
(G166.0+4.3 northeast 509022010 2014-09-19  (5"27™075.7, 42°58'52" .2) 61 ks
(G166.0+4.3 northeast 509022020  2014-09-22 (5M27™075.7, 42°58'52".2) 61 ks
(G166.044.3 northwest 509023010 2014-09-20  (5"25M46°.8, 42°54'01".7) 42 ks
(G166.0+4.3 southeast 509024010  2014-09-21  (5"26™41%.2, 42°39'06".2) 34 ks
(G166.0+4.3 southeast 509024020 2015-03-13  (5"26™41°5.2, 42°39'06".2) 27 ks

IRAS 0526244432 (Background) 703019010  2008-09-14  (5"29™56°.0, 44°34/39".2) 82 ks
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5.3 Analysis

5.3.1 Image

Figure 5.2 shows a mosaic image of G166.0+4.3 in the energy band of 0.5-2.0 keV.
We subtracted the NXB from the image and corrected it for the vignetting effect of the
XRT. The contours are a 325 MHz radio image from the Westerbord Northern Sky Survey
(WENSS).

Right ascension
5:28:00.0 5:26:00.0 5:24:00.0

43:30:00.0

Declination
43:00:00.0

42:30:00.0

9.8e-4 3.9e-3 1.6e-2 6.3e-2 2.5e-1 1.0

Figure 5.2: XIS image of G166.0+4.3 in the 0.5-2.0 keV band after the NXB subtraction and
correction of the vignetting effect. The coordinates refer to the J2000.0 epoch. The X-ray count
is normalized so that the peak becomes unity. We overlaid contours of the 325 MHz radio image
from the WENSS.

5.3.2 X-ray background subtraction

For X-ray background estimation, we used Suzaku observational data of IRAS 0526244432,
which is located at (I,b) = (165°.1, 5°.7). The observation log is shown in Table 5.1. We
extracted a spectrum from a source-free region. In order to model the spectrum, we
adopted a model by Masui et al. (2009). They observed the direction (I,b) = (230°, 0°)
with Suzaku in order to study the soft X-ray emission from the Galactic disk. Their model
consists of four components: the cosmic X-ray background (CXB), the local hot bubble
(LHB), and two thermal components for the Galactic halo (GHcoq and GHyey).

We fit the X-ray background spectrum with the model after the NXB subtraction.
We fixed the electron temperatures of the LHB, GH.,q and GH at the values given
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by Masui et al. (2009). The absorption column density (Ng) of the CXB was fixed at
3.8x10%! cm™2, the Galactic value in the line of sight toward TRAS 05262+4432 (Dickey

& Lockman, 1990).

The normalizations of all the components were allowed to vary.
Figure 5.3 and Table 5.2 show the fitting result and the best-fit parameters, respectively.
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Figure 5.3: XIS0+3 (black crosses) and XIS1 (red crosses) spectra taken from the source-free
region of the TRAS 05262+4432 data with the best-fit model. The solid lines show the model
of XIS0+3. The blue, green, magenta and orange lines represent the CXB, LHB, GH,q and
GHy,o; models, respectively. The bottom panel shows the data residuals from the best-fit model.

Table 5.2: Best-fit model parameters of the X-ray background spectra for
G166.04-4.3.
Component Model function Parameter Value
CXB Wabs Ny (10%tem™2) 3.8 (fixed)
Power law Photon index 1.4 (fixed)
Normalization* 10.7 = 04
LHB APEC kT, (keV) 0.105 (fixed)
Normalization! 13.4 4+ 3.2
GHeolq APEC kT, (keV) 0.658 (fixed)
Normalization! 2.1+0.2
GHpot APEC kT, (keV) 1.50 (fixed)
Normalization! 3.1 0.5
X2 (v) 1.29 (234)

* The unit is photons s™! em™2 keV~! sr~! at 1 keV.
" The emission measure integrated over the line of sight, i.e., (1 / 47) [ nenudl in

units of 104 ¢cm—>

ST

1
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5.3.3 SNR spectra

Considering the morphology of the radio shell, we extracted spectra from the northeast
and west regions (named NE and W) indicated with the white solid lines in Figure 5.2.
Figure 5.4 shows XIS0+3 spectra of W and NE after the NXB subtraction. One can
clearly see Fe-L and Ni-L line complexes, and Si-K and S-K lines. The Fe-L and Ni-L line
complexes are more prominent in W than those in NE.
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Figure 5.4: XIS0+3 spectra of the W (black) and NE (blue) regions. The vertical solid and
dashed black lines show the center energies of the K lines from He-like and H-like ions, respec-
tively. The arrows indicate the energy bands with Fe-L and Ni-L line complexes.

We fitted the spectra with the model consisting of the SNR component and the X-ray
background (§5.3.2). The overall normalization of the X-ray background component was
treated as a free parameter. The absorption column density of the CXB component was
fixed at 3.6x10%! cm~2 which is the Galactic value in the line of sight toward G166.0+4.3.

We applied a one-component [P model to the W spectrum using the VVRNEI model
in the XSPEC, which calculates the spectrum of a non-equilibrium ionization plasma after
a rapid transition of the electron temperature from k7T},;; to kT,. The initial temperature
kT is fixed at 0.01 keV whereas the present electron temperature k7., ionization pa-
rameter n.t and normalization are free parameters. We used the Wisconsin absorption
(Wabs) model (Morrison & McCammon, 1983) for the absorption, whose column density
is a free parameter. The abundances of O, Ne, Mg, Si, S, and Fe are also free parameters.
The Ar and Ca abundances are linked to S, and Ni is linked to Fe. The abundances of
the other elements are fixed to the solar values. The energy band around the neutral Si
K-edge (1.73-1.78 keV) is ignored because of the known calibration uncertainty. The fit
left large residuals around 0.82 keV and 1.23 keV due to the lack of Fe-L lines in the
model (e.g., Yamaguchi et al., 2011). Therefore, we added two narrow lines at 0.82 keV
and 1.23 keV. The results are shown in Figure 5.6(w-i) and Table 5.3. We found that the
spectrum is well reproduced by a one-component IP model with the electron temperature

of 0.83 keV.
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We applied the same IP model as W to the NE spectrum. Significant residuals are
found at ~ 2.0 keV and ~ 2.6 keV which correspond to Si Lya (2.0 keV) and the
edge of the RRC of He-like Si (2.67 keV) + S Ly« (2.63 keV), respectively (Figure 5.6
(ne-i)). These spectral features, if confirmed, provide evidence that the plasma is in a
recombination-dominant state. We tried a one-component RP model. However, a satis-
factory fit was not obtained.

For a detailed investigation, we restricted the energy band to > 1.6 keV, where we
found the large residuals, and tried one-component IP or RP models. The absorption
column density is fixed to the best-fit value for W, Ng = 0.8 x 102! cm~2, whereas k7,
and n.t are left free. The kT, is a free parameter for the RP model, whereas it is fixed
at 0.01 keV for the IP model. The abundances of Si and S are free parameters, and
those of Ar and Ca are linked to S. The residuals were not improved with the IP model
(Figure 5.6(ne-ii) and Table 5.3). On the other hand, we successfully fitted the spectrum
with the RP model (Figure 5.6(ne-iii) and Table 5.3).

We extrapolated the above RP model down to 0.5 keV. Figure 5.6(ne-iv) shows the
model and the full-band spectrum in the energy band of 0.5-10.0 keV. The spectral stru-
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Figure 5.5: (a) NE spectrum of XIS0+3 (crosses) and the plasma model with (top) and without
(bottom) response matrixes multiplied (solid lines) in the energy band of 0.5-1.2 keV. The plasma
model consists only of Fe and Ni components with Ny = 1.7 x 10! cm™2, kT, = 0.40 keV,
kTt = 3.0 keV and net = 6.0 x 10tem =3 s. (b) Same as (a) but with k7, = 0.85 keV.
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cture in the 0.7-1.1 keV band cannot be reproduced. With the electron temperature
kT, = 0.37 keV, the model predicts a peak energy of the Fe and Ni L line complexes at
~ 0.8 keV, which is significantly lower than the observed value of ~ 0.95 keV. Figure 5.5
shows the NE spectrum of XIS0+43 and the plasma model in the energy band of 0.5-1.2
keV. The model consists only of the Fe and Ni components with Ny = 1.7 x 102! cm™2,
kT = 3.0 keV and n.t = 6.0 x 10!* ecm™3 s. The electron temperatures are 0.40 keV and
0.85 keV in Figures 5.5(a) and 5.5(b), respectively. The dominant emission lines of the
Fe and Ni components are FeXVII 2p5 3s1—2p6 (0.725 keV and 0.739 keV) and FeXVII
2p5 3d1—2p6 (0.812 keV and 0.826 keV) with kT, = 0.40 keV, and FeXIX 2p3 3s1—2p4
(0.822 keV), FexvII 2p4 3d1—2p5 (0.873 keV), FexX 2p2 3d1—2p3 (0.965 keV) and
FeXXI 2pl 3d1—2p2 (1.009 keV) with k7, = 0.85 keV. The comparison between the data
and the models indicates that the electron temperature of the Fe and Ni plasma should
be ~ 0.85 keV in order to reproduce the observed structure. On the other hand, the Si
and S plasma demands lower kT, as we saw in the (ne-iii) fit.

The result indicates that the plasma has different k7T, between Fe (+Ni) and the other
elements. Kamitsukasa et al. (2016) decomposed the ejecta of SNR G272.2—3.2 into
components with different elements, considering that each element has different radial
distributions. Following their idea, we adopted a two-component VVRNEI model: one
for Fe and Ni, and the other for lighter elements. The spectra can be well fitted with the
model comprising a CIE for Fe and Ni and an RP for the other elements. Figure 5.6(ne-v)
shows the spectrum with the best-fit model. Although we tried IP and RP for the Fe and
Ni component, the ionization parameter n.t cannot be constrained well. Therefore, we
here assumed the CIE model for simplicity.

5.4 Discussion on 166.0+4.3

5.4.1 Spatial structure

The spectral analysis shows that the NE plasma contains two components; the low
temperature RP component and the high temperature Fe-rich component. This suggests
that the distributions of the two components are different from each other. In order to
investigate the distribution, we made XIS images in the Si-K band (1.75-2.10 keV) and the
Fe-L band (0.70-1.30 keV). We divided them by the corresponding underlying continuum
image for which we selected the line-free band of 1.50-1.70 keV. We show the images in
Figure 5.7, which indicates that Si distributes uniformly whereas the Fe distribution is
more compact. In some SNRs, regardless of the type of the explosion, distributions of Fe
are observed to be centered (e.g., Uchida et al., 2009; Hayato et al., 2010). The observed
distributions are consistent with the widely believed picture of supernova nucleosynthesis
that heavier elements tend to be produced closer to the center of the progenitor.

For a detailed analysis of the Fe distribution, we extracted spectra from the three
regions (i)—(iii) in NE indicated by the white lines in the bottom panel of Figure 5.7.
We fitted the spectra of each region with the same model as Figure 5.6(ne-v). We fixed
kT, of the RP component to the best-fit value, 0.46 keV. Figure 5.8 shows the resultant
abundance ratios of Fe to Si. The ratio in the inner region is significantly higher and
suggests the center-filled distribution of Fe.
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Figure 5.6: XIS0+3 (black crosses) and XIS1 (red crosses) spectra in the W and NE regions.
Each spectrum is fitted with the model consisting of the SNR and background components. The
solid and dotted lines show the SNR and background models of XIS0+3, respectively.
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Figure 5.7: XIS images of G166.0+4.3 in 1.75-2.10 keV band (left: Si-K band) and the 0.70—
1.30 keV band (right: Fe-L and Ni-L band) after subtraction of the NXB and correction of the
vignetting effect. The images are divided by the corresponding underlying continuum image for
which we selected the line-free band of 1.50-1.70 keV. The scale is normalized so that the peak
becomes unity. The contours are a radio image of the WENSS at 325 MHz.

