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Abstract

Type la supernovae are the main factory of iron-group elements in space and important
probes to measure the distance to distant galaxies as “standard candles” thanks to the
uniformity of their light curves. However, the origin of these supernovae is proposed to
have some diversities: whether the counterpart of the parent binary is a non-degenerate
star (single degenerate scenario) or another white dwarf (double degenerate scenario)?
This makes differences of the process toward the explosion and affects the properties of
its supernova as the production mass of iron-group elements. One of the main differences
after the explosion in each scenario is the existence of the dense circumstellar media in
addition to pre-existing interstellar media. The single degenerate origin supernova leaves
remaining accreting matters or blown off out-layer of the counterpart, in addition to the
ejected materials.

The X-ray observation of the remnant object of supernovae (supernova remnants) is
one of the powerful methods to search such circumstellar media. In addition to the direct
detection of emissions from them, the kinematics of the ejecta can also help us. Their
dynamics must be inhibited by such a dense environment they feel. The supernova ejecta
emit characteristic X-rays after being heated by shocks up to ~107 K. By measuring the
Doppler velocity of emission lines, we can estimate the line-of-sight velocity structure of
the ejecta. Using this information, we approach the interaction of the ejecta and the
environment.

In this thesis, we choose two young type la supernova remnants in the ejecta dominant
phase, named Kepler and Tycho. The former one is reported with strong X-ray emission
from the dense circumstellar media. The high-resolution spectroscopy by a grating detec-

Lin our side and the shrinkage of

tor shows the deceleration of ejecta with ~1,000 km sec™
the kinematics at the central torus. The latter one is not reported with any X-ray emission
from both circumstellar and interstellar media. Our spatially resolved X-ray spectroscopy
by CCD detectors shows, on the other hand, its deceleration with ~2,500 km sec™! in the
all azimuth angle of this remnant.

Both of our results suggest the existence of the circumstellar media in each supernova
remnant, which supports the single degenerate scenario for their origin. The difference in
the X-ray morphology could be due to the timing of the interaction or their production

mechanism.
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Chapter 1

Introduction

A supernova, the explosion at the moment of the death of a star, is one of the most
energetic phenomena in the universe. Supernovae play an important role for humanity as
a factory of “heavy” elements. Baryonic matter distributed to interstellar space mostly
consists of hydrogen and helium, and other heavier elements have mainly been generated
in the core of stars by nuclear fusion processes. Although recent studies have revealed
significant contributions of neutron-star mergers for r-process elements, elements up to
the iron group are still thought to be mainly produced at the supernova explosions.
Supernovae are the only phenomena for distributing such elements to the interstellar
space as the ejecta. Therefore, we owe what we are to supernovae.

Although supernovae are in a sense critical phenomena for us, the explosion mechanism
and their evolution are not clearly understood. This thesis picks up the thermonuclear
burning type supernovae, called type la. Type Ia supernovae are adopted as a “standard
candle” because of their uniformity of the optical light curve at the moment of explosion.
However, this uniformity is still phenomenological. In the first place, the origin of type
Ia supernovae is not determined. This explosion is generally accepted to be occurred at a
white-dwarf in a binary system, but we have mainly two scenarios for the counterpart of
it; a non-degenerated star like a red-giant for the single degenerate scenario and another
white-dwarf for the double degenerate scenario. The white-dwarf mass at the moment of
the former scenario reaches near-Chandrasekhar mass, in contrast to the latter one which
does not need to this condition. The mechanism of the ignition to the explosion is also
not simple. Many theoretical models have proposed how ignition flames are accelerated
toward the sonic speed and how many ignition points they have. We need to admit such
varieties in type Ia supernovae in spite of the similarity of their light curves. Thus, one of
the most important interests in this field focuses on distinguishing them and determining
the fractions of their contributions.

However, these explosion scenarios make an obvious difference for us; how the iron

group elements are produced by one supernova. Type la supernovae produce that group



of elements more than other types, and especially the single degenerate scenario plays this
role because irons are mainly produced at the core of near-Chandrasekhar white-dwarf.
High spectroscopy observation of Perseus cluster measured iron group element abundance
(Hitomi Collaboration et al., 2017) and revealed that we need both scenarios to explain
the chemical composition of the iron group elements what we observe now. However, the
present observational efficiency for detecting such elements is not sufficient to distinguish
each type for a single event of supernova.

This study focuses on another major difference. The remaining accreting flow or the
companion star in the single degenerate scenario constitutes circumstellar media associ-
ated with the explosion system. The existence of circumstellar media can be a strong
diagnostics to distinguish explosion scenarios. To search for them, we observe the rem-
nant objects of supernovae, called supernova remnants. Supernova remnants consist of
ejecta materials, circumstellar media, interstellar media, and shock waves if they exist.
Unlike supernovae as compact objects, supernova remnants are extended sources and can
be resolved spatially. They are suitable for studying details of supernovae.

As a probe, we observe the X-ray emission from supernova remnants, which is emitted
from materials heated up to ~107 K by shocks. Some studies directly observe the emission
from circumstellar media. This method is definitive in the positive detection cases, but
we cannot easily determine whether there are no materials or existing matter that do
not radiate X-ray emission when X-rays are not detected. Our study instead observes
emission from the ejecta elements and measures their kinematics. The ejecta kinematics
will be affected by the environment surrounding the supernova. Such kinematic probes
will give an indirect evidences of unshocked matter around the remnant.

Measuring motions of emission sources in the angular direction can be simply con-
cluded by comparing differences of the snapshots of 2-dimensional X-ray images faced on
us at different timing. However, the supernova remnants have a 3-dimensional structure.
Our study focuses on the kinematics in the line-of-sight direction instead. Combining
both information, we for the first time know the 3-dimensional feature.

This thesis is organized as follows. At first, we review the properties of type Ia su-
pernovae and their remnants in Chapter 2, and the X-ray observatories XMM-Newton
and Chandra in Chapter 3. In Chapter 4, we select a famous type la supernova rem-
nant, Kepler, as a representative of those with strong emission from circumstellar media,
and analyze it by spatially resolved spectroscopy. We also analyze it by high resolution
spectroscopy in Chapter 5, and discuss the kinematics of Kepler in Chapter 6. Chapter 7
analyzes another remnant, Tycho, without direct emission from circumstellar media also
by spatially resolved spectroscopy, and we discuss the kinematics in Chapter 8. Finally,
we unify the discussion on our results of two different characteristic type Ia supernova
remnants in Chapter 9. In addition to the main thesis, we point out a critical trouble

occurred in an observation data set of Tycho by a Chandra detector in Chapter A.



Chapter 2

Reviews of supernovae and

supernova remnants

2.1 Supernovae

Stars are generated from the gas of InterStellar Media (ISM). Its mass is conventionally
normalized by that of the sun, M. Except for very light stars <0.08 M, which contain
only hydrogen and will be brown dwarfs, main sequence stars >0.08 M will cause nuclear
fusion at their core. The death of main-sequence stars is an explosion called SuperNova
(SN). SNe are historically classified into some types. According to its optical spectrum,
type I and IT SNe are defined by the absence or existence of the hydrogen absorption lines,
respectively (Minkowski, 1941). In type I, type la has a deep absorption line of A6355
from silicon, which represents the line whose wave length is 6355 A. Type Ib has instead
A5876 from helium, and the remaining exceptions are classified to type Ilc.

In terms of the explosion mechanism, type Ib, Ic, and all type II are Core-Collapse
explosions (CC). Their gravitational energy is supported by the energy emission from
nuclear fusion at their core. This equilibrium comes failure at the moment of generating a
nickel-iron core which is the terminal of the fusion process, and the core starts collapsing
with the photodisintegration of iron. The bounce of this rapid collapse proceeds nuclear
fusion of outer layers and causes an explosion. On the other hand, only the type Ia SNe
has completely different process, therefore we mainly classify SNe into type Ia vs CC.

Following subsections describe reviews on type la SNe.



2.1.1 Overview of type la supernovae

In the core of light stars <4 M, the nuclear fusion proceeds to generate a carbon+oxygen
core, and they remain as a White Dwarf (WD). A WD supports the gravitational pressure
due to its own mass M by the electron degeneracy pressure. There exits the upper limit of
M because the gravitational pressure could exceed the electron degeneracy pressure when
the mass exceeds it. This limit is called Chandrasekhar limit Mcy, (cf., Chandrasekhar,
1935). Although the M¢y, has a slight range of 1.38-1.44 M, and there remains questions
whether and how M close to Mcy, type Ia SNe shows relative uniformity compared with
CC SNe, thanks to the common value M¢,. At the moment of explosion, the explosion
energy from thermonuclear burning overcome the gravitational energy. There seems to
be ~0.6 My, of *Ni as the main product, and the energy released for burning from C+0O
to *Ni is estimated to Ey ~10°' erg, or ~10* J. The maximum optical luminosity is
achieved to ~10% erg sec™!. The main process of optical emission after the explosion is
the radioactive decays of *Ni — 56Co — *%Fe in 9 and 114 days, respectively. Thus, the
final product of type Ia SNe is mainly iron, in contrast to CC SNe with deconstructing
Iron. This uniformity of its maximum luminosity and decay time, called Phillips relation
(Phillips, 1993), help us to measure the distance to the emission source. Therefore, type
Ia SNe are known as “standard candles” in cosmology. For example, Riess et al. (1998)
and Perlmutter et al. (1999) measured the distance to many type Ia SNe and revealed the

accelerating universe.

2.1.2 Origins of type Ia supernovae

Despite general acceptance of type Ia SNe as a useful standard candle, the progenitor
origin is not fully understood. We have mainly two different scenarios. One is a WD
with a non-degenerate companion star, which is called Single Degenerate scenario (SD)
(Whelan & Iben, 1973). In an SD situation, a WD gets its mass by the accretion from
its counterpart toward M ~ Mc¢y,. So it is generally not a mistake that we regard this
scenario as a near-Mc;, explosion. The companion star could still remain at the moment
of the explosion and after long years. The other scenario is Double Degenerate (DD),
which is occurred in a WD-WD binary (Iben & Tutukov, 1984; Webbink, 1984). Such
scenario was at first though to result in collapse to a neutron star and not in type la (e.g.,
Nomoto & Iben, 1985). However, recent studies instead have revealed that the merging
with high temperature and high density could trigger type Ia SNe even if the mass is not
achieved to Mcy, (e.g., Pakmor et al., 2012).

It is still investigated how to discriminate the origin of each SN scenario. One of the
observable differences remaining after the explosion is the outstanding existence of Cir-
cumStellar Media (CSM). The SD scenario is caused by blowing off the non-degenerated

companion star. Such materials remain as the CSM and they tend to be denser than
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the ISM. For example, Hachisu et al. (2008) proposed that the progenitor wind from a
WD (Hachisu et al., 1996) stripped the outer layer of its counter part and it results in a
torus-like CSM around there. Such materials makes its environment complicated. In the
DD scenario, on the other hand, both components of a binary are the degenerated WDs
and explodes in the sparse ISM environment. This difference could affect the kinematics
of ejected materials of SNe, because dense CSM could inhibit their motion. This is the
main motivation of our study.

Another difference is production of Iron Group Elements (IGEs). Different from sub-
My, explosion of the DD scenario, the electron capture reaction (p+e~ — n+1,) occurs
at the dense core of a WD in the near- My, explosion. This reaction create more **Ni and
%(Co because of neutron excess. These elements are observed as **Ni and ®Mn in the
remnant and could be a strong indicator of SD scenario (e.g., Yamaguchi et al., 2015).
Hitomi Collaboration et al. (2017) measured the metal abundance in the Perseus cluster,

and found we need both scenarios to explain its near-solar abundance ratio of IGEs.

2.1.3 Mechanisms of type la supernovae

In addition to the variation of the origin, the mechanism of an explosion is also still in
discussion. The propagation process of thermonuclear fusion is classified into mainly two
types: deflagration and detonation. The deflagration is subsonic flame and detonation is
supersonic. The complicated combination of each flame occurs in the core of a WD. The
delayed-detonation, or so-called Deflagration-Detonation-Transition (DDT), is regarded
as the main process of near-M¢y, (Khokhlov, 1991). In this process, the initial subsonic
deflagration at the core is accelerated by turbulence to supersonic speed, and proceeds
the nuclear synthesis of outer layers.

Another mechanism is the double-detonation in the sub-Mc, WD explosion (Woosley
& Weaver, 1994). The accretion process ignites the WD surface detonation at first, and
this detonation triggers another detonation in the core. The violent merging of two
double-detonated WDs could occur, which is known as the Dynamically-Driven Double-
Degenerate Double-Detonation (D®) (Shen et al., 2018). Such different mechanisms could
make differences of abundance patterns or ejecta kinematics in the remnant objects (e.g.,
Ferrand et al., 2019, 2021).



2.2 Supernova remnants

For approaching the questions of SNe, especially about type Ia SNe in this thesis, the
optical observation of their light curves and spectra is certainly one of the strong clues.
However, SN itself is a very compact object and not good for spatially resolved analysis.
We have to analyze a contaminated spectrum including many different emissions. Here,
we focus on the remnant objects of SNe, which are called SuperNova Remnants (SNRs),

for spatially resolved studies.

2.2.1 Components

As we described above, the SN explosion is the only phenomenon for distributing nuclear
synthesized heavy elements produced at the core of a WD to the space. Such elements
are still observed as ejecta in the SNR phase. They are observed with pre-existing ISM
elements. The abundance of the ejecta can be assumed pure-metal where the abundance
ratio [M/H]/[M/H]s > 1, whereas the ISM abundance pattern is almost similar to that in
the solar system. In addition to these, we can observe elements of the CSM, whose origin
is the out layer of stars. CSM is generally observed in CC SNRs because the progenitors
of them lose their own mass before explosion and produce a dense environment. Type la
SNRs do not necessarily require CSM, but the existence of non-degenerated counter part
in the SD scenario results in CSM in the remnant, which includes the remains of a stellar
wind at the moment of accretion (Hachisu et al., 1996), for example. The abundance of

CSM is expected to be also near-solar values but depends on its origin.

2.2.2 Ejecta dominant phase

In the initial phase of SNRs soon after the explosion, the initial velocity of the ejecta
reaches \/m ~10,000 km sec™!, where M,; is the ejecta mass. This velocity is quite
higher than the sound speed of the ambient media \/mep ~10 km sec™!, where ~ is
the adiabatic index, p is the gas pressure, n, is the number density of the ambient media,
and m,, is the proton mass. This difference generates outward shocks called blast wave
or Forward Shock (FS). The forward shock heats the ambient media with sweeping them
up. During M, overwhelms the swept-up mass Mgy, the kinematics of the forward shock
and ejecta is nearly free expansion. Free expansion means that the shock velocity Vj is
represented by Rg/t, where Ry is the radius of the forward shock and ¢ is the age of the
remnant. This phase is called the ejecta dominant phase, and their velocities are still

observed as ~1 % of the light speed in SNRs whose age is below ~2,000 yr old.



2.2.3 Transition to the Sedov phase
When M, reaches M, SNRs transits into the Sedov phase (Sedov, 1959). Note that

this Sedov phase is sometimes called the adiabatic phase, but the ejecta dominant phase
is also adiabatic. In the Sedov phase, the forward shock gets decelerated by the swept-up
materials. The simplest calculation by assuming uniform density pg for the ambient media
is called the Sedov—Taylor self-similar solution (Taylor, 1950; Sedov, 1959) that:

E 2\ /°
]ﬁszz<f 0 ) : (2.1)
Po
dRps 2 Rps
Vig = == 2.2
=7 "5t (2:2)

where £ is 2.026 for 7,9 = 5/3 as non-radiative monatomic gas. More generally, we assume
the density profile as pam(r) o< r—*, then:

RFS 0.8 t'B > (23)
R
Ves = 5= . (2.4)
where 8 = 2/(5 — s). The s = 0 situation is expanding in the uniform ISM, and s = 2
suggests accompanying materials like CSM originated from a stellar wind.

However, we should take into account the ejecta there especially in the transition
phase of the ejecta dominant phase to the Sedov phase. The outermost ejecta translates
its energy to the SNR shell, but the inner ejecta still expands freely. This separation
generates another “inward” shock called Reverse Shock (RS) (McKee, 1974). For young
SNRs whose age is below ~1,000 yr old, the reverse shock could be expected not to
reach the innermost ejecta. Chevalier (1982) introduced the density profile for ejecta as
pej(r) o< r~". The f parameter is changed to that:

n—3

n—s

b=

(2.5)

Type Ia SNe expect the n = 7 expansion, whereas CC SNe expect larger n. Using more
generalized model in Truelove & McKee (1999), which represents smooth transition to the
Sedov f3, the reverse shock is expected to move “outward” at first (see Figure 5 in Truelove
& McKee, 1999). The relationship of the reverse shock velocity in the ejecta-static frame,

Vis, and that in the observer frame, VRyg, is that:

- R
Virg = % — Vrs » (2.6)
dRRgg
Vieg = ) 2.
s = 25 27)

When |‘~/RS| < Vpg at the early stage, the shocked ambient media is still hotter than

shocked ejecta. As time goes on, |VRS| > Virg makes the inverse of their temperature. At
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the last stage when the reverse shock reached the center of the remnant, all of the ejecta
material is heated and emits X-rays as described in the next section.

