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Abstract

Supernova (SN) explosions eject various chemical elements produced by nuclear fu-
sion reactions in a star. Supernovae (SNe) are classified into Type Ia and core-collapse
(CC) depending upon the nature of the progenitor star and the explosion mechanism.
Classification of the progenitors of supernova remnants (SNRs) is crucial for determining
the rates of SN explosions in a galaxy, which is key to understanding the evolution of
the chemical composition of the Universe. Because SNRs are composed of hot plasmas
with temperatures of at least 107 K, they emit soft X-rays in the form of emission lines
from heavy elements and thermal bremsstrahlung radiation. In many cases, many of these
emission lines originate from the hot ejecta from the exploded progenitor star. Detailed
analysis of these emission lines will enable us to directly measure the chemical abundances
of SNR progenitors. In general, to determine the progenitor type of an SNR, the first
step is to separate the X-ray emission of the ejecta from the swept-up interstellar medium
(ISM). To decipher the morphological and spectral properties of SNRs, which are generally
spatially diffuse objects, it is ideal to use X-ray instruments equipped with a high angular
resolution, such as those onboard the Chandra satellite. However, for many SNRs which
only appear as point sources in the instruments of current X-ray observatories, such as

distant extragalactic SNRs, we can only obtain spatially integrated spectral information.

With that in mind, we conceive of new observational diagnostics for progenitor clas-
sification by utilizing instruments with a high resolution in the energy space without the
requirement of a high angular resolution; these diagnostics are independent of whether or
not the SNR in question is spatially resolvable by the instrument. To develop our new
diagnostics, we attempt a systematic study of a total of 20 SNRs in the Large and Small
Magellanic Clouds (LMC/SMC) using archival data of the Suzaku satellite. Although the
angular resolution of Suzaku does not allow us to spatially resolve the SN ejecta from the

swept-up ISM, its excellent energy resolution makes it possible to clearly separate emission



lines in the soft X-ray band, which is crucial for accurate abundance measurements. There
are several merits of studying SNRs in the LMC and SMC. For example, the distances to
these SNRs are effectively known to be ~50kpc, and the interstellar absorption toward
the LMC and SMC is known to be even smaller than that toward our Galactic center.

In this thesis, we present a systematic analysis of nine evolved SNRs in the LMC and
SMC: DEM L238, DEM L.249, 0534-69.9, 0548-70.4, B0532-71.0, B0532-67.5, 0103-72.6,
0049-73.6, and 0104-72.3. However, the X-ray emission from an evolved SNR in the
adiabatic phase (a.k.a. the Sedov phase) is dominated by the swept-up ISM, making it
difficult to determine its ejecta composition and thus its SN type. We find that the char-
acteristic spectral feature around 1keV is markedly different among the SNRs; the first
four SNRs show enhanced Fe L-shell emission, whereas the other five are dominated by Ne
K-shell lines. This finding implies that SN ejecta still contribute considerably to the spa-
tially integrated X-ray spectra of the otherwise ISM-dominant SNRs, making our spectral
analysis of spatially integrated data from these SNRs meaningful for progenitor deter-
mination. Moreover, the Fe/Ne mass ratios, determined mainly from the well-resolved
Fe L-shell and Ne K-shell lines, clearly divide the observed SNRs into the Type Ia and
CC groups, confirming some previous classifications made by Chandra observations that
utilized its extremely high angular resolution. This indicates that the spatially integrated
X-ray spectra of old (~ 10%yr) SNRs can also be effective for discriminating their pro-
genitor types, which would be helpful for future systematic studies of extragalactic SNRs

with ASTRO-H, Athena, and other future satellites.
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Chapter 1

INTRODUCTION

Supernovae (SNe) are some of the most energetic events in the Cosmos and are brought
about by explosions of stars in galaxies. They are so energetic and luminous that they can
usually outshine their host galaxies and can be captured by smaller amateur telescopes or
even the naked eye in a clear night sky. It is widely believed that SNe play the important
role of synthesizing and ejecting chemical elements into interstellar space that eventually
become the essential ingredients of organic life as we know today. Two distinct types
of SN explosions are known so far, namely, Type Ia SNe and core-collapse (CC) SNe.
Type Ta SNe occur through the thermonuclear detonation of white dwarf (WD) stars,
which are the remnants of less massive stars such as the Sun. They are thought to occur
in binary systems composed of either a WD and a companion star or two WDs. CC
SNe, on the other hand, involve more massive stars, which are expected to end their life
by self-explosion. Since there are clear differences in the resultant chemical abundances
between the two types of SNe due to their different progenitors, explosion mechanisms, and
nucleosynthesis processes, it is vital to determine their rates of occurrence in individual
galaxies to reveal their recent chemical enrichment histories. X-ray observations of young
supernova remnants (SNRs) allow us to distinguish their parent SN types owing to the
fact that their X-ray spectra are dominated by emission originating directly from the
ejecta (debris) of the exploded progenitor star (e.g., Vink, 2012). The Large Magellanic
Cloud (LMC), the nearest galaxy from our Milky Way, is probably the best place for
us to perform a comprehensive study of galactic chemical evolution. The SN rate in
the LMC was estimated using ASCA data of young (¢t < 1,500yr) LMC SNRs (Hughes
et al., 1995). On the other hand, identifying the progenitor type of evolved (¢ 2 5,000 yr)

SNRs is often very challenging because their (volume-integrated) X-ray line emissions

1



2 CHAPTER 1. INTRODUCTION

are often dominated by the swept-up interstellar medium (ISM) heated by the outgoing
shockwave of the SNRs rather than by the stellar materials. In fact, previous ASCA
and XMDM-Newton observations of Magellanic Sedov-phase SNRs were utilized to study
ISM abundances (e.g., Hughes et al., 1998; van der Heyden et al., 2004). A breakthrough
was achieved through observations by the Chandra X-ray observatory, which possesses
the highest angular resolution (~ 0!5) among the current X-ray space telescopes. By
allowing us to spatially resolve the ejecta core from the swept-up ISM shell, Chandra
has successfully discriminated the progenitor types of a number of evolved SNRs in the
Magellanic Clouds (e.g., DEM L71: Hughes et al., 2003; N49B: Park et al., 2003b; N132D:
Borkowski et al., 2007; and B0049-73.2: Hendrick et al., 2005; Schenck et al., 2014).

Opportunities for spatially resolved spectral analyses are, unfortunately, relatively lim-
ited owing to their more stringent criteria, such as long required exposure times from
telescopes with high angular resolutions (which generally have very tight yearly mission
schedules) and observation targets with reasonable angular sizes in the sky. Although the
forthcoming X-ray mission ASTRO-H (Takahashi et al., 2014) will dramatically change
our view of SNRs owing to its excellent spectral resolution (~ 5eV at 0.5-10keV), its
angular resolving power of 1/3 is only comparable to the typical angular size of evolved
SNRs in the Magellanic Clouds (~ 1’). Moreover, SNRs in nearby spiral galaxies (e.g.,
M31) cannot be resolved into ejecta and ISM components even with Chandra’s angular
resolution. It therefore would be of tremendous value if we could identify a simple and
reliable diagnostic in X-ray spectral data effective for discriminating progenitor types of
SNRs that can also be achieved using instruments without excellent angular resolution.
We already know that this is not unachievable. For example, metal enhancements of the
middle-aged (¢ ~ 5,000yr) LMC SNRs DEM L71 and N49B (of Fe and Mg, respectively),
which were first revealed by Chandra data, have been confirmed by recent Suzaku ob-
servations (Uchida et al., 2015). This suggests that some important plasma properties
diagnosable by spatially resolved X-ray spectra can persist in data integrated over larger
regions of SNRs, and these data can also be obtained by telescopes with less outstanding
spatial resolving power. In this case of the Suzaku observations, such as the example given
above, successes are often attributable to the high sensitivity (to emission lines) of the

X-ray Imaging Spectrometer (XIS: Koyama et al., 2007) onboard the satellite.

In this thesis, we focus on the establishment of a new observational diagnostic for

progenitor classification from ‘spatially integrated’ X-ray spectra of SNRs observed by the



Suzaku XIS by using its high energy resolution without the requirement of a high angular
resolution. To develop our methodology, we attempt a systematic study of a total of 20
SNRs in the LMC and Small Magellanic Cloud (SMC) using the Suzaku XIS archival data.
Specifically, to put our new technique to the test, we perform a systematic study of nine
evolved SNRs whose classification is known to be very difficult without space-resolved
spectral information.

This thesis is organized as follows. We first review the anatomy and fundamental the-
ory of SNe and SNRs in Chapter 2. The physical mechanisms of X-ray thermal emission
in SNRs are then discussed in Chapter 3. In Chapter 4, an outline of our data analysis
methods for X-ray observations of SNRs is given. An introduction to the powerful instru-
ments onboard the Suzaku satellite can then be found in Chapter 5. In Chapter 6, we
describe our target selection criteria and data reduction procedures, which is followed by
a presentation of our spectral analysis results in Chapter 7. These results are discussed in

detail in Chapter 8. Finally, we conclude this work in Chapter 9.






Chapter 2

REVIEW OF SUPERNOVAE
AND SUPERNOVA REMNANTS

Supernovae (SNe) are energetic explosion events of evolved massive stars at the end of
their lives, which are one of the big events in the Universe. The kinetic energy of expansion,
FEsn, typically reaches ~ 10°! erg. Elements with masses up to that of iron are synthesized
inside stars and are spread by SN explosions over interstellar space, then these elements
become material for the next generation of stars. SNe play a very important role in the
chemical evolution of the Universe. Supernova remnants (SNRs) are nebulae of heated
interstellar gas and ejecta material observable from their X-ray emission for more than
10* yr after the explosion. SNRs retain crucial information about nucleosynthesis in their
progenitors and the elemental composition of the interstellar medium (ISM), which are
key to understanding the chemical evolution of the Universe. In this chapter, we describe

the basic features of SNe and SNRs.

2.1 Classification of SNe

When SN explosions occur, they have the appearance of a new star in the sky for
a few months. SNe are observationally classified as Type I and Type I with/without
absorption lines, respectively, in the light curve (luminosity as a function of elapsed time
from the explosion) from their optical spectrum as illustrated in figure 2.1 (Harkness &
Wheeler, 1990). Type I is distinguished from other SN types by its light curve having H
absorption. Type Il is classified into more detailed types from its light curve (Types I-L,

I-P, and others). If an optical light curve has a negative gradient, it is defined as Type

5



6 CHAPTER 2. REVIEW OF SUPERNOVAE AND SUPERNOVA REMNANTS

I-L (linear). Type I-P has a slower decline (plateau phase) than a normal light curve. On
the other hand, if there is no H absorption in the optical spectrum, the SNe are classified
as Type L. Type I is further separated into Types Ia, Ib, and Ic depending on the absence
or presence of He and Si absorption lines.

SNe are also classified according to the expansion mechanism. The thermonuclear
expansion of a white dwarf (WD) may create a Type Ia SN. The other types (Types I,
Ib, and Ic) occur by the sudden gravitational collapse of the core of a massive star (M =
8 M, where M, is the mass of the Sun). We describe the origins of these SNe in detail

in the following subsection.

SNR
Max Light Spectra
7 \
Type I Type II
strong Si weak Si feature of light curve
He no He /
Type Ia Type Ib Type Ic Type II-L Type II-P others

Thermonuclear exp. of

. Core-collapse of a massive star
a white dwarf

Figure 2.1: Classification scheme for SNe based on spectral and light curve features for a few
months (Harkness & Wheeler, 1990).

2.1.1 Type Ia SNe

Since the optical spectra of Type Ia SNe have no H absorption line, the progenitor has
lost its outer layer of H. A Type Ia SN is believed to be the explosion of a WD in a binary
system. A WD is a stellar remnant of mass < 8 My and has a C+O core. The scenario
of the explosion of a WD is considered to have two patterns. One is caused by a WD
with a main sequence star such as a supergiant star. Gas is stripped from the star and
accumulates around the WD. When the total mass of the WD including the accumulated

gas exceeds the Chandrasekhar limit of ~ 1.4 Mg, beyond which it cannot be supported
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against its weight by electron degeneracy pressure, the WD expands through a process
known as thermal runaway. Another scenario, with a doubly degenerate progenitor, is
the merger of two WDs whose combined mass exceeds the Chandrasekhar limit. In this
scenario, there is no compact object or black hole. More of some elements such as Fe
and Si are synthesized rather than O, Ne, and Mg (Nomoto et al., 1984; Iwamoto et al.,
1999). The characteristic light curves of Type Ia SNe often show the same peak brightness
because of their progenitor WDs having a similar mass at the Chandrasekhar limit. Thus,
Type Ia SNe are utilized for the measurement of cosmological distances. Although many
researchers have attempted to explain the detailed physical mechanism of the explosions,

no one has yet fully succeeded.

2.1.2 Core-collapse SNe: Types Ib, Ic, and II

CC SNe are the catastrophic explosions of massive stars (M 2 8 My). The final phase
of evolution of a massive star is different from that of a lighter star such as the Sun. A
massive star can generate heavier elements than H and He by nuclear fusion at the center
due to a higher pressure and temperature (for details see § 2.2). If we could cut through
a star and look at its cross section, we would see an onion-like structure with envelopes of
different elements undergoing nuclear fusion. Finally, an Fe core is produced at the center
of the star. The energy generated by nuclear fusion counteracts the force of gravity and
prevents the star from collapsing, keeping the star in hydrostatic equilibrium. When the
Fe core is increasingly compressed and reaches an internal temperature of ~ 3 x 10° K, the

photodisintegration of Fe nuclei occurs as follows:

539Fe — 133He +4n — 124.4 MeV, (2.1)

3He — 2p+2n—28.3 MeV. (2.2)

Since this reaction is endothermic, the equilibrium is broken, then the star cannot support
itself against its gravity and collapses. The gravitational energy released by the surround-
ing stellar matter creates a shock wave that propagates outward. The shock wave leads
to explosive nuclear fusion and ejects the nuclear-fused material outwards. Therefore, the
abundances created by CC (Types Ib, Ic and I) are affected by the envelope, which de-
pends on the mass of the collapsing star. The remnants of the core leave a neutron star or

a black hole after the explosion. The total energy generated by the gravitational collapse
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0%3 erg for ~ 10s during CC SNe. However, the energy of the expanding shock wave

is~1
is only ~ 10°! erg because neutrinos carry away 99% of the total energy. Massive stars
have a shorter lifetime (~ 10°-107 yr) than lighter stars (~ 101° yr); thus, the CC SN rate
is higher than that of Type Ia SNe. In fact, CC SNe events account for approximately

75% of all observed SNe.

