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Abstract

Shock waves in the Universe are generally formed as “collisionless” shocks, whose physi-
cal scale ismuch shorter than themean freepathofCoulombcollisions. The collisionless
shock can be observed in ubiquitous astrophysical environments, involving a number of
unsettledproblems, suchas cosmic-ray acceleration, electronheating, and theevolution
of magnetic field turbulence. Year-scale X-ray variabilities of supernova remnants
(SNRs) can provide information on real-time changes in shock and post-shock physics,
although there are few examples of it. This thesis focuses on time variability in SNRs to
explore the shock acceleration, heating, and expansion of SNRs with the Chandra.

Tycho’s SNR is a nearby and young SNR, which we can observe fine structure from
the high-resolution imaging with Chandra. Therefore, we can expect the detection of
time variabilities even on a small physical scale. A previous study indeed discovered
X-ray flux changes of synchrotron radiation from part of the western “stripe” structure
in Tycho’s SNR, where protonsmight be accelerated to PeV energy. Expanding the region
and energy band for searching time variabilities from Chandra images obtained in 2000,
2003, 2007, 2009, and 2015, we discovered two significant flux changes: fluctuation in
nonthermal radiation along each stripe in the entire structure and gradual brightening
in thermal radiation in the northeast rim. Spectral analysis of the former reveals the
year-scale fluctuations of photon indices and brightness in each region, along with a
tight anti-correlation between them. The fluctuation timescale suggests the magnetic
field amplification up to ∼ 500 𝜇G. Additionally, the stripes have harder spectra than
remnant rims, indicating a more effective acceleration than the rim. In the latter
case of thermal radiation, we discovered an increase in electron temperature from
∼ 0.3 keV to ∼ 0.7 keV over 15 years from spectral analysis. The temperature increase
can be attributed to ambient dense gas heated by shock and subsequent thermal energy
acquisitions from heavier ions via Coulomb collisions. Comparison with the calculation
of electron temperature evolution can confine the electron-to-proton temperature
ratio immediately behind the shock (𝛽0 ≡ 𝑇𝑒/𝑇𝑝), whose value is consistent with that
measured with previous H𝛼 observations. We propose a new method to measure 𝛽0
independently of H𝛼 measurements.

To investigate the ambient dense gas of Tycho’s SNR implied above, we measured
the velocity of remnant expansion with newly observed data from 2022 to 2023 with
Chandra, as well as the data from 2003 to 2015 analyzed by a previous study. Our
result exhibits further deceleration in the western shell from 2015 to 2021 beyond the
velocity from 2003 to 2015 measured by the previous study, supporting the existence
of the wall formed by the wind from the progenitor system. Our spectral analysis of
synchrotron X-rays from the shock front revealed softening trends in some regions. We
would understand the ambient environment and the effect of shock–wall interaction
on the radiation from the shock, combining the theoretical model of shock dynamics
and particle acceleration in future work.

We propose the application of measuring the thermal X-ray variabilities to other
regions of Tycho’s SNR or other SNRs, aiming to investigate the dependence of 𝛽0 on
parameters like shock velocity and magnetic field. Kepler’s SNR, which is similar in
age, distance, and explosion type to Tycho’s SNR, shows an indication of thermal X-
ray brightening along the distribution of circumstellar medium. This would enable
us to investigate the dependence on factors such as ambient magnetic field. We also
introduce the possible existence of thermal X-rays from heated ambient gas extending
across a northeastern wide area of Tycho’s SNR. The high-resolution spectroscopy with
the recently launched observatory, XRISM, allows us to resolve it and reveal the time
variabilities of ion temperatures behind the shock.
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Shock Waves in Astrophysical Environment
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1.1 Overview of Collisionless Shock

Shock waves in the Universe are observed in ubiquitous astrophysical environments,
including the Earth’s bow shock (e.g., Schwartz et al., 1988), supernova remnants (SNRs)
(e.g., Laming et al., 1996; Ghavamian et al., 2001), gamma-ray bursts (e.g., Mészáros
& Rees, 1997), and merging galaxy clusters (e.g., Markevitch et al., 2005; Russell et al.,
2012). In contrast to terrestrial shock waves, astrophysical shock waves have much
shorter thickness than the collisional mean free path, resulting in infrequent Coulomb
collisions. These types of shock waves are generally referred to as “collisionless shock.”
Let us consider, for example, the bow shock front of Earth’s magnetosphere in the solar
wind. Its thickness is ∼ 100 km while the mean free path in this region extends to
approximately the distance between the Sun and Earth (∼ 1.5 × 109 km). The physics of
the collisionless shock closely involves a number of intriguing topics, such as cosmic-
ray acceleration and electron heating. This chapter presents the basic background
of collisionless shocks in SNRs.
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2 1.2. Shock Heating in Astrophysical Plasma

(a) Observer rest frame
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Figure 1.1: Schematic of the SNR shock waves and the particle behavior around the shock in
observer rest frame (a) and shock rest frame (b).