Figure 2.1 shows the 3-dimensional velocity profile of the ejecta in the situation sur-
rounded by the uniform ISM whose density is ~0.3 cm ™3 by a 1-dimensional hydrodynamic
simulation (cf., Truelove & McKee, 1999). This picture is a snapshot at the moment before
the reverse shock reaches the center of the remnant. The ejecta before interacting with
the reverse shock are free expanding. When they are shocked by the reverse shock, they
get decelerated for the first time. After the deceleration, the ejecta velocity keeps constant
toward the outer edge. Even when considering the Rayleigh-Taylor instability which we
observe in fact and we can find in multi-dimensional simulations, this consistency will be
also valid (cf., Blondin & Ellison, 2001).
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Figure 2.1: Simulational example of the radial profile of the 3-dimensional ejecta velocity

in a uniform sparse ambient.



2.2.4 Interaction with dense CSM

The picture described above is the most basic one appearing in a situation without CSM.
Here, we introduce another shock generated by the interaction with dense materials, called
reflected shock (cf., Hester et al., 1994; Dwarkadas, 2005). The reflected shock also moves
inward, so it could be confused with the reverse shock. However, it can be generated
independently to the generation of the reverse shock.

Figure 2.2 also shows the 3-dimensional velocity profile of the ejecta but with dense
clouds ~100 cm ™. In addition to the deceleration by the reverse shock, we can find the
ejecta is re-decelerated by the reflected shock after that. Since their velocity is decelerated
significantly, we expect this effect will be observed as clearly non-uniform kinematics of the
ejecta. For example, Sato et al. (2018) found the ejecta moving inward in SNR Cassiopeia
A and concluded this is the result of the interaction with the reflected shock generated
by the molecular cloud associated with that SNR.
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Figure 2.2: Same as Figure 2.1 but with a dense material in the outer region.



2.3 Supernova remnants in X-ray astrophysics

2.3.1 Heating by shocks

As described above, some types of shock heat materials in SNRs. The shock interaction

3 is not the particle-particle interaction but the

in such sparse environment ~0.1-1 cm™
collision-less heating. The post-shock temperature &7 by the Rankine-Hugoniot equation

is calculated as:

2(7 - 1) 2
—mivs s
(v+1)2

where m; is the mass of particle i. In SNRs, the Mach number which is defined as the

kT = (2.8)

ratio of the shock velocity to the sound speed, is quite high ~100-1000. In this situation,
the adiabatic index v = 5/3, and:

_ 3 3 o (vs)2
kT, = gl = (m;c?) -) (2.9)

where ¢ is the light speed. Considering the proton mass myc* ~1 GeV and using the
typical shock velocity vs/c ~0.01 in young SNRs, the proton temperature k7, is heated
up to 107 K. It is the “keV” band, which is namely the X-ray band. In other words, we

should care that we can observe only shock-heated elements in the X-ray band.

2.3.2 Line Emissions from non-equilibrium ejecta

Ejecta is heated by the reverse shock because this shock moves inward. The shock heating
gives them a sudden jump in the temperature and density. It takes a finite time length
to reach the equilibrium between the ionization and recombination for the ejecta plasma
because they will keep their ionization balance by collisions. Before this Collisional Ion-
ization Equilibrium (CIE), we have to regard that the ejecta in young SNRs are in the
Non-Equilibrium Tonization (NEI) state.

The recombination process changes the ion valence z to z — 1 by the radiative re-
combination and the dielectric recombination, where the total recombination rate is R,.
The ionization in contrast is the process of z to z 4+ 1 by the collisional ionization or the
excitation-autoionization, where the total ionization rate is I,. Then, the NEI state is
described as: 1 4
o) &ﬁ(Z, t)=A(Z,kT(t)) n(Z,t) (2.10)

where 7 is the (Z 4 1)-dimensional vector of the density of the ionization state z, n,. The
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transition matrix A satisfies these relationships as:

1d
z=0: n—eano = —n()[() —|—n1R1 s
1d
2>0:——n,=n, I, 1 —n. L, —n,R,+n, 1R, (2.11)
ne dt
1d
2=4:——=—ng=ngz 1lz; 1 —nzRy,
ne dt

where we abbreviate the time variable ¢. The time evolution of NEI plasma is parame-
terized by:

T = /dt ne(t) . (2.12)

When the ionization timescale 7 reaches ~ 102 cm™3 sec™!, NEI plasma transits to CIE
plasma, where we can ignore the time dependence of 7(Z,t) in Equation 2.10.

In contrast to CIE plasma, where we can determine the ionization state of elements
only by one parameter (see Figure 7 in Kaastra et al., 2008, as an example of the function
of temperature), we should describe it by both the electron temperature and the electron
density (see Figure 3 in Yamaguchi et al., 2015, as an example). Although almost all
elements as the ejecta in SNRs proceed to the He-like or H-like state, especially the
ionization state of iron shows varieties from H-like to even Ar-like (e.g., Yamaguchi et al.,
2014a). These heated elements emit characteristic X-rays, whose energy is unique to each
ionization state. Table 2.1 and 2.2 show main observable characteristic emission lines in
young SNRs (cf., Yamaguchi et al., 2014a; Foster, 2015).

2.3.3 Continuum emissions

The X-ray emission from SNRs is not only limited to the lines but also the continuum
emissions. For example, the thermal Bremsstrahlung is emitted from decelerated free

electrons colliding with ions. The emissivity € is described as:

. 72 . 2\ 1/2

where « is the fine structure constant; o is the Thomson cross-section; Z.g is the effective
charge of the ion; g is the Gount factor; E is the emitted photon energy. The spectral
shape of this emission is flat at the condition of £ < kT but drops exponentially after
E > ET. We can measure the plasma temperature k7" by observing this bending point at
E ~ ET.

We mention another continuum radiation process, synchrotron radiation. This is not
thermal radiation but emitted from relativistic electrons accelerated by the magnetic field
at the shock front of SNRs. In the X-ray energy band, this emission is observed as a

power-law spectrum with the spectral index is 2, E~2.
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Table 2.1: Main emission lines from SN ejecta in the X-ray band (0.5-8 keV)

Element  Valence State Line Energy (keV)
Oxygen 6 He-like O VII Ka (O Hea) 0.574
O VII K5 (O Hep) 0.666

7 Hlike O VII Ka (O Lya) 0.654

O VIII KB (O LyB) 0.775

Neon 8 He-like Ne IX Ka (Ne Hea) 0.922
Ne IX K3 (Ne Hef3) 1.074

9 H-like Ne X Ka (Ne Lya) 1.022

Ne X K3 (Ne Lyp) 1.211

Magnesium 10 He-like Mg XI Ka (Mg Hea) 1.352
Mg XI KB (Mg Hep) 1.579

11 Hlike Mg XII Ka (Mg Lya) 1.473

Mg XII KB (Mg Lyp) 1.754

Silicon 12 He-like Si XIIT Ko (Si Hea) 1.865
Si XIIT KB (Si Hep) 2.183

13 H-like Si XIV Ka (Si Lya) 2.006

Si XIV K5 (Si Lyps) 2.377

Sulfur 14 He-like S XV Ka (S Hea) 2.461
S XV Kg (S Hep) 2.884

15  Hlke S XVIKa (S Lya) 2.623

S XVI Kg (S Lyp) 3.106

Argon 16 He-like Ar XVII Ka (Ar Hea) 3.140
Ar XVII K3 (Ar Hep) 3.685

17 H-like Ar XVIII Ka (Ar Lya) 3.323

Ar XVIII K3 (Ar Lyg) 4.150

Calcium 18 He-like Ca XIX Ka (Ca Hea) 3.902
Ca XIX K (Ca Hep) 4.584

19 H-like Ca XX Ka (Ca Lya) 4.107

Ca XX Kp (Ca Lyp) 4.864
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Table 2.1: (continued)

Element  Valence State Line Energy (keV)
Titanium 20 He-like Ti XXI Ka (Ti Hea) 4.750
Chromium 22 He-like Cr XXIII Ko (Cr Hea) 5.682

Iron 16 Ne-like Fe XVII L 0.727
0.826

1.023

17 F-like Fe XVIII L 0.704

0.771

0.873

18 O-like Fe XIX L 0.917

19 N-like Fe XX L 0.964

20 C-like Fe XXI L 1.009

21 B-like Fe XXII L 1.053

22 Be-like Fe XXIII L 1.056

Fe XXIII Ka 6.589

23 Li-like Fe XXIV L 1.109

Fe XXIV Ka 6.641

24 He-like Fe XXV Ka (Fe Hea) 6.700

Fe XXV K3 (Fe Hef) 7.882

25 H-like Fe XXVI Ka (Fe Lya) 6.973

Nickel 26 He-like Ni XXVII Ka (Ni Hea) 7.806

Table 2.2: Weak emission lines from odd-Z ejecta

Element Valence Line Energy (keV)
Nitrogen 5 N VI Ka (N Hea) 0.500
Aluminium 11 Al XIT Ko (Al Hea) 1.598
Phosphorus 13 P XIV Ko (P Hea) 2.152
Chlorine 15 Cl XVI Ka (Cl Hea) 2.790
Manganese 23 Mn XXIV Ka (O Hea) 6.180
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2.4 Measurement of the ejecta kinematics

2.4.1 Observation angle

We will study the ejecta kinematics. Since we can observe only from the earth, unfor-
tunately, we need to observe the expansion of SNRs in the angular direction and the
line-of-sight direction, independently. For the angular direction, we measure the motion
using a differential image of snapshots within an interval between each observation. This
method is effective for measuring the motion of structures with clear emission shape. For
example, the forward shock at the outer edge of the remnant generally shows filamentary
shape with synchrotron X-rays. Using X-ray imagers with good spatial resolution, Chan-
dra ACIS for example (see §3.2), we can resolve its motion in the unit of 0.1 arcsec yr—!
(e.g., Katsuda et al., 2008). The shape of the ejecta structure, however, is diffused and
hard to determine. Some studies have tried to measure the angular velocity for only bright
knots, whose emission shape may not be changed in several years, but this method is not
suitable for determining the general expansion structure.

On the other hand, we can more easily measure the line-of-sight velocity of the ejecta.
Here we use the line information, which is shifted by the Doppler effect. This method
is independent of the emission shape but requires a strong emission line in the observed
spectrum and a precise understanding of plasma conditions. For young SNRs, the ejecta
emission lines are outstanding and suitable for measuring the Doppler shift. We con-
centrate on this point, and study the whole kinematics of the ejecta in young SNRs

throughout measuring the line-of-sight velocity structure.

2.4.2 Kinematics in the line-of-sight direction and line profiles
Line centroid

The exact value of the line centroid Ey shown in Table 2.1 and 2.2 can be observed when
the emission source is at static state. If it moves with the line-of-sight velocity v, the

energy F is shifted by the Doppler effect, as:

EO —F U
—_— = . 2.14
2 . (2.14)

When it moves far away from us, v is positive and E gets lower than Ey. We call this
“red-shift”. Otherwise, E gets higher in the “blue-shift” situation.

In young SNRs, the ejecta velocity is ~0.01c. For Fe XXV Ka line, for example, the
line shift |F — Ey| is ~67 eV. If it is red-shifted, the observed energy FE gets close to
the static energy of Fe XXIV Ka and Fe XXIII Ka. Like so, it is a little dangerous to

determine the ionization state only by the line centroid.
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Line width

At first, the line width op, in the unit of eV, of the Gaussian profile of each emission is

broadened by the thermal Doppler broadening, as:

2 2
0D (o7 KT;
— ] == 2.15
(E()) (Eo) + mic2 ’ ( )

where oy is the broadening due to its turbulent velocity and T; and m; is the temperature

and mass of the emission source 7. For high kinematic velocity ejecta in young SNRs, the
turbulent velocity can be ignored and:

oD kﬂ 3 Vg
— ~ =4/——. 2.16
Ey — V myc? 16 ¢ ( )

With the energy resolution of existing detectors in the X-ray observatories so far (see
Chapter 3), we should consider another broadening effect. When both red-shifted (v, > 0)

and blue-shifted (v, < 0) sources exist in the same line-of-sight direction, only the summed

up single Gaussian can be observed. The difference between the original two Gaussian
centroids is (v, — vy) /¢, and the observed line width of single Gaussian is also broadened
to its comparative value.

This broadening effect is dominated in young SNRs and can be used as a test of the
expansion structure of the ejecta. When we observe the center region of the spherical
expanding remnant, the velocity difference (v, — vp,) is largest. The line width is also
expected to be widest there. When we observe outer regions, the velocity difference gets
smaller and the line width gets narrower. Therefore, the line width is monotonously
decreased from the center to the edge for the uniform and isotropic expansion structure.

In other words, we can suspect such simple structure if the line width behaves differently.
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Chapter 3
X-ray Observatories

Due to the absorption by the atmosphere around the earth, we cannot observe cosmic
X-rays by the ground telescopes. Therefore, we need to observe them in the space. Except
for temporary observation projects using rockets or balloons, we adopt large satellites for
long-term X-ray observatories. This chapter introduces two famous X-ray observatories

and main detectors on board them, which we use in this thesis.

3.1 XMM-Newton observatory

3.1.1 Overview

The XMM-Newton space observatory (Jansen et al., 2001) is one of the most used obser-
vatories in X-ray astrophysics over these twenty years. This spacecraft was launched on
December 10, 1999, by the European Space Agency (ESA) and is still active on the front
line even at the end of 2021. The strong point of this spacecraft is ten times larger effec-
tive area than other famous one Chandra described in the following section. Such large
effective area helps observing dark targets especially in the Fe-K emission band around

6 keV. The total size of this spacecraft is ~10 m and the weight is ~4 tones.

3.1.2 X-ray Telescopes and Mirrors

The observatory name “XMM” is the abbreviation of “X-ray Multi-Mirror Mission”!.
This spacecraft contains three X-ray telescopes (Figure 3.1), including a 58-shell Wolter-1
X-ray mirror for each (Aschenbach et al., 2000). The X-ray energy is too high to bend

"'Which the abbreviation of the second “M” refers to “mirror” or “mission” differs in references. In
the first place, XMM was “X-ray Multi-Mirror observatory” (Gondoin et al., 1994). The second “M”
is clearly “Mirror” in this context. However, even the main authors of the most cited overview paper
Jansen et al. (2001) used “X-ray Multi-mirror Mission” in another paper (Lumb et al., 2012). Almost all

people use “X-ray Multi-Mirror Mission” in fact, and this thesis also follows it.
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Figure 3.1: Overview of XMM-Newton observatory (XMM-Newton Users Handbook, Issue
2.19, 2021).

photon tracks by lenses, therefore the Wolter-1 X-ray mirror collects X-ray photons by
reflecting it with the small critical angle. While this system needs long focal length, 7.5 m
on XMM-Newton for example, it achieves large geometrical effective area ~1,500 cm? for
each telescope on board this spacecraft. This mirror system also brings the good angular
resolution, which is ~5 arcsec (FWHM) over all the energy band between 0.15 keV to
12 keV. This value is still fine comparing with other X-ray telescopes even in 2020s like
ones for Suzaku (Mitsuda et al., 2007) and NuSTAR (Harrison et al., 2013), and effective
enough to resolve extended X-ray sources as SNRs. Note that the Attitude & Orbit
Control Subsystem (AOCS) of XMM determines its own attitude with the accuracy of
<1 arcsec in every 2 seconds during observations by two star trackers and the information
on the position of the Sun. This upper-limit of the pointing accuracy is enough smaller

than its angular resolution.
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3.1.3 CCD Detectors

The most widely used detector for cosmic X-ray observations is the Si-semiconductor type.
The principle for detecting X-rays by such detectors is the following. When a cosmic X-
ray photon incidents to the effective layer in a silicon detector, the electron-hole pairs are
generated. The number of pairs N is calculated as N = E/3.65, where F is the incident
photon energy in the unit of eV. The fluctuation of N is calculated as AN = /FgN,
where Fg; = 0.12 is the fano-factor of Si. Here, the limit of the energy resolution of CCD
detector AEy is ~ 3.65 x AN = 120 eV at 5.9 keV and 50 eV at 1.0 keV in FWHM. This
energy resolution is good enough for resolving characteristic X-ray lines above Si Heq,
but not suitable for lines in the lower energy band. For Charge-Coupled Device (CCD),
which is the main type of the existing detectors, the electrons composing each of the
electron-hole pair are captured by the electrodes in each pixel of CCDs. These electrons
are transferred to the next pixel sequentially by applying higher positive voltage to the
next one, and read-out at the edge of the CCD chip finally. Here, we should define the

read-out direction or transfer direction in a CCD chip.