The difference between Type Ib/Ic and Type I is related to the mass of the progenitor.
The progenitors of Type Ib/Ic are much heavier stars, > 25 Mg, than those of Type I
SNe. Type Ib progenitors have outer atmospheres deprived of most of their H, while Type
Ic progenitors have shed both the H and He layers due to strong stellar wind or from their
interaction with a close companion of 3—4 Mg, (Pols, 1997; Woosley & Eastman, 1997).
Therefore, their optical spectra do not have H lines (and He lines for Type Ic). Highly
massive stars are formed rarely; the occurrence rate of Type Ib and Ic SNe is much lower

than that of Type II SNe.

2.2 Stellar Nucleosynthesis

Stellar nucleosynthesis is the process by which the natural abundances of the chemical
elements within stars vary owing to nuclear fusion in their cores and overlying envelopes.

In this section, we briefly mention their nucleosynthesis.

2.2.1 H burning

In main sequence stars, the nuclear fusion of hydrogen occurs in the core. The reactions
are generally called the “proton-proton (p—p) chain” and the “CNO cycle”. The p—p chain

consists of three branches depending on the temperature, T', as follows:

e ppl(08x107K <T <1.4x10"K):

p+tp — %H+6++Ve, (2.3)
%H—Fp — ;’He—k% (2.4)

SHe +5He — 35He 4+ 2p. (2.5)
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eppl(14x10"K <T <2.3x10"K):

sHe +3He — [Be+1,

™Be+e — ILit e,

Li+p — 23He.

e pp Il (T >23x10"K):

SHe + 3He
Be+p

8
B

iBe

L

Be + 7,
5B+,
8Be + et + e,

23 He.

He is created from H by this process. These reactions typically require 10” yr to complete.

When the central temperature reaches ~2 x 107 K, the other H burning process, the

CNO cycle, becomes dominant. This cycle occurs in massive stars compared with the Sun.

The main reactions of the CNO cycle are defined below.

e CNO cycle:

ZCc+p
lgN
120 +p
YN +p
lgo

UN+p

N A

BN+,
Bo+et +u,
YN+,
50+,
BN+ et + v,

lgC + %He + 7.

2.13
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2.18

Here, the I%C produced in the last reaction is recycled in the first reaction of the CNO
cycle. This process involves %C, 120, 1‘71N, and 1?N, which is why it is called the CNO

cycle. This reaction has a minor branch. After the reaction produces 1?N (equation 2.17),

the next reaction does not produce I%C and instead produces lgO and photons as follows.
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e CNO-2 cycle:

UN+p — %O+4, (2.19)
Yo+p — YF+9, (2.20)

TP — O +ef + v, (2.21)
TOo+p — MN4jHe. (2.22)

The 1;F produced in this minor cycle merely acts as a catalyst. The timescale for the
completion of the CNO cycle is typically ~4 x 108 yr and is shorter than that of the p—p

chain. Stars spend most of their lifetime in the H burning stage.

2.2.2 He burning

When the H burning process fuses H to He in the core, the pressure which is necessary
to counteract gravity is no longer maintained. The core of He begins to compress, causing
the temperature and pressure to become sufficiently high for He to burn. The reaction of

He fusion, named the triple-a process, occurs at 7' > 107K,

sHe +3He — §Be+7, (2.23)

fBe+3He — 12C+4. (2.24)

As an additional process to the triple-a process, 120 is produced simultaneously by the

reaction
2o 1dHe — 180 ++. (2.25)

As a result of this reaction, the core consists of '2C and 'S0 formed in the star center. In
a star of below 8 Mg, the nucleosynthesis ends after this reaction. The star sheds most of
its mass to form a planetary nebula. The C+O core is left, which becomes a WD whose

size is the same as that of Earth but whose mass is ~ Mg.

2.2.3 Heavy-element burning

When the core temperature further increases, carbon and oxygen are synthesized by

He burning. These processes depend on the temperature and density in the core, and
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proceed quickly in stars whose mass is larger than ~ 2 M. The temperature and density
are determined by the mass of the star. If the mass of the star exceeds 8 My, carbon
burning begins to produce an O, Ne, and Mg core. If the mass exceeds 10 M, the nuclear
fusion continues until the core consists of Fe synthesized through heavier-element burning
(e.g., O burning and Si burning). Therefore, the inner structure of a massive star resembles
an onion as shown in figure 2.2. The star cannot produce any heavier nuclei than Fe since

Fe is the most stable nucleus. Such massive stars become the progenitors of CC SNe.

H

He

Figure 2.2: Onion-like structure of a massive star before core collapse.

When the maximum temperature reaches ~ 109 K, explosive carbon burning begins:

20 +12¢ - 3He + %Ne, (2.26)
Z2c4+12¢ - EBNa+p, (2.27)
Zo+2C¢ — ZMg+n. (2.28)

At the same temperature, Ne burning is described as

WNe++v — 3He+ 180, (2.29)

WNe +2He — v+ ZMg. (2.30)
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Table 2.1: Products with nucleosynthesis.

Mass Process Main products timescale Ignition temperature (K)
H burning He ~ 107 yr ~ 107
<8Ms  He burning B, C, O ~10%yr ~10°
>8 Mz  C & Ne burning O, Ne, Mg, Si ~103 yr 2x10°?
O burning 0, Si, S, Ar, Ca ~1lyr 3-4x10°
> 10 Mg Si burning Si, S, Ar, Ca, Cr, Mn, ~ day 4x%10°
Fe, Co, Ni, Zn

After Ne burning, O burning begins at an ignition temperature of ~3-4x10° K.

YOo+1%0 — 2%Si+ iHe, (2.31)
B0+%0 — P+, (2.32)
Yo+1%0 — 32544, (2.33)

Furthermore, after O burning, Si burning begins at a temperature over ~4 x 109 K. This
process forms several heavy elements (e.g., Ar, Ca, Cr, Fe, and Ni). Table 2.1 lists
the products of these nucleosyntheses, the timescale of the reaction, and the ignition

temperature.

2.2.4 Difference in abundances between Type Ia and CC SNe

The type and number of elements synthesized by nuclear fusion are dependent on the
mass of the progenitor star. Since progenitor stars have different masses, which may lead
to different types of SNe, the chemical abundance patterns of their SN ejecta also have
different characteristics. Despite the many theoretical models constructed by previous
researchers, we still have not completely elucidated the mechanism of SN expansion and
its relationship with the resultant metal abundance. Table 2.2 lists the typical masses
of the various elements synthesized in Type Ia and CC SNe predicted by Iwamoto et al.
(1999) and Kobayashi et al. (2006). For products of Type Ia SNe, we adopt the values
from the WDD2 model (Iwamoto et al., 1999). This model is calculated assuming a
delay-detonation model, which has recently been favored by the supernova community.
Figure 2.3 shows the number ratios of abundance for Type Ia and CC SNe models, which

are normalized by that of Si. This model indicates that the abundance of Fe in Type Ia
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Table 2.2: Total mass of heavy element synthesized by Type Ia and CC SNe.

Synthesized mass (Mg)

Type Ia* CC SNef
Element 13 Mg 15 Mg 20 My 40 Mg
C 8.99x 1073 880 x 1072 883 x1072 9.77x 1072 4.58 x 107!
N 2.69x107* 9.08 x 1073 1.29x 1072 1.84 x 1072 2.60 x 1072
0 458 x 1072 387 x 107! 293 x 107! 9.95x 107t  7.96 x 10°
Ne 6.22 x 107 1.34 x 107! 1.26x 107! 279 x 107t 1.88 x 10°
Mg 4.52x 1073 4.64x1072 7.85x1072 1.00 x 107" 4.04 x 107!
Si 2.06 x 1071 6.22x1072 1.05x 107" 1.27x107! 5.34x 107!
S 1.24 x 1071 269 x 1072 3.45x 1072 5.16x 1072 2.26 x 107!
Ar 2.50 x 1072 4.67 x 1073 4.80 x 1073 8.30 x 102 3.59 x 1073
Ca 247 %1072 394 x107% 3.11x1073 6.53x 1073 2.84 x 1073
Fe 7.93x 1071 749 x 1072 744 x107%2 777 x1072 1.80 x 1072
Ni 5.87x 1072 240 x 1073 221 x1073 1.96x 1072 1.93 x 1073

13

* Reference: (Iwamoto et al., 1999). The used model is WDD2.
T Reference: (Kobayashi et al., 2006). The values are with a progenitor metallicity of
Z = 0.004.

SNe is ~10 times larger than that in CC SNe, whereas the abundances of light elements
(e.g., O, Ne, Mg) in CC SNe are ~100 times larger than those in Type Ia SNe.

2.3 Dynamical Evolution of SNRs

When an SN explosion occurs, the ejected materials (ejecta) expand in interstellar
space with a high velocity as the result of a strong shock wave. The remnant structures
are called SNRs. Basically, an SNR is composed of an expanding ejecta and the swept-up
ISM. The evolution phase of an SNR is mainly determined by the relation between the
masses of the ejecta (M,;.) and the swept-up ISM (Misnm). We explain the four evolution
phases in this section: the free expansion phase, transition phase, adiabatic phase (Sedov
phase), and radiative cooling phase. We here assume that the density of the ambient
medium is uniform.

2.3.1 Migm < M,: Free expansion phase

After an SN explosion, the ejecta expands without deceleration since the interaction

with the low-density ISM is ignored. The kinetic energy of the SN explosion, Fgy, is about
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Figure 2.3: Number ratio of elemental abundance to solar (X)) predicted for Type Ia and CC
SNe (Iwamoto et al., 1999; Kobayashi et al., 2006). The ordinate is normalized to Si.

~10°! erg in both Type Ia and CC SNe. The expansion velocity, ve, is obtained using Esy

as

2Eg of Esx \?( My \ 2 .
- = 8.5x 10 . 2.34
ve My, x <1051 erg> 1.4 M, lems™].(2:34)

Ve in this phase is typically ~10*kms™!, and is much larger than the sound speed in
the ISM (~15kms~!). Hence a strong shock wave is generated, namely a forward shock.
Since the velocity of the shock wave is constant in this stage, the radius of the shock, Rq,

can be written as
Ry = wet, (2.35)

where t is the elapsed time after the SN explosion (thus, the SNR age). The expanding
forward shock sweeps up the ISM. The mass of swept-up ISM (Mign) is expressed as

4
MISM = gRgno,umH, (2.36)

where ng, i, and myg are the hydrogen number density of the ISM, the mean atomic weight,
and the hydrogen mass, respectively. This phase of free expansion of the ejecta continues

until Misym becomes comparable to M. The time scale t is obtained by equations 2.34,
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2.35, and 2.36 to be

> V20 0 NS NV m ~1/3
2 €j. Eal 0
b 2510 (1051 erg> <1.4 M@> (1.4) <1cm3> vl (2:37)

Therefore, this phase typically continues for a few hundred years.

2.3.2 Mgy =~ M,.: Transition phase

When Mgy becomes comparable to M., the swept-up ISM gradually affects the
evolution of the SNR, although it is not yet dominant. The swept-up ISM pushes back
on the ejecta, which causes another shock wave (reverse shock). The ejecta is heated to
a high temperature by the reverse shock and is gradually ionized (for details see § 3.1).
The boundary between the ISM and the ejecta is called the “contact discontinuity”. The
reverse shock initially propagates outward. When Misy becomes greater than M, , the
reverse shock propagates back to the center. Figure 2.4 shows a schematic view of an SNR
in this phase. At this stage, the material subjected to shock by the two shock waves is
sufficiently hot to emit X-rays, while the material in the central region cannot emit X-rays

and is still expanding freely. Most young SNRs are probably in this stage.

contact discontinuity

forward shock
reverse shock

reverse shock

°SJ|ee e ® @

hocked O © ” ° ..

un-esje?:%ae O -1 © @ OO D
0.,%¢ ©

0.0 “g

o
o] 0% o o®

shocked ejecta notrmal low < > high
atom ionization

O

shocked ISM

Figure 2.4: Schematic views of an SNR heating shock wave.
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2.3.3 M, S Mism: Adiabatic phase (Sedov phase)

When Mism becomes greater than M., the kinetic energy of the ejecta in the SNR
shell is transferred to the swept-up ISM. Therefore the forward shock is decelerated by
the swept-up ISM, but the energy loss via radiation is still negligible at this stage. This
phase can be regarded as adiabatic since the gas expands adiabatically while maintaining
a constant total energy of the supernova (Egy). In this phase, the shock evolution can
be approximated by a point explosion in a uniform medium. Sedov (1959) gave an exact
self-similar solution for this phase. This phase is often called the “Sedov phase”. The gas
flow in this phase can be described using two parameters, Fsy and ng. The radius, R,
and velocity, vg, of the forward shock wave and the mean plasma temperature of the shock

front, T, are written as

t N5 B NP/ mg \V
= 3.9x10" = 2.
i 3910 <1O4yr> <1O5lerg> <1cm_3) [om]; (2:38)
dR t N\ By \Y5/ ng \ VO
s = —— =49x10" 1, (2.
v dt 910 <104yr) <105lerg> <1cm3> [ems ™), (2:39)
—6/5 2/5 —2/5
t E n
— 6 SN 0
T, = 33x10 <1O4yr> (105lerg> <1cm3> K]. (2.40)

Equation 2.40 shows that T; decreases with time during this phase. In this phase, the
density of the swept-up ISM is much higher than that of the ejecta, and hence the X-ray
emission is dominated by the ISM. The Sedov phase continues for 10*-10° yr. By the end
of this phase, ~ 70% of the initial explosion energy has been transformed into the thermal

energy of the swept-up ISM (Chevalier, 1974).

2.3.4 M, < Mgu: Radiative cooling phase

As the plasma temperature decreases to ~ 106K, the ionized atoms start to capture
free electrons and lose their energy by radiative emission. The cooling rate gradually
increases and the evolution exits the adiabatic phase since the total energy in this phase is
no longer equal to the initial energy, Fsn. The next stage is called the “radiative cooling
phase”. Assuming a non-relativistic monoatomic gas (7 = 5/3), we obtain the radius of

the shock in terms of the time as

Ry o 27, (2.41)
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When the temperature further decreases, the pressure can be ignored and the cool shell
expands while conserving radial momentum (vsMghen= constant, where Moy is the mass

of the shell). The shock expands as
Ry o t'/4, (2.42)

Finally, when the shock speed further decreases and becomes comparable to the velocity
of the ISM (v~ 10kms~!), the shell boundary of the SNR disperses into the ISM. This

phase is called the “disappearance phase”.