5.4.2 Ambient gas density and SNR age

In our spectral analysis, the volume emission measures are 2.7 x 10°7 cm™2 and 1.0 x
10% ¢cm™2 in W and NE, respectively. The volumes are obtained to be 4.1 x 10%° f cm?
and 1.8 x 10%° f cm? for the W and NE plasmas, respectively, where f is the filling factor,
assuming the morphologies to be prisms whose bases are the W and NE regions and depths
are 40 pc and 20 pc for W and NE, respectively. With the volume emission measures,
we obtain the electron densities n.w = 0.1 f~12 ¢cm™? and neng = 0.3 f~12 ecm™® for
W and NE, respectively. They suggest that the ambient gas is denser in NE than that
in W. This is supported by the radio morphology, the smaller shell in the eastern side.
Another clue of denser gas in NE is the GeV gamma-ray emission detected in the eastern
part of the remnant by Fermi LAT observations (Figure 5.9: Araya, 2013). If 7% decays
are the main production process for the gamma rays, dense gas, which acts as targets for
accelerated protons for 7¥ production, would be in NE.

In the spectral analysis, we obtained n.w t = 4.0 x 10" em™ s and n.ng t = 6.1 X
10! em =3 s for the W and NE plasmas, respectively. With new and n. g calculated above
based on the emission measures, the timescales are estimated to be t = 1.4 x 10° f/2 yr
for W and t = 7.1 x 10* f1/2 yr for NE. The ionization timescale for the W plasma, which

-3
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Figure 5.8: Abundance ratios of Fe to Si in the regions (i)—(iii) as a function of angular distances
from the NE rim toward the center of the remnant.
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Figure 5.9: Signal-to-noise map in the G166.0+4.3 smoothed with a boxcar of length 0°.5 in
the energy band of 0.5-2 GeV with Fermi (Araya, 2013). The green contours show the WENSS
325 MHz radio image. The while lines indicate the NE and W regions. The Galactic coordinates
are referred.
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is an IP, is expected to be almost the same as the age of the remnant, and, therefore, we
estimate the age to be t,,. = 1 x 10° f1/2 yr. With n,xg t, we can estimate the elapsed
time since recombination started to dominate over ionization to be t,ec = 6 x 10* f%/2 yr

(< tage)-

5.4.3 Origin of recombining plasma

As shown in §3.3, the rarefaction (Itoh & Masai, 1989) and thermal conduction
(Kawasaki et al., 2002) scenarios have been considered for the formation process of RPs.
In either case, the environment of the remnant is a key to the RP production process. We
discovered an RP only in a part of G166.0+4.3, the outer part of the NE region, where the
ambient gas is denser. In the W region, the spectrum is reproduced by the IP model. The
different gas environments between the W and NE regions might actually be responsible
for the difference of the plasma states.

In the rarefaction scenario, the electron temperature is decreased by adiabatic cooling
when the blast wave breaks out of dense CSM into rarefied ISM. The lower the ISM density
is, the more effective the adiabatic cooling must be (Shimizu et al., 2012). Therefore, in
this scenario, we can naturally expect an RP in the W region whose ambient gas density
would be lower. Our result, where we found an RP only in the NE region, is not simply
explained by the rarefaction scenario.

In the thermal conduction scenario, an RP is anticipated in a part of the remnant
where blast waves are in contact with cool dense gas. In the case of G166.0+4.3, the RP
was indeed discovered in the denser NE region. In our results, the temperature of the inner
Fe-rich plasma is higher (k7. = 0.87 keV) than that of the outer RP (K7, = 0.46 keV). In
this scenario, the plasma is cooled from the outside layers. Therefore, it is possible that
the plasma is cooled only in the outer part of the NE region.



Chapter 6

I1C 443

6.1 Previous Works and Our Aims

IC 443 (G189.143.0) is a Galactic supernova remnant (SNR) at a distance of 1.5 kpc
(Welsh & Sallmen, 2003). Its age is estimated to be in the range of 3-30 kyr (Petre et
al., 1988; Olbert et al., 2001). Olbert et al. (2001) found a PWN in the southeastern part
of the remnant, suggesting that IC 443 is a remnant of a core-collapse supernova. Seen
in the radio and optical bands, IC 443 has two shells with different radii (e.g., Lee et al.,
2008). The remnant is categorized as a mixed-morphology SNR since the X-ray emission
has a center-filled morphology.

In X-rays, Kawasaki et al. (2002) measured the Lya to Hea line intensity ratio of Si
and S with ASCA, and found that the plasma in the northeastern part of the remnant
is more ionized than expected in CIE. With Suzaku, Yamaguchi et al. (2009) discovered
RRCs of Si and S in the northeastern region, which provided unambiguous evidence for
an RP (Figure 6.1). Ohnishi et al. (2014) found RRCs of Ca and Fe in almost the same
region as Yamaguchi et al. (2009) and indicated that heavier elements are also overionized.

IC 443 is interacting with both molecular and atomic gas (e.g., Lee et al., 2008). Cor-
nett et al. (1977) discovered a dense molecular cloud associated with IC 443. CO line
emissions in the southeastern part of the remnant suggest that the molecular cloud is in-
teracting with IC 443 (e.g., Denoyer, 1979; Xu et al., 2011; Yoshiike, 2017). Measurements
of the CO line velocity by Yoshiike (2017) suggest that the most part of the interacting
molecular gas is located in front of IC 443. In the northeast, the SNR shock emits atomic
lines expected from post-shock recombining gas (Fesen & Kirshner, 1980), and therefore,
the shock is likely to be propagating into an atomic medium. Near-infrared observations
also support the atomic gas in the northeast (e.g., Kokusho et al., 2013).

In this chapter, we perform spatially resolved X-ray spectroscopy of the SNR IC 443
with Suzaku and compare the results with the distribution of interstellar gas interacting
with the remnant. We then discuss the implications particularly on the formation process
of the RP. All spectral fits are performed with XSPEC version 12.9.0n. The plasma
models are calculated with ATOMDB version 3.0.8. We used solar abundances given by
Wilms et al. (2000).

o4
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Figure 6.1: 1C 443 image and spectrum taken from Yamaguchi et al. (2009). (left) Vignetting-
corrected XIS image of the northern part of IC 443 in the 1.75-3.0 keV band. The optical
Digitized Sky Survey image is overlapped in contours. (right) XIS spectrum in the 1.75-6.0 keV.
Black and red represent FI and BI, respectively. Individual component of the best-fit model for
the FI data are shown with solid lines; blue, green, and magenta are the VAPEC, Gaussians (Si
Lya, Si Lyg, S Lya and Ar Lya), and RRC components of H-like Mg, Si and S, respectively.

6.2 Suzaku Observation and Data Reduction

Table 6.1 summarizes the Suzaku observation log of IC 443. We used the data from
the XIS, which consists of four X-ray CCD cameras installed on the focal planes of the
XRT. We do not use XIS2 and the part of XISO for the data acquired after November
2006 and June 2009, respectively, because they have not been functioning since these
times (§4.3.1).

We reduced the data using the HEADAS software version 6.19. We used the calibration
database released in April 2016 for processing the data. We removed flickering pixels by
referring to the noisy pixel maps provided by the XIS team (§4.3.4). We also discarded
pixels adjacent to the flickering pixels. NXBs were estimated by xisnxbgen (Tawa et al.,
2008). Redistribution matrix files and ancillary response files were produced by xisrmfgen
and xissimarfgen (Ishisaki et al., 2007), respectively.

Analyzing the XISO and 3 data taken in 2007, we noticed that the centroid energies of
Ly« lines from IC 443, and Mn Ka and Kf lines from the on-board calibration sources
are shifted by 2-8 eV from the true values. We corrected the gain by using the Ly« lines
of O, Mg, Si, S from IC 443, and Mn Ko and K/ lines from the calibration sources as
mentioned in §4.3.3.

Table 6.1: Suzaku observation log of 1C 443.

Target Obs. ID Obs. date (R.A., Dec.) Exposure
IC 443 northeast 501006010 2007-03-06  (6M17™11% .4, 22°46'32".5) 42 ks
1C 443 southeast 501006020 2007-03-07 (61117m115.3, 22°28'46".9) 44 ks
IC 443 northwest 505001010 2010-09-17  (6"15™59° 4, 22°45'18".7) 83 ks
TRAS 0526244432 (Background) 703019010  2008-09-14  (5"29™565.0, 44°34'39".2) 82 ks
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6.3 Analysis

6.3.1 Image

Figure 6.2a shows an XIS3 image of IC 443 in the energy band of 0.3-2.0 keV. We
subtracted the NXB from the image and corrected for the vignetting effect of the XRT.
The X-ray emissions in the east are center-filled as is previously known (e.g., Troja et al.,
2006). In the northwest, the image shows a hint of a shell-like structure.

Figure 6.2b shows an XIS3 image in the 3.0-5.0 keV band. We found the PWN 1SAX
J0617.14-2221 (region A) and the point
source U061530.75+224910.6 (region B) (Bocchino & Bykov, 2001, 2003). We found two
additional point sources in the northwest and a source in the northeast which are already
detected in XMM-Newton data by Bocchino & Bykov (2003). We excluded the PWN and
the point sources for our spectral analysis of 1C 443.

6.3.2 SNR spectra

Previous X-ray studies found that the spectra in the northeastern region can be repro-
duced with RP models (Yamaguchi et al., 2009; Ohnishi et al., 2014). In order to examine
ionization states of the SNR plasmas in the other regions, we extracted spectra from the
southeast (SE), northwest (NW) and northeast (NE) regions shown in Figure 6.2a. We
used the spectrum of IRAS 0526244432 (§5.3.2) for an X-ray background spectrum in
this spectral analysis.

Figure 6.3 shows the XIS0+3 spectrum of the SE region after NXB subtraction. The
characteristic structures of Si and S RRCs indicate that the plasma is in a recombination-
dominant state. Following Yamaguchi et al. (2009), we first analyzed the spectrum in
the energy band above 1.6 keV in order to quantify the ionization states of Si and S.
We applied a model consisting of one RP component to the spectrum. We used the
VVRNEI model in XSPEC. The initial plasma temperature kT},;; was fixed at 5 keV, in
which most Si and S ions become bare nuclei. The present electron temperature k7, and
ionization parameter n.t were allowed to vary. The abundances of Si, S, Ar, Ca and Fe
were allowed to vary, whereas the Ni abundance was linked to Fe. The abundances of
the other elements were fixed to solar. We used the Tuebingen-Boulder ISM absorption
model (TBabs; Wilms et al., 2000), whose column density was fixed at 7.0 x 102! cm~2 as
determined by Kawasaki et al. (2002). For the XIS0+3 spectrum, we ignored the energy
band of 1.78-1.92 keV because of the known calibration uncertainty around the neutral
Si K-edge. Although we excluded the PWN from the spectrum extraction region, there is
non-negligible leakage from the PWN due to the tail of the point spread function of the
XRT. We, therefore, added a power law to account for the PWN emission. We fixed the
photon index at 1.89 given by our spectral analysis of the PWN region (see Appendix A.1).

Figure 6.4a and Table 6.2 show the fitting results and the best-fit parameters, respec-
tively. The spectrum is reproduced well by the model with k7, = 0.30 & 0.01 keV and
net = (4.6 £0.1) x 10" s em™3. The electron temperature is significantly smaller than
0.6115595 keV given by Yamaguchi et al. (2009). They fitted the spectrum with a phe-
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Figure 6.2: XIS3 images of IC 443 in the energy band of (a) 0.3-2.0 keV and (b) 3.0-5.0 keV after
NXB subtraction and correction of the vignetting effect. In panel (a), we overlaid green contours
of 1.4 GHz radio image which were obtained from the NRAO VLA Sky Survey (NVSS). The
cyan and magenta contours are radio images of 12CO(J = 1 —0) and 2CO(J = 2 — 1) obtained
from the NANTEN2, respectively (Yoshiike, 2017). Sources in regions A and B in panel (b) are
the PWN 1SAX J0617.142221 and the point source U061530.75+224910.6, respectively. The

X-ray count rates are normalized so that the peaks become unity. The coordinate refers to the

J2000.0 epoch.
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Figure 6.3: XIS0+3 spectrum of the SE region after NXB subtraction. The vertical solid and
dashed black lines indicate the centroid-energies of Hea: and Ly« lines, respectively. The arrows
indicate the energy bands of the Fe-L complex and the radiative recombining continua of Si and

S.

nomenological model consisting of a CIE component, Gaussians for Si, S and Ar Ly« lines
and RRCs of Mg, Si and S. We here used a more physically oriented model that takes
into account ion fractions and ionization timescales of all elements in the recombination-
dominant state. In this model, RRCs of Ne and of lighter elements, which are not included
in the model employed by Yamaguchi et al. (2009), extend up to the Si-S band. This
difference would be the reason why we obtained lower kT..