30 arc min

diameter arcles

EPIC MOS EPIC pn
7 CCDs each109 x 109 arrminutes 12CCDs each 136 x4 4 arrmin

Figure 3.2: Configuration of CCD chips in EPIC-MOS and EPIC-PN (XMM-Newton
Users Handbook, Issue 2.19, 2021).
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XMM-Newton adopts CCD type detectors named European Photon Imaging Camera
(EPIC). In all the three EPICs, two of them are Metal-Oxide Silicon (MOS) type CCDs
(Short et al., 1998; Turner et al., 2001). Each MOS detector, named MOS1 and MOS2,
contains 7 CCDs, whose size is ~2.5 cm square. The central one is configured at the focal
point of the telescope and the other 6 CCDs surround it following the focal plane (Figure
3.2). The size of Field-Of-View (FOV) of the central CCD is ~10 arcmin square. All
CCDs are front-illuminated type and it helps low background noises of MOS detectors.
The energy resolution of MOS is ~70 eV @ 1 keV and ~150 eV at 6.4 keV (FWHM). The
read-out direction of all CCDs in each detector is aligned, but the systematic error due
to this direction can be canceled by summing observed data from both MOS detectors
because MOS1 and MOS2 are configured orthogonally.

Another EPIC is PN type CCDs (Gatti & Rehak, 1984; Striider et al., 1987, 2001).
Each PN is the back-illuminated type and drifts electrons generated in the depletion layer
by incident photons towards detecting pixels like gas chamber detectors. The read-out
time of PN, ~0.03 msec, is shorter than MOS by two orders of magnitude because each
detector column is read-out parallelly for fast timing observations. The energy resolution,
on the other hand, is worse than MOS, which is ~80 eV @ 1 keV (FWHM) and this
difference gets larger in the lower energy band. The size of PN CCD is 3x1 cm? with
single silicon wafer for homogeneous quality, and totally 12 PN CCDs are equipped (Figure
3.2). The configuration of PN CCDs are at an degree of 45° to MOS. Therefore, the total
FOV of EPICs are covered without gaps. Note that we only use the data observed by
MOS detectors because EPIC-PN has worse energy resolution and more violent detector
noises (Katayama et al., 2004; Nevalainen et al., 2005; Kuntz & Snowden, 2008).
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3.1.4 Grating spectrometers
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Figure 3.3: Overview of grating spectrometer system on board XMM (Brinkman et al.,
1998).

Accompanying two MOS detectors, XMM-Newton also loads two grating spectrometer
systems (Figure 3.3), Reflection Grating Spectrometer (RGS) (den Herder et al., 2001).
At the front side of each MOS detector, the Reflection Grating Array (RGA) is directly
attached to the mirror assembly. Although the half of photons entering RGA penetrates to
the MOS plane, the other half is reflected and led to another CCD detecting system named
RGS Focal plane Camera unit (RFC). It means, unlike the individual operation of grating
spectrometers on board Chandra, XMM-Newton observes X-rays by RGS simultaneously
with MOS.

The reflected angle 8 by RGA is dependent on the incident wave length \ and angle

of photons following the dispersion direction «:

mo = cos 3 —cosa . (3.1)

The groove density of RGA, 1/d is 645.6 mm~'. Because 8 must be larger than «, which
is 1.5762° for a source at the focal point, the order parameter m should be a negative

integer.
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The strong point of such a grating spectrometer is its great energy resolution in the
lower energy band. Concerning RGS, it is ~3.5 eV at 1 keV (FWHM) for the 1st order
events and ~1.5 eV for the 2nd order. This value is superior to that of CCD detectors,
and it can resolve not only L-shell emission lines from iron but also the forbidden line and

resonance line from O%* (cf., Uchida et al., 2019).
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Figure 3.4: CCD chips in RFC configured following the dispersion angle of RGS (XMM-
Newton Users Handbook, Issue 2.19, 2021).

RFC consists of 9 back-illuminated CCDs following the dispersion curvature of RGA,
and we can estimate the angle § from the detected position in the dispersion direction
(Figure 3.4). The effective energy band is limited to 0.35-2.5 keV due to the geometrical
size of RFC. Such a grating spectrometer does not have the spatial resolution in the
dispersion direction in principle. Because 3 is dependent on not only A but also a, RGS
observation is suitable for point-like or slightly extended sources, where the variance of
« is regarded to be small. Otherwise, we should consider the emission shape into the

process of converting the detected position to the incident wave length A, as:

ax =218 (3.2)

m
in the unit of angstrom, where 6 is the extent of the emission source in the unit of arcmin.
Its coefficient of 0.138 comes from the geometry of the RGS system (XMM-Newton Users
Handbook, Issue 2.19, 2021). On the other hand, RGS has the spatial resolution only in
the cross dispersion direction of RFC, which is independent of A\. The one-dimensional

FOV is ~5 arcmin and we can resolve it with the angular resolution of ~5 arcsec (FWHM).

21



3.2 Chandra observatory
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Figure 3.5: Overview of Chandra observatory (Chandra Proposers’ Observatory Guide,
Version 24.0, 2020).

The Chandra space observatory (Weisskopf et al., 2000) is the same age as XMM-Newton,
launched on July 23, 1999, by National Aeronautics and Space Administration (NASA).
Instead of its lower effective area compared with XMM-Newton, its High Resolution Mirror
Assembly (HRMA) achieves the excellent spatial resolution ~0.5 arcsec (FWHM). We do
not have, and will not have so far, other comparable X-ray imagers in the space. Therefore,
it has been used for spatially resolved analysis of extended sources like SNRs or gaining

signal-to-noise ratio? for faint point-like sources.

2This study never abbreviates “Signal-to-Noise Ratio” as “SNR”.
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Figure 3.6: Configuration of ACIS detectors on board Chandra (Chandra Proposers’
Observatory Guide, Version 24.0, 2020).

In this thesis, we only use the CCD detectors on board Chandra for our analysis, named
as Advanced CCD Imaging Spectrometer (ACIS) (cf., Nousek et al., 1987). ACIS includes
two different types of detectors, ACIS-S and ACIS-I (Figure 3.6). ACIS-S consists of six
CCDs configured linearly. The “S” means “Spectroscopy” and ACIS-S is also used with
grating analysis. The other four CCDs are equiped with ACIS-I, where “I” means “wide
field Imaging”. They are arranged in 2x2, which enable us to observe four times larger
sources than that by ACIS-S. Note that the performance of each CCD in both ACIS-S and
ACIS-T are same. Although their performance is also similar to that in EPIC-MOS, we
avoid adopting the ACIS detectors for spectroscopy due to the sacrificial charge problem
described in Chapter A. Thanks to its great spatial resolution, we only use them for
creating exposure-corrected event images, which represent the photon flux of emission

sources.
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Chapter 4

Spatially resolved spectroscopy of

Kepler’s supernova remnant

At first, we measure the ejecta velocity structure in an SNR with dense CSM. As an
optimal target, Kepler’'s SNR is the largest and brightest one among young type Ia SNRs
accompanying CSM (Vink, 2017, for a review). Note that the time series of our Kepler
analysis is inverse between the order in this thesis and the factual order. The first half
(Chapter 4) is a reconfirmation analysis of Kasuga et al. (2018) for avoiding using Chan-
dra ACIS-S detectors for spectral analysis, even though the problem we found is only
confirmed in ACIS-I detectors (Chapter A). We refer the results in Kasuga et al. (2021),
which is described in the following chapter (Chapter 5), in this chapter. These studies
are independent and Kasuga et al. (2021) is really the “previous” work for the study in
this chapter.

4.1 Observation history of Kepler’s SNR

SNR G4.546.8 (or 3C 358), which is the remnant of SN 1604, is one of the brightest and
youngest SNRs we have detected. Originating from the historical records that Johannes
Kepler (1571-1630) found its supernova on October 9, 1604 (Kepler, 1606)!, this remnant
is called “Kepler’s SNR” conventionally. This supernova is the latest one observed in our
galaxy. Note that we definitely had missed observing the origin of SNRs Cassiopeia A
and G1.940.3, which are younger remnant than Kepler’'s SNR.

Kepler’'s SNR is a major candidate of the SD scenario because of the existence of
the nitrogen-rich dense CSM ~100 cm™ (Blair et al., 1991; Gerardy & Fesen, 2001).
Minkowski (1959) found strong [N II] emission in the optical band. Katsuda et al. (2015)

found, and Nagayoshi et al. (2021) reconfirmed by a more precise abundance model, strong

1To be exact, Johannes Kepler observed this supernova on October 17, and Lodovico delle Colombe

was accurately the first observer on the supernova day (delle Colombe, 1606).

24



N Lya emission also in the X-ray band. This nitrogen is thought to be produced by the
CNO cycle in a massive star as a donor of the accretion (Bandiera, 1987). The neutral
hydrogen density estimated by Ha line from the non-radiative shock is ~10 cm™ (Blair
et al., 1991). This high density is also not explainable by the expected ISM where is
about 594ds; pc above the galactic plane, where d5 is the distance in the unit of 5 kpc.
The dust observation by the infrared band shows the dust is associated with not ejecta
but CSM, and this is consistent with the characteristics of type Ia SNe (Williams et al.,
2012). For explaining the bar-like CSM structure around the center of the remnant,
Burkey et al. (2013) proposed a torus-like CSM generated by the stellar wind in the SD
scenario (Hachisu et al., 2008).

The rich amount of IGEs also supports the SD origin of this SNR (Kinugasa &
Tsunemi, 1999; Cassam-Chenai et al., 2004; Reynolds et al., 2007; Katsuda et al., 2015).
Park et al. (2013) observed strong manganese emission suggesting super-solar metallic-
ity of the progenitor star. Patnaude et al. (2012) and Katsuda et al. (2015) concluded
the original SN is an over-luminous event like SN1991T for explaining the observing iron
emissions. Sato et al. (2020) found an iron ejecting knot at the south-west rim and it is
thought to be produced by the incomplete silicon burning during the explosion.

Despite these strong supporters for the SD scenario, some skeptical points still exist in
fact. Kerzendorf et al. (2014) searched the donor star in its progenitor system of Kepler’s
SNR, but they were not able to find any candidates. In addition, the bulk velocity
estimated to be ~250 km sec™! for the progenitor system (cf., Bandiera & van den Bergh,
1991) is too high to assure the necessary situation for explosion. Such contradictions,
and the characteristic structure called “ears” at the north-west and south-east edge of the
remnant, could be solved by another supernova scenario called core degenerate scenario
(Ilkov & Soker, 2012; Tsebrenko & Soker, 2013). The core degenerate scenario is an
intermediate style of the SD and DD scenarios because it is the merger between a WD
and the core of an AGB star. Note that this scenario has not been widely accepted so far.

Sato & Hughes (2017a) and Millard et al. (2020) measured the line-of-sight kinematics
at some bright knots using silicon and iron K-lines, respectively. Kasuga et al. (2018) also
did it generally over the entire remnant, but it only focused on the Fe-K line. This study
will systematically measure the Doppler velocity of the ejecta and CSM in the entire

remnant, and discuss the relationship between them.
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4.2 Observations

4.2.1 Source observations

Table 4.1: Observation list of Kepler’'s SNR and its background by XMM-Newton.
Observation ID  Start Date Duration GTI-1 GTI-2 Note

(sec) (sec) (sec)
0084100101 2001.03.10 33508 - - mnot used in this study
0853790101 2020.03.11 38700 - - not used in this study

0842550101 2020.03.19 140500 109995 111321
0801931901 2019.04.01 84000 80230 80250 as a background spectrum

GTI-n means the good time interval in MOSn for each observation.

XMM-Newton has observed Kepler’'s SNR only three times (Table 4.1). Observation ID
0084100101 is a much older one and we should care about the time variation of SNR
evolution or detector condition if including this data for this analysis. The remaining
ones are very recent observations but the duration time of 0853790101 is much shorter
than 0842550101. Avoiding uncertainties generated by mixing multi observational data,
we use only the data of 0842550101 for this study. The diameter of this remnant is
~4 arcmin and fit into the central CCD chip of both MOS detectors.

We download the Observation Data Files (ODF's) and Current Calibration Files (CCFs)
release number 384 from ESA. Because ODF's are raw files from the spacecraft, we should
reprocess them with CCF's for accurate analysis by following commands in the software
package for the XMM-Newton, Scientific Analysis System 19.1.0 (SAS) (Gabriel
et al., 2004). cifbuild and odfingest extract necessary information from CCFs and
housekeeping data of the satellite. After this preparation, emchain and mos-filter? re-
processes the ODF's with proper calibrations. Throughout these reprocessing, bad photon
events mainly contaminated with solar flares are excluded from the row event list. After
such filtering, the remaining effective observation period is called Good Time Interval
(GTI). For 0842550101, the total GTI of both MOS detectors is ~220 ksec.

4.2.2 Background observations

Even though Kepler’'s SNR is one of the brightest SNRs observed from the earth, we can-
not ignore the background components especially in the higher energy band near the Fe-K

lines. Such background includes the following components. In the FOV, X-ray sources

2The latest version sas 19.1.0 fails generating corn-image.fits, which is necessary for creating
spectral files in next process. In this study, only mos-filter command is executed in the package of sas
16.0.0.
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0842550101 MOSH1 0842550101 MOS2

Figure 4.1: Event count maps of Kepler’s SNR by both of the XMM-Newton MOS detec-

tors on a logarithmic scale.

that are not necessary for the study could be contaminated. Other than easily resolv-
able sources, Cosmic X-ray Background (CXB) is distributed over the sky. Nevertheless
CXB is revealed as distant point-like sources like black-holes or Active Galactic Nuclei
(AGN) (cf., Comastri et al., 1995; Marconi et al., 2004), XMM-Newton cannot resolve
them spatially. Another background source is the detector backgrounds like Non X-ray
Background (NXB). NXB consists of solar soft protons, mainly in the solar flare, and
the fluorescence lines from instrumental elements like aluminium and silicon radiated by
induced cosmic rays (Carter & Read, 2007). Note that the period directly exposed by the
solar flare can be excluded by the sas reprocessing process.

The simplest way to estimate these background is executing mos_back command in
sas, which uses the information on the outer pixels than the source-radiated region in
the same MOS detector (see Figure 3.2). Although the observation date is completely
the same and the time dependence of CXB and NXB is resolved, the NXB could be
over- or under-estimated because the pixel dependence of NXB still exists. Moreover, the
outer pixels during the observation of such bright source like Kepler could contaminate
the source photons. It makes the background level over-estimated. We adopt another
way by using blank-sky or point-source observations, whose focal point and observation
period is near that of 0842550101. Using the data at the same detector pixels as Kepler
was observed, we can solve almost all problems remaining in the background estimation
by mos_back. The referenced background observation is 0801931901, which observed
Jupiter, by excluding point-like sources (Table 4.1).
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4.3 Extracting spectra

We generate the spectra and the detector response files in both MOS detectors in each
observation by mos_spectra in SAS. The spectral files include the information on each
photon event, which helps us to make a histogram of incident energy and counts. The
detector response files consist of two types. One is Auxiliary Response Files (ARFSs),
which includes the information on the effective size of the detector area and the quantum
efficiency of detecting for each energy. The other is Response Matrix Files (RMFs), which
consider the energy resolution of the detector. For combining them from each observa-
tion, we adopt mathpha, addarf, and addrmf in the software package of High Energy
Astrophysics Software (HEASoft) 6.28 (Blackburn, 1995), respectively. Figure 4.2 is
the background-subtracted spectrum from the entire remnant as a product of such pro-
cesses. We can see outstanding emission lines from the ejecta including silicon, sulfur,
argon, calcium, and iron. We also plot the background spectrum in the same figure, whose
strength is ~1 % in almost all the energy band. The background level reaches the source
level in the higher edge because the NXB increases there.