2.4 Shock Wave Processes

When shock waves occur in the shell of an SNR expanding supersonically, there are
several physical interactions between the shock waves and the materials. Here we introduce

some of these shock wave processes.

2.4.1 Shock wave heating

The ejecta and swept-up ISM are heated by the shock waves mentioned in § 2.3.
Figure 2.5 shows schematic views of the shock wave in the observer and shock rest frames.
In the shock rest frame, the gas flows from the ISM side to the SNR side at the shock

velocity vs. Since the mass, momentum, and energy are conserved between the upstream

Shock front Shock front
v V,=0
: upstream downstream
L SN el (ISM side) (SNR side)
< — > >

Vism= 0 Vi v V, vy

pu pd

Py Py

Observer rest frame Shock rest frame

Figure 2.5: Schematic views of the shock front in the observer rest frame (left) and the shock
rest frame (right). vs, p, and p are the shock velocity, density, and pressure, respectively.
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and downstream sides of the shock front, the following equations hold:

Pulu = Pdld, (243)

puvE + Py = pavi+ pus (2.44)
1 2 1 2

§Uu + hu = §Ud + hd, (245)

where p,v,p, and h are the density, velocity, pressure, and enthalpy, respectively. The
subscripts u and d represent upstream and downstream, respectively. For an ideal gas, h

can be written as

h=CT = - N %, (2.46)

where ~ is the specific heat ratio. These three equations, 2.43, 2.44, and 2.45, are known

as the Rankine-Hugoniot relations. Now, we define the following parameters:

Pd (%0 Pu
r = —=— y = —,
Pu Ud Pu
U
a121 — Vpu7 Mu _ 7u7
Pu Gy

where a, and M, are the speed of sound and the Mach number in the upstream, respec-

tively. Rewriting equations 2.44, and 2.45, these equations become

M (1 _ 1) oyt (2.47)
x v
o, LY _ 2(yat = 1)
M2 (1 x2> = = (2.48)

Assuming x # 1 and y # 1, equations 2.47 and 2.48 are solved for x and y to give

Pu _ Ud (v+ 1)M121
_Pu_va 2.4
T (v = DMG +2° 249
2 (y
yobu - 2Mi-(=D) (2.50)

Pu v+1
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From the state equation, the ratio of the temperatures, T4/, is given as

Ty _ pupa _ [29M5 — (v = DI[(y - YMZ + 2)]

— = . 2.51
Tu  pupa (v +1)2M3 (251
Also, the velocities are written as
2 1
vy = (pu(y = 1) +pu(y + 1), (2.52)

2pu

1 pu(y+1) +puly = DP?
= 2p0 pu(y = 1) +pu(y+1) (2.53)

Assuming a strong shock (1 < M, or p, < py), equations 2.49, 2.51, 2.52, and 2.53

become

W _TTe 2.54

pd Uy v—1 ( )
T, —1

A _Pud T (2.55)
Ty puy+1
2 ('7 + 1)pu

= Pu 2.56

vu 2pu Y ( )

—1)2

= O =P (2.57)

2(v+ L)pu

The velocity of the upstream gas in the shock rest frame is equal to vs. From equations

2.54 and 2.57, we obtain the mean post-shock temperature:

2(y — 1
KTy = g = (v—1)

- - V2 2.58
od (7+1)2MmH s 9 ( )

where k is the Boltzmann constant. Assuming a non-relativistic monoatomic gas, v = 5/3,
the density and velocity ratios of the upstream to the downstream are p,/pq = 4 and

vq/vy = 1/4, respectively. In addition, the post-shock temperature is given by
3 2
kTy = Tg H T U5 (2.59)

The shock wave heating can be described as the conversion from kinetic energy to internal

energy.
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2.4.2 Collisionless shocks

Shock waves in astrophysical environments encounter media of very low densities, usu-

3 or even lower. In this environment, collisional interactions

ally a few particles per cm
between particles occur infrequently since the mean free path of Coulomb collisions is
long. Therefore, collisionless processes involving collective interactions between particles
and electromagnetic fields must be responsible for the shock formation (McKee, 1974).
Collisionless shocks are ubiquitous in the Universe and are key to understanding the pro-
cess of electron heating by shocks. However, the detailed fundamental mechanism remains
to be completely elucidated. SNRs are ideal for studying this mechanism because we can
observe the shock wave for a long time. Recently, by performing the spectral analysis
of Tycho’s SNR with Suzaku, Yamaguchi et al. (2014b) revealed an electron temperature

behind the reverse shock that was much higher than expected. This result shows new

evidence for efficient electron heating by collisionless shocks.

2.4.3 Cosmic-ray acceleration

Cosmic rays have been observed with energy of up to 102° eV, which we cannot achieve
on Earth using human-made particle accelerators. The energy density of cosmic rays
(~1eVem™3) is larger than that of starlight, the Galactic magnetic field, and the cosmic
microwave background. Ever since the discovery of cosmic rays (Hess, 1912), their origin
and acceleration mechanism have been a puzzle. SNR shock fronts are a possible origin
of cosmic rays with energy below approximately 10'®eV. Recent studies have reported
evidence for cosmic ray acceleration in SNRs. Koyama et al. (1995) discovered synchrotron
X-ray emission from the limb-brightened region of SN 1006 using the ASCA satellite, which
revealed that cosmic ray electrons are accelerated by the shocks of SNRs. Several SNRs
show strong synchrotron emission (RCW 86: Borkowski et al., 2001; G347.3-0.5: Slane
et al., 1999; G266.2-1.2: Slane et al., 2001). Bamba et al. (2003) discovered very thin
(arcsecond width) filaments and clumps in the synchrotron emission near the shock front of
SN 1006 using Chandra. Uchiyama et al. (2007) reported the discovery of the brightening
and decay of X-ray hot spots in the shell of the SNR RX J1713.7-3946 on a one-year
timescale. This rapid variability shows that the X-rays are produced by ultrarelativistic
electrons through a synchrotron process and that electron acceleration does indeed take
place in a strongly magnetized environment, perhaps causing the amplification of the

magnetic field by a factor of more than 100. To reveal the origin and the acceleration
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Figure 2.6: A schematic view of a TPC X-ray polarimeter of the PRA XyS mission (Black et al.,
2007). Incident X-rays enter the detector volume along the Z-axis. Charges collected on the strips
are read-out and binned according to arrival time and strip number. Multiplying the arrival time
by the drift velocity, the orthogonal 2-dimension photoelectron track images are reconstructed.

mechanism, we need to know the structure (e.g., direction and turbulence) of the magnetic

field around an SNR shock.

2.5 X-ray Polarimetry Observations

Synchrotron X-ray radiation, which is an important key to understanding the cosmic-
ray acceleration mechanism, can also create strong polarization. Polarized X-rays provide
us with information about the structure of magnetic fields. Polarimetry is a powerful
tool for astrophysical observations but has hardly been used to explore the X-ray band.
Previous measurements were carried out in the 1970’s using a sounding rocket and the
OS0-8 satellite. Only the Crab nebula has been detected by this satellite (Novick et al.,
1972; Weisskopf et al., 1976, 1978).

The NASA PRAXyS satellite mission, Polarimeter for Relativistic Astrophysical X-
ray Sources, was designed to detect linear X-ray polarization from SNRs, black holes,
and neutron stars in the 2-10keV energy band (Jahoda et al., 2014). The PRAXyS
payload includes a high-efficiency photoelectric gas polarimeter to measure X-ray linear
polarization in the 2-10keV range. The PRA XyS polarimeter is a gas proportional counter
based on the time projection chamber (TPC) technique. Figure 2.6 illustrates the readout

concept of the polarimeter. When an incident X-ray interacts with a gas molecule, a
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photoelectron is ejected preferentially in the direction of the electric field of the incident
X-ray, which is defined as the polarization direction. The emitted angle has the probability
distribution cos?(¢ — ¢g), where ¢ and ¢q are the polarization-sensitive azimuthal angle
and source-polarized direction, respectively. An ejected photoelectron passes through the
gas and forms an ionized electron cloud along the track in a uniform electric field between
the drift electrode and a micro-pattern gas electron multiplier (GEM; Tamagawa et al.,
2006, 2009). The GEM structure is a parallel-plate capacitor with many through holes,
which have a hole pitch of 140 um, a hole diameter of 70 um, and a thickness of 100 ym.
The electrons drift to the GEM holes, where they are amplified by an electron avalanche,
and then are collected by 121 pym-pitch readout strips under the GEM. The charge signal
on each strip is read by the APV25 readout ASIC with a 20 MHz sampling rate (French
et al., 2001). A two-dimensional track image is constructed using the strip position and
the arrival time information. The track image is analyzed to determine the direction of
ejection. The target gas used in the PRAXyS polarimeter is pure dimethyl ether (DME)
because of its lower rate of diffusion and lower drift velocity than the other known gases
used in proportional counters.

One of the key points of the PRAXyS polarimeter is the performance of the GEM.
We evaluated the performance of the same type of GEM foil as that used in the PRA XyS
polarimeter. The charge sharing between the GEM and the readout electrodes was mea-
sured as a function of the electric field (Takeuchi et al., 2012). Also, we investigated the
gain uniformity and linearity of the energy scale (Takeuchi et al., 2014a) and the gain
performance at low gas pressures (Takeuchi et al., 2014b). We found that these results
satisfy the minimum requirements of PRAXyS. In the near future, we anticipate that the
GEM will provide high-quality polarization data from observations of astrophysical accel-
erators such as SNRs to shed light on the poorly understood physics of diffusive shock

acceleration and collisionless shocks.
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THERMAL PLASMAS OF SNRS

In this chapter, we explain the properties of optically thin thermal plasma, and intro-
duce ionizing, equilibrium, and recombining plasmas in SNRs. Then, we discuss the X-ray

emission mechanism of these plasma states associated with SNRs.

3.1 Classification of Plasma State

In a thin thermal plasma, we assume that the electron distribution obeys the Maxwell-

Boltzmann distribution law

3/2 2
o of me Mg
f(v) = 4mvg <27rkTe> exp< AT, >, (3.1)

where f(v), me, ve, and k are the velocity probability density, the mass of an electron, the
velocity of an electron, and the Boltzmann constant (1.38 x 10723 J K1), respectively. To
express the plasma condition, we define the ionization temperature, T,, as a characteristic,
which indicates the ionization degree of an ion. We can classify a plasma into three states
using two temperatures, T, and 7T,: the underionized, ionization equilibrium, and overion-
ized states. Underionized (overionized) means a lower (higher) ionization stage than that
predicted by equilibrium. There are three ionization processes: electric impact ionization,
photoionization, and autoionization. In general, the photoionization effect is negligible
owing to its weakness relative to electron impact ionization in a thin thermal plasma.
On the other hand, there are three recombination processes: three-body recombination,
radiative recombination, and dielectric recombination. Each process is the inverse of one

of the previous ionization processes. From the viewpoint of the collisional atomic process
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T.>T, underionized

Ionizing l ? Recombining

Te=T, ionization equilibrium
Ionizing * Recombining
T.<T, overionized

Figure 3.1: A schematic view of plasma states.

for thermal emission, a plasma condition can be classified into the above three states by

the relation between the thermal energy and the energy distributed in the ionization state.

We summarize these states in detail as follows and in figure 3.1.

1. T, > T,: underionized (lower ionization stage than that predicted by equilibrium)

The electrons have sufficient thermal energy to ionize atoms. Ionization is more
dominant than recombination in this condition. The plasma in this condition can

usually be found in X-ray spectra of SNRs, particularly young SNRs.

. T, =T, ionization equilibrium

There is a balance between the ionization rate and the recombination rate. The
plasma in this condition is known as “collisional ionization equilibrium (CIE) plasma”.

This plasma has been observed in old (~10%yr) SNRs.

. T, < T}: overionized (higher ionization stage than that predicted by equilibrium)

This is the opposite of the underionized case. The recombination process occurs
chiefly in this state. Plasma in this condition has been observed only recently in some
SNRs. Recent X-ray observations have revealed several SNRs in this condition (e.g.,
WA49B: Ozawa et al., 2009; 1C443: Yamaguchi et al., 2009; (G359.1-0.5: Ohnishi
et al., 2010; W28: Sawada & Koyama, 2012; G346.6-0.2: Yamauchi et al., 2013;
3C391: Sato et al., 2014; W44: Uchida et al., 2012; N49: Uchida et al., 2015).
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After the shock heating, the shocked materials, which were initially neutral, gradually
lose electrons one-by-one through collisions with free electrons. This phase is known as
the non-equilibrium ionization (NEI) state and continues until the ionization state is in
equilibrium with the thermal electrons (CIE condition).

Masai (1984, 1994) derived the characteristic timescale for a plasma to reach CIE. The

ionization rate equation is obtained using the element atomic number, Z, as follows:

d(dj::t) =Sz 1fz1+(Sz+az)fz+azi1fz41, (3.2)
Z
> f=1 (3.3)
z=0

where f7 is the ionization fraction of the element corresponding to the loss of Z — 1
electrons. Sz and az are the ionization and recombination rate coefficients of the Zth
ion, respectively. In the CIE condition, df,/d(net) = 0. The time to arrive at CIE is

3s. If ne = lem™3, a typical value in an SNR, the plasma

estimated as net ~ 102 cm™
takes ~ 3 x 10*yr to reach the CIE condition. Therefore, most SNRs should still be in

non-ionization equilibrium.

3.2 X-ray Emission

Thin thermal plasma in SNRs emits X-rays. Figure 3.2 shows the predicted X-ray
spectrum from a thin thermal plasma in the CIE condition with T, = 1keV without the
detector response. For simplicity, the abundances of H and Si are fixed to the same as
those of the Sun, and other element abundances are fixed to zero. External electric and
magnetic field effects are ignored. The spectrum is composed of a continuum and many

emission lines. In this section, we summarize the X-ray emission processes.