We extrapolated the above model down to 0.6 keV, which results in large residuals
in the soft band. We added a CIE component to the model following Kawasaki et al.
(2002) and Bocchino et al. (2009), who modeled IC 443 spectra with two-component
models with a CIE component for the soft band. The result is shown in Figure 6.4b and
Table 6.2. Since we found the abundances of the CIE component are close to solar, we
fixed them at solar values. The fit left residuals around 1.23 keV, most probably due to
the lack of Fe-L lines in the model (e.g., Yamaguchi et al., 2011), and therefore, we added
a Gaussian at 1.23 keV. The fit still left residuals at 0.87 keV, indicating a shortage of
the emission line of FeXXVIII 1s2 2s2 2p4 3d1 — 1s2 2s2 2p5. To make the line stronger
with n.t ~ 10! s cm ™3, k7T, is required to be higher than ~ 0.5 keV.

We then fitted the spectrum with a model consisting of a power-law, a CIE, an RP
and an additional higher k7, components. We tried CIE, IP, and RP models as the
high kT, component, and found that the CIE and IP models fail to fit the spectrum.
We applied a model consisting of a CIE and two RP components to the spectrum. The
spectrum is well reproduced by the model with the significantly different k7T, between
the two RP components whereas n.t and abundances of the two components are almost
the same. Therefore, we linked n.t and the abundances of the components to each other.
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The best-fit model and parameters are shown in Figure 6.4c and Table 6.2, respectively.
The residuals at the FeXXVIII line was significantly improved. The electron temperatures
of the CIE and two RP (named RP.,q and RP.) components are 0.22 £+ 0.01 keV,
0.19 £ 0.01 keV and 0.547007 keV, respectively. The ionization timescale of the RP
components is n.t = (4.2752) x 10! s ecm™>.

We performed spectral fitting of the NW and NE spectra in the same procedure as
we did for the SE spectrum. We found that the model consisting of a CIE and two-RP
components gives satisfactory fits to both spectra. The spectra with the best-fit models
are plotted in Figures 6.4d and 6.4e and the best-fit parameters are again summarized in
Table 6.2. The ionization parameter n.t of the NW spectrum is close to 2 x 102 s cm ™3,
which is a characteristic timescale for a plasma to reach CIE (Masai, 1994). Therefore, the
RP in the NW is close to CIE. Since we cannot fit the spectrum in the energy band of the
Fe-L complex of the NW spectrum, we allowed the Fe abundance of the CIE component
to vary. The fit gave somewhat higher Fe abundance of 1.3 £ 0.1, but the abundance is
still close to solar. Although k7, and n.t of the NW and NE spectra are close to those of
the SE spectrum, normalization ratios of the RP components are significantly different,
indicating that the RP components have spatial variation.

In order to conduct spatially resolved spectroscopy in greater detail, we divided the
remnant into 20 regions as shown in Figure 6.2b and extracted spectra from each region.
We fitted the spectra with the above model, and found that it reproduces all the spectra
well. The details of the fits are described in Appendix A.2. Since the leakage from the
PWN and the point sources contaminate the spectra of regions 16, 17 and 20, we added
a power law to the model for these spectra. The photon indices were fixed at 1.89 and
2.22, which are determined by our analysis in Appendix A.1, for the PWN and the point-
source U061530.754-224910.6, respectively. The obtained ranges of kT, are 0.19-0.28 keV,
0.16-0.28 keV and 0.48-0.67 keV for the CIE, RP.,q and RPy. components, respectively.
The electron temperature of the CIE component is uniform whereas those of the RP qq
and RPy components decrease toward the southeast as shown in Figures 6.5a—6.5c.
Figures 6.5d and 6.5e show the map of Ny and n.t, respectively. In the northwest, n.t is
larger than those of the other regions.
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Figure 6.4: XIS0+3 (black crosses) and XIS1 (red crosses) spectra in the SE (a—), NW (d), and
NE (e) regions. Each spectrum is fitted with the model consisting of the SNR and background
components. The solid and dotted lines show the SNR and background models of XIS0+3,
respectively. The SNR model consists of power-law (green lines), CIE (magenta lines), RP¢qq
(cyan lines) and RPy (blue lines) components, respectively.
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Figure 6.5: (a—c) Maps of the electron temperatures kT, of the CIE, RP .4, RPpot components.
(d) Map of the column density Ny with the 2CO(.J = 1—0) emissions (cyan contours; Yoshiike,
2017). (e) Map of the ionization parameters n.t.
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6.4 Discussion on IC 443

6.4.1 Absorption by the molecular cloud

Figure 6.5d shows the spatial distribution of the X-ray absorption column densities
(hereafter Ny x). Since our analysis covers almost the whole remnant, we can perform
a systematic comparison between Ny x and the ambient gas distribution. Our spectral
fits gave high Ny x in regions 1, 2, 5, 6, 13, 14, 16, 17 and 18, which coincide with the
locations of the molecular cloud traced by the *CO(J = 1-0) line (e.g., Xu et al., 2011;
Yoshiike, 2017). Our result indicates that the cloud is located in front of the remnant.
If we subtract the lowest Ny x (region 19) from the highest one (region 14), we obtain
(3.140.6) x 10! cm ™2, which can be attributed to the absorption by the molecular cloud.

Yoshiike (2017) observed the 'CO(J = 1-0) line with the NANTEN?2 telescope, and
concluded that the molecular cloud is located in front of IC 443 based on line velocity
measurements. We note that Troja et al. (2006) also reached the same conclusion based
on a comparison between XMM-Newton data and CO data. Yoshiike (2017) estimated the
column density of the molecular cloud to be Ny co = (6.1 +0.8) x 102! em™2. Although
the estimate by Yoshiike (2017) is somewhat larger than ours, the two measurements can
be regarded to be consistent with each other, considering the fact that the estimate by
Yoshiike (2017) is obtained for the CO emission peak location and that our estimate is
an average of a much larger region.

6.4.2 Origin of the CIE plasma

In the spectral analysis, we successfully reproduced the spectra from all the regions
with the model consisting of the CIE, RP.,q and RPy.; components. The abundances of
the CIE component are consistent with solar, suggesting that the component is of shocked
ISM origin. The spatial distribution of the component also supports this picture. Fig-
ure 6.6a-1 shows the normalization ratios of the CIE component to the RPy component
plotted as a function of the angular distance from the center of the remnant which we
define as (R.A., Dec.) = (6"17™40°.0, 22°38'00”.0). The map of the normalization ratio
is shown in Figure 6.6a-2. The normalization ratios tend to increase toward the outer re-
gions, suggesting that the CIE plasma is concentrated in the rim as is generally expected
for a shocked ISM emission.

6.4.3 Origin of the recombining plasmas

In section 6.3.2, we found that the emission is well reproduced by a model which
includes two RP components with different k7,. As shown in Figures 6.5a—6.5c, the elec-
tron temperatures of both components decrease toward the southeast. The southeastern
region coincides with the locations where the molecular cloud is known to be interacting
with the remnant based on the *CO(J = 2-1) to ?CO(J = 1-0) intensity ratio (e.g., Xu
et al., 2011; Yoshiike, 2017). The normalization ratio of the two RP components points
to a similar tendency. Figures 6.6b-1 and 6.6b-2 show a radial profile and a map of the
RPolq to RPyoy normalization ratio, respectively. As opposed to Figure 6.6a-1, no clear
correlation is seen in the radial profile. From the map, it is evident that the ratio is
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Figure 6.6: (a-1) Radial profile and (a-2) map of the CIE to RPy, normalization ratio with
the 1.4 GHz radio emissions (green contours). (b-1) Radial profile and (b-2) map of the RP¢qq
to RP}e¢ normalization ratio with a map of the 2CO(J = 2 — 1) to 12CO(J = 1 — 0) intensity
ratio (red contours; Yoshiike, 2017). The yellow diamonds denote the center of the remnant
(R.A., Dec.) = (6"17™40%.0, 22°38'00”.0). The length of the white arrows correspond to 10* cm
at the distance of 1.5 kpc.
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larger in the southeastern region, where k7, is also lower than the other regions (see Fig-
ures 6.5a—6.5¢). These results on k7T, and the normalization ratio together indicate that
the SNR plasma is cooler in the region where the shock is in contact with the molecular
cloud.

One of the plausible mechanisms to explain the cooler plasma in the southeastern
region is cooling of the X-ray emitting plasma by the molecular cloud via thermal con-
duction. If the cooling proceeds faster than the recombination timescale of the plasma,
the recombining plasma can also be explained by the thermal conduction. The thermal
conduction scenario is proposed for the formation process of an RP in G166.0+4.3 (Chap-
ter 5). We found kT, of a high-density region of the SNR is significantly lower than that of
a low-density region. The observational result is in fact similar to our findings on 1C 443
reported in this chapter. It is interesting to point out that the plasma in the northwestern
region is close to CIE with n.t ~ 102 s ecm™3. A possible explanation is that the cooling
of the plasma in this region is less efficient since the region is far away from the molecular
cloud, which would be the major cooling source for IC 443. Lower ambient gas density,
which is suggested by the large shell radius in the west (Lee et al., 2008), would also make
the cooling less efficient.



Chapter 7

W44

7.1 Previous Works and Our Aims

W44 (G34.7—0.4) is a middle-aged SNR with an estimated age of ~ 20 kyr (Wolszczan
et al., 1991) and is located at a distance of ~ 3 kpc (Claussen et al., 1997). W44 has a
synchrotron radio shell (e.g., Kundu & Velusamy, 1972) and a center-filled X-ray emission
(e.g., Rho et al., 1994), and thus it is classified into a mixed-morphology SNR. W44 is
known to be interacting with molecular clouds from CO line (e.g., Seta et al., 2004) and
1720 MHz OH maser (e.g., Claussen et al., 1997) observations.

In the X-ray band, Rho et al. (1994) obtained spectra with ROSAT, EXOSAT and
Einstein, and interpreted them as an IP emission (White & Long, 1991). Kawasaki et al.
(2005) analyzed W44 spectra obtained with ASCA and measured ionization temperatures
based on the Si Lya to Hea intensity ratios. They claimed that the plasma is nearly in
a CIE state because kT, is almost equal to k7,. In a Suzaku observation of the central
region, Uchida et al. (2012) found RPs. The best-fit parameters indicate that the plasma
was cooled down from kT, ~ 1 keV to kT, ~ 0.5 keV. They also found hard X-ray
emissions inside the SNR and interpreted them as a synchrotron enhancement in the
vicinity of a molecular cloud.

After the work by Uchida et al. (2012), five more W44 observations with Suzaku were
carried out to cover the whole remnant. In this chapter, we analyze data from the six
Suzaku observations of W44 and perform spatially resolved X-ray spectroscopy to compare
the results with the distribution of the ambient gas interacting with the remnant. We
then discuss the implications particularly for the formation process of the RP. All spectral
fits are performed with XSPEC version 12.9.0n. The plasma models are calculated with
ATOMDB version 3.0.8. We used solar abundances given by Wilms et al. (2000).

7.2 Suzaku Observations and Data Reduction

We performed Suzaku deep observations of W44, whose log is summarized in Table 7.1.
The total exposure time is about 335 ks. The XIS FOVs of each observation are shown
in Figure 7.1a. In this analysis, we used XIS data excluding those from XIS2 and a part
of XISO because they were not functioning at the time of the observations (§4.3.1). We
reduced the data and estimated NXBs with the same method in Chapter 6.
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Table 7.1: Suzaku observation log of W44.

67

Target Obs. ID Obs. date (R.A., Dec.) Effective Exposure

W44 center 505004010 2010-04-10  (18"56™08°. 4 1°23'19".0) 61 ks

W44 west 508002010 2013-10-24 (18h5’(')m4’(')b 4, 1°19'17".8) 61 ks

W44 south 508003010 2013-10-22  (18"56™14%.7, 1°12'36".0) 67 ks

W44 south 508003020 2014-04-09 (18h 56™13%.1, 1°13'14".9) 32 ks

W44 east 508004010 2013-10-18  (18"56™35°%. O 1°17'56".8) 58 ks

W44 north 508005010 2013-10-19  (18"55™50%.4, 1°29'34" 1) 56 ks

HESS J1857-A (Background) 506019010 2011-09-18  (18"56™51%.0, 2°45'06".8) 4 ks
HESS J1857-B (Background) 506020010 2011-11-01 (18h58mllb 6, 2°44'57".8) 4 ks

7.3 Analysis

7.3.1 Image

Figures 7.1a, 7.1b, 7.1c and 7.1d show XIS3 mosaic images of W44 in the energy bands
of 0.3-10 keV, 0.3-10 keV, 3-7 keV and 0.3-2 keV, respectively. We subtracted NXB from
the images and corrected for the vignetting effect of the XRT. As shown in Figure 7.1b,
W44 has a center-filled X-ray emission with a radio shell as is previously known (e.g.,
Rho et al., 1994). In the hard band image of Figure 7.1c, we found three hard sources in
regions A, B and C. The hard X-ray source in region A is the one discovered by Uchida
et al. (2012). The hard source in region B is located at the position of the PWN (Petre
et al., 2002).