To study the spatial characteristics of this extended object in detail, we need to di-
vide it into some fine structures. Recent studies of SNRs often adopt adaptive binning
algorithms like Voronoi binning (Cappellari & Copin, 2003; Diehl & Statler, 2006) or the
contour binning method (Sanders, 2006). Such methods aim to equal the signal-to-noise
ratio or the surface brightness at each divided region. Although such methods are more
effective to dark extended sources, Kepler’s SNR has enough photon statistics everywhere
for spectral fitting. We think it is desirable for bright sources to divide the source by a
non-biased method, which means dividing simply by orthogonal grids. Such simple meth-
ods can reduce the uncertainty of the division process and emphasize spatial variability.
We divide Kepler’s SNR into grids whose size is 15 arcsec square, making 16 x 14 sky pix-
els to consider the angular resolution of the telescopes (~5 arcsec in FWHM, see §3.1.2).
Figures 4.3 show all of the sky pixels on the flux image in each energy band observed
by Chandra. Note that these flux images are generated by correcting the exposure time
at each detector position by flux obs in the software package of Chandra Interactive
Analysis of Observations (CIAO0) (Fruscione et al., 2006).
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Figure 4.2: X-ray spectrum from the whole of Kepler’'s SNR, (black) and its background

(grey). Some outstanding emission lines are identified.
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Full band (0.5-8.0 keV)

e-08 6.37e-07 9.88e-07 1.75e-06 8.32e-06 1.45e-05 2.09e-05 3.08e-05 4.46e-05 7.64e-05 5.22

Continuum (4.1-6.1 keV)

i

s
. .

| .
g

ie-11 2.01e-08 3.00e-08 4.68e-08 7.87e-08 1.08e-07 1.43e-07 1.92e-07 2.59e-07 4.11e-07 1.31

Figure 4.3: Flux images in each energy band of Kepler’'s SNR by Chandra on a histogram-

1

equalized scale in the unit of counts sec™! cm™2. The grid on the images represents each

sky pixel we extract. The coordinate of each sky pixel is represented as (z,y).
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O VII (0.5-0.6 keV)

e-09 1.94e-08 3.75e-08 7.50e-08 3.57e-07 6.21e-07 8.65e-07 1.15¢-06 1.62e-06 2.40e-06 227

Fe-L (0.8-1.25keV)

e-08 2.22e-07 3.53e-07 5.75e-07 2.26e-06 4.50e-06 7.31e-06 1.13e-05 1.69e-05 3.02e-05 214

Figure 4.3: (continued)
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Mg X1 (1.27-1.39 keV/)

e-09 1.84e-08 3.07e-08 6.30e-08 2.57e-07 4.06e-07 5.81e-07 8.65e-07 1.28e-06 2.28e-06 252

Si X1l (1.8-1.92 keV)

e-10 2.42e-08 3.97e-08 7.84e-08 4.10e-07 6.87e-07 1.01e-06 1.41e-06 1.96e-06 3.13e-06 1.58

Figure 4.3: (continued)
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S XV (2.4-2.52 keV )

e-10 5.89e-09 1.39¢-08 3.08e-08 1.08e-07 1.73e-07 2.46e-07 3.67e-07 5.37e-07 9.74e-07 5.67

Ar XVII (3.07-3.18 keV/)

12e-11  5.7092e-11 2.7404e-09 7.9929e-09 1.8669e-08 3.1001e-08 4.4132e-08 6.1488e-08 8.7865e-08 1.4964e-07 9.353

Figure 4.3: (continued)
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Ca XIX (3.83-3.95keV)

i8e-11  1.8688e-11 2.5789e-09 5.1391e-09 7.9422e-09 1.3343e-08 2.0407e-08 2.7975e-08 3.9076e-08 6.4753e-08 3.061

Fe-K (6.35-6.6 keV)

'8e-11 8.4123e-11 7.3187e-09 1.4806e-08 3.0032e-08 4.9969e-08 7.0747e-08 9.8844e-08 1.4385e-07 2.4917e-07 1.378

Figure 4.3: (continued)
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4.4 Spectral fitting

region (13,10)

10-3
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Figure 4.4: Example of the wide-band spectral fitting. top: Blue, red, and orange lines
represent ONeMg, IME, and two IGE ejecta components, respectively, where those with
solid line has the same electron temperature. The violet line represents the CSM com-
ponent. Dotted black lines are two additional Gaussians and a dotted magenta line is a

power-law component. bottom: The residual of fitting, showing (data-model)/error.

We extract the spectra from the wide X-ray band between 0.5 and 8.0 keV from each
sky pixel. The energy band lower than 0.5 keV has a large uncertainty due to the small
effective area or the absorption edges of instrumental elements. That higher than 8.0 keV
includes little photons in the unit of a 15 arcsec square grid. In the chosen energy band,

we can observe K-shell emission lines from oxygen to iron and L-shell emission lines from
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IGEs (see Figure 4.2 and Table 2.1). We assume these elements are composed of the
ejecta and CSM emissions. The ejecta include four groups of NEI plasma which follows
the stellar evolution, whose abundance of heavy elements is extremely larger than those in
the solar system. One includes relatively lighter elements: oxygen, neon, and magnesium
(ONeMg). Another does Intermediate Mass Elements (IMEs), which means silicon, sulfur,
argon, and calcium, with odd-Z elements including aluminium, phosphorus, and chlorine.
For IGEs, we especially assume two components with different ionization timescales 7
(see Equation 2.12). The Fe-Ka line from type Ia SNRs tends to be emitted from middle-
ionized iron ejecta from Fe’™ (Ar-like) to Fe'™ (Ne-like) (cf., Yamaguchi et al., 2014a,b).
On the other hand, the strong Fe-L lines come from a little higher ionized iron elements
(Table 2.1). Therefore, Fe-K and Fe-L emission lines could come from differently ionized
iron sources in young remnants. The CSM component is also assumed to be NEI plasma,
but the abundance of heavy elements in CSM is near the solar abundance.

We adopt the X-ray SPECtral fitting package (XSPEC) 12.11.1 (Arnaud, 1996)
for spectral fitting with the Atomic DataBase (AtomDB) 3.0.9 (Foster, 2015) as a dic-
tionary of emissions of each line. XSPEC contains a lot of emission models. Representing
the components described above, we use four vvnei models for the ejecta, which is the
most flexible one in the NEI models in XSPEC. The vvnei model requires the electron
temperature kT, the ionization timescale n.t, and the abundance parameters of each ele-
ment compared to the solar abundance (Wilms et al., 2000). Although the 2-dimensional
sky region in fact has its thickness in the line-of-sight direction, we assume the electron
temperature of ONeMg, IME, and one IGE component are equal for simplicity. The
ionization timescale of all four components are free each other.

Concerning the abundance parameter, we assume a pure-metal plasma whose abun-
dance ratio of each element to the hydrogen is ~10° to ignore the contribution of hydrogen
because of the characteristics of type Ia SN. In the ONeMg component, the abundance
parameter of oxygen is fixed to 10° and those of neon and magnesium are free. In the
IME component, the abundance parameter of silicon is fixed to 10° and those of sulfur,
argon, and calcium are free. Because the emission lines from odd-Z elements tend not to
be resolvable by CCD detectors, we link their abundance parameters and treat as only
single parameter. In the two IGE components, we link the abundance of same elements
with assuming that of iron is fixed to 10%. Titanium abundance is a free parameter, which
is linked to those of chromium and manganese. Because Ni-K emission line is out of the
range of our energy band, the nickel abundance is fixed to 10* for not affecting our anal-
ysis. Notice that we add two more Gaussian components around 0.7 keV and 1.2 keV to
represent missing or under-estimating Fe-L lines (cf., Katsuda et al., 2015).

For measuring the ejecta kinematics, we introduce two multiple models including
vmshift for representing the Doppler shift and gsmooth for all of the line broadening
effects. The vmshift shifts the emission model as —Fv/c, where E is the energy at the
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static state, v is the red-shifted velocity. The gsmooth represents a smoothing effect with
the sigma as o(E/6)%, where o is the line width at 6 keV. We assume the linearity of o
over the entire energy band, thus « is set to be 1. These two parameters for the two IGE
components are linked. Note that many previous works regards the red-shift parameter z
of the vvnei model as an index of the line-of-sight velocity. However, we avoid using this
parameter because it is accurately a “cosmological” red-shift, not a “kinematical” red-
shift. The “cosmological” red-shift strictly affect the emission normalization by a factor
of (1+ z)~2 even though such small z < 0.01 assuming the motion with <3,000 km sec™!
is ignorable.

In addition to the ejecta emission models, we also include another vvnei model for
representing the CSM emission. For simplicity, the element abundance of the CSM model
is fixed to the solar abundance (Wilms et al., 2000). Thermal parameters of it are fixed
to the following values according to the results of Kasuga et al. (2021) (see Table 5.1):

3 sec; the

the electron temperature is 0.9 keV; the ionization timescale is 1.0 x 10 ecm™
Doppler shift is —230 km sec™!.

Other than thermal emission models, we also add one Power-Law model (PL) for
the continuum components like the synchrotron radiation from high energy electrons
accelerated on the shock front (cf., Bamba et al., 2005; Lopez et al., 2015). Finally,
we consider the interstellar absorption effect by the Tuebingen-Boulder ISM absorption
model (tbabs) (Wilms et al., 2000), whose value we fix to 5.7x10?* cm™ in all sky pixels
(Kasuga et al., 2021).

The spectral fitting process of XSPEC aims to maximize the likelihood. For the Poisson
distributed data like the X-ray astronomy, this process is based on the C-statistics (Cash,

1979). The likelihood L for the N bin data is calculated as:

(tgmy)Sie=tsmi
p=J[ (4.1)
i=1 v

where S; and m; are the observed and model counts in each bin, and ¢ is the exposure

time. Then the C-stat value is:

N
C' =2 [(tim;) — S;In(tam;) + In(S3!)] . (4.2)

i=1
When we consider a background observation B; with the exposure time ¢}, like our study,
we adopt the W-statistics instead (Kaastra, 2017). We aim to minimize the W-stat value

as:

N

= Z[(tsmz) + (ts—i-tb)fi - Sz ln(tsmi—i- (tsfz» — Bz ln(tbfz) — Sz(l —In Sz) — Bz(l —In Bz)] s
. (4.3)

W
2
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where

Si+ Bi — (ts + ty) + /[(ts + tn)m; — S; — Bi]2 + 4(ts + ty) Bim;

fi= 2ts + ty)

(4.4)

Because the limit of large numbers of counts of the Poisson distribution reaches the
Gaussian distribution, W reaches the x* with (N — M) degrees of freedom, where M is

the number of free parameters of the model.

4.5 Results

As a result of the spectral analysis in all sky pixels, the distribution of the W values is fit
to the range from the half value to the twice value of the Degree Of Freedom (DOF: 1470)
of each fitting (Figure 4.5). Although the W value (and also C' value) has no exact method
of test, this result can be interpreted that we generally succeed the spectral fitting with
considering the characteristics of the chi-square method. Figure 4.6 shows spectral fitting
results in the all sky pixels in Kepler’s SNR. We succeed phenomenologically representing

the observed spectrum in all pixels with almost no strong residuals remaining there.
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Figure 4.5: Histogram of W-stat values W of the fitting result in Figure 4.6.
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Figure 4.6: Spectral fitting results of Kepler’'s SNR. Full resolution data is available as
electronic media
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4.5.1 Doppler shift
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Figure 4.7: Doppler shift maps of Kepler’s SNR. Numbers around these plots are the x
and y coordinates corresponding with each (z,y) in Figure 4.6. The color scale represents
the best-fit value of the line-of-sight velocity, where positive values mean red-shifted. The
circle size represents the fitting error (1o). The legends of the error scale are shown at
the lower left corner. In five circles in the legend, the central one is the criterion, which
represents the error value written above, and the ratio of the circle size (area) of each
data point to the criterion is the reciprocal of the ratio of the fitting error. As examples,
the other four circles in the legends represents x3, x2, x1/2, and x1/3 values comparing

with the criterion, respectively.

Figure 4.7 shows the Doppler shift parameter maps of each ejecta component using the
vmshift model. The size of each data point represents the estimated confidence region
of the parameter fitting, which the error command in XSPEC calculates by searching the
limit with varying all free parameters until the best statistic value is fit within the 1o
confidence level. For the IME component, the north-west rim shows blue-shifted feature

and the central region does a little red-shifted velocity. The fitting error of the ONeMg
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component is too large to discuss the best-fit results, because we cannot resolve their
emission lines clearly due to the worse energy resolution of CCD detectors. This situation
also causes the uncertainties for Fe-L lines. Although the IME lines and ONeMg lines
includes both ejecta component and CSM component and it makes uncertainties due to
the assumption of the model parameters of the CSM component, the Fe-K line is purely
from the ejecta. The Doppler velocity of the IGE component shows clearly red-shift
result 2,0001,000 km sec™! around the center of the remnant. Kasuga et al. (2018), who
analyzed another observation by Chandra ACIS-S detector, measured the Fe-K centroid
there and found it shows lower than 6.4 keV, which is the centroid energy of Fe I. Our
result reconfirm the red-shift structure there, and measure the velocity with considering

the ionization state of the iron ion for the first time.

4.5.2 Line width
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Figure 4.8: Same as Figure 4.7 but those of the line width. These values are linearly

converted to those at 6 keV.
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Figure 4.8 shows the line width parameter maps using the gsmooth model. These
values are linearly converted from the line width at each line centroid energy to the value
at 6 keV for simple comparison. While the line width of the ONeMg component is still
not reliable due to the weak ejecta contribution, those of the IME and IGE around the
center of the remnant show narrower values than those in the outer regions. Kasuga et al.
(2018) suggested such a feature for the Fe-K line by calculating the standard deviation of
incident photon energy detected there. We reconfirm it more precisely by measuring the
line width directly. For confirming this narrow line width quantitatively, Figure 4.9 shows
radial profiles of the line width of the IME emission lines. We can see the characteristic
trend that the peak of the line width is located at a little outer from the center. This
trend cannot be explained by a simple spherical expansion model surrounded by a uniform
ISM, and the impact of dense CSM could be expected there.
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Figure 4.9: Radial profiles of the line width of IMEs. Numbers at the top left corner
correspond to the range of the angle (degree) which is counter-clockwise from the north.
Each error bar of red points is in the 1o confidential range. Note that we exclude some
pixels whose best-fit value is 0 eV and we cannot determine their upper limits due to their
large fluctuations.
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Chapter 5

High resolution spectroscopy of

Kepler’s supernova remnant

As described so far, the analysis of ONeMg-K and Fe-L lines is uncertain as long as using
CCD detectors. This weak point is fatal for studying the relationship between the ejecta
and CSM. In this section, we adopt grating spectrometers on board XMM-Newton, RGS,

for resolving these emission lines in detail.

5.1 Extracting spectra

As described in §3.1.4, RGS is a 1-dimensional detector in the cross-dispersion direction.
Green lines in Figure 5.1 are parallel to the dispersion direction of the RFC detectors,
whose observation roll angle is 92.67 degree for this observation 0842550101. We can
divide this remnant following these lines into six strips. Except for the strips NN & S,
the CSM distribution in the dispersion direction can be regarded as a point-like structure
in the other four strips. These strips are suitable for the analysis of the RGS spectrum.
Figure 5.2 shows the raw event count maps on both RFC detectors. The spatial distribu-
tion in the cross-dispersion direction is detected in all the energy band. Because the focal
points of both RGS detectors are shifted in ~5 arcsec in the cross-dispersion direction
(see Figure 5.1) and this scale is comparable with the strip width, we can clearly find that
the detected raw image is shifted on the RFC. We consider these shifts when we extract
spectra properly.

In the same way as MOS analysis, the reprocessing and extracting process of RGS
data is done by rgsproc, rgsrmfgen, rgscombine in the software package of SAS. Note
that the original software for making response files rgsrmfgen is used only for point-like
sources based on Equation 3.1. For considering the extent of the emission sources in the
dispersion direction (Equation 3.2), we additionally use rgsrmfsmooth in the software

package of HEASoft. Original response shape for single emission line assuming the delta-
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function generated by rgsrmfgen looks Gaussian-like. rgsrmfsmooth smooths it by using
the distribution of the emission sources in the dispersion direction, where we use Chandra

images for each strip.

Proposal

RGS-2

+66

cross-dispersion angle
(arcmin)

Figure 5.1: Analysis strips on the Chandra ACIS-S image of Kepler’'s SNR on a linear
scale. The blue and red maps represent the CSM band (470-600 eV) and the ejecta
(Fe-L: 700-860 eV), respectively. Note that the O Ly« line is not included in both of
them. The yellow, cyan, and white color mean the distinction of the proposal value and
the actual value of both RGS systems. The squares and vertical lines represent their
focal point and cross-dispersion axes, respectively. The green horizontal lines represent
the dividing positions of each strip, and the yellow values are the cross-dispersion angle

of them normalized to the proposal focal point.
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Figure 5.2: Raw event count maps of both RFC detectors in the RGS system with the
region strips. The scales are linear to emphasize the spatial distribution of the brightness.
We can see gaps due to the broken CCDs in each RFC detector.