1.2 Shock Heating in Astrophysical Plasma

1.2.1 Rankine-Hugoniot Jump Condition

The shock waves compress the downstream gas. It follows that the shock waves heat
the particles downstream. Let us consider a scenario where a shock wave in SNR
propagates through the interstellar medium (ISM) at a velocity 𝑣sh, while the particles
behind the shock front possess a velocity of 𝑉 (Figure 1.1). In the rest frame of the
shock front, the particles are injected with 𝑣𝑢 (= 𝑣sh) and exit with 𝑣𝑑 (= 𝑣sh −𝑉 ). The
jump conditions can be expressed as follows, considering the conservation laws of
mass, momentum, and energy:

𝜌𝑢𝑣𝑢 = 𝜌𝑑𝑣𝑑 , (1.1)

𝑃𝑢 + 𝜌𝑢𝑣2𝑢 = 𝑃𝑑 + 𝜌𝑑𝑣2𝑑 , (1.2)
1
2
𝑣2𝑢 +𝑤𝑢 =

1
2
𝑣2𝑑 +𝑤𝑑 , (1.3)

where 𝜌 , 𝑃 , and𝑤 representmass densities, pressures, and enthalpy densities for the up-
stream (subscript𝑢) anddownstream (subscript𝑑) regions, respectively. These formulas
are called “Rankine-Hugoniot jump conditions” (Rankine, 1870; Hugoniot, 1887, 1889).

When we assume the behavior of an ideal gas, the enthalpy can be written as follows:

𝑤 = 𝐶P𝑇 =
𝛾𝑃

(𝛾 − 1)𝜌 . (1.4)

Here,𝛾 (≡ 𝐶P/𝐶V) represents the adiabatic index (≡ 𝐶P/𝐶V), where𝐶P and𝐶V denote the
heat capacities at constant pressure and volume, respectively. The ratios of densities,
pressures, and temperatures between upstream and downstream can be derived from
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Equations (1.1), (1.2), (1.3), and (1.4):

𝜌𝑢

𝜌𝑑
=
𝑣𝑑

𝑣𝑢
=

(𝛾 + 1)𝑃𝑢 + (𝛾 − 1)𝑃𝑑
(𝛾 − 1)𝑃𝑢 + (𝛾 + 1)𝑃𝑑

, (1.5)

𝑃𝑢

𝑃𝑑
=

(𝛾 + 1)𝜌𝑢 − (𝛾 − 1)𝜌𝑑
(𝛾 + 1)𝜌𝑑 − (𝛾 − 1)𝜌𝑢

, (1.6)

𝑇𝑢

𝑇𝑑
=

𝑃𝑑𝜌𝑢

𝑃𝑢𝜌𝑑
=
𝑃𝑑 [(𝛾 + 1)𝑃𝑢 + (𝛾 − 1)𝑃𝑑 ]
𝑃𝑢 [(𝛾 − 1)𝑃𝑢 + (𝛾 + 1)𝑃𝑑 ]

. (1.7)

The velocities of the gas can be expressed as follows:

𝑣2𝑢 =
[(𝛾 − 1)𝑃𝑢 + (𝛾 + 1)𝑃𝑑 ]2

2𝜌𝑑 [(𝛾 + 1)𝑃𝑢 + (𝛾 − 1)𝑃𝑑 ]
, (1.8)

𝑣2𝑑 =
(𝛾 + 1)𝑃𝑢 + (𝛾 − 1)𝑃𝑑

2𝜌𝑑
. (1.9)

In the case of a strong shock, in which the upstream pressure is negligibly small com-
pared to its downstream pressure (𝑃𝑑/𝑃𝑢 ≫ 1), Equations (1.5), (1.7), (1.8), and (1.9)
can be simplified to:

𝜌𝑢

𝜌𝑑
=
𝑣𝑑

𝑣𝑢
=

𝛾 − 1
𝛾 + 1 , (1.10)