7.3.2 X-ray background subtraction

In order to estimate X-ray background for the spectral analysis, we analyzed observa-
tion data of nearby targets (HESS J1857-A and HESS J1857-B; Table 7.1). We extracted
spectra from source-free regions and merged the spectra from the two observations. We
fitted the spectrum with a model by Uchiyama et al. (2013), who studied the X-ray emis-
sion from the Galactic plane. The model consists of three components; the Galactic ridge
X-ray emission (GRXE), the CXB and the foreground emission (FE).

The GRXE model consists of low-kT, thermal plasma (LP), high-k7, thermal plasma
(HP), an emission from cold neutral matter (cold matter: CM) expressed by a power
law, and neutral Fe Ka (6.40 keV) and Kf (7.06 keV) lines. We allowed the absorption
column density of the GRXE and normalizations of the LP, HP and CM components to
vary. The other parameters were fixed at the values given by Uchiyama et al. (2013).
A normalization of the FE component was allowed to vary, whereas we fixed the other
parameters of the FE at the values by Uchiyama et al. (2013). Figure 7.2 and Table 7.2
show the fitting result and the best-fit parameters, respectively.
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Figure 7.1: XIS3 images of W44 in the energy band of (a,b) 0.3-10 keV, (c¢) 3-7 keV and (d)
0.3-2 keV after the NXB subtraction and correction for the vignetting effect. The X-ray count
rates are normalized so that the peaks become unity. In panel (a), the green squares are the
FOVs of XIS3 in each observation. The coordinate refers to the J2000.0 epoch. In panel (b), the
green contours are a radio image as seen in 20 cm wavelength by the Very Large Array (VLA)
(Helfand et al., 2006). The magenta and cyan contours are the NANTEN2 2CO(J = 2-1)
images in the velocity range of 40-50 km s~! and 50-60 km s~!, respectively (Uchida et al.,
2012). The orange stars indicate the locations of the 1720 MHz OH maser emissions (Claussen
et al., 1997). The white lines in panels (c) and (d) indicate regions for the spectral extraction.
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Table 7.2: Best-fit model parameters of the background spectra for W44.

Component Model function Parameter Value
Absorption grxs TBabs Ny (1022cm*2) 2.7 fg:g
LP VAPEC kT, (keV) 1.33 (fixed)
Zay (solar) 1.07 (fixed)
Zother (solar) 0.81 (fixed)
Normalization' 126 + 30
HP VAPEC kT, (keV) 6.64 (fixed)
Zay (solar) 1.07 (fixed)
Zother (solar) 0.81 (fixed)
Normalization! 98 *1,
CM Power law Photon index 2.13 (fixed)
Normalization* < 9.0
Gaussianl Centroid (keV) 6.4 (fixed)
Normalization? = Norm power law X 1.103
Gaussian2 Centroid (keV) 7.06 (fixed)
Normalization® = Norm gaussian1 X 0.125
Absorption cxp TBabs Ny (1022CH1_2) = Absorption grxp X 2
CXB Power law Photon index 1.4 (fixed)
Normalization* 9.9 (fixed)
Absorption rg TBabs Ny (10%2cm—2) 0.56 (fixed)
FE APEC1 kT, (keV) 0.59 (fixed)
Zan (solar) 0.05 (fixed)
Normalization' 68 + 8
APEC2 kT, (keV) 0.09 (fixed)
Zan (solar) 0.05 (fixed)
Normalization® = Norm apgc1 X 261.5
X2 (v) 1.37 (252)

* The unit is photons s™! cm™2 keV~! st~ at 1 keV.
" The emission measure integrated over the line of sight, i.e., (1 / 47) [ nengdl in units of
10 cm™5 sr—1,

" The unit is photons s~ !

cm—2 sr 1,

7.3.3 SNR spectra

We extracted a spectrum from the Whole region indicated in Figure 7.1c. The re-
gions A, B and C, where the hard X-ray emissions are located, are excluded from the
Whole region. Figure 7.3 shows the XIS0+43 spectrum in the 0.6-5.0 keV band. Line
emissions of Ne, Mg, Si, S and Ar are clearly seen. We also found Si and S RRCs, which
provide clear evidence that the plasma is in a recombination-dominant state.

We fitted the spectrum with the model consisting of the SNR component and the
background (§7.3.2). A previous X-ray study found that the W44 spectrum in the centeral
region can be reproduced by an RP model with k7T, ~ 0.5 keV, kT, ~ 1 keV and
net ~ 6x 10" s cm™3 (Uchida et al., 2012). Following them, we first applied an RP model
to the Whole spectrum, by using the VVRNEI model in XSPEC. We allowed Ny, kT,
kTihit, net and the normalization of the RP component to vary. The abundances of Ne,
Mg, Si, S, Ar, and Fe were also allowed to vary, whereas the O, Ca, and Ni abundances



70 CHAPTER 7. W44

Counts s~! keV-!

Energy (keV)

Figure 7.2: X-ray background spectra of XIS0+3 (black crosses) and XIS1 (red crosses) ex-
tracted from the source-free regions of HESS J1857-A and HESS J1857-B. The black and red
solid lines indicate the best-fit models of XIS0+3 and XIS1, respectively. The LP, HP, CM,
CXB, and FE components of XIS0+3 show the solid cyan, magenta, blue, green, and orange
lines, respectively. The bottom panel shows the residuals from the best-fit model.

were linked to Ne, Ar, and Fe, respectively. The abundances of the other elements were
fixed to solar. For the XIS0+3 spectrum, we ignored the 1.78-1.92 keV band because of the
known calibration uncertainty around the neutral Si K-edge. The fit left residuals around
1.23 keV, most probably due to the lack of Fe-L lines in the model (e.g., Yamaguchi et al.,
2011), and, therefore, we added a Gaussian at 1.23 keV. The result is shown in Figure 7.4a
and Table 7.3. The spectrum in the high energy band above 1.7 keV is well reproduced by
the RP model, indicating that the plasma has a component in a recombination-dominant
state. On the other hand, the fit left residuals in the low energy band of 0.7-1.7 keV,
suggesting that the plasma has an additional component in the soft band.

To account for the soft band residuals, we tried the CIE, IP and RP models. Abun-
dances of Ne and Mg were allowed to vary, whereas that of O was linked to Ne. The other
abundances were fixed to solar. We allowed k7. and a normalization of the soft-band com-
ponent to vary. The residuals in the soft band was significantly improved independent
of the choice of the model. Nonetheless, we here chose to use the CIE model, following
the IC 443 analysis in §6.4.2. We present the fitting result and the best-fit parameters
in Figure 7.4b and Table 7.3, respectively. We found that kT, of the CIE component is
0.22 £ 0.01 keV, which is almost the same as those of IC 443. The best-fit parameters
of kT,, kT,,;x and n.t of the RP component are 0.37 + 0.01 keV, 0.93 + 0.01 keV and
(3.5703) x 10! s em™3, respectively. The obtained kT, is lower than that given by Uchida
et al. (2012), possibly indicating that the plasma in the Whole region on average is colder
than the plasma in the central region, where Uchida et al. (2012) analyzed. The obtained
net is smaller than that by Uchida et al. (2012), possibly indicating that the recombina-
tion timescale of the outer plasma is shorter than that of the central plasma. In order
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to conduct spatially resolved spectroscopy, we divided the Whole region into 10 regions
as shown in Figure 7.1d and extracted spectra from each region. We fitted the spectra
with the above model but we fixed kT, and the O, Ne, and Mg abundances of the CIE
component and the O and Ne abundances of the RP component to the best-fit values in
the Whole fit. In most of the regions, the spectra can be reproduced well by the model.
The fit for the region 1 spectrum, however, left residuals in the high energy band above
4 keV, indicating that the spectrum has a hard X-ray component. An additional fit for
the hard X-ray component is shown in the next subsection (§7.3.4). Each spectrum with
the best-fit models is plotted in Appendix B.1.

Ne ‘/\ 1
: ,; w \\/ V\« S
7| M W
T oL ! \\xAr ]
EE w '
g L FeL complex D
r #f Sl RRC M
1 SRRC ™y,
=1 w‘lﬁ'@
E | > —
Energy (keV)

Figure 7.3: XIS0+3 spectra of the Whole region in the 0.6-10 keV band after NXB subtraction.
Emission lines of Ne, Mg, Si, S and Ar can be seen in the spectrum. The arrows indicate the
energy bands of the Fe L complex and the RRCs of Si and S.
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Energy (keV)

Figure 7.4: XIS0+3 (black crosses) and XIS1 (red crosses) spectra of the Whole region after
NXB subtraction. The magenta, blue and orange solid lines denotes the SNR models for XIS0+3,
consisting of the CIE, RP and Gaussian components, respectively. The dotted lines show the
background model for XIS0+3.
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Table 7.3: Best-fit model parameters of the spectrum in the Whole region.

Whole Whole
(RP) (CIE+RP)
Model function Parameter
TBabs N (10?2 cm™2) 1.92 £0.01 2.00 1007
VVRNEI1 kT, (keV) 0.22 £ 0.01
(CIE comp.)  Zo = Zne (solar) 0.26 T515
Zg (solar) _— 0.94 *519
Normalization' — 6.6119-%0
VVRNEI2 kT, (keV) 0.34 +0.01 0.37 £ 0.01
(RP comp.) KTt (keV) 0.97 £ 0.01 0.93 4 0.02
Zo = Zne (solar) 1.3+0.1 3.6 103
Znig (solar) 1.6+0.1 28£0.1
Zs; (solar) 2.44+0.1 4.5 107
Zs (solar) 2.7+0.2 4.3 753
Zar = Zca (solar) 79409 8.1 117
Zre = Zni (solar) 0.31 £0.31 < 0.19
net (101 s cm=3) 4.940.1 3.5 102
Normalization' 3.1440.13 1.23 700
Gaussian Centroid (keV) 1.23 (fixed) 1.23 (fixed)
Normalization* 26 + 2 26 3
2 (v) 2.31 (1227) 1.92 (1223)

" The emission measure integrated over the line of sight, i.e., (1 / 47) [ nenudl
in units of 10'® cm™> sr.

" The unit is photons s! 2 sr L

cm “© Ssr

7.3.4 Hard X-ray sources

In the imaging analysis, we found the hard X-ray sources in regions A, B and C. For
spectral analyses of the regions, we extracted spectra from each region and fitted them
with the model accounting for the sum of the emissions from the hard X-ray source, SNR
plasma, and X-ray background. Models for the hard X-ray sources are chosen based on
the characteristics of their emissions as described below. We applied the models obtained
in §7.3.2 for the X-ray background. For the SNR component, we used the best-fit model of
the Whole spectrum in §7.3.3 but we allowed kT, n.t, the Mg, Si, S, Ar and Fe abundances
of the RP component, and the normalization to vary. In the spectral analysis of region 1
(§7.3.3), we found the residuals in the hard band so that we refitted the spectrum with
the model including a hard component.