5.2 Spectral fitting

For concentrating on the emission lines from nitrogen and oxygen, which are the main
indicators of the CSM component, we choose the energy band only between 470-860 eV.
In this narrow energy band, we assume only two NEI components, where one represents
the CSM emission lines and the other does Fe-L ejecta lines. Following the previous study
(Katsuda et al., 2015), we adopt vpshock model for the CSM component, which assumes
that a plane-parallel shock heats elements. The NEI component of the Fe-L lines is still
a vvnei model similarly to the MOS analysis. For considering different distribution of
emission sources in each component, the detector response of the former component is
smoothed by the CSM band image (470-600 eV, see the blue map in Figure 5.1) and
that of the latter is by the Fe-L band image (700-860 eV, the red map). We also adopt
a power-law component using PL model to represent all of the other weak emissions. We
admit this PL model is completely phenomenological and the parameter of it may have
no meanings for astrophysics, but it does not affect the Doppler parameters of emission

lines dramatically. The fitting results are shown in Figure 5.3.
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Figure 5.3: Fitting results in each strip. Blue lines are vpshock components representing

the CSM emission lines, and red lines are vnei of the ejecta. Magenta lines are the PL
component.
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Before discussing Figure 5.3, we should pay attention to the residual around the O Ly«
line at the strip CS. Nevertheless, we succeed in representing all the other spectral shapes
including other strips, we only fail to reproduce this line feature. The analyzing method
so far is valid when we can regard that each strip consists of only one point-like emission
structure, and it is reasonable for the strip NC, NS, and CN, thanks to its biased emission
(see Figure 5.1). The strip NN and S cannot be treated as a point-like but a continuous
structure. However, only the strip CS consists of two independent emission structures.
As shown in Figure 5.4, the component at the west half of the strip CS looks connecting
the bright edge of the northern structure, whereas the other component is located at the
central bar structure. It is more natural to assume that the velocity structure of these
components are different. For this point, we virtually treat this 1-dimensional detector as
a 2-dimensional one. By introducing the half-masked image to smooth the response files,
we introduce the west and east half components for each two NEI models (cf., Katsuda
et al., 2013). The updated fitting result is shown in Figure 5.5. This four-component

model succeed in cancelling the outstanding residual in Figure 5.3 (CS).

Figure 5.4: Same as Figure 5.1 but only showing the strip CS. The yellow dashed line is

the dividing position of two halves, which is parallel to the cross-dispersion direction.
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Figure 5.5: Same as Figure 5.3 (CS) but using improved models considering different
velocity structures of the west and east halves. Dashed lines represent the components
from the west-half and dots do the east.

5.3 Results

Table 5.1 shows the results of fitting parameters in this analysis. Figure 5.6 picks up
parameters concerning the Doppler kinematics configured along the cross-dispersion di-
rection. The strip CN and the east half of the strip CS, which can be regarded as being
located at the central bar, shows relatively red-shifted result in the Fe-L component. Their
line width looks not so wide in spite of their location. It is consistent result with what
we derived in Chapter 4. In addition to this, the CSM component in the east half of
the strip CS also shows highly red-shifted. On the other hand, the ejecta shows generally
red-shifted trend, whereas the CSM shows blue-shifted. Based on these results, we discuss

the general dynamics of Kepler’'s SNR in the next chapter.
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Figure 5.6: Results of the free parameters of our fitting with 1o confidence level. The
horizontal axis is the cross-dispersion angle in the unit of arcsec, which is shown in Figure
5.1. (a) Line-of-sight velocity. The positive values mean red-shifted, i.e., moving away
from us. The blue points show CSM parameters and the red shows ejecta ones. The filled
square points represent components in the outer rim and outlined triangle points do in
the central bar. The black solid line means 0 km sec™!. For the strip CS, we distinguish
the plots from the west and east halves. (b) Same but line width o converted at 1 keV.
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Chapter 6

Dynamics of Kepler’s supernova

remnant

6.1 Asymmetric kinematics of CSM

According to the RGS analysis (Figure 5.6), the CSM around this remnant shows generally
blue-shifted kinematics. Its velocity is distributed in the range of 0-500 km sec ~*. This ve-
locity is quantitatively consistent with the bulk motion of this remnant ~230£50 km sec™?,
which is estimated from some bright optical knots (Minkowski, 1959). Combining with
studies of proper motions, Bandiera & van den Bergh (1991) measured its 3-dimensional
velocity as 278412 km sec™! moving toward north-west and us. Previous studies claimed
that such bulk motion is originated from a “runaway” AGB star of its progenitor system
(Bandiera, 1987; Borkowski et al., 1992). Indeed, such “runaway” massive stars are still
found even 600 pc above the galactic plane like Kepler’s position (Martin, 2006). For

I and it has a bow-shock in the

example of Mira’s binary, its velocity is ~100 km sec™
infrared and ultraviolet energy band (Martin et al., 2007).

The central bar structure, which is located at the strip CN and the east half of CS,
seems to have a different velocity structure. The RGS analysis shows the north half of the
bar is blue-shifted and the south half is red-shifted. Ha observation, which is an indicator
of the heated CSM, by Blair et al. (1991) reported consistent results. They measured
the line centroid difference of broad Ha between the east half of CS and other region as
~20 A for 6562.8 A, and it is converted to ~1,000 km sec™! difference in the line-of-sight
direction (see Table 3 in Blair et al., 1991). Burkey et al. (2013) proposed a dense torus-
like CSM for the central structure. The progenitor wind from WD in the SD scenario
could generate such torus-like shape (Hachisu et al., 2008), and some other examples have
been found like SN2012dn (Nagao et al., 2017) and SNR N103B (Yamaguchi et al., 2021).
Our result of the red-shifted and narrow line feature of the CSM lines there is explainable

by such a torus-like structure, if the torus leans toward north-west and us.
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Figure 6.1: A schematic view of the kinematics of the CSM in Kepler’s SNR from diag-
onally above. The blue or red color surrounded by green lines represents the Doppler-
shifted direction of CSM. Darker color represents a larger shifted component. We also
add a bow-shock generated by the “runaway” AGB star. The green image is the X-ray
image of CSM (same as Figure 5.1) and colored arrows also represent the Doppler shifted

direction at each position.

Figure 6.1 summarizes our view of the CSM kinematics discussed above. The original
shape of CSM is bipolar-like with a dense torus at the center (Burkey et al., 2013). The
entire system is pulled along the bulk motion of its progenitor system moving toward the
north-west and our direction (Bandiera & van den Bergh, 1991). We also add a bow-shock
image generated by such kinematics (Borkowski et al., 1992). Previous 2-dimensional
simulations also supported this kinematics. A “runaway” AGB star picture was assumed
in some works with an isotropic CSM structure (Borkowski et al., 1992; Veldzquez et al.,
2006; Chiotellis et al., 2012). Burkey et al. (2013) also did with a torus-like CSM structure
in a static system. These simulations succeeded in generating the characteristic structures
of Kepler’'s SNR. Toledo-Roy et al. (2014) combined both assumptions and generated

general X-ray emission structure in a 3-dimensional simulation.
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6.2 Asymmetric kinematics of ejecta

The line width of the ejecta component by our RGS analysis (Figure 5.6) is the quantita-
tive reconfirmation of our MOS analysis that the line width gets narrower at the central
bar of Kepler’s SNR. This result can be interpreted as a small velocity difference of
(vy —vp). Our RGS result also shows the line width of CSM there is narrower than almost
other strips. These results shows that the dense torus-like CSM there inhibit the ejecta
expansion. The observed Doppler shift of the ejecta reflects the difference of the timing
of heating by the reverse shock between our side and the other side in the line-of-sight

direction.

dense CSM

observer

>

sparse CSM ejecta

Figure 6.2: A schematic view of the kinematics of the ejecta in Kepler’s SNR.

We treat the ejecta kinematics in the outer region independently to the central struc-
ture. Our RGS result shows the ejecta generally shows red-shifted results in contrast
to the CSM and the bulk motion (Figure 5.6). We interpret this CSM result that the
CSM in Kepler’s SNR is mainly distributed on our side (Figure 6.1). Figure 6.2 shows
this situation again but in terms of the orthogonal direction to the line-of-sight. When
surrounded by this distribution of CSM, the kinematics of the ejecta moving towards us
is decelerated by the dense CSM and not inhibited in the other side. If that decelera-
tion is ~1,000 km sec™!, the integrated line-of-sight velocity is totally red-shifted with
~1,000 km sec™!. Therefore, combining with the result at the central structure, our

results show the evidence of the obstruction of the ejecta kinematics by the dense CSM.
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6.3 Comparison with forward shock observations

The angular motion of the forward shock at the outer edge has already been measured in
detail. Katsuda et al. (2008) analyzed the Chandra ACIS images of Kepler’'s SNR, which
are observed in 2000 and 2006, and found the angular velocity of the shock front at the
north half is ~1,000 km sec™! slower than that at the south half. They interpreted that it
reflects the higher density of the CSM around the north rim. Coffin et al. (2021) studied
this point again with newer observations in 2014, which help us to measure the time
variation of the angular velocity. This new study reconfirmed the trend what Katsuda
et al. (2008) found, and also found the velocity is not changed in this ~10 years. They
discussed that the deceleration at the north half has already been finished. It means we
observe the old interaction between the CSM and the remnant in the angular direction.
Although our study in the line-of-sight direction is difficult to discuss the historical timing
of the interaction, all of the results shows the clear evidence of the interaction between
the SNR evolution and its dense CSM.
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Chapter 7

Spatially resolved spectroscopy of

Tycho’s supernova remnant

Next, we measure the ejecta velocity structure in an SNR without any detected CSM.
Tycho’s SNR is the best target for this study because it is one of the brightest and
youngest type Ia SNRs that we have detected and its thermal emission is only observed
from the ejecta (Decourchelle, 2017, for a review). Note that the general structure of the
line-of-sight velocity of the ejecta has already been studied. Furuzawa et al. (2009) and
Hayato et al. (2010) measured the entire Doppler velocity structure of the ejecta including
silicon, sulfur, argon, and calcium by Suzaku, but it had difficulties due to the poor spatial
resolution of Suzaku. Sato & Hughes (2017b) and Williams et al. (2017) also did it for
the silicon ejecta in the entire remnant and outstanding bright knots more precisely by
the excellent spatial resolution of Chandra. Although it looks reliable in terms of the
method, we found a critical trouble in the ACIS-I detector on board Chandra they used
(see Chapter A). We adopt another observatory XMM-Newton, and will measure the

ejecta velocity over the whole of the remnant by a systematic method again.

7.1 Observation history of Tycho’s SNR

Thirty-two years on the earth before the supernova of the progenitor system of Kepler’s
SNR, another bright supernova had occurred on November 11, 1572, also in our galaxy.
The remnant of this explosion is named G120.1+1.4 (or 3C 10), but also called “Tycho’s
SNR” because of the contribution to the historical record by Tycho Brahe (1546-1601)
(Brahe & Kepler, 1602). Before the detection of the remnant (Hanbury Brown & Haz-
ard, 1952), this SN had been known as type la (Baade, 1945), and multi wavelength
observations of this SNR reconfirmed it.

The radio observations between the 1980s and 1990s measured the expansion ratio

of the synchrotron rim and suggested this remnant is still in the ejecta dominant phase
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(Reynoso et al., 1997), as is natural for such young SNRs. Although this is consistent
with the results of the X-ray observations that we have detected mainly emissions from
the ejecta (e.g., Hwang & Gotthelf, 1997; Decourchelle et al., 2001; Hwang et al., 2002),
it is a little mysterious that we have not detected any X-ray emissions from the heated
environment including CSM and ISM so far. Dust emission observed in the infrared energy
band revealed the shocked ambient media around the north-east quarter (Douvion et al.,
2001), and strong correlation with Ha emission suggests efficient cosmic-ray acceleration
occurs there (Lee et al., 2010). In contrast to such interactions with the environment,
Williams et al. (2013) estimates the ISM density ~0.1-0.2 cm™3 with concluding the
consistency of such low density with no X-ray emissions from them. This low density value
is also supported by other observations (Cassam-Chenai et al., 2007; Katsuda et al., 2010).
These results, with no existence of candidates for the counterpart of the progenitor system
(Kerzendorf et al., 2013), have supported the DD-like origin of Tycho’s SNR without any
dense CSM.

7.2 Observations and analysis

Table 7.1: Observation list of Tycho’s SNR by XMM-Newton.

Observation ID  Start Date Duration GTI-1 GTI-2 Note
(sec)  (sec)  (sec)
0310590101 2005.07.03 33406 23437 24057
0310590201 2005.08.05 31882 20112 21615
0412380101 2006.07.28 31883 23008 21408
0412380201 2007.08.21 36911 31544 31857
0511180101 2007.12.30 29117 16680 17335
0511180201 2008.01.01 51907 42117 32469 not used in this study
0511180301 2008.01.03 26917 0 0 not used in this study
0412380301 2008.08.08 46540 38264 39055
0412380401 2009.08.14 34312 32814 32812
total 322875 373998 only effective observations

From 2005 to 2009, XMM-Newton observed Tycho’s SNR nine times for the aim of cali-
bration (Table 7.1 and Figure 7.1). EPIC-MOS can observe the entire remnant by only
single CCD chip, which can be confirmed in the event count maps (Figure 7.1). Although
Tycho’s SNR is so young that we can observe the yearly expansion by Chandra’s great
angular resolution (cf., 0.14 arcsec yr~! in Katsuda et al., 2010), its variation is almost
ignorable in four years for XMM’s images. In these nine observations, two of them are
not used in this analysis. Three observations entering the new year of 2008 (0511180101
0511180301) are for non-routine calibration and done in a special way. Although the
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observation 0511180101 is in the same condition as other ones, 0511180201 includes
strong emission lines from energy calibration sources equipped with MOS, 5.9 keV from
%Fe for example. 0511180301 did not include any photon events from Tycho’s SNR, on
the ohter hand. After excluding them, the total duration time is ~323 ksec. After repro-
cess in the similar way to Kepler analysis, the total GTI is ~374 ksec. The background

observations are also listed in Table 7.2.

0310590101 MOS1 0310590101 MOS2

0310590201 MOS1 0310590201 :MOS2

0412380101 MOS1 0412380101 MOS2

Figure 7.1: Same as Figure 4.1 but for Tycho’s SNR.
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0412380201 MOS1 0412380201 MOS2

0511180101:-MOS1 0511180101 MOS2

0412380301 MOS1 0412380301 MOS2

0412380401 MOS1 0412380401 MOS2

Figure 7.1: (continued)
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Table 7.2: Background observation list of Tycho’s SNR by XMM-Newton.

Target Observation ID  Start Date Duration GTI-1 GTI-2
(sec)  (sec)  (sec)
SWCX-1 0402530201 2006.06.04 96610 83846 85437
IGR00234+-6141 0501230201 2007.07.10 26856 24105 24266
4U01154-63 0505280101 2007.07.21 31512 13680 14460
400241461 0503690101 2008.02.28 118370 34557 35220
WD 0127+581 0555880101 2008.09.03 30916 24527 25620
total 365466 365718

Figure 7.2 is the spectrum from the entire remnant as a product of such processes. We
can see outstanding emission lines from the ejecta including silicon, sulfur, argon, calcium,
and iron. Note that the emissions from oxygen, neon, and magnesium are also thought to
come from the ejecta. We also plot the background spectrum in the same figure, whose
strength is ~1 % in almost all the energy band.

We divide Tycho’s SNR into grids whose size is 15 arcsec, making 34 x34 sky pixels.
Figures 7.3 shows all sky pixels on the flux images in each energy band observed by
Chandra (the observation list is shown in Table A.1). The emission models are almost
same as the analysis of Kepler’s SNR, but only the CSM component is excluded due
to the absence of evidence of its emission. The ISM absorption parameter is fixed to
7.5%10%! cm~2 in all regions. This value is derived from the average of previous works
specialized small regions (Yamaguchi et al., 2017; Okuno et al., 2020).
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Full band ( 0.5-8.0 keV)

X

5.83e-07 7.75e-07 2.03e-06 8.79e-06 1.16e-05 1.48e-05 1.83e-05 2.35e-05 3.24e-05

Continuum (4.1-6.1 keV )

1.52e-08 2.54e-08 5.24e-08 1.01e-07 1.31e-07 1.60e-07 1.95e-07 2.46e-07 3.50e-07

Figure 7.3: Same as Figure 4.3 but for Tycho’s SNR.
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O VII (0.5-0.6 keV)

) 3.7230e-10 8.6747e-08 1.7945e-07 3.7491e-07 5.5920e-07 7.3642e-07 9.2741e-07 1.1739e-06 1.5707e-06 |

Fe-L (0.8-1.25keV)

1.44e-07 1.92e-07 4.07e-07 1.76e-06 2.29e-06 2.86e-06 3.57e-06 4.72e-06 6.90e-06

Figure 7.3: (continued)
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Mg X1 (1.27-1.39 keV/)

I

1.58e-08 2.56e-08 8.15e-08 3.00e-07 3.90e-07 4.76e-07 5.84e-07 7.40e-07 9.93e-07

Si X1l (1.8-1.92 keV)

o

6.26e-08 9.46e-08 1.92e-07 1.19e-06 1.86e-06 2.46e-06 3.21e-06 4.16e-06 5.71e-06

Figure 7.3: (continued)
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S XV (2.4-2.52 keV )

1.14e-08 2.47e-08 5.90e-08 2.87e-07 4.32e-07 5.83e-07

Ar XVII (3.07-3.18 keV/)

7.65e-07 1.03e-06 1.51e-06

—

K

| 5.4425e-11 4.3540e-09 1.4423e-08 4.2180e-08 5.9977e-08 7.9189e-08 1.0297e-07 1.3639e-07 1.9811e-07

Figure 7.3: (continued)
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Ca XIX (3.83-3.95keV)

5

| 3.1082e-11 3.1082e-11 7.5839e-09 1.5914e-08 2.3902e-08 3.1703e-08 4.0717e-08 5.3927e-08 7.5808e-08 !