𝑇𝑢

𝑇𝑑
=

𝑃𝑑𝜌𝑢

𝑃𝑢𝜌𝑑
=

(𝛾 − 1)𝑃𝑑
(𝛾 + 1)𝑃𝑢

, (1.11)

𝑣2𝑢 =
(𝛾 + 1)2𝑃𝑑
2(𝛾 − 1)𝜌𝑑

=
(𝛾 + 1)2
2𝛾 (𝛾 − 1) 𝑐

2
s , (1.12)

𝑣2𝑑 =
(𝛾 − 1)𝑃𝑑
2𝜌𝑑

=
𝛾 − 1
2𝛾

𝑐2s , (1.13)

where 𝑐s =
√︁
𝛾𝑃𝑑/𝜌𝑑 is the downstream sound velocity. Especially for monoatomic gas

(𝛾 = 5/3), the ratios of densities and velocities are

𝜌𝑢

𝜌𝑑
=

1
4
, (1.14)

𝑣𝑢

𝑣𝑑
= 4.

Moreover, the downstream average temperature can be expressed from Equations (1.12)
using the shock velocity 𝑣sh (= 𝑣𝑢):

𝑘B𝑇𝑑 = 𝜇𝑚H
𝑃𝑑

𝜌𝑑
=
2(𝛾 − 1)
(𝛾 + 1)2

𝜇𝑚H𝑣
2
sh (1.15)

=
3
16
𝜇𝑚H𝑣

2
sh. (1.16)

where 𝑘B, 𝜇, and𝑚H represent the Boltzmann constant, the averaged molecular mass,
and the hydrogen mass, respectively. Using the Equation (1.16), we can estimate down-
stream temperature from the shock velocity. This can be interpreted as the conservation
from the kinetic energy of the shock to the internal (thermal) energy of the plasma.
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Figure 1.2: (Toppanel): Ion fractionofNe inCIEplasmaas a functionof the electron temperature
(𝑘𝑇𝑒 ). (Middle panel): Ion fraction of Ne in ionization plasma of 𝑘𝑇𝑒 = 3 keV as a function of 𝑛𝑒𝑡 .
(Bottom panel): Ion fraction of Ne in recombining plasma of 𝑘𝑇𝑒 = 0.01 keV as a function of 𝑛𝑒𝑡
when the initial state is the fully ionized state. The calculation of each panel is conducted using
PyAtomDB1
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1.2.2 Ionization Equilibrium

After the electron temperature of the plasma changes rapidly for some reason like the
shock heating, the ionization state is driven out of equilibrium. The time evolution of
the ion density in the collisional ionization plasma can be written as:

1
𝑛𝑒

𝑑
−→
𝑁 𝑍

𝑑𝑡
= 𝔸(𝑍 ,𝑇𝑒 )

−→
𝑁 𝑍 , (1.17)

where

−→
𝑁 𝑍 = (𝑛𝑍 ,0, 𝑛𝑍 ,1, · · · , 𝑛𝑍 ,𝑍 ) (1.18)

𝔸 =

©­­­­­­­­­­­«

−𝑆𝑍 ,0 𝛼𝑍 ,1 0 0 · · · 0
𝑆𝑍 ,0 −(𝑆𝑍 ,1 + 𝛼𝑍 ,1) 𝛼𝑍 ,2 0 · · · 0

0 𝑆𝑍 ,1 −(𝑆𝑍 ,2 + 𝛼𝑍 ,2)
. . . · · ·

...
...

...
. . .

. . .
. . .

...

0 · · · · · · 𝑆𝑍 ,𝑍−2 −(𝑆𝑍 ,𝑍−1 + 𝛼𝑍 ,𝑍−1) 𝛼𝑍 ,𝑍

0 · · · · · · 0 𝑆𝑍 ,𝑍−1 −(𝑆𝑍 ,𝑍 + 𝛼𝑍 ,𝑍 )

ª®®®®®®®®®®®¬
. (1.19)

Here, 𝑛𝑍 ,𝑧 , 𝑆𝑍 ,𝑧 and 𝛼𝑍 ,𝑧 are the density, the ionization rate coefficient, and the recombi-
nation rate coefficient of the ions with the atomic number 𝑍 and the charge number
𝑧 . These coefficients solely depend on the electron temperature𝑇𝑒 . Thus, ®𝑁𝑍 depends
on

∫
𝑛𝑒𝑑𝑡 = 𝑛𝑒𝑡 under the assumption of the constant electron temperature. The

parameter of 𝑛𝑒𝑡 is called “ionization timescale,” which is used to describe the plasma
equilibrium state in general analysis codes. The ionizing state can be divided into
the following three states:

1. Collisional Ionization Equilibrium (CIE):
The equilibrium state between collisional recombining and ionizing in the plasma.
Typically, the plasma reaches CIE when 𝑛𝑒𝑡 = 1013 cm−3 s. Figure 1.2 (top) shows
the ion population of Ne under the CIE state as a function of 𝑘B𝑇𝑒 .