74

Counts s~! keV-!

region A

i vl"‘lj“ “w}“ ";:w‘: ‘ ’h‘wwp “ 10

h il ‘II*

1 2
Energy (keV)

‘‘‘‘‘

region B

L |
S

}

“-! : *

! lll!w‘ _I.li! LTt ity

| Hit

Energy (keV)

Counts s~' keV~!

oot |

CHAPTER 7. W44

region A

i i 1‘ [ | “ ‘H“ Wl ““““ N | ! lill;l ‘I":‘i

] ‘wf‘i ”N‘ |

L

2 5
Energy (keV)

L i
P

L

I || Ut
i kL
RN 1) ) R
T

L

2 5
Energy (keV)

5 |

ALV

! ‘“‘!3!'|‘ L) {

Energy (keV)

Figure 7.5: XISO+3 (black crosses) and XIS1 (red crosses) spectra in the regions A, B, C
and 1 of W44. Each spectrum is fitted with the model consisting of the SNR and background
components. The solid and dotted lines show the SNR and background models of XIS0+3,
respectively. The SNR model consists of CIE (magenta lines), RP (blue lines), power-law (green
lines), APEC (purple line), and Gaussian (orange lines) components, respectively.
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Region A

We first used a power-law model for the hard X-ray component. The fitting results
are shown in Figure 7.5 (A-1) and the best-fit parameters are summarized in Table 7.4.
The model gives a satisfactory fit in the 0.6-10 keV band except for the line-like residuals
around 6.1 keV. We, therefore, added a Gaussian with its centroid energy treated as
a free parameter. The fit with the Gaussian significantly improved the fitting and the
centroid energy was determined to be 6.14 £ 0.02 keV. There are major atomic lines at
this energy in the rest frame. The most probable explanation would be a redshifted Fe
line. A promising candidate of a redshifted Fe line emitter is an active galactic nucleus or
a galaxy cluster. The hard X-ray source (Figure 7.1c) is clearly extended, and therefore,
most likely is a galaxy cluster. Considering of the typical temperature and ionization state
of a plasma in a galaxy cluster, the line should be Fe Hea at 6.70 keV. Then, the redshift
is estimated to be z = 0.091 which is consistent with the galaxy cluster explanation.

An X-ray emission from a galaxy cluster is generally reproduced by a CIE model.
Therefore, we adopted the APEC model as the hard component. The absorption column
density was fixed at the total Galactic absorption in the line of sight toward W44. The
model gave a satisfactory fit (Figure 7.5 (A-2) and Table 7.4). The abundance and kT,
of the galaxy cluster were determined to be 0.417542 and 3.6775:57 keV, respectively. The
flux is 1.6 x 10712 ergs cm =2 s71 at 0.5-2.0 keV. By systematically analyzing of ROSAT
data of a number of galaxy clusters, Fairley et al. (2000) reported relationship between
the bolometric luminosity (L) and electron temperature (k7,). The obtained flux of the
hard X-ray source can be translated into a luminosity of 5.6 x 10%3 erg s=! with the Hubble
constant of 50 km s' Mpc™! assumed by Fairley et al. (2000). We converted the 0.5—
2.0 keV flux to the bolometric luminosity by multiplying a factor of 2-3 (Fairley et al.,
2000), and obtained L = (1.1-1.7) x 10*® erg s~!. The obtained L and kT, are consistent
with the L-kT, relationship by Fairley et al. (2000) as shown in Figure 7.6. We, therefore,
conclude that the hard X-ray source in region A is a background galaxy cluster.

Region B

We fitted the spectrum in region B with the model composed of the SNR, background
and power-law components. The spectrum can be reproduced well by the model as in
Figure 7.5 (B) and Table 7.4. The photon index and flux at 2-10 keV are 2.34 4+ 0.08
and 4.0 x 107! ergs ecm™2 s7!, respectively. The photon index is consistent with that
of the PWN measured by Chandra (Petre et al., 2002), whereas the flux is an order
of magnitude higher than their measurement. The Suzaku image of the hard emission
spreads more than the PWN image with Chandra. Our result suggests that the PWN is
spatially extended more than previously known through the Chandra observation (Petre

et al., 2002).

Region C

We performed a spectral analysis of region C and found that the spectrum can be well
reproduced by a model composed of the SNR and background components (Figure 7.5
(C) and Table 7.4). Therefore, we conclude that no additional hard X-ray component is
necessary for this region.
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Figure 7.6: L-kT, relation for z < 0.2 (Fairley et al., 2000). The black plots represent groups

of galaxy clusters from the Wide Angle ROSAT Pointed Survey (WARPS) bins, Helsdon &

Ponman (2000), Mushotzky & Scharf (1997) and David et al. (1993). The line shown is the

best-fitting line to clusters with k7, > 1 keV, L o kT,3'®. The red plot indicate the galaxy
cluster discovered by us.

Region 1

The spectrum of region 1 was refit with a model with a power-law component in
addition to the SNR and background components. Figure 7.5 (1-1) and Table 7.4 show
the fitting results. The spectra can be mostly reproduced by the model but residuals
around 6.4 keV are evident (see Figure 7.7). The residuals was improved by the Gaussian
whose centroid energy is 6.384+0.04 keV, which corresponds to the energy of the neutral or
low ionized Fe Ko line. However, a low-ionized Fe line is unlikely since Fe ions in middle-
aged SNRs such as W44 are expected to be highly ionized. The line is most probably
from neutral Fe. One of the plausible processes to emit the line is K-shell ionization of
Fe atoms in dense cloud by electrons or protons accelerated in the SNR. Such scenarios
are proposed to explain the neutral Fe Ka line from the Galactic ridge (Nobukawa et
al., 2015) as well as from the SNR 3C391 (Sato et al., 2014) and Kes 79 (Sato et al.,
2016). Following them, we fitted the spectrum with the model consisting of the SNR,
background, power-law components and a Gaussian whose centroid energy was fixed at
the line energy of the neutral Fe (6.40 keV). The fit improved the residuals around 6.4 keV
as shown in Table 7.4 and Figures 7.5 (1-2) and 7.7. The improvement is significant with
the F-test null probability of 1.9 x 1073,
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Figure 7.7: XIS0+3 spectra from region 1 in the energy band of 5.8-7.3 keV with the model
same as that in (Top) Figure 7.5 (1-1) and (Bottom) Figure 7.5 (1-2).

7.4 Discussion on W44

In Figure 7.8, we show the maps of Ny, kT, of the CIE component, kT, and n.t of the
RP component, and normalization ratio of the CIE to the RP components in each region.
We also show the synchrotron and CO radio images and the locations of the 1720 MHz
OH maser emissions in the figure.

7.4.1 Ambient gas and X-ray absorption

As shown in Figure 7.8a, our spectral analysis has revealed the spatial distribution
of the X-ray absorption column densities (Ngx). We compare the Ny x distribution
with that of the ambient gas traced by radio line emissions. The location with higher
Ny x coincides with the ?CO(J = 2-1) line in the 40-50 km s™! range, indicating that
the cloud is located in front of the remnant. The area-weighted average of Ny x of
regions 3, 8, and C, where the *CO(J = 2-1) line emission is detected, is calculated
to be 2.18 x 10?2 cm™2. On the other hand, the average across the other regions is
1.96 x 10?2 ecm™2. The difference of the two should correspond to the column density of
the cloud responsible for the '2CO(J = 2-1) line. The column density of the molecular
cloud was estimated by Seta et al. (2004) at ~ 4 x 10?! cm ™2 with the Nobeyama 45m
radio telescope. It is almost the same as the Ny x difference, supporting the suggestion
that the cloud is located in front of the remnant.
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Figure 7.8: Maps of (a) Nu, (b) kT of the CIE component, (c) kT, of the RP component,
(d) net of of the RP component and (e) the normalization ratio of the CIE to RP components,
respectively. In panel (a—d), we overlaid the '2CO(J = 2-1) images in the velocity range of 40—
50 km s~! (magenta contours) and 50-60 km s~! (cyan contours) obtained with the NANTEN?2
(Uchida et al., 2012). The orange stars indicates the locations of the 1720 MHz OH maser
emissions (Claussen et al., 1997). The green contours in panel (e) are a radio image as seen in
20 cm wavelength by the VLA (Helfand et al., 2006).
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7.4.2 Origin of the CIE plasma

In the spectral analysis, we found that the SNR plasma emissions in the whole remnant
are well reproduced by the model consisting of the CIE and RP components. Most of
the abundances of the CIE component are close to solar (0.9-1.0), suggesting that the
origin is a shocked ISM. Figure 7.8e shows the distribution of the normalization ratios of
the CIE to RP components. At each azimuthal direction, the ratio is higher in the outer
regions, indicating that the CIE plasma dominants in the rim. The results of W44 are
the same as those of IC 443 (Chapter 6), and further support the shocked ISM origin for
the CIE component.

7.4.3 Origin of the recombining plasma

In the spectral analysis, we found that the electron temperatures of the RPs in the
central part of the remnant (regions A and 4) are higher than those in the other re-
gions (Figure 7.8¢). In the thermal conduction scenario, the SNR plasma is cooled by
a molecular cloud as already discussed in Chapters 5 and 6. The intensity ratio of the
2CO(J = 2-1) to 2CO(J = 1-0) emissions (Figure 7.9: Yoshiike, 2017) is distributed in
regions excluding these central regions, implying the interaction between the SNR shock
and the molecular cloud only in the outer regions. The OH maser emissions (Claussen
et al., 1997) also support the picture. The lower k7, in the outer regions than those in
regions A and 4 can be explained by the thermal conduction between the plasma and the
interacting molecular cloud if the plasmas in the central regions are not cooled completely
until the conduction.

The spectral analysis also revealed that n.t of the eastern part of the remnant is lower
than those of the other regions (Figure 7.8d). The regions with the lower n.t coincides with
the location of the molecular cloud indicated by the *CO(J = 2-1) emission. Assuming
that the electron density of the RP is uniform, we consider that the SNR shock recently
started to interact with the molecular cloud. In the southern part of W44, n.t is higher
than those of the plasma in the other regions (Figure 7.8d), suggesting that the shock-
cloud interaction started in the early phase of the SNR evolution. If this is the case, the
lower kT, of the RP in the south can be explained as well. On the other hand, Uchida et
al. (2012) claimed that a conduction timescale is much longer than the SNR age, and thus
the thermal conduction scenario is unlikely. We discuss the conduction timescale later in
§9.3.

Let us try to explain the observed n.t distribution in the context of the alternative
scenario, the rarefaction scenario. Shimizu et al. (2012) carried out 3D-hydrodynamical
calculations for the interaction of expanding supernova ejecta with the CSM and the ISM
outside and concluded that the CSM radius needs to be smaller than 1 pc. Since the
W44 radius of ~ 10 pc is much larger than 1 pc, we suppose that the shock broke out of
the CSM in the early phase of the SNR evolution. Since the time before the break from
the CSM is much shorter than that after the break, we can regard that the rarefaction
occurred almost at the same time independent of the location. It is not easy to explain
the spatial dependence of n.t in W44.
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Figure 7.9: Spatial distribution of the intensity ratio of the 12CO(J = 2-1) to 2CO(J = 1-0)
emissions in the velocity range of 30-40 km s~—! with the NANTEN2 observations (Yoshiike,
2017). The solid green lines show the regions used for the spectral analysis.



Chapter 8

W49B

8.1 Previous Works and Our Aims

W49B (G43.3—0.2) is a mixed-morphology SNR with center-filled X-ray emissions and
a radio shell (Pye et al., 1984) and is located at ~ 8 kpc (Radhakrishnan et al., 1972;
Moffett & Reynolds, 1994). The age was estimated at ~ 6000 yr (Smith et al., 1985),
which is one of the youngest mixed-morphology SNRs. Most of the mixed-morphology
SNRs are interacting with atomic or molecular gas. W49B is one of such remnants.
Based on infrared observations, Keohane et al. (2007) claimed that shocked molecular
hydrogens are associated with eastern and southwestern parts of W49B (Figure 8.1). A
CO observation revealed a molecular cloud in the southwest (Figure 8.2: Simon et al.,
2001). In the western part of the remnant, GeV gamma rays were found by Abdo et al.
(2010) and H. E.S.S. Collaboration et al. (2016) with Fermi-LAT as shown in Figure 8.3.
TeV gamma rays were also detected in W49B by H. E. S. S. Collaboration et al. (2016). If
the origin of the gamma-ray emissions is 7° decays, the results also provide a hint of the
shell-cloud interaction.

Kawasaki et al. (2005) observed W49B with ASCA and measured ionization temper-
atures. They found that kT, of ~ 2.5 keV is higher than kT, of ~ 1.8 keV, indicating
that the W49B plasma is overionized. Ozawa et al. (2009b) analyzed Suzaku data and
found a strong Fe RRC and cascade lines which is robust evidence for the presence of RP
in W49B. Lopez et al. (2013b) performed a spatially resolved spectroscopy with Chandra
and measured intensity ratios of Si Lya/Si Hea and Ar Ly« /Ar Hea in each region. They
claimed that the degree of ionization becomes higher from east to west, with more ionized
plasma toward the west of the remnant.