Fe-K (6.35-6.6 keV)

| 2.3952e-11 2.3952e-11 9.9403e-09 1.8419e-08 2.7426e-08 3.8779e-08 5.0468e-08 6.5414e-08 9.0349e-08

Figure 7.3: (continued)
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7.3 Results

During all of the spectral analysis, the distribution of the W-stat is generally converged to
the DOF value, 1471, of each fitting (Figure 7.4). Figure 7.5 shows spectral fitting results
in all sky pixels in Tycho’s SNR. We again succeed phenomenologically in representing

the observed spectrum in all pixels with almost no strong residuals remaining there.
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Figure 7.4: Same as Figure 4.5 but for Figure 7.5.

In our Kepler analysis, we show Doppler parameter maps with their estimated errors.
Here we show again the similar maps for Doppler parameters in this Tycho analysis. In
addition to them, because all thermal emissions come from the ejecta in Tycho’s SNR,
we can trust other thermal fitting parameters more without the uncertainties of the fixed
parameters of the CSM component in the previous Kepler analysis. We show them in
the form of the best-fit value maps for such other fitting parameters in the following

subsections.
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Figure 7.5: Spectral fitting results of Tycho’s SNR. Full resolution data is available as

electronic media.
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7.3.1 Photon index of power-law component

Figure 7.6: Photon index map of Tycho’s SNR on a linear scale. Contour represents the

flux of the non-thermal emission in Figure 7.3.

First, we verify the photon index I' of the PL component, which is represented as oc £,
This value is ~2 for the synchrotron emission and gets larger for thermalized emissions.
As we can see in Figures 7.3 and 7.5, the entire region of Tycho’s SNR is dominated by
the thermal emissions. However, we can read photon index values near 2 in regions where
strong non-thermal emission is observed, for example in the south-west edge in Figure
7.6. We regard that this result ensures the validity of our analysis. In other regions, I'

gets close to or over 3, which means the thermal emissions are dominant there.
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7.3.2 Electron temperature

25 0 7.5 15
(keV)

Figure 7.7: Electron temperature maps of Tycho’s SNR on a linear scale.

The electron temperature is assumed as same in all of the components except for the
second IGE component, which mainly represents Fe-K emission. Its unified temperature
results between 0.5 to 2.5 keV (the left map in Figure 7.7). We will discuss these results
in §8.4.3 in detail.

Here, we refer to the high electron temperature of the second IGE component at
the south-east edge, which is called the Fe-knot (Yamaguchi et al., 2017). The electron
temperature here is >7.5 keV and it is three times higher than the averaged value of the
entire region ~2.5 keV. In terms of the spectral fitting results, this difference is originated
from the contribution of two IGE components. Results around there in Figure 7.5 show
the all emission lines from the iron are explainable by single IGE component. In addition,
they tell us that such an IGE component needs higher electron temperature, whereas the
first IGE component, whose temperature is unified to other components like IME, cannot
play that role. This result shows the origin of the iron there is different from that in the
other regions. Yamaguchi et al. (2017) indicated that the origin there is synthesized under
the incomplete Si burning or the a-rich freeze-out with a relatively low neutron excess. In
contrast to normal location of the synthesis of IGEs, such mechanisms suggest they are
originated from the distant position from the core of the WD. Our results indicate such
difference as the fractions of the contribution of two different IGE components. Indeed,
the fitting results in Yamaguchi et al. (2017) at the Fe-knot explained the entire spectrum
by single and highly heated IGE component, whose electron temperature is ~8 keV.
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7.3.3 lonization timescale

1e+11

0 1.5e+10 3e+10 0 1e+10 2e+10
(cm3s)

Figure 7.8: Ionization timescale maps of Tycho’s SNR on a linear scale.

The ionization timescale is the product of the electron density by the elapsed time after
being shocked. The upper limit of the time parameter can be estimated as the comparable
value of the SNR age ~ 1.4 x 10'° sec. Our results are fitted in the range of 41 order

3 sec, except for the results of the second IGE component at

from ~ 1.4 x 10*° cm~
the edge, where the Fe-K emission is weak and could easily mis-estimate the true value.
This is reasonable assuming that the electron density is a little larger than the typical

value in ISM ~0.1-1 cm 3. For IGE components, these values are smaller than the other
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elements because the reverse shock has shocked them more recently. Detailed discussions
are skipped to §8.4.3.

Here similarly, the result of the second IGE component at the south-east edge rep-
resents that of the entire IGE component of the Fe-knot spectrum. Our result ~ 1 x
10" ¢cm™3 sec is consistent with the previous result in Yamaguchi et al. (2017). This
value is more than twice larger than that in the other regions, but close to that of the first
IGE component. These results indicate that the ionization timescale of Fe-L is generally
> 1 x 10! em ™ sec and the Fe-K emission is more highly ionized than Ne-like only at
the Fe-knot.

7.3.4 Abundance ratio

Figure 7.9 shows the abundance ratio of S/Si, Ar/Si, Ca/Si, and Ti/Fe derived from the
vvnei models. For the IME elements, the ratio maps seem uniform generally. However,
S/Si and Ar/Si around the south-east edge, i.e. the Fe-knot, is a little higher than those
in the other regions. Even though the origin of iron here is different from that in other
regions, the mass of sulfur and argon gets close to that of silicon at the boundary between
the iron and silicon layer (cf., Iwamoto et al., 1999). This effect will result in such high
abundance ratio there. Note that the mass ratio Ca/Si would also be higher for the
same reason. Such tendency is weak in our result. It may be because the difficulty of
estimating the calcium abundance due to the coupling of the absorption parameter and
the emissivity of Ca-L lines located between 0.5-0.6 keV. In this energy band, the emission
lines of O VII, Fe-L, Ca-L, and the silicon-escaped component of S-K emissions, which
are the artifact lines due to the detector response, are contaminated, although the energy
resolution of CCD detectors cannot resolve any line feature clearly there. We regard the
Ca/Si ratio as less reliable than the other IME components.

Concerning the remaining result, the titanium abundance is linked to those of chromium
and manganese. Because these emission lines are faint, the result of Ti/Fe is less reliable
than those of IMEs. It seems the ratio is higher around the center of the remnant. Note
that the ratio at Fe-knot seems small or covered by fluctuations, where Yamaguchi et al.

(2017) found no strong emission from chromium, manganese, and nickel.
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Figure 7.9: Abundance ratio maps of Tycho’s SNR. Only the Ti/Fe ratio is shown on a

logarithmic scale, while the others are on a linear scale.
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7.3.5 Doppler shift
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Figure 7.10: Same as Figure 4.7 but for Tycho.

Figure 7.10 shows the Doppler shift parameter maps of each ejecta component using the
vmshift model. The shift map of IMEs is compared with the mean photon energy map
of Si Hea (Figure 4 in Sato & Hughes (2017b)). Sato & Hughes (2017b) plotted the
mean value of the incident photon energy of detected events in the Si-Ka band at each
detector pixel of Chandra. We can regard this mean value as the line centroid of Si-Ka
because the Si emission is so strong that the emission shape looks like a simple Gaussian.
Considering almost all elements except for IGEs are ionized to the He-like state even in
young SNRs, we can also estimate the line centroid at the static state. Combining these
general facts, it is reasonable to understand the trend of the Doppler shift of the silicon
ejecta by using the mean photon energy map. Calculating from the map in Sato & Hughes
(2017b) and the emission energy of Si Hear 1.865 keV (Table 2.1), the distribution of the
Doppler shift of the silicon ejecta is +£1 % in the light speed. This range is consistent
with our result of IMEs in Figure 7.10. They also showed a spatial trend that the mean
photon energies in the north half is higher than those in the south. Although their result
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could be miss-estimate the Doppler velocity because it is not necessary for the all silicon
ejecta to be ionized to the He-like state, our analysis considering its ionization state also
shows the similar trend. This trend gets to be supported more.

Concerning ONeMg and IGEs, these are the first plots of the Doppler shift maps
for these ejecta elements, although their reliability is inferior to that of IMEs. For the
ONeMg component, emission lines from them are not well resolved due to the worse energy
resolution of CCD detectors or the contamination by Fe-L lines. For two IGE components,
in addition to the similar situation for Fe-L lines, the uncertainty of the ionization state
of the Fe-K line also affects the estimation of the Doppler shift. Considering them, the
reliable points of these results is that both ejecta components also show the same trend
to be blue-shifted in the north and red-shifted in the south at the center of the remnant.

7.3.6 Line width
Parameter maps of each ejecta

The width of the emission lines is the main indicator of the kinematics of the ejecta in
our study. Figure 7.11 shows its results of each ejecta component using the gsmooth
model. We can compare these line width maps with previous radial profiles by Hayato
et al. (2010) and Sato & Hughes (2017b). Hayato et al. (2010), which is an advanced
study of Furuzawa et al. (2009), analyzed the Suzaku spectrum between Si-Ka to Fe-Ka
by dividing the remnant into four tori. They found the line width estimated by Gaussians
representing emission lines gets narrower from the center to the edge in Tycho’s SNR for
all elements, while the line centroid keeps constant except for calcium. Sato & Hughes
(2017b) analyzed Chandra spectrum in the same way and confirmed this result with a
finer pitch. Note that both works excluded the south-east edge of the remnant.

While our result plays a role in the reconfirmation of them by another representative
observatory XMM-Newton, its strong point is investigating it in 2-dimensions. Ignoring
the fluctuations in the outer rims, the line width maps of IMEs and IGEs show the same
trend as previous works. In addition to them, we also measure the line width of ONeMg,
which is difficult to analyze by a Gaussian fitting method. While only ONeMg shows a
large line width at the south-east edge due to missing outstanding lines from them, our
results show the same trend that the line width gets narrower from the center to the edge
is applicable to all elements.

Note that Sato & Hughes (2017b) showed the line width gets wider out of the radius at
~3.4 arcmin (see Figure 2 in their paper). Even though they did not divide the azimuth
angle, their result would depend on the north-west rim because the photon statistics there
is dominant in all the energy bands. However, the line width tends to be larger than the
real value there observed by Chandra ACIS-I as described in Chapter A. We trust our

results by XMM-Newton, which indicates narrow line width even at the north-west rim.
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Figure 7.11: Same as Figure 4.8 but for Tycho.

Radial profiles of IME ejecta

Among three components of ONeMg, IMEs, and IGEs, the result of IME emission lines is
the most reliable, because the line profile is clear and the ionization state can be assumed
as He-like in all sky pixels. Hereafter, we focus only on the IME elements for a while.
Figure 7.12 is the radial profiles of the IME line width with dividing the remnant into
8 circular sectors. The azimuth angle is defined in the counter clock-wise direction from
the north. Note that the sector whose angle is between 90-135 degrees include the Fe-knot
located at the south-east edge. We find that the line width gets narrower from the center,
and drop to ~0 eV around the radius of ~200 arcsec in almost all sectors. Then the line
width keeps ~0 eV to the edge of the remnant. This is an interesting result, because the
line width should be decreased monotonically to the edge if the ejecta expands uniformly

and isotropically. We need to investigate this in more detail.
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Figure 7.12: Same as Figure 4.9 but for Tycho.
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7.4 Further analysis for IME ejecta

7.4.1 Spectral fitting

region bin32 (22,15)

0 'mum A Wyt bk
MWWH P 4 oy

2 5
Energy (keV)

Figure 7.13: Same as Figure 4.4, but an example of the narrow-band spectral fitting.
Here, the line color red and blue represents the Doppler-shifted direction of each IME

component.

For further studies, we derive the expansion velocity quantitatively. As described in
§2.4.2, the line width can be broadened by the line-of-sight velocity difference (v, — vy,).
Concentrating on it, which is twice of the expansion velocity vpyg in the line-of-sight
direction, we introduce a two-velocity model for the IME component (cf., Hayato et al.,
2010). Only choosing the narrow IME band in 1.6-6.0 keV, we adopt two NEI models
for each velocity component and one PL as an phenomenological continuum component.
Parameters of the NEI components, except for the normalization, velocity, and line width,
are identical with each other and fixed to the best-fit values of the analysis in §7.2. The line
width of each is set to be 0 eV assuming the line broadening effect by (v, —wy,) is dominant.
The velocity parameters are set as v, = v|+wvp and v, = —v)+vp assuming the symmetrical
expansion in each line-of-sight direction. The velocity offset vy is calculated as the average

IME velocity at the edge of the remnant. We estimate vy is -420 km sec™! by using our

77



result in Figure 7.10. Although this offset velocity could be due to the bulk motion of
Tycho’s SNR or its original WD, this also could be explainable by the uncertainty of the
energy accuracy in MOS detectors. The latest calibration documentation of MOS reported
the uncertainty is 5 eV in all the energy band (XMM-Newton Calibration Technical Note
0018, Version 3.12, 2019), and it is converted to ~800 km sec™! at the Si-Ka band. We
cannot distinguish these two effects.

7.4.2 Results

Fitting statistics and results are shown in Figures 7.14 and 7.15. These fittings looks
again successful. We show the radial profiles of v in Figure 7.16. Similar to the line
width parameter in §7.3.6, v gets lower from the center to the edge generally. Based on

these results, we will discuss the dynamics of Tycho’s SNR in the next chapter.
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Figure 7.14: Histogram of w-stat values.
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Figure 7.15: Spectral fitting results of Tycho’s SNR. Full resolution data is available as

electronic media.
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Chapter 8

Dynamics of Tycho’s supernova

remnant

8.1 Expansion in uniform and isotropic ISM

At first, we will interpret the radial profiles of the expansion velocity of IME ejecta
(Figure 7.16) by assuming a uniform and isotropic environment with low density around
the remnant, which is a reasonable assumption for the ISM. In such an environment,
the heated ejecta results in expanding with keeping its velocity constant (Figure 2.1).
We derive the projection effect from the 3-dimensional velocity vpyg to the line-of-sight

velocity v with representing this velocity picture by the following steps.

2-dimensionally
filled ejecta

angular
direction

0 X X
Z
line-of-sight
direction
observer

Figure 8.1: Schematic drawing of filled ejecta in a cutting plane of the angular direction.

Definitions are written in the main text.
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We focus on a 2-dimensional plane which is a cutting plane of the angular direction of
the 3-dimensional remnant. At first, we assume ejecta groups are filled in the full of the
plane (Figure 8.1). The expansion velocity of each ejecta is V' and the outermost radius
is R. We choose the z axis in the line-of-sight direction, which is orthogonally crossed at
coordinate X on the angular axis x. The Z coordinate at the intersection between the z
axis and the circumference of the ejecta group is defined as Z = vR? — X2. Between 0
and Z on z axis, the line-of-sight velocity of one ejecta element, whose location is described
as \7, is v = V cos ¢, where ¢ is the angle between V and z axis. Here, the integration

of the line-of-sight velocity v) of each ejecta element at X is calculated as:
%
f(X;R):/ dy Vcosp . (8.1)
)

=0

Defining © = arcsin (X/R) and using a relationship y = X tan (5 — ) = X/tan ¢, this

equation can be resolved as:

© X
f(X;R) = / de < )Vcosgo
(p /2 tangp

4

de

< ) V cos ¢
7r/2 Sln

_VX[

sin go] R
~V(R-X) . (8.2)

Observed line-of-sight velocity F(z; R) is the density averaged value of the velocity inte-
gration f(z; R). Assuming the ejecta density is uniform, Fj(z; R) is calculated as:
f(z; R) R—x

Next, we assume the spherical expanding ejecta which are distributed from R = R;
to R = Ry where R; < Ry. In the hollow situation at x < Rj, the line-of-sight velocity
Fy(x; Ry, Ry) is the density averaged value of the difference of the velocity integration

(f(x; Ry) — f(x; Ry)), as
f(x; Ry) — f(x; Ry)
VR —a?—\/R} —2?
\/R2—$2+\/R2—x2
Ry + Ry

Rl X 2 R2 xZ 2
V21— (=) 51 (= . 8.4
R1+R2 (Rl) R1+R2 <R2) ( )
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Fy(z; Ry, Rs) =




Y

Figure 8.2: Schematic drawing of hollow ejecta in a cutting plane of the angular direction.
Definitions are written in the main text. We also plot an example of the velocity profile

written in Equation 8.7 above this figure.

It is obvious that the mathematical continuity at x = R; is satisfied as:

Rs — Ry
R+ Ry

Fl(R1; RQ) = FQ(RI;R1>R2) =V (8-5>

If the ejecta distributes like a shell, whose radius is R, the radial profile performs as a

Fy(z;R,R) = V1 — (%)2 . (8.6)

Concluding them, the line-of-sight velocity v as a function of the angular distance x

cosine function:

is calculated as:

4
Rl X 2 R2 Xz 2 .
v Ji— (= 1— (X f0<z <R, |
(R1+R2 (1%1) TRt R (RQ) pUsesdn

7}||<7a): v Ry — Ry
Rs + Ry
\O lfRQSSU .

ifR1§T<R2 ,

(8.7)
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8.2 Estimation of 3-dimensional velocity of IME ejecta

Converting into the physical parameters, the line-of-sight velocity v| as a function of the

angular distance x is calculated as:

U|| (93) =

(
2
RS X __"MmE .
UmME | —— 1—(—) 1f0§&3<7’RS ,
Trs + TIME TRS TRs + I'ME T IME
''ME — X .
VIMEA| if rps < <71
TIME + T

0 if T"IME S x

0

(8.8)
where the radius of the reverse shock and the distance to the edge of the IME ejecta are
rrs and rpvg, respectively.