3.2.1 Continuous emissions

There are three radiative processes for continuum emissions: thermal bremsstrahlung,
radiative recombination, and two-photon radiation. In CIE plasma of ~1keV, thermal
bremsstrahlung is the most dominant continuum emission. However, at low (~0.1keV)
temperatures, the radiative recombination continuum is larger relative to the thermal
bremsstrahlung. Also, in the overionized state, the radiative recombination continuum

features may be more pronounced because the majority of the ions recombine.
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Figure 3.2: Predicted X-ray spectrum from thin thermal plasma of Si in the CIE condition
without the detector response. Assuming the electron temperature T,=1.0keV. For simplicity, we
fixed the abundances except for H and Si to zero. Most of the continuum emission is due to the
bremsstrahlung radiation. The figure is derived from the APEC code.

Thermal bremsstrahlung

Bremsstrahlung is electromagnetic radiation produced by the deceleration of a charged
particle when deflected by another charged particle. Electrons emit photons by bremsstrahlung
in the electric field of an atomic nucleus as shown in figure 3.3. The emission power in an

isotropic thermal distribution is expressed as

AW 32meb (27 \ /2 —hw
_aW oA [ AT N 1252 j— —w
dV dtdy 3mc <3k:m) e el grs P G,
—38 —1/2 72 — —hv -1, —377,—1
= 6.8 x107°°T, /*Z"nenigss exp T lergs™ cm " Hz ], (3.4)
€

where e, m, ¢, ne, and n; are the electron charge, electron mass, light speed, and the
densities of the electron and ion, respectively. grs is the velocity-averaged Gaunt factor.

For typical thermal plasma emitting X-rays,

o 3 kT, \ Y2
gff = < > . (35)

7 hv
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The factor T. /2 in equation 3.4 originates from the fact that dW/(dVdtdv) o« v~!.
From equation 3.4, the power of bremsstrahlung emission increases as the density and/or

temperature increases.

bremsstrahlung

atomic
nucleus

@ clectron

Figure 3.3: A schematic view of bremsstrahlung emission.

Radiative recombination

Radiative recombination is the process of emitting a photon when a free electron
collides and recombines with an ion. The energy of the emitted photon, Errc, is obtained

as
ERRC = Efree_Eedgea (36)

where Ffe. and Eeqee are the kinetic energy of a free electron and the binding energy of
the n level in an ion, respectively. Since FEge is not quantized, this radiation forms a
continuous spectrum with sharp edges at the binding energies of the levels. The spectrum
of this radiation is called the “radiative recombination continuum (RRC)”. Figures 3.4 (a)
and (b) show a schematic view of the emission mechanism for the RRC and the predicted

RRC spectrum, respectively.

The power emitted per keV by this process is described in Tucker & Gould (1966) as

e = ar = rec f(U)dv
dVdtdw ~ dE Ne Nz, j41 Ve Ery - 07 (Ee) - o

(3.7)
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Figure 3.4: (a) A schematic view of the emission mechanism for RRC. (b) Predicted RRC
spectrum made by H-like Fe ions. The energy of the edge is corresponds to K-shell binding energy.
Figure (b) is taken from Ozawa (2010).

where nz j11, Ey, and 0"(FE,) are the density of an ion with atomic number Z and
ionization state j + 1, the energy of the emitted photon, and the recombination cross
section to level n at the electron energy F,, respectively. We assume that f(v) is the
Maxwell-Boltzmann distribution.

We can also rewrite equation 3.7 using the binding energy, Eeqge, of the ion for an

electron and the Maxwell-Boltzmann equation. Equation 3.7 becomes

aw
dE

Ey — Feq _
= nenZ7j+1 . 4<w> (27Tm6kTe) 1/2 N O_I‘GC(E’Y - edge)
e

E,—F
XEfyeXp< — W) . (38)
e

When T, < Eegge, the following expression for equation 3.8 is obtained:

dw Efy - Eedge
o exp< W . (3.9)

Two-photon radiation

The two-photon process is known as one of the bound-bound transitions. Upon the
simultaneous absorption of two photons of identical or different energies to excite an atom
from one state to a higher energy state, such radiation occurs. The energy of each photon
of the pair is not determined, while the sum of the energies of the two emitted photons

conserves the transition energy. For this reason, the spectrum of this radiation is very
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broad and continuous.

3.2.2 Emission lines

The energy and flux of an emission line depend on the ionization state and electron
temperature. We explain this feature in this subsection. Emission lines are caused by
the transition of an electron between two quantized energy states (n and n’) in an ion,
therefore they are called either emission lines or bound-bound emissions. In the case of a
H-like ion, which has an electron similarly to hydrogen, we obtain the state formula known

as the Rydberg formula as follows:

11
E, = Ry< - ,2> (3.10)

n? n
where Ry is the Rydberg constant (=13.6eV) and n < n’. For heavy elements, E\, depends
on the atomic number, Z, and is written as

1 1
2

These H-like transitions are known as the “Lyman series”. The transitions are named Ly«
(n=2—1),Ly8 (n=3—1), Lyy (n =4 — 1), and so forth.

The emission line for an ion state with two or more electrons is not as simple as that
for a H-like ion. For example, He-like ions emit three intense lines: resonance (1s2p Py —
152 1S), forbidden (1s2p 3S; — 1s% 1Sp), and intercombination (1s2p *Po; — 1s% 1Sp)
transition lines. In this thesis, the sum of the K lines of a He-like ion is denoted as “Hea”
(n =2 — 1). He-like Kf and He-like K~ lines are denoted as “Hef” (n = 3 — 1) and
“Hey” (n =4 — 1), respectively. The H-like and He-like line energies for major elements
are listed in table 3.1.

The final ionization state of ions strongly depends on the electron temperature Te.
The ion fractions of major elements as a function of electron temperature in the CIE state
are shown in figure 3.5. The range of the electron temperature is 0.01-20keV. When T
is higher, ions are stripped of more electrons. The speed of ionization depends on the
elapsed time since the gas was heated by a shock, t, and the electron density, ne which are
very difficult to measure. We can use the ionization parameter net (the product of ne and

t) as a substitute for the parameter of the ionization speed. Figure 3.6 shows the emission

'HP: http://www.atomdb.org
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Table 3.1: K-shell line energies of H-like and He-like ions*.

H-like ion He-like ion

Lya LyBS Lyy Hea(r)! Hea(f)! Hea(i)t HeB Hey

Ne 1022 1211 1277 921 905 914 1073 1127
Mg 1472 1745 1840 1252 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 4101 4863 5129 3908 3866 3887 4582 4819
Fe 6966 8266 8732 6702 6641 6670 7798 8217

* The unit is eV.

T Hea(r), Hea(f), and Hea(i) indicate resonance, forbidden, and intercombination lines,
respectively.

This energy list is from AtomDB'.

of a weighted line center energy for each element as a function of nt.
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Ne- F- N- C- B- He- H-like ion Nacked ion
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Figure 3.5: Ton fractions of several elements in collisional ionization equilibrium as a function
of the electron temperature. Color lines represent the ionization state of the ion until Ne-like ion.
Black lines show the ions with lower ionization state then Na-like. These figures are derived from
the AtomDB.

The line flux ratio allows us to obtain further information. When the amount of H-like
ions is larger than that of He-like ions, the emission from a H-like ion (e.g, Ly« and Lyj
lines) becomes dominant. The Ly« /Hea flux ratio directly depends on the ionization state
of the plasma. Figure 3.7 shows the Lya/Hea flux ratio for some elements as a function

of net.

The line flux ratio of K-shell emission from the same ion state (e.g., Hef/Hea or
Lys/Lya flux ratio) depends on the electron temperature. Now, we consider that the

state of this atom has a Boltzmann distribution. The approximate relationship for the
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Figure 3.6: Centroid K-shell energy as a function of ionization state net for Si, S, Ar, and Ca.

Colors shows the several electron temperatures. These figures are derived from the AtomDB.
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Figure 3.7: Lya/Hea flux ratio as a function of ionization state nt for Si, S, Ar, and Ca. Colors

shows the several electron temperatures. These figures are derived from the AtomDB.

flux ratio (e.g., Fies/FHea) for each emission line is

Fhep

NHep

FHea

NHea
exp(_EHeﬁ/kTe)
exp(—Frea/kTe)
eXp(* 1/kTe)7

(3.12)

where npe, and nyes are the numbers of electrons transiting from one excited state to

a lower excited one for the Hea and Hef lines, respectively. To obtain the electron

temperature, the most direct method is to use the line flux ratio. In figures 3.8 and 3.9,

we show the He/Hea and Lya/Hea flux ratios as a function of the electron temperature
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for Si, S, Ar, and Ca, respectively.
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Figure 3.8: HeS/Hea flux ratio as a function of the electron temperature for Si, S, Ar, and Ca
in CIE state. This figure is derived from the AtomDB.
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Figure 3.9: LyfS/Lya flux ratio as a function of the electron temperature for Si, S, Ar, and Ca
in CIE state. This figure is derived from the AtomDB.






Chapter 4

X-RAY OBSERVATIONS OF
SNRS

At present, a total of ~300 SNRs are known in our Galaxy (Green, 2014). In the
LMC and SMC, the nearest irregular dwarf galaxies from us, 77 SNRs are also known
from multiwavelength observations (Badenes et al., 2010). Most of them were found by
radio and X-ray observations. SNRs have two merits for observing chemical abundances.
First, the radiation from SNRs is mainly from the optically thin hot plasma. Thus, we
can directly observe through the entire structures of SNRs. Second, we can observe SNRs
any time and as many times as we would like since they are luminous for typically over
10% yr, unlike SNe, which are bright for about a month. The progenitor type is one of the
most important pieces of information. However, often their type is still unknown. In this
chapter, we explain the X-ray observations of SNRs and the method of determining the

progenitor type using X-ray data.

4.1 Compact Objects

About 30% of X-ray-detected SNRs have been identified as CC SNRs. CC SNRs
are distinguished by their association with a compact object (neutron star or black hole)
because a neutron star or a black hole remains in the center of the SNR when a CC
SNR explodes as explained in § 2.1.2. The origin of the X-rays is synchrotron radiation
from a neutron star or its nebula. A highly magnetized and rapidly rotating neutron star
becomes a pulsar. The pulsar emits a powerful beam of electromagnetic radiation, which

can be observed from Earth. Also, a pulsar wind composed of charge particles accelerated

37
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by pulsar blows from a neutron star, which sweeps up the ISM around it. This form of
nebula is called a pulsar wind nebula (PWN). A typical PWN is the Crab nebula, which
was created in the year 1054 AD and is shown in figure 4.1. At the centre of the Crab

nebula, the pulsar emits pulses of radiation with a frequency of 33 Hz.

Figure 4.1: X-ray image of the Crab nebula and its pulsar. This figure is taken by Chandra.
This image shows dynamic rings, wisps, and jets around the pulsar. The inner ring is about one
light year across. Scale: square region is 2.24" across. Image credit: NASA/CXC/ASU/J.

4.2 X-ray Abundance

The general method used to determine the SN type is to examine the difference in
the abundance pattern between Type la and CC SNe as explained in § 2.1.1 and 2.1.2.
In this section, we introduce two SNR results for Type Ia and CC SNRs as examples.
N103B, one of the LMC SNRs, is one of the brightest known radio and X-ray sources.

The ASCA observation of this remnant shows strong emission lines of Si, S, Ar, Ca, and
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Fe, while the K-shell emission from O, Ne, and Mg is weak (Hughes et al., 1995). The
abundance pattern is consistent with the nucleosynthesis products of Type Ia (Nomoto
et al., 1984; Iwamoto et al., 1999). Lewis et al. (2003) confirmed that this SNR is Type
Ia from Chandra observations. As shown in figure 4.2, there are strong emission lines of
metals produced by Type Ia. On the other hand, figure 4.3 shows X-ray images and the
spectrum of SNR 0049-73.6. Emission lines of O and Ne were found in the spectrum of
the central nebula of SNR 0049-73.6 in the SMC (Hendrick et al., 2005). On the basis of
this ejecta composition, this SNR was identified as a CC SNR.
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Figure 4.2: (a) Chandra X-ray intensity map of N103B in the LMC. Linear scaling ranging
from 0 (black) to 75 (white) counts pixel~!. (b) Integrated spectrum. The main emission lines are
labeled. All figures taken from Lewis et al. (2003).

4.3 Morphology

Lopez et al. (2009, 2011) performed a systematic analysis of X-ray line emission mor-
phology with Chandra for young SNRs including Type Ia and CC SNRs. They carried
out a multipole statistical analysis of the X-ray surface brightness distribution of SNRs.
The circular asymmetry provides the normalized third moment, Ps/ Py, whereas the mir-
ror asymmetry of the emission gives large values for P,/ Py. Soft X-ray images of all the
analyzed SNRs are shown in figure 4.4. Figure 4.5 shows the results of a statistical anal-
ysis of the soft X-ray and Si XII emission images. Lopez et al. (2011) found that Type Ia
SNRs clearly occupy a different area of the plot from CC SNRs. The CC SNRs are sta-
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Figure 4.3: (a) Chandra X-ray image of SNR 0049-73.6 in the SMC. Color codes are red: 0.3—
0.7keV, green: 0.7-1.1keV, and blue: 1.1-3.0keV. (b) A gray-scale broadband image of this SNR.
(c) Best-fit models and residuals of X-ray spectra from Region 1 (black) and Region 2 (brown).
All figures taken from Schenck et al. (2014).
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tistically more elongated than the Type Ia SNRs. This result is helpful for understanding

the distinct explosion mechanisms and circumstellar material structures of Type la and

CC SNRs.

Figure 4.4: Chandra soft X-ray images (0.5-2.1keV) of 24 SNRs in our Galaxy and the LMC.
The cyan circles mark the full-band centroids of each SNR use in their method. Red and light blue
numbers denote Type Ia and CC SNRs, respectively. All figures taken from Lopez et al. (2011).
Note: (1)0509-67.5, (2)Kepler, (3)Tycho, (4)0519-69.0, (5)N103B, (6)G336.2-0.7, (7)DEML71,
(8)0548-70.4, (9)G272.2-3.2, (10)0534-69.9, (11)Cas A, (12)W49B, (13)G15.9+0.2, (14)G11.2—-
0.3, (15)Kes 73, (16)RCW 103, (17)N132D, (18)G292.0+1.8, (19)0506-68.0, (20)Kes 79, (21)N49B,
(22)B0453-685, (23)N206, (24)G344.7-0.1.