The previous X-ray studies applied phenomenological models consisting of a CIE com-
ponent, Gaussians and RRCs for spectral fits (Kawasaki et al., 2005; Ozawa et al., 2009b;
Lopez et al., 2013b). We here adopted a more realistic model, VVRNEIL in order to
extract more accurate physical parameters. All spectral fits are performed with XSPEC
version 12.9.0n and the plasma models are calculated with ATOMDB version 3.0.8. We
used solar abundances given by Wilms et al. (2000).
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Figure 8.1: X-ray emission (blue), 2.12 ym shocked molecular hydrogen (red) and 1.64 um [Feri]
(green) images of W49B. The K, -band image of foreground and background stars is overlaid in
white. The figure is taken from Keohane et al. (2007).

43.5 43 42.5
Galactic Longitude

Figure 8.2: 13CO(J = 1-0) integration intensity from 0.5 to 9.7 K km s~! with the Milky
Way Galactic Ring Survey, a Boston University and Five College Radio Astronomy Observatory
collaboration (Simon et al., 2001). The green contours indicate the radio intensity of W49B ob-
tained at a wavelength of 20 cm with the Multi-Array Galactic Plane Imaging Survey (MAGPIS;
Helfand et al., 2006).
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Figure 8.3: (Left) Fermi-LAT counts map in units of counts per pixel in the 6-30 GeV band
taken from Abdo et al. (2010). The LAT localization is represented by a black circle with a
radius of 0°.024 (90% confidence level) centered at («,d) = (287°.756,9°.096). The magenta
and green contours indicate W49B and W49A in the Spizer IRAC 5.8 pum, respectively. (Right)
Gamma-ray excess map of W49B with the H.E.S.S. taken from H.E.S.S. Collaboration et al.
(2016). The crosses show the best-fit centroid positions of gamma-ray signal with the H.E.S.S.
(> 600 GeV; black) and Fermi-LAT (> 1 GeV; blue). The size of the crosses represents the size
of the 95% confidence level contours, including systematic uncertainties. The while contours
show the radio intensity obtained at a wavelength of 20 ¢cm with the MAGPIS.

8.2 Suzaku Observations and Data Reduction

Table 8.1 summarizes the Suzaku observation log of W49B. We used data from the
XIS excluding XIS2 because of the malfunction described in §4.3.1. We reduced the data
and estimated NXBs with the same method in Chapter 6. As already explained in §4.3.3,
we corrected the gains of each sensor.

Table 8.1: Suzaku observation log of W49B.
Target  Obs. ID Obs. date (R.A., Dec.) Exposure
W49B 503084010 2009-03-29 (19h11m()8s.3, 9°06'56".5) 52 ks
W49B 504035010 2009-03-31 (19]“111“088.37 9°06'55".8) 62 ks
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8.3 Analysis

8.3.1 Image

Figure 8.4 shows an XIS3 image of W49B in the energy band of 0.3-10.0 keV. We
subtracted the NXB from the image and corrected for the vignetting effect of the XRT.
The image shows a center-filled morphology, where the peak of the X-ray emission is offset
toward the east.

As shown in Figure 8.5, we present XIS3 images of W49B in the soft band (0.3-5.0 keV)
and the hard band (5.0-10.0 keV), which cover emission lines of Ne to Ca and Cr to Ni,
respectively. We found that the hard band image is more compact than the soft band
one. If the images reflect the distribution of the elements, the result suggests that the
distribution of the heavier element is center-filled whereas that of the lighter elements is
more extended. The distributions are consistent with the onion-like structure (§2.1) that
heavier elements tend to be produced closer to the center of the progenitor.

Right ascension
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0.0 0.2 0.4 06 08 1.0

Figure 8.4: XIS3 image of W49B in the 0.3-10 keV band after NXB subtraction and correction
of the vignetting effect. The yellow square indicates the FOV of the XIS. The magenta and cyan
dotted lines show the source and background regions for the spectral analysis, respectively. The
X-ray count rates are normalized so that the peaks become unity. The green contours are the
radio intensity obtained at a wavelength of 20 cm with the MAGPIS. The coordinate refers to
the J2000.0 epoch.
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0.3-10.0 keV 0.3-5.0 keV 5.0-10.0 keV

Figure 8.5: Same as Figure 8.4 but in the energy bands of 0.3-5.0 keV (Left) and 5.0-10.0 keV
(Right).

8.3.2 SNR spectra

For the spectral analysis, we extracted source and background spectra from the Whole
and Background regions shown in Figure 8.4. We subtracted the background spectrum
from the source spectrum. Figure 8.6 shows the XIS0+3 spectrum. One can clearly see
the emission lines of Mg, Si, S, Ar, Ca, Cr, Mn, Fe and Ni. The strong cascade lines and
RRC of Fe are also detected, suggesting that the plasma is in a recombination-dominant
state.

We first applied an RP model for the spectrum by using the VVRNEI model multiplied
by the absorption model, TBabs. The abundances of Mg, Si, S, Ar, Ca, Cr, Mn, Fe, and Ni
were allowed to vary, whereas the others were fixed to solar. We also allowed kT, kT,
net and the normalization to vary. For the XISO0+3 spectrum, we ignored the energy
band around Si K-edge because of the known calibration uncertainty. We used the XIS1
spectrum in the energy band below 6.8 keV because of the higher NXB level. Figure 8.7a
and Table 8.2 show the fitting results. The fit left residuals around the low-energy band
of < 2 keV, indicating that the ionization degree of Si is significantly lower than the other
elements. Therefore, we tried a CIE component for the low-energy band as we did for
the spectral analyses of IC 443 and W44 in Chapters 6 and 7. For the CIE component,
the normalization and kT, were free parameters. We first fixed the abundances of all the
elements to solar, but residuals around the Mg Ka line appeared. Thus, we allowed the
Mg abundance to vary. The best-fit model and parameters are presented in Figure 8.7b
and Table 8.2, respectively. The additional CIE component improved the residuals due
to the discrepancy of the ionization degrees between Si and the other elements. However,
residuals in the hard band above 6 keV are still significant, which implies even higher
ionization degree for the plasma emitting the Fe lines and RRC.

We, therefore, divided the RP into two components (RPp, and RPy). For the RPy
model, we allowed the abundances of Mg, Si, S, Ar, and Ca to vary. The abundances of
the heavier elements (> Cr) were fixed at zero. The other abundances were fixed to solar.
We also allowed kT, kT, net and the normalization to vary. For the RPy model, the
abundances of Cr, Mn, Fe, and Ni were allowed to vary. The abundances of the lighter
elements were fixed at zero, and those of the other abundances were fixed to solar. The
normalization of RPy was linked to that of RPy,, whereas kT,, kT},;; and n.t were allowed
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to vary. We fitted the Whole spectrum with the model consisting of the CIE and two RP
components, and found that the spectrum can be reproduced by the model as shown in

Figure 8.7c and Table 8.2.

Considering of the shell-cloud interaction suggested by the infrared 2.12 pym line emis-
sion (Figure 8.1), we extracted spectra from the East and West regions shown in Figure 8.4
in order to examine possible influences of the interaction on the characteristics of the X-
ray emitting plasma. We adopted the same model as the Whole fit with kT},;; of the RPy,
component fixed at the best-fit value of the Whole fit. The model well fitted the spectra

(Figures 8.7d and 8.7e; Table 8.2).
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Figure 8.6: XIS0+3 spectrum of the Whole region after subtracting the background and NXB

spectra.
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Figure 8.7: XIS0+3 (black crosses) and XIS1 (red crosses) spectra extracted from the Whole
(a—c), East (d) and West (e) regions. The magenta, blue, cyan and purple lines indicate the
models of CIE, RP (all elements), RP (light elements) and RP (heavy elements), respectively.
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8.4 Discussion on W49B

We fitted the wide band spectra (1-10 keV band) and found the ejecta consisting of
the two components; the cold RPy, component with k7, ~ 0.9 keV and the hot RPy one
with kT, ~ 1.5 keV. Ozawa et al. (2009b), who analyzed the same Suzaku data, did not
reach this conclusion since they performed a spectral analysis only in the limited energy
band of 5-12 keV. With Chandra imaging analyses, the Fe band image is more compact
than those of the Si, S, Ar and Ca bands (Lopez et al., 2013a). The fact that the Suzaku
hard-band image is more compact than the soft band image (Figure 8.5) is consistent with
the Chandra result. The RPy component would be concentrated in the central region of
the remnant compared to RPy,. If so, the plasma close to the rim would have lower kT,
than the plasma in the central region. This can be interpreted as the result of thermal
conduction between the SNR shock and the surrounding dense molecular gas.

In the spectral analysis of the East and West regions, we found that kT, of the western
plasma is lower than the eastern plasma, which is consistent with the results of the
spatially resolved spectral analysis with Chandra by Lopez et al. (2013b). Lopez et al.
(2013b) claimed that the rarefaction scenario is likely to explain it. They claimed that
the shock is interacting with a cloud only in the east, and that the ambient gas density
outside the western shell should be lower. They then concluded that the dominant cooling
process is adiabatic expansion since the lower density plasma has lower temperature. This
interpretation, however, seems questionable to us. Since the 2.12 pum line was detected
both on the eastern and western sides (Figures 8.1), the western shell should also be
interacting with a cloud. Gamma-ray data provide another clue of the interaction. Abdo
et al. (2010) and H. E. S. S. Collaboration et al. (2016) detected a GeV gamma-ray emission
on the western side of the remnant. According to H. E.S.S. Collaboration et al. (2016),
the gamma rays are most probably interpreted as w’-decay emission. Therefore, the
gamma-ray results indicate that dense gas is present also on the eastern side otherwise
the bright gamma-ray emission would not be detected there.
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Chapter 9

Discussion

9.1 Summary of the Results

We analyzed the Suzaku data of four Galactic SNRs: G166.0+4.3, IC 443, W44, and
W49B. We obtained Ny, kT,, kT;,;; and n.t of each component of the thermal plasma
in these remnants. Table 9.1 presents a summary of the parameters in the NE region
of G166.0+4.3 and the SE region of IC 443 which correspond to the locations where the
SNR shock is interacting with the molecular cloud, and the Whole regions of W44 and
W49B. In the following, we determine electron densities, recombination timescales, and
progenitor masses which are key parameters to discuss the physical origin of the RPs.

Table 9.1: Summary of the fitting results.

ISM Ejectal Ejecta2
SNR Region kTe kT kTt net kTe kTinie net
(keV) (keV) (keV) (10 s cm—3) (keV) (keV) (10! s cm™3)
G166.0+4.3  NE - 0.46£0.03 3 (fixed) 6.1 707 0.87 7502 - -
IC 443 SE 0.22£0.01 054 1082 5 (fixed) 4.2 102 0.194£0.01 5 (fixed) = net (Bjectal)
W44 Whole  0.224£0.01  0.37£0.01  0.93 £ 0.02 3.5 102 - - -
W49B Whole  0.170 T0-0°%  0.94+0.02 5.9 733 5.3 +0.2 1.46 7008 3.26 19095 <0.9

Ejectal and Ejecta2 indicate RP(H-Ca) and CIE(Fe&Ni) for G166.04+4.3, RPyo¢ and RPo1q for IC 443, and RP, and RPy
for W49B, respectively. For W44, Ejectal indicates the RP component.

9.1.1 Electron densities and recombination timescales

We estimate electron densities (n.) and recombination timescales (t,e.) of the RP com-
ponents in each remnant. In §5.4.2, we estimated n, of the RP component in G166.0+4.3
from the volume emission measure. On the other hand, spectral fits directly give n.t of
each remnant. By dividing the latter parameter by the former, we can obtain t,.., which
we refer to as recombination timescale. In the same manner, we obtained n, and t,. of
the plasmas in IC 443, W44, and W49B as listed in Table 9.2. In all the remnants, ¢, is
shorter than ?,e, which is consistent with a picture that the plasmas become to be in a
recombination-dominant state at some point of the SNR evolution most probably either
by rarefaction or thermal conduction. We will discuss each possibility in §9.2 and §9.3.
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Table 9.2: Summary of n. and ..