The projecting effect v (x)/vmve can be calculated using observable parameters by the
following methods. rpyg is the distance to the observed edge of the IME ejecta. It is
called Contact Discontinuity (CD) (cf., Truelove & McKee, 1999), whose position r¢p it
may be difficult to distinguish from that of the forward shock by our spatial resolution.
We measure r¢p using the averaged value of the distance to the outermost sky pixels
in each sector. rrs has been already studied in previous works. Warren et al. (2005)
used Chandra observation data and determined rgg comparing the Fe-Ka emission peak
in almost all the azimuth angle except for the south-east. They estimated that rgg was
~183 arcsec. Because the Fe-K/ emission is more sensitive to the heating by the reverse
shock, Yamaguchi et al. (2014a) adopted the Fe-K/ emission image as the more certain
indicator of rgg in the north-west direction observed by Suzaku, whose sensitivity around
such an energy band is more reliable than that of Chandra. Their result of rgs was
~158 arcsec. We adopt the averaged value of them, so rgrg is assumed to be 170.5 arcsec.

Using these rpyg and rrg, we calculate vpyg using our result in Figure 7.16 and the
relationship in Equation 8.8. Figure 8.3 shows its result. Although vy is expected to be
constant from the center to the edge (Figure 2.1), our result shows a two-velocity structure
in almost all circular sectors. In the sector between 0-45 degree for example, the velocity

~1 while the outer ejecta shows ~1,000 km sec™?.

of the inner ejecta is ~3,500 km sec
The higher and lower velocity components are fit in the range of £500 km sec™! in the
all sectors, except for one including the Fe knot, where we expect a different expansion
structure.

Such velocity structure can be easily interpreted as a deceleration of the 3-dimensional
velocity. It means our simple assumption fails to represent the observed expansion struc-
ture of the IME ejecta in Tycho’s SNR. Instead of it, this deceleration suggests the

interaction with denser materials (Figure 2.2).
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Figure 8.3: Similar to Figure 7.16, but radial profiles of the estimated vpg at each data
point by assuming the uniform and isotropic expansion. Used parameters are shown at a
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that the plotting limit of vy is set to be 5,000 km sec™! for easy comparison with Figure
7.16.
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Before interpreting this result as a deceleration, we add some supplementary expla-
nations. Our result is based on the two NEI model fitting in §7.4. It is reasonable
for the hollow emission structure, where we can divide the red- and blue-shifted com-
ponents. While this structure is valid in the range of 0 < x < rgg, the outer region
in rrs < x < rpvg is filled in the line-of-sight direction. Both shifted components are
distributed sequentially, so it is skeptical that we can sufficiently explain there by our
assumption. Instead, we need to adopt single NEI model to explain there. We have
already done it in §7.3.6. Although the single line width is difficult to convert into the
quantitative line-of-sight velocity, Figure 7.12 shows that the line width is ~0 eV in the
outer region. The fitting parameter 0 eV means our observed line broadening of the raw
spectrum is sufficiently explained by the energy resolution of MOS detectors. Therefore,
we should interpret our results of the two NEI fitting in the outer region are rather the
upper limit than the best-fit value. In terms of this point, the two velocity structure in
Figure 8.3 is valid at least.

Another point we want to mention is that the outermost data points get higher velocity,
even though the estimated error also gets larger. This could be due to the weak line
strength to the continuum emission, which is called the equivalent width, at the edge
of the SNR. The synchrotron emission at the forward shock front is dominated and the
ejecta emission should be weak because the emission volume is thin in the line-of-sight
direction. Our analysis aims to mainly explain the ejecta dominant region, and we need
to care to fit such spectra with small equivalent width because the line shape tends to be

broaden to explain the continuum.

8.3 Expansion parameters of IME ejecta

Based on admitting the two-velocity structure, we again get back to the original veloc-
ity profile (Figure 7.16). We fit them using Equation 8.8 by the Levenberg-Marquardt
method (Levenberg, 1944; Marquardt, 1963), which is a derived type of a least-squares
method considering error bars. The best-fit value vng, rrs, and rpyg will represent the
higher velocity, the position of the reverse shock, and the position of the reflected shock,
respectively. Figure 8.4 and 8.5 show the best-fit model and parameter list in each circular

sector.
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Figure 8.4: Same as Figure 7.16, but with the best-fit model of the function (Equation
8.8) as green lines. Best-fit parameters are written with 1o confidence range at a lower-
left corner in each plot. Previously reported positions of the reverse shock (W05: Warren
et al. (2005) and Y14: Yamaguchi et al. (2014a) as the blue lines) and our observed rcp
(violet) are also plotted.
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Figure 8.5: Fitting results of v), rgrs, and rnvg for each circular sector.

observed r¢p in the bottom figure.

8.3.1 3-dimensional velocity for inner ejecta

The best-fit parameters vpg in all sectors are similar, and the typical value is estimated
to be 4,000£500 km sec™!. This value is reasonable considering that the free expanding

ejecta with the velocity of ~10,000 km sec™?

by the reverse shock.
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Hayato et al. (2010) previously measured the 3-dimensional velocity of the silicon
ejecta, and it was a little higher value, ~4,700 km sec™!. On the other hand, their mea-
sured value of the line-of-sight velocity at the center of the remnant is ~3,500 km sec™?
and it is consistent with our results. This inconsistency of 3-dimensional expansion veloc-
ity could come from the difference of the conversion method from the line-of-sight velocity.
Hayato et al. (2010) tried to compensate the worse spatial resolution of Suzaku, ~2 arcmin
in FWHM (Serlemitsos et al., 2007) which is >25 times worse than that of XMM-Newton,
by correcting its large point-spreading function. Their method could contain large sys-

tematic uncertainty, which would be able to explain this gap.

8.3.2 Position of the reverse shock

The bending point rgg of the fitting curve can be regarded as the reverse shock position.
In the north-west quarter, the best-fit value is 167410 arcsec. It means the reverse shock
has not reached the center of the remnant, which is natural for such young SNRs.

This position is located at the middle of the reported positions by previous works
(183 arcsec: Warren et al. (2005) and 158 arcsec: Yamaguchi et al. (2014a)). As described
above, these previous works used the position of the emission peak of Fe-K lines. Because
its emission needs hotter temperature than lighter elements like IMEs, its distribution
represents the recently shocked region by the reverse shock (cf., Hwang et al., 1998;
Badenes et al., 2005). However, the studies using the Fe-K emission comes up against
difficulties of its smaller photon statistics compared with the Si-K emission. Even though
the Fe-Kf study with the large efficiency of the detection of their energy band in Suzaku
(Yamaguchi et al., 2014a) is relatively reliable, it is rare case to detect a clear Fe-Kf line
in small knots. The worse spatial resolution of Suzaku is again too blurred to determine
the locations in detail. Nevertheless our method is completely independent way to them,
the reverse shock position we report in the north-west is consistent with them. Our
method uses the IME emission lines including the Si-K line which is dominant in almost
all cases. Figure 8.4 shows we can also estimate reasonable positions in all of the other
azimuth directions. Our method could be a strong method for the position estimation of

the reverse shock systematically.

8.3.3 Position of the reflected shock

The remaining parameter rpyg means the boundary between the two velocity structure
in this fitting, therefore it represents the reflected shock position. The estimated value is
200+20 arcsec except for the abnormal sector including the Fe knot. One of the important
points is the uniformity of the reflected shock position in this remnant. We will discuss

the reason for this deceleration in the following sections.
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8.4 Circumstellar media in Tycho’s SNR

8.4.1 Interpretation of our results

This almost uniform result suggests that such deceleration occurs everywhere around
Tycho’s SNR. It means that this remnant is surrounded by dense and cavity-like materials.
According to the 1-dimensional hydrodynamical simulations, we need ~100-1,000 times
denser materials than the typical ISM density ~0.1 cm™3. Some studies have suggested
the existence of associating molecular clouds by observing other wave length (e.g., Zhou
et al., 2016; Arias et al., 2019). Although the typical density of the molecular clouds is
~10-100 cm ™3, Zhou et al. (2016) suggested the density of this cloud is <0.1 cm™3.

Nevertheless, our result may show another dense molecular cloud, it is unnatural that
such existing interstellar gas had happened to form such cavity-like structure around the
progenitor system of Tycho’s SN. Instead, it is more reasonable to interpret this dense gas
comes from the CSM, despite the expectation of the DD scenario. To test the hypothesis
of the CSM, we need to calculate the mass loss rate of its progenitor system assuming
the SD scenario. Such CSM is thought to be formed by the strong progenitor wind from
the WD (Hachisu et al., 1996). Assuming the distance to Tycho’s SNR from the earth
to be 3 kpc, which is the mean value of previous studies (see Figure 6 in Hayato et al.,
2010, for a review), rpyg ~200 arcsec is converted to ~3 pc ~ 1 x 10 km. Using typical
wind speed vy, ~100 km sec™! (Kato & Hachisu, 1999), the time to approach the present
position for the wind ¢, is 3 x 10%(vy,/100 km/s)~! yr. Note that ¢, must be larger than
the age of the remnant. Assuming the inner materials of the cavity without the ejecta
is completely the CSM, the total mass can be calculated using the volume of the sphere
whose radius is 3 pc, the density n, and the proton mass ~ 10~°7 M. Thus, the mass-loss
rate M is ~ 107(n/0.1 cm™3)(vy, /100 km/s) Mg yr—'. This approximate can get large
or small considering the mass of the inner ISM and the CSM cavity. Thus, this value is
regarded to be consistent with the typical value of M ~ 107°M, yr=! for the SD scenario
(Zhou et al., 2016). Therefore, this dense cavity could be the CSM.

8.4.2 Comparison with forward shock observations

Tanaka et al. (2021) measured the time variability of the non-thermal emission at the
edge of Tycho’s SNR and found a decelerating structure with ~2,000 km sec™! of the
angular motion of the forward shock mainly around the south half only in these 15 years.
They concluded such deceleration is due to the collision with cavity-like CSM around the
remnant right now.

The deceleration of the forward shock is mainly observed in the south half (Figure 2 in
Tanaka et al., 2021). However, the reflected shock in our result seems to reach the inner

position there than that in the north half compared to the geometrical edge of the ejecta
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(Figure 8.5). Although it looks contradiction, we should keep in mind that they studied in
the angular direction, while we study in the line-of-sight direction. This difference could

be interpreted as suggesting that the CSM cavity of this remnant is anisotropic.

8.4.3 Interpretation of thermal parameters

Electron temperature

Unified

25 1.0 25 4.0
(keV)

Figure 8.6: Same as Figure 7.7, but with rpyg on the unified electron temperature and

rrs on that of the second IGE component. The scale range is also changed.

If the deceleration is due to the collision between the ejecta and some dense materials, the
electron temperature will be heated there. In order to confirm it, Figure 8.6 again shows
the unified electron temperature map but with our estimated position of rpyg for each
circular sector. Note that the 1o error is typically 0.3 keV. In the south-west quarter,
the general electron temperature is ~1.5 keV outer from 7y, where bright non-thermal
emissions are located. It looks heated by comparing with inner temperature ~1.0 keV,
but such trend is not significant, unfortunately.

Because the Fe-K emission plays a role as an indicator of the reverse shock in previ-
ous works (Warren et al., 2005; Yamaguchi et al., 2014a), we also compare the electron
temperature of the second IGE component with rgg in Figure 8.6. Focusing on the inner
structure of the electron temperature, it seems to get its peak along with the reverse shock.
Despite the difficulty of estimating the electron temperature for each component, it could
be the first direct observation of the reverse shock heating. Yamaguchi et al. (2014a)
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suggested so efficient collisionless shock heating at the reverse shock front that the ratio
of the electron temperature to the ion temperature g is ~0.01. Note that a general heat-
ing process via the ion-electron Coulomb collision following Equation 2.9 results for £ in
~ 107°. Although Figure 7 in Yamaguchi et al. (2014a) shows the peak temperature at
the reverse shock front will be ~20 keV, the same figure shows electrons are cooled to
~3 keV after leaving ~ 20ds arcsec. Our analysis with 15 arcsec grids cannot catch the
peak temperature due to spatially smoothing. However, our averaged peak temperature
~4 keV cannot be explained by 5 <0.003 models in Yamaguchi et al. (2014a). Therefore,

our analysis would support their estimation of the efficient collisionless shock heating.

Ionization timescale

0 1.5e+10 3e+10 O 2e+9 4e+9
(cm3s)

Figure 8.7: Same as Figure 7.8, but with rrg for the ionization timescale maps of the IGE

components. The scale range is also changed.

The ionization timescale, which is the product of the electron density by the elapsed time
after being shocked by the reverse shock, should be the smallest at the reverse shock
front and get larger monotonically if considered simply. However, our result in Figure 8.7
does not seem to have any correlation with our estimated position of the reverse shock.
The ionization timescale shows rather the asymmetry between the west and east. It is
probably because the difference of the density of heated materials. Except for the edge,
where it is difficult to estimate this parameter due to weak emission lines, this parameter
is generally twice larger in the west half than that in the east. It could indicate the
asymmetry of the original SN of Tycho (cf., Ferrand et al., 2019, 2021).
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Chapter 9

(General Discussions

9.1 Similarity and difference of these two SNRs

Lin our

In Kepler analysis, we have found the deceleration of the ejecta with 1,000 km sec™
side including the shrinkage of the kinematics at the central torus. In Tycho analysis, we
have also found the deceleration with 2,500 km sec™! around the remnant. These results
show that the kinematics of the ejecta in both SNRs is inhibited by their CSM.

While we suggest the existence of the CSM through the study of the kinematics of the
ejecta, the emission from CSM is completely different in these two SNRs. Even before
our study, Kepler’s SNR has been reported as belonging to a dense CSM through X-ray
observations (Kinugasa & Tsunemi, 1999; Reynolds et al., 2007). Katsuda et al. (2015)
did high resolution spectroscopy and found that its CSM is distributed over the entire
remnant, even though its density at the southern half is lower. In contrast to it, there
has been no confirmed CSM emission around Tycho’s SNR.

Admitting both our results and previous results, the possible solution is that the weak
CSM emission is buried in other bright emission components from ejecta in Tycho’s SNR,
or they have not been emitted. Recent studies of the motion of the forward shock give
us some hints at this point. Coffin et al. (2021) measured the acceleration of the forward
shock front in Kepler’'s SNR and revealed that it had already been decelerated sufficiently.
On the other hand, Tanaka et al. (2021) found the recent deceleration in Tycho’s SNR.
These results suggest the difference of the timing of the interaction with their own CSM.
Older interaction in Kepler’'s SNR could realize enough time to heat the CSM. The CSM
in Kepler’s SNR would be close to the explosion center.

The reason for this difference in the CSM structure of both SNRs could be due to
the difference of other diversity of type Ia SNe. While the existence of CSM is one
of the critical clues of the SD scenario, we have still diversities in the mechanism of
the explosion or the type of the companion star (see §2.1.3). For example, Katsuda
et al. (2015) suggests that the progenitor of Kepler’s SNR is sub-classified to 1991T-
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likes, which is a little brighter SNe (Filippenko et al., 1992; Rest et al., 2008). We need to
simulate the evolution of SNRs to discuss this point in detail. Recent simulations study the
detailed history of young SNRs from the moment of the explosion without considering the
anisotropy of their circumstances (cf., Ferrand et al., 2019, 2021). Our study will require

such simulations to consider the more complicated situations accompanying CSM.

9.2 General meanings of this study

In our study, we choose only the two brightest ITa SNRs. Our study tries to reach the
limit of the analysis using CCD detectors in terms of the spatial resolution and energy
resolution. We need observational targets which are large enough for spatially resolving,
bright enough for X-ray spectroscopy, and young enough for measuring the kinematics of
the ejecta. These two SNRs are the best and only candidates for these conditions.

Although our results suggest the origins of these SNRs are both the SD scenario, we
will not claim that all type Ia SNe are in the SD scenario. Hitomi Collaboration et al.
(2017) required there are equivalent amounts of the SD and DD scenarios for explaining
the observed abundance ratio of IGEs. However, our results warn that the absence of the
CSM emission does not mean the absence of the CSM, i.e., the DD candidate. Note that
we have not concluded any SNRs as the DD origin.