4.4 Property of Fe K-shell Emission

Yamaguchi et al. (2014a) suggested a new observational diagnostic to decide the pro-
genitor type and the constraint of the ambient medium density of SNRs using only Fe
K-shell emission. They analyzed the Suzaku observations of 23 young or middle-aged
SNRs and detected Fe Ka emission. As shown in figure 4.6, the centroid energy of Fe Ka
for each SNR clearly distinguishes CC SNRs from Type Ia SNRs. The Fe ejecta in the
CC SNRs are more highly ionized than those in the Type Ia SNRs. Since the selected
SNRs have similar ages and sizes, this large difference is related to the ionization state

due to the significantly higher ambient medium densities in the CC SNRs. Within each
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Figure 4.5: Results from a statistical analysis using line emission image with Chandra. Left:

The correlation of the mirror symmetry (P2/Fy) and the circular symmetry (Ps/P,) of the 0.5
2.1keV X-ray band for 24 SNRs in our Galaxy and the LMC. Right: The same plot, but using
only Si XII emission (~ 1.75-2.0keV) in the 17 SNRs dominated thermal emission. The red and
blue marks are Type Ia SNR and CC SNRs, respectively. SNR 0548-70.4 is in purple because of
its anomalous ejecta properties that make its type uncertain. All figures taken from Lopez et al.
(2011).

progenitor group, the Fe Ka luminosity and centroid are well correlated, with more lumi-

nous objects having more highly ionized Fe. The correlation in Type Ia SNRs is explained

by theoretical predictions based on SNR models obtained from Type Ia SN ejecta profiles

evolving in a uniform ambient medium density.
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Figure 4.6: Diagnostic for progenitor type using Fe Ka line with Suzaku. Left: Fe Ko centroid

energy as function of line luminosities of Fe Ka from various SNRs in our Galaxy and the LMC. This

plot corresponds to the effective charge state of Fe (Yamaguchi et al., 2014b). The color regions
indicate the theoretical predictions of Type Ia SNR evolution. Right: predicted Fe Ka parameters

for the various models of Type Ia SNRs evolving in a uniform ambient medium densities of 1x 1

0—24

(dotted), 2 x 10724 (solid), and 5 x 10724 gem =2 (dashed). These shaded regions are plotted in
this left figure (Yamaguchi et al., 2014a).






Chapter 5

INSTRUMENTS

5.1 Overview of the Suzaku Satellite

Suzaku (Mitsuda et al., 2007) is Japan’s fifth X-ray astronomy satellite, the successor
to the ASCA satellite (Tanaka et al., 1994). It was launched from JAXA’s! Uchinoura
Space Center on July 10, 2005, and put into an approximately circular orbit at ~ 570 km
altitude with an inclination of 31°. The orbital period is about 90 min. Figure 5.1 shows
schematic and side views of Suzaku. Its weight is 1.7 tons and its length is 6.5 m along the
telescope axis after deployment of an extensible optical bench (EOB). Suzaku is composed
of five collection mirrors (X-ray Telescopes, XRTs; Serlemitsos et al., 2007) and three
distinct types of soft and hard X-ray detecter; the X-ray Imaging Spectrometer (XIS;
Koyama et al., 2007), the X-ray Spectrometer (XRS; Kelley et al., 2007), and the Hard
X-ray Detector (HXD; Takahashi et al., 2007). Each XIS and XRS is placed in the focal
plane of a dedicated XRT.

!Japan Aerospace Exploration Agency
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Figure 5.1: Schematic view (left) and side-view (right) of Suzaku (Mitsuda et al., 2007).

Table 5.1: Suzaku performance (Mitsuda et al., 2007).

XRT  Focal length 4.75m
Field of view 17 (@ 1.5keV) / 13’ (@ 8keV)
Effective area 440 cm? (@ 1.5keV) / 250 cm? (@ 8keV)

Angular resolution 2’ (half power diameter, HPD)

XIS  Field of view (FoV) 17/8x17/8

Energy range 0.2-12keV
Pixel grid 1024x 1024
Pixel size 24 pmx 24 pm

Energy resolution =~ FWHM ~ 130eV (Q 6keV)
Effective area 330 (FI) & 370 (BI) cm? (@ 1.5keV)

(including XRT) 160 (FI) & 110 (BI) cm? (@ 8keV)

HXD Field of view (FoV) 34'x34’ (< 100keV) / 4°5x4°5 (> 100keV)

Energy range PIN: 10-70keV / GSO: 40-600 keV

The XIS performs imaging and spectroscopy with high energy resolution for the 0.5—
12keV soft X-ray band. The XRS is an X-ray microcalorimeter, which performs X-ray
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spectroscopy with the ultrahigh energy resolution of ~ 5eV. However, the XRS system
became inoperable about a month after the launch (on August 8, 2005) due to a serious
accident involving the loss of the liquid helium coolant, despite entering orbit. The HXD
has high hard-X-ray sensitivity in the 10-600 keV energy band without imaging. The HXD
sensor actually consists of two types: a GSO scintillator detector and PIN silicon diodes.
The detector capabilities are summarized in table 5.1. Below we introduce the XRT and

XIS in more detail.

5.2 X-ray Telescope (XRT)

There are five XRT (Serlemitsos et al., 2007) modules in Suzaku, which were devel-
oped jointly by NASA/GSFC, Tokyo Metropolitan University, Nagoya University, and
ISAS/JAXA. Figure 5.2 shows a photograph of the XRT without the thermal shield. A
schematic view of the XRT mounted on the Suzaku EOB is shown in figure 5.3. The
XRT is composed of Wolter I grazing-incidence reflection optics in which thin-foil conical
mirror shells are nested tightly with a total of 175 quadrant mirrors with a 40 cm aper-
ture. Incident X-rays are reflected twice by these mirror surfaces, which are arranged in a
parabolic and hyperbolic pattern, and concentrated on the detector within <~ 1°. The
focal lengths of the XRT are 4.75m for the XIS (XRT-I) and 4.5m for the XRS (XRT-S).
These high performances are achieved within the limited mass of < 20kg per telescope.

The effective areas per unit are typically 440 cm? at 1.5keV and 250 cm? at 8keV. The
field of view (FoV) for XRT-I is about 17’ at 1.5keV. The angular resolution of the XRT
is ~2' (half-power diameter, HPD). Figure 5.4 shows the dependence of the effective area
on the X-ray incident angle, called the vignetting effect. The effect was calculated by a

ray-tracing simulator and confirmed in the observation of the Crab nebula.

5.3 X-ray Imaging Spectrometer (XIS)

5.3.1 Overview

The XIS CCD systems were developed by Kyoto University, Osaka University, Mas-
sachusetts Institute of Technology, Rikkyo University, Ehime University, and ISAS?/JAXA.

The XIS, as shown in figure 5.5, employs X-ray-sensitive silicon charge-coupled devices

Institute of Space and Astronautical Science
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xRT1-02

Figure 5.3: Schematic view of the XRT
mounted
on the Suzaku EOB (Serlemitsos et al., 2007).

Figure 5.2: Photograph of the XRT without
the thermal shield (Serlemitsos et al., 2007).
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Figure 5.4: Vignetting of the four XRT-I modules using the measured data of the Crab nebula
in the two energy bands. The model curves (solid line) are simulated with a spectral model of
the Crab nebula (Serlemitsos et al., 2007). Black and red are the result of 3-6keV and 8-10keV,
respectively.
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(CCDs) and sets of four sensors, with each sensor having one CCD chip. Three of the
sensors (XIS0, XIS2, and XIS3) are front-illuminated (FI) CCDs and the other (XIS1) is
a back-illuminated (BI) CCD. Each CCD is composed of four segments (A, B, C, and D)

as shown in figure 5.6.
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Figure 5.5: Photograph and side-view of the XIS CCD (Koyama et al., 2007).
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Figure 5.6: Top view of the XIS CCD (Koyama et al., 2007).

Each CCD chip is composed of pixels of 24 x 24 ym?, which are arranged in an array
of 1024 x 1024 pixels. The size of the CCD is therefore 25 x 25 mm?. The depletion layer
of the FI CCD (~ 65 pm) is thicker than that of the BI CCD (~42 pm). The quantum
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efficiency at a high energy is higher for the FI CCD than for the BI CCD as shown in
figure 5.7. The XIS can detect the energy and position of incident X-rays in the energy
range of 0.2-12keV, which are coupled with the XRT. The FoV is 17/8 x 17/8, and the
effective area of the XIS including the XRT is shown in figure 5.8. The total effective area
of the four XRTs including the detector efficiency is shown in figure 5.9 and is compared
with that for other X-ray missions. The XRT is provided with imaging capability in the
0.2-12keV energy band.

For on-orbit calibration, we used two °°Fe calibration sources emitting a fluorescent
X-ray of a Mn K-shell line (Ka: 5.895keV). These sources are attached on the bonnet
wall of each sensor (figure 5.5(b)). Each camera has an optical blocking filter (OBF)
located above the imaging area to prevent the intrusion of optical and UV light into the
sensor. The OBF is made of aluminum and a polyimide film that is opaque to visible
light (< 5 x 107°) but transparent to X-rays (> 80% above 0.7keV). Thus, the former
has a better energy response and a lower background level, while the latter has superior
sensitivity in the soft X-ray band. XIS2 went out of operation on November 9, 2006,

caused by the impact of a micrometeorite.

— — 7T T T T T T T r T

—F1 (XISO)
- - BI (XIS1)

0.5
T
Effective orea (cm?)

Quantum Efficiency

1 L L

0 5 10 15 0.1 1,0 10,0
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Figure 5.7: Quantum efficiency of the XIS Figure 5.8: Effective area of the XIS including
as function of incident X-ray energy for FI the XRT for FI and BI CCD, respectively (Mit-

and BI CCD (Koyama et al., 2007). suda et al., 2007).

5.3.2 Basic performance

Even if monochromatic X-rays enter the XIS, the observed spectrum has a complicated
shape as shown in figure 5.10. This response to monochromatic X-rays is called the
“response function” and is measured mainly on the basis of ground calibration. The
response function used in the data analysis software XSPEC (Arnaud, 1996) is contained

in the response matrix files (RMFs), which were created with the xisrmfgen software



5.3. X-RAY IMAGING SPECTROMETER (XIS) 51

104 E T T T T T T T T
e e
- Lyr~ =~
1000 4
@ .
g /
— 100 ¢ - E
£ E
g N/ /
- /
é /
4 /
& 10 o —— XRT-1/XIS0+1+2+3 | 3
2 —— XRT-S/XRS
= — — — Newton—XMM/MOS1+2+PN
1L — — — Chandra/ACIS-1 '
2 — — — Chandra/ACIS—S \\
0.1 e e
0.1 1 10

Energy [keV]

Figure 5.9: The total effective area of the XRT-I combined to the XIS compared with that of
Chandra and XMM-Newton (Serlemitsos et al., 2007).

(Ishisaki et al., 2007).

Figure 5.11 shows the background rate of the XIS in the 0.5-10keV band. Those for
other X-ray missions, ASCA, Chandra, and XMM-Newton, which are normalized by the
effective area and by the FoV, are plotted for comparison in figure 5.11. The XIS has
the lowest background, which is the same as that for ASCA SIS, owing to a combination
of the lower orbit of Suzaku and the instrument design. At the Fe K-line energy (~6.4—
7keV), the XIS has the largest effective area with the lowest background, which makes it

an essential tool for the investigation of high-energy sources.

5.3.3 Radiation damage

When part of a silicon crystal in a CCD chip is microscopically damaged by radiation,
some of the charge is trapped there. This generally causes an increase in the dark current.
Therefore, the performance of the Suzaku XIS CCDs (energy gain and resolution) has
been gradually degrading since the launch as shown in figure 5.12. The damage increases
the charge transfer inefficiency (CTI). To reduce this effect, XIS team members utilize a
calibration source and charge injection. They monitor the time variability of the instru-
ment gain using °Fe sources. Each XIS CCD is equipped with charge injection capability,
which is useful for measuring and even suppressing the CTIL. These results have been used

for calibration of the data observed by Suzaku.
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Figure 5.10: The XIS response function to incident monochromatic X-ray. There are (1) main
peak, (2) sub peak, (3) triangle component, (4) silicon escape peak, (5) silicon fluorescent peak,
and (6) constant tail component (Koyama et al., 2007).
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Figure 5.11: Background count rate of XIS as a function of energy compared with that of
ASCA, Chandra, and XMM-Newton. The background rate was normalized to the same effective
area and the field of view (Mitsuda et al., 2007).
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Chapter 6

OBSERVATIONS

6.1 Target Selection

We should select suitable targets for systematic analysis to diagnose plasma states
and metal abundances using emission lines from the ‘spatially integrated’ spectra with
the Suzaku XIS as explained in § 5.3. A systematic X-ray study of Galactic SNRs is not
easy due to the large ISM absorption and the ambiguity of the source distance. Thus, we
focus on the SNRs in both Magellanic Clouds (MCs), the Large Magellanic Cloud (LMC)
and the Small Magellanic Cloud (SMC). The MCs are one of the nearest satellite galaxies
of our Milky Way. Figure 6.1 shows visible images of the LMC and SMC taken by the
Anglo-Australian Observatory. The LMC has dimensions of ~ 10°8 x 9°2, whereas the
SMC has dimensions of ~ 4°7 x 2°7. The disk of the LMC is tilted toward us such that it
appears that we are looking at it from above. The LMC and SMC are particularly suitable
for this systematic study owing to their low foreground extinction (Dickey & Lockman,
1990) because of their high Galactic latitude (LMC: —32°, SMC: —44°, Westerlund, 1990).
Figure 6.2 shows the locations of the MCs relative to our Galaxy. The absorption volume
toward the MCs is approximately two orders of magnitude lower than that toward the
Galactic center. Another merit of the SNRs in the MCs is that the distances to the SNRs
are regarded as the same as those to the LMC and SMC because the MCs have been
regarded as a thin flat disk (thickness: ~1.5kpc, Westerlund, 1990) seen nearly face-on.
The distances to the LMC and SMC have been measured to be 50 kpc and 60 kpc using
Cepheid variable stars, respectively (Westerlund, 1990). 77 SNRs are known to exist in the
MCs by multiwavelength observations from radio to X-ray, which have been catalogued

by Badenes et al. (2010). Although the angular resolution of Suzaku does not allow us to

95



56 CHAPTER 6. OBSERVATIONS

spatially resolve the SN ejecta in the MCs from the swept-up ISM, its excellent energy
resolution has enabled the clear separation of emission lines in the soft X-ray band. We

choose 20 SNRs observed by Suzaku. Table 6.1 gives a list of the MCs SNRs observed by

Suzaku.