Ejectal Ejecta2
SNR Region Ne trec Ne trec Distance  Radius tage
(em™3) (kyr) (em™3) (kyr) (kpc) (pc) (kyr)
G166.0+4.3 NE 03f~1/2  71f1/2  0.3f°1/2 — 51 20 140f1/2
IC 443 SE 0.9f71/2  15f1/2  16f-1/2  83fl/2 1.51 10 30%
W44 Whole 0.7f71/2  16f1/2 - - 3t 10 20%
W49B Whole 2.7f71/2  6.0fY/2 27712 <o0.1f1/2 gt 5 6t

A filling factor is denoted by f.

TEstimated distances to G166.0+4.3 (White & Long, 1991), IC 443 (Welsh & Sallmen, 2003), W44 (Claussen et al., 1997),
and W49B (Moffett & Reynolds, 1994).

 Estimated ages of IC 443 (Olbert et al., 2001), W44 (Wolszczan et al., 1991), and W49B (Smith et al., 1985).

9.1.2 Abundance patterns and progenitor masses

X-ray spectral analyses of SNRs can be used to identify their SN types based on
abundance patterns of their ejecta components. In our spectral analyses explained above,
we obtained the abundances of each element in each remnant (G166.044.3: Table 5.3;
IC 443: Tabale 6.2; W44: Table 7.3; W49B: Table 8.2). We here discuss SN types of
G166.0+4.3, IC 443, W44, and W49B by comparing the obtained abundances with those
of theoretical predictions for core-collapse (Woosley & Weaver, 1995) and Type Ia (Maeda
et al., 2010) SNe.

Figure 9.1 shows abundance patterns normalized by Si in the NE and W regions of
G166.044.3, the NE, NW, and SE regions of IC 443, and the Whole regions of W44 and
W49B. From our results of IC 443, W44, and W49B, we interpreted the CIE components
as the shocked ISM, whereas the RPs are attributed to the reverse-shock-heated ejecta.
We therefore compare the abundance patterns of the RP components to those of the
theoretical models. On the other hand, in the case of G166.0+4.3, we cannot distinguish
the ISM component from the ejecta component, and, therefore, the obtained abundances
may be a mixture of the ISM and ejecta. Even if this is the case, the contamination of
the ISM decreases the ratios of O/Si, Ne/Si, Mg/Si, Fe/Si, and Ni/Si in the NE region
but it does not affect the determination of the SN types.

G166.04+4.3 The abundance pattern of the NE region roughly agrees with that of a
core-collapse SNe model with a progenitor mass of 20-30 M,. On the other hand, the
abundance pattern in the W region favors a core-collapse SN with 11 M. In either case,
these results indicate a core-collapse origin rather than that of Type Ia.

IC 443 The abundances pattern of IC 443 in all the regions are similar to each other.
They are consistent with those of core-collapse SNe with a progenitor mass of 20-30 M.
The core-collapse origin is supported by the presence of the associated pulsar, CXOU J061705.3
+222127 (§A.1; Bocchino & Bykov, 2003; Swartz et al., 2015).

W44 The abundance pattern of W44 indicates a core-collapse SN origin since the Fe
group elements (Fe and Ni) are less abundant than the intermediate mass elements (O, Ne,
Mg, Si), which is typical for a nucleosynthesis model of core-collapse SNe. The estimated
abundances with O/Si, Ne/Si, and Mg/Si ~ 1, and Fe/Si and Ni/Si < 1 exclude the
models with < 11 Mg and > 40 M. We therefore conclude that the progenitor mass is
likely in the range of 20-30 M,,. The associated pulser PSR B18534-01 is detected in the
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central region of W44 (Chapter 7; Petre et al., 2002), which is supportive evidence for
our conclusion.

W49B The Mg/Si ratio of ~ 1 strongly favors the core-collapse origin. However, the
Type la origin cannot be ruled out by the Fe/Si and Ni/Si ratios of ~ 1. The progenitor
type of W49B is still under debate: Lopez et al. (2013a) found an asymmetric distribution
of emissions from Fexxv lines with the Chandra imaging analysis. They claimed that the
distribution suggests a Type Ib/c bipolar explosion. On the other hand, based on deep
Chandra observations of W49B, Zhou & Vink (2017) claimed the abundance pattern is
consistent with a Type Ia SN of a Chandrasekhar-mass white dwarf. They also reported
candidate point sources inside W49B, which may conflict with a picture of the Type Ia
SN if one of them is a neutron star.

We conclude that the origins of IC 443 and W44 are core-collapse SNe with progenitor
masses of 20-30 My. G166.0+4.3 and W49B are also likely core-collapse SNe but their
progenitor masses have large uncertainties.

9.1.3 Spatial variation of kT,

In G166.0+4.3, we discovered an RP only in the outer part of the remnant in the dense
NE region whereas the plasma in the lower-density W region is an IP. The temperature
of the outer RP is lower than that of the inner Fe-rich plasma in the NE region and
that of the IP in the W region. In IC 443, kT, of both the RP components decrease
toward the southeast where the remnant is interacting with the molecular cloud. In
W44, KT, of the RP in the center of the remnant is higher than that of the outer RP,
suggesting that the SNR plasma is cooled sequentially from the rim to the center by the
cool surrounding cloud. In W49B, the central plasma is hotter than the plasma in the
rim, which is similarly seen in G166.0+4.3 and W44. In the spectral analysis of W49B,
we also found that kT, of the western plasma is lower than that of the eastern plasma.
Since the gamma-ray emission is detected in the western side of the remnant, the western
shell should be interacting with a cloud.

All the results above point to the same tendency that the electron temperature k7T,
is lower at the locations with shell-cloud interactions. This is qualitatively consistent
with the picture that the RPs are generated by rapid cooling of the plasmas through
thermal conduction with the molecular clouds. More quantitatively, however, the cooling
must proceed fast enough compared to the recombination of ions to realize RPs. We thus
estimate the cooling timescale in the following section (§9.3).
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Figure 9.1: Abundance ratios of each element to Si in the NE and W regions of G166.044.3, the
NE, NW, and SE regions of IC 443, and the Whole regions of W44 and W49B. The red points
indicate several nucleosynthesis models for core-collapse SNe with different progenitor masses
of 11 Mg, (red circle), 20 Mg (red square), 30 Mg (red traiangle), and 40 Mg (red star) from
Woosley & Weaver (1995). For Type Ia SNe, the blue points show W7 (blue circle) model from
Nomoto et al. (1984), C-DEF (blue square), and C-DDT (blue triangle) models from Maeda et
al. (2010).
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9.1.4 Spatial variation of n.t

The spectral analyses of 1C 443, W44, and W49B revealed the spatial variation of
net of the RPs, which can be translated into the spatial variation of the recombination
timescales (f,,.) once the electron density (n.) is determined. For simplicity, we assume
that n, of the RP is uniform at the value listed in Table 9.2.

We note that, in G166.0+4.3, an RP is detected only in the NE region so that we
cannot obtain the n.t distribution of this remnant. In the case of W44, n.t of the southern
part of the remnant is higher than those of the other regions. It suggests that the shock-
cloud interaction started in the early phase of the SNR evolution. We obtained similar
results for W49B as well. We found that n.t of the inner plasma is lower than that of
the outer part of the remnant (inner plasma: n. < 0.9 x 10 s cm™3; outer plasma:
net = 4.4 x 10" s em™?), indicating that the inner plasma started to be cooled later
than the outer plasma. These results on W44 and W49B are explained by the thermal
conduction scenario, in which molecular clouds first cool the plasmas in the rim regions,
and then the inner plasmas via the outer plasmas.

In the case of 1C 443, interestingly, a different tendency was observed. The RP in
the southeast, where the shock-cloud interaction occurs, has a lower ionization timescale
net = 4.2 x 101" s em™ than those of the northwestern parts of the remnant n.t ~
102 s ecm 3. Nevertheless, several possibilities can be considered in the thermal conduction
scenario. One possibility would be that the dense molecular in the southeastern region
recently collided with the shell and cooled the plasma rapidly, and that the plasma in the
northwestern region has been cooled by other lower density gas for a longer time since an
earlier phase. The other possibility is that IC 443 has the same n.t variation only in the
line-of-sight direction, which cannot be measured in our spectral analysis.
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9.2 Rarefaction

As discussed in §9.3, the rarefaction scenario is unlikely to explain the kT, spatial
variation we observed. Nevertheless, we discuss the formation process of RPs in the
context of the rarefaction scenario by using the progenitor masses given in §9.1.2. Itoh
& Masai (1989) proposed the rarefaction scenario, in which RPs are realized by adiabatic
cooling when the SNR shock breaks out of a dense CSM into a lower density ISM. Shimizu
et al. (2012) carried out 3D-hydrodynamical calculations of the interaction between the
expanding supernova ejecta and the CSM. They concluded that the CSM radius needs
to be a sub-pc scale (< 1 pe) in order for the adiabatic expansion significantly cools the
plasma. Chen et al. (2013) found a linear relationship between the radius of a massive
star’s main-sequence bubble (R},) in a molecular environment and the star’s initial mass:
Ry, ~ 1.22M /Mg — 9.16 pc (Figure 9.2). In this case, the upper limit to the progenitor
mass is ~ 8.3 M, to realize the rarefaction if we accept the requirement of the CSM size
< 1 pc given by Shimizu et al. (2012) as mentioned above. As described in §9.1.2, the
estimated progenitor masses of IC 443 and W44 are 20-30 M, which are much larger
than the upper limit; we therefore rule out the possibility of the rarefaction scenario.
On the other hand, since we cannot determine the progenitor masses of G166.0+4.3 and
W49B, the rarefaction scenario is still possible for these remnants in terms of the CSM
size.

Our result is consistent with the conclusion by Moriya (2012). They studied the CSM
around several supernova progenitors and discussed which progenitors can have a CSM
dense enough to establish CIE soon after the explosion. They suggested that the CSM
around supergiants can establish CIE and can evolve to become recombining SNRs, but
massive progenitors of Wolf-Rayet stars are unlikely.
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Figure 9.2: Relationship between radii of the wind-blown bubbles and the stellar masses for OB
stars (Chen et al., 2013). The plus and circle signs indicate the B and O stars, respectively. The
solid line represents a linear regression, pé/ 3Rb = 1.22M /Mg —9.16 pc, where Ry, and ps are the
maximum size of the bubbles and normalized pressure ps = (p/k)(10° ecm~3 K), respectively.
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9.3 Thermal Conduction

If the scale length of the temperature gradient Iy = T,/|VT,| is much longer than
the mean free path of electrons A\, ~ 10'8(7./107 K)?(n./1 cm™3)~! c¢m, the heat flux is
calculated by the classical formula,

chass = _KVTe‘ (91)

Spitzer (1956) gave the thermal conductivity as

KT\ /2 T\ /InA\ !
k= 1.31n. Ak ( ) ~ 4.6 x 10" (—K) < - ) ergs tem 'K (9.2)

. 108 40

where the plasma parameter is described as

4 LT\ /2
A=zm (62 ! ) .. (9.3)

If [1 is comparable to or less than A., the electrons diffuse at a speed greater than their
average thermal speed, and the conduction is in a “saturation” regime. The heat flux
approaches a limited value given by Cowie & McKee (1977),

kT \ /2
) . (9.4)

TMe

Qsat = 0-4nekTe (

We divide the SNR plasma into 10 layers with the same thickness (d), and calcu-
late heat flows between each layer at each time step (see a schematic picture shown in
Figure 9.3). The heat flow into and out of the i-th layer (AFE..nq) can be calculated as

AFEcona >~ (Qii-15ii-1 — Qi+1,i5i11.4) At (9.5)
2AEvcond

EAT, = —/——>% 9.6

LV (9.6)

where Q); ;, S;;, and V; are the heat flux and the contact area between the layers 7 and j,
and the volume of the layer 7, respectively. We adopt the heat flux of

chass (lT/)\e > 10)
Qij = (Quass + Q)™ (1< In/A <10) (9.7)
Qsat (ZT/Ae < 1)

In the intermediate regime of 1 < It/\. < 10, we smoothly connect them between the
classical and saturated conduction regime by following Dalton & Balbus (1993).