A similar claim is applied to the studies of morphology. Many previous studies have
tried to study the 2-dimensional morphology of SNRs. Some of them revealed relation-
ships between morphology and physical parameters. For example, Lopez et al. (2011)
systematically analyzed 24 SNRs emitting X-rays by converting their X-ray morphology
to the quadrupole power ratio. They found type Ia SNRs are more spherical than Core-
Collapse ones, which indicates more complicated environment in CC SNRs due to the
CSM as its common characteristics. Similar studies followed to it. Peters et al. (2013) re-
confirmed it, and additionally shows the octupole power ratio also can discriminate SNRs
into the two types by using 24 pm emission morphology. Stafford et al. (2019) analyzed
the radio continuum image in 96 SNRs, and found the aged ones shows more asymmetric
since they sweep up the ISM. Another example is Holland-Ashford et al. (2020), who
analyzed the X-ray morphology of each ejecta element in Cassiopeia A and revealed the
high asymmetricity for heavy elements.

Tycho’s SNR shows circular appearance in contrast to Kepler’s SNR (see Figures 7.3 &
4.3 and Lopez et al., 2011). Such morphological difference impresses us that such circular
SNRs have a sparser environment. However, our analysis shows the possibility that the
ejecta in such SNRs could interact with dense CSM to those in dumb ones. 2-dimensional
morphology has only the information in the angular angle. Such difference could be only

the difference of the direction to the earth, ultimately. We want to raise an example of
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the classification of AGN. AGN with broad Ha emission lines are called Seyfert I, and
those with narrow lines are Seyfert II. However, these two different lines are emitted from
two different regions in the same AGN structure, and the inclination angle to the earth
makes such difference which emission is outstanding. Objects with complicated structure
like AGN and SNRs always have an unavoidable bias that we have to observe only from
the earth. We claim the importance of studies in the line-of-sight direction like this study

as well as those in the angular direction for understanding such astrophysical phenomena.

9.3 Calorimeters

Throughout all of this study, we have sometimes been faced with some difficulties due to
the limit of the performance of existing CCD detectors. The critical one is the energy
resolution. We cannot resolve the red- and blue-shifted ejecta directly in the observed
spectrum, and cannot resolve the ONeMg or Fe-L emission lines with 2-dimensional spa-
tial resolution. We should not ignore the uncertainty of the other thermal parameters
including the temperature and ionization timescale. Our studies have made some efforts
to overcome these difficulties to approach new sciences, but detectors with superior energy
resolution will make such studies more certain.

The calorimeter system will help us on this point. It determines the incident X-
ray energy by measuring the rise in temperature of cryogenic detectors, which realize the
superconductivity. It achieves the energy resolution with ~5 eV in the entire X-ray energy
band, thus the energy resolution of the Fe-K band gets improved sufficiently more than
10 times superior to existing CCD detectors. For example, this resolution is converted
to the velocity of ~0.1 % of the light speed, and we can even resolve the ejecta velocity
which is equivalent to that of the ISM in the old SNRs.

The calorimeter system has unfortunately failed to sufficiently show its power in these
20 years including the accidents of ASTRO-E*, the X-Ray Spectrometer (XRS) (Kelley
et al., 2007) on board Suzaku (Mitsuda et al., 2007), and the Soft X-ray Spectrometer
(SXS) (Kelley et al., 2016) on board Hitomi (Takahashi et al., 2016). However, the
Resolve detector on board XRISM mission (Tashiro et al., 2018) will finally realize this
detector. Even though the spatial resolution of XRISM, which is comparable with Suzaku,
is insufficient to our spatially resolved study, the Athena+ mission (Nandra et al., 2013)
and the concept study of Lynz (Gaskin et al., 2019; Lynx Concept Study Report, 2019)
will satify us in terms of both resolutions.

If we can use calorimeters with sufficient spatial resolution, the study of ejecta kine-
matics can be applied to smaller or darker SNRs (Figure 9.1). The best candidates are

Satellites are named at the moment of the orbit insertion. In this sense, ASTRO-E was never named

as Hiryu officially.
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N103B and SNR 0509-67.5, whose ages are below 1,000 yrs. The origin of N103B is sub-
classified to the remnants of SNe Ia-CSM (Leloudas et al., 2015) and the strong X-ray
emission of CSM with the double-ring structure is found (Yamaguchi et al., 2021). On the
other hand, 0509-67.5 shows circular morphology and no emission from CSM. These pairs
can be a good comparison with our targets, Kepler and Tycho. Another candidate pair
is RCW86 and SN1006. They are well-studied old SNRs, and RCW86 has a clear CSM
structure (Vink et al., 1997), while SN10062, who shows circular appearance, has not. In
addition to them, we should study 3C397, whose origin is revealed as the SD scenario by
studying the strong IGE emission line (Yamaguchi et al., 2015; Ohshiro et al., 2021).

0509-67.5

Figure 9.1: X-ray Images of other candidates for our study. Images are cited from Chandra

Photo Album (NASA/CXC/SAO).

2We conventionally call the remnant of SN exploding in 1006 on the earth as “SN”1006. Note that
the supernova itself in 1006 was also observed in Japan. This is recorded in Meigetsu-ki with the origin
of Crab Nebula (SN1054) (Fujiwara, 1230), but Fujiwara-no Teika had never observed them by himself.
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Chapter 10
Conclusions

The existence of CSM in type Ia SNRs is one of the important clues to the SD origin of
its progenitor system. The unique method of our study is searching CSM by the ejecta
kinematics in SNRs in the line-of-sight direction. Kepler’s SNR is the main candidate of
the SD remnant because it accompanies the strong CSM emission around it. We found the
deceleration of the ejecta about 1,000 km sec™! by the dense CSM in our side, according
to our high resolution spectroscopy using the RGS detectors in XMM-Newton. We also
found the inhibition of the ejecta kinematics in the dense torus at the central structure,
where the line width of the characteristic X-ray lines of the ejecta emission is narrow
compared to that in the outer region.

One of its strong points is that this method does not need the direct emission from
CSM, we could not observe due to whose absence or whose weakness. Tycho’s SNR is
the famous remnant without any detection from its CSM and its ISM and is thought to
be the remnant of the DD scenario. However, our spatially resolved analysis using the
MOS detectors in XMM-Newton also found the deceleration of the ejecta velocity about
2,500 km sec™! at the outer region in almost all the azimuth direction. This deceleration
is interpreted as the evidence of the reflected shock generated by the interaction with the
dense CSM cavity around the remnant.

Combining the previous results measuring the velocity of the forward shock in the
angular direction in each SNR, (Coffin et al., 2021; Tanaka et al., 2021), the evolution of
these remnants are thought to be inhibited by their CSM. Therefore, these results favor
the SD-like origin for these SNRs, although that of Tycho’s SNR has been thought to be
the DD origin. The difference of the emission from the CSM component could be due to
the elapsed time from the interaction.

Our study exhibits that measuring the ejecta kinematics could help to distinguish the
origin of type Ia SNRs, in addition to the direct detection of the key emission lines. Even
though we have studied only two SNRs, the brand new technology of the calorimeters will

increase the candidates of targets in the next generation of X-ray astrophysics.
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Appendix A

Sacrificial Charge Problem in
Chandra ACIS-1I detectors

In the main text above, we adopt XMM-Newton EPIC-MOS detectors for spectroscopy.
However, Chandra ACIS detectors are more widely used with their great spatial resolution
and convenience for analyzing by the sophisticated software package CIAQ. The reason
why we avoid using them is that the observation data of Tycho’s SNR by Chandra ACIS-
I detectors has a critical error especially at the north-west region. In this chapter, we

describe its details below.

A.1 Sacrificial Charge

A.1.1 Charge Transfer Inefficiency

The large difference between silicon detectors like CCD on the ground and ones in space
is the radiation damages by cosmic rays. Cosmic rays around a spacecraft, high energetic
protons, for example, could attack the silicon in the detectors and break its lattice struc-
ture, which is called lattice defect. Such defects lack electrons and could trap the charges
generated by the incident X-rays being transferred in the read-out direction (Gendreau
et al., 1995). If so, the read-outed charge number gets small, and the calculated incident
energy F gets lower than the true value Fy. This effect is called Charge Transfer Inef-
ficiency (CTT). To estimate the true energy FEjy, we should correct CTI by assuming the
number of lattice defects as a function of the elapsed time from the launch and the detec-
tor coordinate (cf., Townsley et al., 2000). Although Chandra ACIS and XMM-Newton
EPIC have no choice but rely on this inaccurate CTI correction method, Suzaku XIS have
another effective option for CTI. XIS detectors inject “artificial” charges for filling the
lattice defects in advance and avoids being trapped for true charges we want (cf., Bautz
et al., 2004). This is called spaced-row Charge Injection (CI).
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A.1.2 Problem of sacrificial charges

When another photon incidents in the read-out line of CCD detectors during the read-
out period, these additional “real” charges will behave as the injected charges of CI.
Such charges are called “sacrificial charges” because their original photon event is never
recognized. Although the word “sacrificial” focuses on wasting valuable events in the
small photon statistics in the X-ray band, it also affects the energy calibration. The
CTT correction process without CI assumes that there exists some lattice defects. If
such defects are already filled by trapped sacrificial charges, the CTI correction will get
over-estimated. We will recognize as if the photon energy FE is higher than true energy
Ey.

This effect could easily happen in the situations below. At first, it needs a high
frequency of incident photons. It means the X-ray target is so bright. In addition, its
probability gets larger when the detected position is distant from the read-out electrode.
Especially, the most critical situation is that a bright and extended source that lies along
the read-out direction is observed at the edge of the detector on the other side of the
read-out electrodes. In Chandra ACIS-I detectors (see §3.2), we can see the read-out
direction of all four CCDs lines up parallelly (Figure 3.6). An observation of a bright and
extended source located around the center of ACIS-I detectors could be expected as the

dangerous situation of this problem.
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A.2 Tycho’s SNR observed by Chandra ACIS-I de-

tectors

A.2.1 Observations of Tycho’s SNR

) 20 59 139 297 615 1244 2496 5024 10024 19¢

Figure A.1: Detected event count image of Tycho’s SNR observed by Chandra ACIS-I
detectors on a logarithmic scale. The groove is due to the gap of four CCDs in ACIS-I

(see Figure 3.6). Four magenta boxes are sky pixels where we extract spectra.

100



Table A.1: Observation list of Tycho’s SNR by Chandra.
Observation ID  Start Date Exposure

(sec)
10097 2009.04.11 107430
10904 2009.04.13 34700
10093 2009.04.13 118350
10902 2009.04.15 39530
10903 2009.04.17 23920
10094 2009.04.18 89970
10095 2009.04.23 173370
10096 2009.04.27 105720
10906 2009.05.03 41120
total 734110

Chandra spacecraft has observed Tycho’s SNR several times. The most widely used data
are the longest observation set ~734 ksec in 2009 (Table A.1). These data are only
observed by ACIS-I detectors because Tycho’s SNR is too large to observe by a single
CCD chip in ACIS-S. We reprocess the raw data by chandra repro in the CIAD 4.13
package. After that, we make the event count map by merging all the data of them
(Figure A.1). Even though the CCD configuration gap in ACIS-I is smoothed because of
the slightly different centering position of each observation, we still see the artificial cross

in this image.

A.2.2 Comparison with ACIS-I and MOS spectra

To check the Chandra ACIS-I spectrum, we compare it with the one by XMM-Newton
EPIC-MOS detectors. We choose bright sky pixels at the northwest of Tycho’s SNR,
whose (z,y) coordinates are (25,26), (25,27), (26,26), (26,27) in Figure 7.5. Here, the
northwest rim of this remnant is one of the brightest regions in the observed X-ray sky.
Also, here in the detector coordinate is the most distant position from the read-out elec-
trode for the ACIS-I.

The extracted raw spectra from ACIS-I and MOS are shown in Figure A.2(a). The
spectral shape is wider in ACIS-I than that in MOS and some weak emission lines are
covered by a continuum-like component. Because this spectral shape could be only due
to the difference of the detector response or the energy resolution and not affect fitting
parameters, we test to fit each spectrum independently in the following step. For sim-
plicity, we extract only the IME band and assuming single NEI component for the ejecta
(see §7.2). The fitting results are shown in Figure A.2(b) and the best-fit parameters are
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Figure A.2: (a) Extracted spectra from Chandra ACIS-I (black) and XMM-Newton EPIC-
MOS (red) on a logarithmic scale (a-1) and linear scale (a-2). Observation list is in Table
7.1 and A.1. (b) Best-fitted fitting results for ACIS-I (b-1) and MOS (b-2) spectrum.
(¢) ACIS-I spectrum with MOS-fitted model on a logarithmic scale (c-1) and linear scale

(c-2).
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in Table A.2. According to the fitting residuals in Figure A.2(b), nevertheless this sim-
plest emission model can explain the MOS spectrum generally, we cannot explain the two
strong residuals in the ACIS-I spectrum. For comparison, we superpose the MOS-fitted
model on the ACIS-I raw spectrum (Figure A.2(c)).

These comparison of raw spectra (Figure A.2(a)) and fitting results (Figure A.2(c))
tell us that the spectrum around silicon and sulfur emission lines extracted from Chandra
ACIS-T is widened and shifted to higher energy due to some detector problems. The
overestimated and uncertain CTI correction due to the sacrificial charge can easily explain
our results as discussed above. The brightest continuous shell along the read-out direction
distant from the read-out electrode is an easy prey of sacrificial charge. Williams et al.
(2017) mentioned a “bad” calibration problem here, but this study reveals what happens
here in detail. Figure A.2(c-2) also shows the raw spectrum around silicon and sulfur
energy band of ACIS-I exceeds the true emission. It indicates that some incident photons
approaching other positions are miss-judged to be detected there. This another problem

may appear as the stripes along brightest regions in Figure A.1.

A.2.3 Effects on thermal parameters

Table A.2: Best-fit NEI parameters for ACIS-I and MOS spectra.

Parameter Chandra ACIS-1 ~ XMM-Newton MOS
Doppler velocity (km/s) 476137 —392+ 14
Line width o at 6 keV (eV) 64.1£1.1 <3.5
Electron temperature (keV) 2.075:03 1.05 £0.01
Tonization timescale (10'° cm™2 sec) 4.62f8:% 5.01 +£0.04
Abundance ratio S/Si 0.66710-003 0.986 =+ 0.006
Abundance ratio Ar/Si 0.443 +£0.010 1.457 £0.033
Abundance ratio Ca/Si 0.738 £ 0.021 3.77£0.14
W-stat (DOF) 1380 (290) 1337 (879)

Errors are shown in 1o confidential level.

The trial of fitting ACIS-I data forcibly intends to explain such an artificial spectrum
by changing the thermal parameters of an NEI model representing an IME component.
As a result, the best-fit parameters are contradictory (Table A.2). The broadening effect
results in the wider parameter of the line width. It could be interpreted as a mysterious
velocity difference in the line-of-sight of red- and blue-shifted ejecta even at the edge of
the SNR, which is a completely different expansion structure discussed in the main part
of this thesis. The ion temperature could get more than 100 times higher than that is
estimated by analyzing XMM-Newton. The energy shift will be also explained by the
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highly blue-shifted structure. Other than such Doppler parameters, the overestimation of
photon energy imitates the higher emission ratio of Hef/Hea and LyfS/Heq, especially
of silicon and sulfur because of their brightness. To explain this result, the electron
temperature parameter for ACIS-I is two times higher than that for MOS.

Although such thermal parameters are distorted, we still cannot explain strong resid-
uals around Ly« lines of silicon and sulfur in Figure A.2(b-1). It is thought to be due to
the overestimation of Hef emission. To explain them by thermal emission parameters,
we need extremely blue-shifted He/3 line ~10,000 km sec™! in the line-of-sight direction,
which is the highest 3D velocity of unheated ejecta nevertheless there is located near the
edge. Alternative options are outstanding emission of satellite lines from the dielectronic
recombination plasma, recombining plasma, or K-shell emission lines from phosphorus
and chlorine (see Table 2.2). These would be “sensational” mistakes in the X-ray astro-
physics. This problem could be occurred not only here but appear over this remnant. We

should check the validity of the observational data before analyzing them.

A.2.4 Difference between ACIS-I and EPIC-MOS

Different from a novel CI process in Suzaku XIS detectors, both Chandra ACIS-I and
XMM-Newton EPIC-MOS do not equip such a technical method and rely on normal
CTT correction method. However, the fatal critical problem only appears in the ACIS-I
spectrum. Some clues are already shown. The bright regions in Tycho’s SNR are located
distant from ACIS-I read-out electrodes (Figure A.1), which results in encountering large
number of lattice defect, while the detected position on MOS is near the center of the
CCD chip (Figure 7.1). MOS has also an advantage of equipping two detectors whose
read-out directions are orthogonal. Other than these, we note a historical background.
Chandra observatory was launched on July 23, 1999, and immediately after that the CCD
detectors were damaged by the high radiation environment at the Earth’s radiation belts
(Townsley et al., 2002). Learning from this, XMM-Newton observatory, who was launched
on December 10 in the same year, avoids there for the location of observing in order to
decrease the number of lattice defects (cf., Ferrando et al., 2003). This thesis will not

pursue the details of this problem, but we should investigate them in future.
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