Figure 6.1: Optical images of the LMC and SMC. All images taken by Anglo-Australian
Observatory.
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Figure 6.2: Locations of the LMC and SMC relative to our Galaxy.

6.2 Observation and Data Reduction

For data reduction, we used the HEAsoft version 16.6 software package. We utilized the
data with the 5 x5 and 3 x 3 editing modes. We reprocessed the data using the aepipeline
task with the latest calibration data released in May 2015. To exclude high-background
events, we removed time intervals corresponding to the South Atlantic Anomaly and the
elevation angles from the night and day of Earth of less than 5° and 20°, respectively. We
also utilized only events with grades of 0, 2, 3, 4, and 6 in the following spectral analysis.
Screening with an appropriate time interval, which was to obtain data for analysis from
raw data, was performed in accordance with the standard criteria to obtain the effective
exposures given in table 6.1. For each SNR, we extracted XIS spectra from a circular
region centered at the source with a radius of ~180”. The background spectrum was
extracted from an annular region surrounding the source with inner and outer diameters

of ~180"” and ~ 400", respectively. The parameters of the regions used for the source
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Table 6.2: Select region for spectral analysis.

99

Name source region background region

Position (J2000) radius () Position (J2000) outer/inner (")

R.A. Decl. R.A. Decl.
LMC SNRs:
0509-67.5 05209™33°  —67930™40° 180 05209™43°  —67932™m41° 422/180
0519-69.0 05219™37° —69402™19° 180 05719™44° —69402™15° 903x1039* /180
0534-69.9 05"34™01° —69454™22° 180 05"34™01° —69954™22° 453/180
0548-70.4 05%74™52% —70925™01° 180 05%74™52%  —70925™01° 432/180
N23 o5%05™46°  —67452m15° 180 05%05™48°%  —67456™38° 482/180
N49 05"26™02° —66404™36° 210 05"25™58°  —66405™09° 425/210
N49B 0525™29°  —65959™05°  253x347* 05"26™06°  —66904™21°  475/319%x479* 4231
N63A 05%35™m43% —66402™20° 180 0535™m38°%  —66402™24° 390/180
N103B 05208™55° —68443™18° 180 05208™35°  —68444™44° 390/180
N132D 05%24m58% —69439™33° 180 05125™06° —69438m43° 1020x1020* /270
DEM L71 05"05™46°  —67952m13° 180 05"05™48°  —67956™37° 482/180
DEM L238 05%34™m20° —70432™59° 210 0535™16° —70934™34° 440/240
DEM L249 05%36™13%  —70438™10° 120 0535™16° —70934™34" 440/285x380*
SN 1987A 05235m25° —69415m47° 180 05235m25% —69415m47° 480/180
B0532-71.0 05"31m59°  —71400™03° 180 05"31m59°  —71400™03° 526/180+274
B0532-67.5 05"32m23%  —67431™16° 150 05"32m23%  —67931™16° 360,/150
SMC SNRs:

E0102.2-7219 01P04™04° —72902™11° 240 01h04™02° —72401™52° 480,240
0103-72.6 01%05™03% —72423™19° 180 01%05™03% —72423™10° 420/180
0049-73.6 00%51™m09%  —73921™54° 180 00"51™10° —73921™42°  480/180+150x 3cycle
0104-72.3 o1to6™m17s  —72405™34° 270 o1t06™14® —72408™42° 470/270+247

*: The shape of the region is a box.

and background are listed in table 6.2. Figure 6.3 shows Suzeku XIS images of SNR
0534-69.9 for each detector with the source and background regions. We used several
different background regions and confirmed that there was no significant change in the
measured spectral parameters. We created XIS redistribution matrix files (RMFs) and
ancillary response files (ARFs) using the xisrmfgen and xissimarfgen tasks (Ishisaki
et al., 2007). The following spectral analysis was performed with the XSPEC software
version 12.8.2 (Arnaud, 1996).

6.3 Classification of SNRs

We categorize SNRs into two groups by their age, which is related to their evolution
stage. The borderline is set at ~ 10%yr, which is sufficient time for the reverse shock to

reach the SNR center and for all ejecta to be heated. The SNR age we use was obtained
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0.066 02 0.46 0.99 2.1 4.1 8.3 17 33

Figure 6.3: Each XIS image of SNR 0534-69.9 in the LMC (full energy bound). The color bar
shows the count rate. The slightly higher counts at the corner in the whole images are from the
calibration source, °°Fe. The size of SNR is a radius of ~ 57", which is regarded as a point source
with the Suzaku HPD.

All SNR in the LMC/SMC observed

by Suzaku
Age : <~10*yr > ~10* yr
11 SNRs 9 SNRs
(young SNR) (evolved SNR)

Figure 6.4: Classification scheme for our targets based on the SNR age.

in previous works as shown in table 6.1. Figure 6.4 shows the classification scheme for
our targets. We define eleven SNRs, all of which are “young”, whereas the other SNRs
are “evolved SNRs” in this thesis. Table 6.3 lists the SNRs grouped by our criterion. The
spectra of all the SNRs are analyzed, but we do not discuss those of the young SNRs;
because the plasma state in these SNRs is too complex, we cannot systematically study
the young SNRs. For the young SNRs, the spectral features and the results of analysis

are summarized in the appendix.
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Table 6.3: List of SNR we analyzed.
All SNRs in the LMC/SMC

(20 SNRs)
young SNR Evolved SNR
(under 10% yr) (over 10% yr)
0509-67.5 DEM L238
0519-69.0 DEM 1.249
N103B 0534-69.9
N132D 0548-70.4
N63A B0532-71.0
N49 B0532-67.5
N49B 0103-72.6
N23 0049-73.6
DEM L71 0104-72.3

SN 1987A
E0102.2-7219







Chapter 7

ANALYSIS AND RESULTS

7.1 Spectral Features

In this section, we analyze old SNRs defined as “evolved SNRs” in § 6.3. These SNRs
can also be categorized into two groups by their spectral features. Figure 7.1 shows the
typical wide-band spectra of SNR 0049-73.6 and DEM L249. We find that the spectral
features around 1keV are considerably different among the SNRs. The K-shell emission
of O, Ne, and Mg is clearly resolved in 0049-73.6, which is a feature of CC SNRs (see
§ 2.1.2). In contrast, the broad Fe L-shell emission is enhanced in DEM L249, which is a
feature of Type Ia SNRs (see § 2.1.1). The difference between the spectra is quantitatively
estimated by a uniform analysis procedure. We focus on the 0.5-3.0keV data in the
following spectral analysis since none of the SNRs show a significant signal above ~ 3 keV.
Here we perform unbiased spectral modeling, although the previous Chandra observations

revealed a degree of chemical inhomogeneity in some SNRs.

7.2 Model Fitting

7.2.1 One-temperature NEI model

We first fit the spectra with a single-component variable-abundance non-equilibrium
ionization (NEI) plasma model based on AtomDB ! version 3.0.2 using the vnei model in
XSPEC. The free parameters are kT, net, the normalization, and the abundances of O,
Ne, Mg, Si, S, and Fe, where kT, and n.t are the electron temperature and the ionization

parameter (n. and t are the electron density and the elapsed time since the gas was

"http://www.atomdb.org/index.php
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Figure 7.1: Background-subtracted XIS spectra. The black and red points are FI and BI CCDs,
respectively. The main emission lines are labeled.

heated by shock), respectively. The normalization is represented by 1014 /47 D? [ nenpdV
(ecm™3), where D, ny, and dV are the distance to the source from Earth, the hydrogen
density, and the volume element of the plasma, respectively. The emission measure (EM)
is defined by nengV (cm™3). For several SNRs, however, we fixed the O, Si, and/or
S abundances to the mean LMC/SMC ISM values of Russell & Dopita (1992) or Lewis
et al. (2003), respectively listed in tables 7.1 and 7.2, because otherwise the fit did not
converge. The abundances of the other elements were fixed to the mean LMC/SMC
values, except for Ni, whose abundance was tied to that of Fe. The interstellar extinction
was separately considered in the Galaxy and the MCs. The Galactic absorption column
density with the solar abundances was fixed at Ng’al' =6x10%"cm™2 on the basis of the
Galactic HI observations of Dickey & Lockman (1990). The other component (N3C) was
a free parameter, with the assumption of the LMC/SMC metal abundances (using the
vphabs model in XSPEC). Figure 7.2 and table 7.3 show the spectra fitted by a one-
temperature (1-k7.) NEI model and the spectral parameters, respectively. This model

and the assumptions yielded reasonable fits with y2 ~ 1.2-2.0.
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Table 7.1: Mean LMC ISM abundances.

Element  12+1ogN(X/H)% yc (X/H)rmc (X/H)L Xime/Xe
He 10.94 8.71 x 1072 9.77 x 1072 0.891
C 8.04 1.10 x 1074 3.63 x 1074 0.302
N 7.14 1.38 x 107° 1.12 x 1074 0.123
¢) 8.35 2.24 x 10~* 8.51 x 10~* 0.263
Ne 7.61 4.07 x 107° 1.23 x 1074 0.331
Na 5.83 6.76 x 1077 2.14 x 1076 0.316
Mg 7.08 1.20 x 107 3.80 x 107 0.316
Al 5.98 9.55 x 1077 2.95 x 1076 0.324
Si 7.04 1.10 x 107° 3.55 x 107° 0.309
S 6.70 5.01 x 1076 1.62 x 107° 0.309
Cl 4.76 5.75 x 1078 3.16 x 1077 0.182
Ar 6.29 1.95x 1076 3.63 x 1076 0.537
Ca 5.89 7.76 x 1077 2.29 x 1076 0.339
Cr 5.47 2.95 x 1077 4.68 x 1077 0.631
Fe 7.01 1.02 x 107 4.68 x 107 0.219
Co 4.41 2.57 x 1078 8.32 x 1078 0.309
Ni 6.04 1.10 x 106 1.78 x 1076 0.616
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* The reference is Lewis et al. (2003).

' The solar abundance table is from the angr model (Anders & Grevesse, 1989).
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Table 7.2: Mean SMC ISM abundances.

Element  12+logN(X/H)%y (X/H)smc (X/H)L Xsme/Xo
He 10.91 8.13 x 1072 9.77 x 1072 0.832
C 7.73 5.37 x 107° 3.63 x 10~* 0.148
N 6.63 4.27 x 1076 1.12 x 1074 0.038
0 8.03 1.07 x 1074 8.51 x 1074 0.126
Ne 7.27 1.86 x 107 1.23 x 1074 0.151
Na 5.96 9.12 x 1077 2.14 x 1076 0.426
Mg 6.98 9.55 x 1076 3.80 x 107° 0.251
Al 6.40 2.51 x 1076 2.95 x 1076 0.851
Si 7.03 1.07 x 107° 3.55 x 107° 0.302
S 6.59 3.89 x 1076 1.62 x 107° 0.240
Cl 4.70 5.01 x 1078 3.16 x 1077 0.159
Ar 5.81 6.46 x 1077 3.63 x 1076 0.178
Ca 5.69 4.90 x 1077 2.29 x 1076 0.214
Cr 5.10 1.26 x 1077 4.68 x 1077 0.269
Fe 6.84 6.92 x 1076 4.68 x 107° 0.148
Ni 5.85 7.08 x 1077 1.78 x 1076 0.398

* The reference is Russell & Dopita (1992).
T The solar abundance table is from the angr model (Anders & Grevesse, 1989).
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Figure 7.2: Suzaku XIS spectra of the MCs SNRs fitted with the 1-k7, NEI fit model. The
names of the SNRs are labeled in upper left of each figure. The lower panel shows the residual
from the best-fit model. The spectral parameters are listed in table 7.3. XIS FI and BI spectra are
represented with black and red, respectively. The best-fit models are indicated by the solid curve.
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7.2.2 Two-temperature NEI model

The 1-kT, model yielded reasonable fits with x2~1.2-2.0, but introducing a two-
temperature (2-kT,) NEI model resulted in significantly better fits for all the SNRs other
than 0104-72.3. Next, we employed the 2-kT, NEI model for spectral fitting. We al-
lowed kT, and net to vary independently in the two NEI components, but the elemental
abundances were linked between them. Typical electron temperatures of the high-kT,
and low-kT, components were 0.5-1.0keV and 0.2-0.3keV, respectively. The ionization
parameter of the low-kT, component was found to be very high (> 102 ecm™3s) in most
SNRs, suggesting that this component is almost in the CIE state (see § 3.1). In this case,
we fixed net to 1x10™ cm ™3 s, where the plasma is considered to be in the full CIE state.
Introducing a two-temperature NEI model resulted in significantly better fits for all the
SNRs other than 0104-72.3 as shown in figure 7.3. The 2-kT, NEI model best-fit param-
eters we obtained are given in table 7.4. Only in 0104-72.3 did the second component
with a free electron temperature fail to improve the fit at all. Nevertheless, we attempted
modeling with the two components by fixing the low-kT, value to 0.3keV to determine
the upper limit of the low-kT, emission measure. We also fitted the data of all the SNRs
assuming the LMC/SMC abundances for the low-kT, component, but the abundances of
the other component did not change significantly from the values listed in table 7.4.

The best-fit models and the residuals are shown in figure 7.3. In the first four spectra
(DEM L238, DEM L1249, 0534-69.9, and 0548-70.4), apparent disagreement between the
data and model can be seen at energies around 1.2keV. Given that large residuals are
found only in the Fe-rich remnants (see table 7.4), this feature is likely to be associated
with Fe L-shell emission. In fact, similar residuals were reported in a number of previous
works (e.g., Brickhouse et al., 2000; Yamaguchi et al., 2011), and interpreted as Fe L-
shell emission transitions from high quantum numbers (n > 5), which are missing from
the present plasma code. If we add a Gaussian to compensate for these missing lines,
the x?2 values are significantly reduced, but no change in the other best-fit parameters is

confirmed.
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Figure 7.3: Same as figure 7.2 for a fit with the 2-kT, NEI model. The fit parameters we obtain

are given in table 7.4.
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Chapter 8

DISCUSSION

We performed systematic studies of the nine evolved SNRs in the MCs using the
spatially integrated spectra of the Suzaku XIS with the uniform data reduction and spectral
modeling described in § 7.1. Despite the simplicity of our spectral modeling, we have been
able to obtain reasonable fits and constraints on the elemental abundances of individual
heavy elements. We found a significant variation in the chemical abundance pattern
among the objects. In this section, we first give a brief summary of preceding works for
comparison with our results, and then identify the best spectral feature to discriminate
the progenitor type of the evolved SNRs (without spatially resolved analysis). Finally, we
discuss the future outlook for the ASTRO-H and Athena X-ray missions on the basis of

this analysis method.