Table 9.3 and Figure 9.4 show the initial parameters and the results in each remnant.
We assumed kT},;; of the RP component determined by the spectral fitting as the initial
temperature of the plasma. We assumed that the temperature of the outer cool gas is
constant at zero. The thickness of the layers are one tenth of the SNR radius. As the
initial electron density, we adopted n. obtained by the spectral analyses when the filling
factors were assumed to be 1 (see Table 9.2). We also assumed that heat flows only
between adjacent layers. For simplicity, we assumed that a volume of the plasma and
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ne are constant at their initial values. This assumption is justified as explained below.
According to McKee & Cowie (1975), a ratio of the expansion velocity propagating into
the molecular cloud to that before the shock-cloud interaction is described as,

v n —1/2
vve _ k( M) | (9.8)
V1sM nisMm

where k is a factor which depends weakly on the density ratio of ISM to a molecular cloud
(nmc/musm), ranging k = 1-1.5. If we adopt the densities of ISM and a molecular cloud
as ~ 1 cm ™2 and 10*-10% cm ™3, respectively, vyc/vism would be < 0.15.

outer cold
gas
Qouto [ Q9 (1 Qy inner hot
KTe ouer plasma
=0 keV
(fixed)

Figure 9.3: Schema of the plasma structure in our calculation of the time development of kT,
with the thermal conduction between the inner hot plasma and the outer cold gas.

Table 9.3: Initial parameters for the calculation of the time evolution of £T..

SNR kTouter kﬂnner d Ne
(keV)  (keV) (pc) (cm™3)

(G166.0+4.3 0 3.0 2 0.3

IC 443 0 5.0 1 0.9

W44 0 0.93 1 0.7

W49B 0 5.9 0.5 2.7

From Figure 9.4, we confirm that the cooling timescale of kKT, of the inner plasma is
much longer than that of the outer plasma. The results reproduce the observed distribu-
tions of kT, in G166.0+4.3 and W49B. Here we define a conduction timescale t.,,q as a
time when the calculations reach the observed temperatures k7T, of the RP components in
the innermost layer (see Table 9.4). From Figure 9.4, we estimated tonq 0of G166.044.3,
IC 443, W44 and W49B at ~ 40 kyr, ~ 20 kyr, ~ 35 kyr and ~ 4 kyr, respectively.
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Kawasaki et al. (2002) estimated a conduction timescale of the plasma in IC 443 with
a different assumption from us. They found that the plasma is composed of the outer
cold CIE with kT, ~ 0.2 keV and the inner hot RP with kT, ~ 1.0 keV with ASCA, and
calculated the timescale to equilibrate the temperatures of the two components. They
compared the conduction timescale of ~ 6 kyr with tcrg ~ 63 (n./1 cm™)~! kyr which is
a characteristic timescale for a plasma to reach CIE (Masai, 1994). They concluded that
the thermal conduction can realize RPs because the conduction timescale is shorter than
176108

To investigate whether the RPs can be realized with the conduction timescales esti-
mated by us under the different assumption from Kawasaki et al. (2002), we compare tconq
with tcrg. Table 9.4 lists teonq and tog of each remnant. We confirmed that the conduc-
tion timescales are shorter than tcrg for all the remnants, indicating that the plasmas can
become RPs with the thermal conduction between the plasma and the molecular cloud.
The result contradicts with conclusions by other authors that the thermal conduction
timescale is too long to realize RPs in some SNRs. Uchida et al. (2012) analyzed the
Suzaku data of W44 and interpreted that the temperatures of the inner and outer plas-
mas are 0.48 keV and 0.40 keV, respectively. They estimated the conduction timescale
of ~ 10000 kyr with the same method as presented by Kawasaki et al. (2002). They
claimed that the thermal conduction scenario is unlikely because of the longer conduction
timescale than tcr. We reached a different conclusion from theirs because of the different
definitions of the timescale as mentioned above.

If the thermal conduction is a cause of the RPs, it is also required that t.,,q should
be shorter than the SNR age, . Table 9.4 lists tconq and t,g of each remnant. For
G166.0+4.3, we estimated the age at ~ 130 (n./0.3 cm™3)~! kyr (§5.4.2). We adopted
30 kyr, 20 kyr and 6 kyr given by Olbert et al. (2001), Wolszczan et al. (1991), and Smith
et al. (1985) as the ages of 1C 443, W44 and W49B, respectively. The requirement of
teond < tage is satisfied for G166.0+4.3, IC 443, and W49B, whereas tconq of W44 is longer
than its age. The calculations of t.,,q, however, highly depend on n. which has large
uncertainties with the assumed volumes of the plasma and the distance to the remnant.

We then calculated t.,,q as a function of electron density n. as plotted in Figure 9.5.
Under the condition of teonq < tage, the electron densities are limited to n. < 0.55 cm ™3
for G166.0+4.3, n, < 1.4 cm ™ for IC 443, n, < 0.40 cm ™2 for W44, and n, < 4.5 cm™
for W49B. If the electron densities of the SNR plasmas satisfy these requirements, the
RPs can be explained by the thermal conduction scenario.

Table 9.4: List of timescales in each remnants.
SNR Ne kTe tcond tCIE tage
(cm™®) (keV) (kyr) (kyr) (kyr)
G166.0+4.3 0.3 0.46 40 200 130
1C 443 0.9 0.54 20 70 30
W44 0.7 0.37 35 90 20
W49B 2.7 0.94 4 20 6
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Figure 9.4: Time evolution of the electron temperatures of the RPs in G166.0+4.3 (top left),
IC 443 (top right), W44 (bottom left), and W49B (bottom right) as a function of distances from

the center of the remnant. The dotted lines indicate kT, of the RPs obtained by the spectral
analyses.
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Figure 9.5: Conduction timescales of G166.0+4.3 (top left), IC 443 (top right), W44 (bottom
left), and W49B (bottom right) as a function of the electron densities denoted by the black solid
lines. The red solid lines indicate the characteristic timescale of 63 (n./1 cm~3)~! kyr for a
plasma to reach CIE (Masai, 1994). The blue and green solid lines show the age of G166.0+4.3,
IC 443, W44, and W49B estimated by us (§5.4.2), Olbert et al. (2001), Wolszczan et al. (1991),
and Smith et al. (1985), respectively. The electron density obtained from a volume emission
measure (neveMm) is denoted by the black dotted lines.
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Chapter 10

Conclusions

We studied the RPs in the four Galactic SNRs, G166.0+4.3, IC 443, W44, and W49B
with Suzaku. The results are summarized as follows:

1. The spectrum of the W region in G166.0+4.3 is well fitted with a one-component
IP model, whereas the plasma in the dense NE region consists of the Fe-rich plasma
and RP components. The Fe-rich plasma is concentrated near the center of the
remnant whereas the other elements are distributed in the outer region. The electron
temperature of the RP is lower than those of the inner Fe-rich plasma and the IP
in the W region. The results of the spectral analysis are simply explained by the
thermal conduction with the cool dense gas in the northeastern part of the remnant.

2. We performed spatially resolved spectroscopy of X-ray emissions from 1C 443. The
spectra extracted from each region of the remnant are all fitted well with a model
consisting of CIE and two RP components. The electron temperature of one of the
RP component ranges from 0.16 keV to 0.28 keV whereas that of the other RP
component is in the range of 0.48-0.67 keV. The electron temperatures of both RP
components decrease toward the southeast, where the remnant is interacting with
the molecular cloud. Also, the normalization ratio of the lower-kT, RP to higher-kT,
RP components increases toward the southeast. The two findings may be a result of
cooling of the X-ray emitting plasma by the interacting molecular cloud via thermal
conduction.

3. The spectra extracted from 13 regions in W44 are well reproduced by a model
consisting of CIE and RP components. We found that the electron temperatures
of the RPs in the central part of the remnant are higher than those in the other
regions. The intensity ratios of the *CO(J = 2-1) to *CO(J = 1-0) emissions are
higher in the outer regions, suggesting the interaction between the SNR shock and
the molecular cloud there. The lower k7, in the outer regions can be explained by
the thermal conduction between the plasma and the interacting molecular cloud.

4. In W49B, we found that the spectra are well fitted with a model consisting of CIE
and two RPs (RPy, for the lighter elements and RPy for the heavier elements). RPy,
which is in the central region as indicated by our imaging analysis, is hotter than the
RPy, in the rim, which is similarly seen in G166.0+4.3 and W44. We also found that
ET. of the western plasma is lower than that of the eastern plasma. The western
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shell should be interacting with a cloud from the gamma-ray emission, suggesting
cooling by the thermal conduction there.

In all the remnants, the spectral analyses revealed good correlations between the
electron temperatures and locations of the surrounding molecular clouds. For a more
quantitatively investigation, we estimated the cooling timescale by the thermal conduc-
tions in each remnant. The conduction timescales t.,nq of G166.0+4.3, IC 443, W44 and
W49B are estimated at ~ 40 kyr, ~ 20 kyr, ~ 35 kyr and ~ 4 kyr, respectively. These
are shorter than a characteristic timescale for a plasma to reach CIE, indicating that
that the plasmas can become RPs with the thermal conduction between the shock and
the molecular cloud. On the other hand, the requirement of t.ong < tage is also satisfied
for all the remnants but W44. The calculations of t.,,q, however, highly depend on an
electron density n. which has large uncertainties depending on the assumptions about the
volumes of the plasma and the distance to the remnant. We, therefore, calculated t.onq
as a function of electron density n.. We found that the electron densities are limited to
ne < 0.55 em™3 for G166.0+4.3, n, < 1.4 cm™ for IC 443, n. < 0.40 cm™3 for W44,

Y ~Y ~Y

and n, < 4.5 ecm™3 for W49B. If the electron densities of the SNR plasmas satisfy these

~Y

requirements, the RPs can be explained by the thermal conduction scenario.



Appendix A

Spatially resolved spectroscopy of
I1C 443

A.1 Fitting results of the spectra in the regions A
and B

Figure A.1 shows spectra of the PWN 1SAX J0617.14-2221 in region A and the point
source U061530.754-224910.6 in region B in the 1.6-10.0 keV band after NXB subtraction.
We fitted the spectra with a model consisting of a power law and an RP component
for the sources and the SNR plasma, respectively. The X-ray absorption was fixed at
7.0 x 10%! ecm™? as determined by Kawasaki et al. (2002). We fixed kTi, at 5 keV,
whereas kT, and n.t were allowed to vary. The abundances of Si and S were allowed to
vary, whereas those of Ar and Ca were linked to S. The abundances of the other elements
were fixed to solar. The spectra can be reproduced well by the model (Table A.1). The
photon indices of PWN 1SAX J0617.14-2221 and U061530.754224910.6 are 1.89700% and
2.22109% respectively, which we used in the SNR emission analysis (see §6.3.2). The
photon indices and the fluxes of the power-law components are consistent with the results
by Bocchino & Bykov (2003), who analyzed XMM-Newton data.
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Figure A.1: Same as Figure 6.4 but for regions A and B.
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Table A.1: Best-fit model parameters of the spectra in regions A and B.
1SAX J0617.1+2221 U061530.754+224910.6

Model function Parameter region A region B
TBabs Ny (102 cm~—2) 0.7 (fixed) 0.7 (fixed)
Power law Photon index 1.89 fg:g? 2.22 fg:}g
Normalization* 801 fé}f 254 fgg
VVRNEI kT, (keV) 0.34 *5:08 0.31 1559
(RP comp.) kTinit (keV) 5 (fixed) 5 (fixed)
Zs; (solar) 2.4 10T 1 (fixed)
Zs = Zay = Zca (solar) 1.3 +g§ 1 (fixed)
net (101 s cm=3) 4.2 T8 > 100
VEM (1057 cm=3)f 1.2 54 1.0 57
2 (v) 1.16 (241) 1.05 (149)

" Volume emission measure at the distance of 1.5 kpc: VEM = [nenpdV , where ne, ny,
and V are the electron and hydrogen densities, and the emitting volume, respectively.
The unit is photons s~ cm™2 keV~! sr~! at 1 keV.

A.2 Fitting results of the spectra in the regions 1-20
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Figure A.2: Same as Figure 6.4 but for regions 1-4.
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Figure A.3: Same as Figure 6.4 but for regions 5-10.
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Figure A.5: Same as Figure 6.4 but for regions 17-20.
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SPATIALLY RESOLVED SPECTROSCOPY OF IC 443

APPENDIX A.
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Appendix B

Spatially resolved spectroscopy of
W44

B.1 Fitting results of the spectra in the regions 2—-10
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Figure B.1: Same as Figure 7.5 but for regions 1-4.
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Figure B.2: Same as Figure 7.5 but for regions 5-10.
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FITTING RESULTS OF THE SPECTRA IN THE REGIONS 2-10

B.1.
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