8.1 Brief Summary of the Preceding Works and Our Results

8.1.1 DEML238 & DEM L249

Both SNRs were studied in detail with the Chandra and XMM- Newton X-ray satellites
by Borkowski et al. (2006). Using the Chandra high-resolution data, they revealed that
prominent Fe L-shell emission dominates the spectra from the SNR center, which suggests
an SN Ia origin for both SNRs. Our analysis also confirms enhanced Fe abundances,
whereas the abundances of the lighter elements (i.e., O, Ne, and Mg) are comparable to
the mean LMC values. On the other hand, the ionization parameters we obtained (for
the high-kT, component) are significantly an order of magnitude less than the previous

measurements by Borkowski et al. (2006).
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8.1.2 0534-69.9 & 0548-70.4

The first detailed studies of these SNRs were made by Chandra observations (Hendrick
et al., 2003). Similarly to DEM L238 and DEM L249, the SNR center spectra indicate
strong Fe L-shell emission. The Balmer-dominated optical spectra of 0548-70.4 also sug-
gest its SN Ia origin (Smith et al., 1991, 1994). However, the O/Fe number ratio observed
in this SNR is comparable to or higher than the mean LMC value (Hendrick et al., 2003),
which is unusual for SN Ia ejecta composition. As their interpretation, they considered
two scenario. One is that O is located in denser ejecta than Fe. The other is that they
overestimated the electron temperature owing to the existence of unshocked Fe, which may
still remain in the center. Our results confirm the strong Fe L-shell emission and reveal
that the O/Fe ratio is significantly lower than in the previous measurement allowing us to

reasonably conclude that it is as an evolved Type Ia SNR.

8.1.3 B0532-71.0

This SNR is associated with the HII region N206 in the LMC, and thus is sometimes
called “the N206 SNR”. An elongated radio emission area can be observed between the
SNR center and the east rim (Klinger et al,, 2002). A non-thermal X-ray emission is
associated with this feature, suggesting the presence of a pulsar wind nebula and hence a
CC origin of this SNR (Williams et al., 2005). Abundance measurements were made by
Chandra and XMM-Newton observations (Williams et al., 2005). Our results are basically
consistent with those of Williams et al. (2005).

8.1.4 BO0532-67.5

The only preceding study of this SNR was performed by ROSAT (Haberl & Pietsch,
1999). Although XMM-Newton has also observed this SNR, the result is still unreported.
We therefore also analyzed the XMM-Newton image, determining its angular size as given
in table 6.1. An X-ray spectrum with sufficient photon statistics has been obtained by
Suzaku (i.e., this work) for the first time.

8.1.5 0103-72.6

This SNR is located within the HII region DEM S125 in the SMC (e.g., Filipovic
et al., 1998), which implies its massive-star origin. The ASCA observation of this SNR
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confirmed its elevated metal abundances (Yokogawa et al., 2002), but the detailed chemical
composition was not well constrained. The subsequent Chandra observation spatially
resolved the central ejecta from the swept-up ISM shell (Park et al., 2003a). The center
spectrum indicates overabundances of O and Ne, consistent with the CC scenario. Our
measurement also confirms enhanced Ne abundance even in the integrated spectrum of

the entire SNR.

8.1.6 0049-73.6

This SNR is the one of three brightest X-ray SNRs in the SMC. A spatially resolved
spectral analysis was performed in detail with Chandra (Hendrick et al., 2005). The bright
interior regions are dominated by O- and Ne-rich ejecta, suggesting a CC origin for this
SNR, but the progenitor mass of = 40 M was ruled out from the lack of a large stellar-
wind bubble (which is expected for a very massive star). In addition, the latest Chandra
measurement indicates out small metal-rich ejecta features extending to the outside, and
the Si-rich material is highly structured (Schenck et al., 2014). They suggested that this
SNR was produced by an asymmetric core-collapse explosion of a ~ 13—-15 M, massive star.
Similarly to 0103-72.6, we confirm high abundances of Ne from the spatially integrated

spectral data, whereas the Fe abundance is comparable to the mean SMC value.

8.1.7 0104-72.3 (a.k.a. IKT 25)

The progenitor type of this SNR in the SMC has been controversial. Using XMM-
Newton data, van der Heyden et al. (2004) revealed an overabundance of Fe, and hence
proposed an SN Ia origin. This was supported by a later Chandra observation by Lee
et al. (2011). However, using higher-statistics Chandra data, Lopez et al. (2014) found
that the measured Ne/Fe abundance ratio is consistent with an aspherical CC SN of a
massive progenitor. They therefore proposed that this SNR arose from a jet-driven bipolar
SN explosion. The star formation history at the periphery of this SNR also supports the
CC scenario. Our analysis indicates a high Ne/Fe ratio, supporting the latest Chandra
measurement by Lopez et al. (2014). This will be discussed in more detail in the following

subsections.
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8.2 Classification of SNRs with the Fe/Ne Abundance Ratio

As described above, we have confirmed the abundance enhancement of either Fe or
lighter elements (i.e., O, Ne, and Mg) in most SNRs. For each, the progenitor type
inferred from the abundance pattern agrees with the previous conclusions achieved by
spatially resolved analysis with Chandra. This indicates that the integrated X-ray spectra
of old (and thus ISM-dominant) SNRs are still contributed to by the SN ejecta and thus can
be used to discriminate the progenitor types with simple, unbiased spectral modeling. It
should be noted that the ASCA observations of the middle-aged Magellanic SNRs (Hughes
et al., 1998) did not indicate significantly elevated metal abundances, although the soft
X-ray luminosities of their targets (Lo5_5kev = 1036-37 erg sfl) were one or two orders of
magnitude higher than those of our samples (see table 7.4). Therefore, spectral sensitivity
(i.e., effective area and energy resolution) is essential for precise progenitor determination,

particularly for X-ray faint SNRs.

The most prominent difference in spectral features among the nine SNRs (figure 7.3)
can be seen around 1keV, where either Fe L-shell or Ne K-shell emission is dominant.
In figure 8.1, we plot the measured Fe and Ne abundances (relative to H) for each SNR,
clearly separating the remnants into the two distinct groups. Given this fact, we propose
the Fe/Ne mass ratio as the best quantity to distinguish the progenitor type of evolved
SNRs (especially when a spatially resolved spectrum is unavailable). The merit of this ratio
is also justified from the theoretical viewpoint. First, Fe and Ne are the major products
of Type Ia and CC SNe, respectively. Second, measurements of their abundance ratio are
hardly affected by foreground extinction or the electron temperature of plasmas because of
the similar transition energies of the Fe L-shell and Ne K-shell emission. Figure 8.2 shows
the Fe/Ne mass ratio as a function of the SNR radius. All the values are significantly

different from the mean LMC/SMC values for most SNRs.

We verify here that the measured mass ratios make sense by comparing them with the-
oretically expected values in which the ISM contribution is taken into account. The total
observed mass of Fe and Ne can be divided into those of the ISM and ejecta components

as
MFe . MISM,Fe + Mejecta,Fe
MNe MISM,Ne + Mejecta,Ne

(8.1)

Assuming a uniform ambient density of ng, the Fe (and similarly Ne) mass in the ISM
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Figure 8.1: The relation of measured abundances of Fe and Ne for the SNRs in the LMC (circles)
and the SMC (squares). Red and blue represent candidates of Type Ia and CC SNRs, respectively.
The dash line indicate that the abundance of Ne is equal to that of Fe. (Takeuchi et al., 2016)

component is calculated as

NFe
Mism,re = mpe - o ( ) - VaNr
"H / LMC

NEe 4 3
= MFe-MN — -TR s
Fe 0 <nH )LMC <3 SNR>

where mype, (nre/nu)LMmc, and Vg are the mass of a single Fe atom, the mean Fe/H

(8.2)

number ratio of the LMC (Russell & Dopita, 1992, see table 7.1), and the SNR volume,
respectively. For ng, we consider various values in the range between 0.1 cm ™2 and 10 cm™3.
The assumption of uniform ambient density should be valid for most Type Ia SNRs (e.g.,
Badenes et al., 2007; Yamaguchi et al., 2014a). A massive star such as a red supergiant
(RSG), on the other hand, usually explodes in circumstellar matter (CSM) formed by its
own pre-explosion stellar wind. However, given a typical wind velocity (~10kms~!) and
length of the RSG stage (~ 10° yr), the CSM contribution should be significant only up to
a few parsecs (e.g., Dwarkadas, 2005), and thus the swept-up mass of the evolved SNRs

should be dominated by the pre-existing ISM. The metal masses of the ejecta component
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Figure 8.2: Fe/Ne mass ratios as a function of the SNR radius. The mean LMC and SMC
mass ratios are indicated as dashed lines. The solid curves show the theoretical mass ratios, where
both ISM and ejecta contributions are taken into account (see text for more details). For the
ISM component, uniform ambient densities (ng) of 0.1-10cm™2 are assumed. The metal masses
of the SN Ia ejecta are assumed to be those of the WDD2 model (Iwamoto et al., 1999). For the
CC SNRs, we use the values predicted by Kobayashi et al. (2006) for various progenitor masses
between 13 Mg and 40 Mg with a metallicity of Z = 0.004. (Takeuchi et al., 2016)
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Figure 8.3: Confidence contour for the abundance ratio of Fe to Ne determined from the spec-
trum of 0104-72.3. Black, red, and green contours are given for confidence levels of 68%, 90%, and
99%, respectively. (Takeuchi et al., 2016)

are taken from the literature values of Iwamoto et al. (1999) and Kobayashi et al. (2006)
for SNe Ia and CC SNe, respectively. The calculated mass ratios as a function of the SNR
radius are shown as the solid curves in figure 8.2. We confirm that most SNRs (both Type

Ia and CC) are in good agreement with the theoretical curves.

More specifically, the mass ratios observed in the Type Ia SNRs DEM L238 and
DEM L249 suggest their low ambient density (< 1em™3), roughly consistent with the
previous measurements (Borkowski et al., 2006). On the other hand, the SNR 0548-70.4
requires a relatively high density (~10cm™3), which is unusual for the LMC ISM. This
implies that part of the Fe ejecta is still unshocked or forms a low-density plasma as ex-
plained in § 8.1. According to the theoretical curve for CC, several CC SNRs require a
high progenitor mass. However, the absolute Fe ejecta mass of a CC SN is sensitive to a
“mass cut” and is thus known to be somewhat uncertain. In fact, we find that some other
CC SN models (e.g., Thielemann et al., 1996) predict significantly lower Fe/Ne mass ra-
tios for any progenitor mass. For 13 My, (Mpe/Mne)ej. ~ 0.05. Moreover, our abundance
measurements are based on phenomenological analysis with simple spectral modeling. We
caution, therefore, that a plot such as figure 8.2 should not be used to accurately determine
the progenitor mass of CC SNRs, although it is definitely useful for immediate SN-type

discrimination.

The spectrum of SNR 0104-72.3 is somewhat peculiar. Despite no obvious feature of
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Figure 8.4: Density-weighted electron temperature as a function of the SNR radius. The solid
curves indicate the relationship obtained from the Sedov solution with Es;/ng = 0.1 (blue), 1
(red), and 10 (green), where Ej; is the SN explosion energy in the unit of 10°! erg.

Ne K-shell emission, the derived Fe/Ne ratio is similar to those of the other CC SNRs. As
presented in figure 8.3, we show confidence contours for the abundance ratio of Fe to Ne,
which is almost consistent with the previous measurements by Lopez et al. (2014). Unlike
the other eight SNRs, 0104-72.3 does not require 2-k7T, components to fit the spectrum,
but we confirm that an additional low-kT, component (with a fixed temperature in the
0.1-0.3keV range) does not change the Fe/Ne abundance ratio significantly. It is worth
noting that the fitting results of 0104-72.3 (figures 7.2 and 7.3) show no residuals around
1.2keV, which are commonly seen for the other Type Ia SNRs. This might be another

piece of evidence for a low Fe abundance.

8.3 Electron Temperature Trend

Finally, we plot in figure 8.4 the density-weighted electron temperature (k7;) for each
SNR as a function of the SNR radius, which is calculated as

\ EMhigh X kTe,high + v EMIOW X kTe,low

kT, =
¢ VEMuigh + vVEMigy

(8.3)
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The Sedov solution (see § 2.3.3) gives the following relationship between the electron

temperature and the SNR radius:

ir =056 (B2) (B ) ey, (8.4)
(%) (o)

no 10 [pc]

where Es; is the SN explosion energy in the unit of 105 erg. The solid curves in figure 8.4
indicate this relationship for various combinations of F5; and ng. Although this is a rough
estimate, we can safely rule out the case of F51/ng < 0.1 (i.e., a very low energy explosion
and/or a very high ambient density). According to the figure, DEM L238, DEM 1249,
B0532-71.0, and the three SMC CC SNRs should have evolved in the low-density ISM
(no ~ 0.1cm™3), as long as they had a normal explosion energy of ~ 103! erg. This is
consistent with the conclusion from the observed Fe/Ne mass ratios (figure 8.2) and/or
the previous claims (Borkowski et al., 2006; Williams et al., 2005; Park et al., 2003a;
Hendrick et al., 2005). On the other hand, the parent SNe of 0534-69.9 and 0548-70.4
may have been low-energy Type Ia explosions if they have a similar low ambient density.

This is also consistent with previous works (Hendrick et al., 2003).

8.4 Future Prospects

In this work, we have proved that the Fe/Ne mass ratio determined from a spatially
integrated soft X-ray spectrum of an evolved SNR clearly discriminates its progenitor
type when combined with sufficient energy resolution of the detector. ASTRO-H, the
sixth Japanese X-ray Astronomy Mission, was launched in February 2016, and will enable
the first high-resolution spectroscopy for greatly extended sources. The evolved Magellanic
SNRs are suitable targets for this mission, because the typical spatial extent of the sources
is too large to be observed with a grating spectrometer but is still smaller than the field
of view of the Soft X-ray Spectrometer (SXS) aboard ASTRO-H (3'x3': Takahashi et al.,
2014). The performance of the ASTRO-H SXS compared with that of Suzaku is listed in
table 8.1.

Figure 8.5 (a) shows simulated SXS spectra of SNR 0104-72.3 with an exposure of only
25 ks, where we assume our best-fit model (black) or the Fe/Ne abundance ratio reported
by Lee et al. (2011) (red). The two cases (i.e., CC and Type Ia) can easily be distinguished
with this short exposure time since the strong Lya emission is only expected for the CC

scenario. For the other ‘normal’” SNRs, such as DEM 1,249 and 0103-72.6, we can resolve
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Figure 8.5: (a) Simulated spectra of SNR 0104-72.3 in the 0.8-1.1keV band for observations

with the SXS aboard ASTRO-H. We use parameters of our best-fit model (table 7.4) and the Fe/Ne
abundance ratio reported by Lee et al. (2011) for the red and black data points, respectively. The
assumed exposure time is only 25ks for both cases. We can easily distinguish the two cases with

this short exposure.

(b) Simulated SXS spectra of DEM L249 (black) and 0103-72.6 (red) with

the assumed exposures of 10ks and 5 ks, respectively. (Takeuchi et al., 2016)
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Simulated spectra of SNR B0532-71.0 (red) and SNR 0548-70.4 (black) which

are relatively dominated by ISM component. The energy range is in (a) the 0.8-1.1keV and (b)
0.5-2.0keV. The left plot (a), linear scale, is the zoom of the bluish center part of right plot (b),
The type of these SNRs can be marginally

log scale.
distinguished by Fe XVII and Fe XX lines.

The assumed exposure time is only 30ks.
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Table 8.1: Parameters of future X-ray mission instruments.

Satellite Suzaku ASTRO-H* Athena!
Parameter XIS (FI) SXS X-TFU

Detector technology X-ray CCD microcalorimeter microcalorimeter
Field of View 17/8 x17!8 ~3'x3 goal 7'

Angular resolution  1/8 (HPD) <1!3 (HPD) goal 3" on-axis
Energy range 0.2-12keV 0.3-12keV 0.3-12keV

Energy resolution 150eV @ 6keV <T7eV goal 1.5eV
Effective area 340cm? @ 1.5keV  160cm? @ 1keV  goal 2.5m?@ 1keV

350cm? @ 8keV  210cm? @ 6keV  goal 0.3m? @ 6keV

* Reference: Takahashi et al. (2014)
T Website :http://www.the-athena-x-ray-observatory.eu. Reference: Barret et al. (2015)

Figure 8.7: Left: Location map of the M31 SNRs superposed on a star-subtracted Ha image of
M31. SNRs are plotted as blue and red points. Right: Same as left figure, but for M33 SNRs. All
figures taken from Jennings et al. (2014).
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the key spectral features with an even shorter exposure time (5-10ks) as demonstrated in
figure 8.5 (b). The simulated spectra for the case of SNRs in which the ISM contribution
is relatively large (e.g., B0532-71.0 and 0548-70.4) are shown in figure 8.6. We can
marginally distinguish the progenitor type from the Fe XVII and Fe XX lines even for
these SNRs. Therefore, a systematic study of evolved SNRs is promising for ASTRO-H.
In addition, Athena has been proposed as the next X-ray observatory for the European
Space Agency (ESA) science mission, which is scheduled to be launched in 2028. The
performance of the microcalorimeter called the X-ray Integral Field Unit (X-IFU) onboard
Athena is greater than that of the ASTRO-H SXS (see table 8.1). Also the Athena mission
is expected to have a ~ 100 times larger effective area than ASTRO-H, compensating for
the decrease in flux due to the large distance to the outer galaxies. Furthermore, because of
the large distance to the SNRs and the high spatial resolution of the X-ray mirror, multiple
SNRs can be detected in the observation and resolved with a single pointing observation.
As a concrete example, M31, the closest spiral galaxy, known as the Andromeda galaxy,
is a distance of ~750kpc. In the optical band, the Hubble Space Telescope discovered
86 SNRs in M31 and 33 SNRs in the M33 galaxy (second closest spiral galaxy, distance:
~900kpc; Jennings et al., 2012) and obtained location maps of the combined M31 and
M33 SNRs as presented in figure 8.7. In the X-ray band, the XMM-Newton EPIC (CCD
camera) has so far detected 15 SNR candidates in M31. This observation image of M31
is shown in figure 8.8. Assuming SNRs with radius of 10 pc in M31, their angular size
is estimated to be ~3”. Owing to its sufficient angular resolution, Athena will be able
to detect these SNR candidates, which are observed similarly to a point source. Athena
will be able to observe some SNR candidates in M33 with a typical angular size of ~2!5.
Athena will also allow us to perform similar studies on SNRs in closer galaxies. Thus, the

study will help to understand the detailed chemical evolution in an entire spiral galaxy.
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Chapter 9

CONCLUSION

We have performed a systematic analysis of the SNRs in the LMC and SMC to establish
a new observational diagnostic using high-energy-resolution spectra. The important results

are summarized as follows:

e We have presented a systematic analysis of nine SNRs in the Magellanic Clouds
(DEM 1238, DEM L.249, 0534-69.9, 0548-70.4, B0532-71.0, B0532-67.5, 0103-72.6,
0049-73.6, and 0104-72.3) observed with the Suzaku XIS. These are all evolved SNRs
with an age of = 10,000 yr; thus, their integrated X-ray spectra in the soft X-ray band
are dominated by the swept-up ISM. Nevertheless, we confirm clear signatures of the

ejecta from all the observed targets.

e The Fe/Ne mass ratio derived from our simple unbiased spectral analysis clearly
discriminates the progenitor types. DEM L238, DEM L1249, 0534-69.9, and 0548-
70.4 are classified as Type Ia remnants, while the other five are classified as CC
SNRs; all these results are consistent with the previous Chandra results based on
spatially resolved analysis. Since the Fe L-shell and Ne K-shell lines have almost
the same energy range, measurements of their mass ratio are hardly affected by
foreground extinction or the plasma temperature—this is a noteworthy advantage

of this simple diagnostic.

e This analysis not only strengthens (or competes with) the previous classification
made using Chandra but also identifies a key spectral feature that immediately
distinguishes the SN type. This result should be useful for the future spectroscopic
analysis of other galaxies. High-resolution spectroscopy using ASTRO-H/SXS will
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resolve the key spectral features much more clearly with a very short exposure,
enabling robust systematic studies of the Magellanic Sedov-phase SNRs. This will

allow us to understand the recent chemical evolution in other galaxies in more detail.



Appendix A

ANALYSIS OF YOUNG SNRS

A.1 Spectral Features

We analyze young SNRs, as defined in § 6.3. Figure A.1 shows the wide-band XIS
FI and BI spectra of all young SNRs. The spectra of the two or three FI sensors were
merged to improve the statistics because their response functions were almost identical.
As shown in figure A.1, the K-shell emission of O, Ne, Mg, Si, S, Ar, Ca, and Fe, and/or
the Fe L-shell emission are clearly separated in most spectra. Also, we detect the weak
emission of iron-group elements (e.g., Cr, Mn, and Ni) in some spectra. On the other hand,
some SNRs have no prominent lines above ~2keV. Since these spectra below 1.7keV are
dominated by Fe-L emission lines, we divided these spectra into two energy ranges: 0.5—
1.7keV for the lines of Ne and/or Fe L-shell and 1.7-9.0keV for the K-shell emission lines

of Si, S, Ar, Ca, and Fe. Below we focus on each energy range.
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Figure A.1:

are subtracted.
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Suzaku XIS spectra of the young LMC/SMC SNRs, where the background spectra
The black and red data points represent the XIS FI and BI CCDs, respectively.
The main emission lines are labeled in N103B and N132D.
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A.2 Model Fitting

A.2.1 Two-temperature NEI model

To analyze these spectra around 1keV and discuss the Fe and Ne abundance, we
attempt to fit the 0.5-1.7keV data by the 2-kT, NEI model, the same model as used for
the evolved SNRs (see § 7.2.2). The best fit-model components and parameters are given in
figure A.2 and table A.1, respectively. This model fails to reproduce the overall spectrum
with an unacceptable x2 > 2.80 other than for SN 1987A. In a young SNR, the reverse
shock is still propagating toward the center of the ejecta. Because of different elapsed
times from the shock passing through the element, the plasma state differs according to
the location, making the plasma state very complex in a whole SNR. Thus, this method
using the 2-kT, NEI model cannot be adapted to these young SNRs. We need to fit these
spectra with a model base on multiple temperatures and the ionized state instead of the

2-kT. NEI model, which will not be attempted as part of this thesis.
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Figure A.2: Suzaku XIS spectra of the young MCs SNRs fitted with the 2-kT, NEI fit models.
The names of the SNRs are labeled in upper left of each figure. The lower panel shows the residual
from the best-fit model. The spectral parameters are listed in table A.1. The black and red data
points represent the XIS FI and BI CCDs, respectively. The best-fit models are indicated by the
solid curve.
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A.2.2 Single Gaussian model

For a systematic analysis above ~1.7keV, we focus on prominent emission lines to
determine each line parameter and plasma state. This method was inspired by previous
research using Fe Ka emission (see § 4.4 and Yamaguchi et al., 2014a). Six of the young
SNRs have clear K-shell emissions of not only Si but also S, Ar, Ca, and Fe. Hereafter,
we consider only these six SNRs: N103B, 0509-67.5, 0519-69.0, N49, N63A, and N132D.
We used only the FI sensor data. The spectra of the FI sensors were merged to improve
the statistics. In SNRs 0509-67.5 and N132D, moreover, the spectra of other observation
IDs were merged.

We fitted these 1.7-9.0keV spectra with a phenomenological model. This model we
used is the absorbed continuum component(s) plus 25 Gaussian components for emission
lines. We name this model the “single Gaussian model ", since a single Gaussian is applied
to each line. The continuum emission originates from non-thermal synchrotron radiation,
thermal bremsstrahlung radiation, and their combination. To estimate the continuum
component, we assume the following four models:

(1) a power-law model,

(2) a bremsstrahlung model,

(3) a power law + bremsstrahlung model,

(4) a two-bremsstrahlung model.
Twenty of the Gaussians represent the Heaw (n = 2 — n = 1 transition in He-like ion),
Hef (1s3p — 1s? transition in He-like ion), Hey (1s4p — 1s? transition in He-like ion),
Lya (n =2 — n =1 transition in H-like ion), and Ly (3p — 1s transition in H-like ion)
emission lines of Si, S, Ar, and Ca. The other five Gaussians represent the Ko emission
lines of Fe, Cr, Mn, and Ni, and the K emission line of Fe.

In the fitting, the free parameters were the line centroid, width, and flux of the promi-
nent Hea lines of Si, S, Ar, and Ca and the Hef lines of Si, and S, and K« of Fe. Because
the other lines are too weak, their energies were fixed to the energy difference from the
Hep line of the same element. For Cr, Mn, and Ni, however, we fixed the energy difference
as that from Fe Ka. We used the energy difference from AtomDB in the fitting. The line
widths were fixed to that of the Hef line of the same element. The intensities of the promi-
nent lines (e.g., Hea, He, and Lya) were not fixed. For other lines, we fixed the intensity
ratios (e.g., Hey =0.3xHefBand LyS =Hef/Hea x Lya, tentatively assuming kT, = 1keV
and net= 10" cm™3s, typical values for SNR N103B. Lewis et al., 2003). The limits of
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Table A.2: List of parameter conditions for the gaussian models.

Element line energy (keV) width (eV) intensity
Si Hea 1.82 — 1.88 free free
Hep 2.16 —2.20 free free
Hey =Si Hep+0.111 =Si Hep = 0.3xSi Hep
Lya =Si Hef—0.177 =Si Hep free
Lys =Si Hef+0.194 =Si Hef  =Hef/Hea X Ly«
S Hea 2.42 — 2.48 free free
Hep 2.84 — 2.90 free free
Hey =S Hep+0.149 =S Hep = 0.3xS Hep
Lya =S HeB-0.261 =S Hef free
Lys =S Hes+0.223 =S He  =Hef/Hea x Ly«
Ar Hea 3.00 — 3.17 free free
Hef =Ar Hea+0.561 =Ar Hea« free
Hey =Ar He$+0.190 =Ar Hea = 0.3xAr Hep
Lya =Ar He$—0.362 =Ar Hea free
Ly =Ar Hef+0.251 =Ar Hea =Hef/Hea x Ly«
Ca Hea 3.68 — 4.00 free free
Hes =Ca Hea+0.561 =Ca Hex free
Hey =Ca Hep+0.190 =Ca Hea = 0.3xCa Hep
Lya =Ca Hef5—0.362 =Ca Hea free
Ly =Ca He+0.251 =Ca Heaw =Hef/Hea x Ly«
Cr Ka 5.40 — 5.75 =Fe Ka free
Mn Kp 5.88 —6.10 =Fe Ka free
Fe Ko 6.40 — 7.00 free free
Kg 7.06 — 7.60 =Fe Ka free
Ni Ka 7.46 — 7.80 =Fe Ka free

the Gaussian parameters are summarized in table A.2. The Galactic and MC absorption
column densities were set to those in model in § 7.2, with the same conditions applied. We
fitted the spectra of the six SNRs using the four models. Individual components of the
best-fit models for the six SNRs are shown in figures A.3—-A.8, and the best-fit parameters
of all the fits are listed in tables A.3-A.8. We attempted a systematic study of young
SNRs using line emission parameters but, unfortunately, we cannot find clear evidence of

behavior distinguishing each progenitor type (Type Ia and CC SNR).
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Figure A.3: The fitting results of SNR N103B for four type models.
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Figure A.4: The fitting results of SNR 0509-67.5 for four type models. The color lines represent

the emission lines of each metal.
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Figure A.5: The fitting results of SNR 0519-69.0 for four type models.
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Figure A.6: The fitting results of SNR N63A for 4 type models.
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Figure A.7: The fitting results of SNR N49 for 4 type models.
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Figure A.8: The fitting results of SNR N132D for 4 type models.
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