2. Non-Equilibrium Ionization (NEI):
The state in which either collisional recombining or ionizing is dominant. The
plasma state of NEI can be divided into ionizing plasma (IP; Figure 1.2 middle)
and recombining plasma (RP; Figure 1.2 bottom).

1.2.3 Thermal Equilibrium in Plasma

The post-shock plasma reaches thermal equilibrium initially within each ion and sub-
sequently between different ions. As can be seen from Equation (1.16), the temperature
(𝑇𝑖 ) of ion with mass 𝑚𝑖 can be written as:

𝑘B𝑇𝑖 =
3
16
𝑚𝑖𝑣

2
sh. (1.20)
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collisionless shocks. By analysing multi-epoch observations per-
formed at different phases of the shock-ring interaction, we also 
showed that the mass-proportional heating mechanism holds for 
different shock parameters.

Methods
Proton and electron temperatures in the hydrodynamic model. !e model 
adopted here relies on the combination of a 1D Lagrangian code of the supernova 
explosion, which simulates the bolometric light curve and time evolution of the 
photospheric velocity and temperature of SN 1987A during the "rst 250 days of 
evolution, and a full 3D hydrodynamic code, which reproduces the expansion 
of the remnant between days 1 and 15,000 a#er the supernova24. !e model 
set-up, equations and implementation, as well as its capability of reproducing 
observables, have already been con"rmed and discussed elsewhere24. We focus 
here on the treatment of the temperature evolution in the shocked plasma. !e 
proton temperature in the immediate post-shock region is calculated through 
the canonical equation = ∕kT m v3 16p p s

2. Electrons are heated at the shock front 
up to kT ≈  0.3 keV (regardless of the shock Mach number), as suggested11 for 
shock velocities of the order of 103 km s−1, like those in our simulations (this is 
crucial, because a mass-proportional heating for the electrons does not allow us to 
reproduce the observed data with the adopted set-up). We calculate the evolution 
of proton and electron temperatures in each computational cell of the post-shock 
medium by considering the e$ects of the Coulomb collisions in the time Δ t =  t −  ts 
where t is the current time and ts is the time when the plasma in each cell was 
shocked (this is important also to account for the non-equilibrium of ionization 
e$ects; see next section). !e electron to proton temperature ratio Te/Tp therefore 
depends on the shock velocity and on the time elapsed a#er the shock impact.

Supplementary Fig. 1 shows the distribution of the emission measure of the 
X-ray emitting plasma in the computational cells (all having the same volume) 
versus Te/Tp at t =  20 yr and t =  24 yr (after the explosion, corresponding to year 
2007 and 2011, respectively). The figure reveals the contribution of the dense 
clumps in the ring (where the shock velocity is relatively low and Te/Tp ≈  1), of 
the interclump medium within the ring (Te/Tp ≈  0.2–0.6), and of the hotter and 
relatively tenuous H ii region (high shock velocity and Te/Tp ≈  0.01–0.3).

Coulomb collisions can produce variations of Te from the immediate post-
shock value on a short timescale. On the other hand, the evolution of the proton 
temperature is much slower, and Tp always varies less than 10% with respect to the 
immediate post-shock values over the time spanned by our simulation. Therefore 
Tp as well as Ti reflects closely the immediate post-shock conditions in SN 1987A. 
Over the computational domain, Te ranges between ~3.5 ×  106 K and ~5 ×  107 K, 
while Tp is in the range 3.5 ×  106 to 8 ×  108 K.

Coulomb collisions between different ion species and between ions and 
protons are not included in our model. From the parameters of our simulations, 
it is possible to estimate the thermal equilibration timescale for ion and protons25. 
For the ion–ion interactions, the e-folding time for the temperature evolution is of 
the order of a century, which is much higher than the time elapsed after the shock 
impact (the shock reached the ring in 2001, and we are looking at the 2007 and 

2011 data), so this process is indeed negligible. For the ion–proton interactions, 
instead, the e-folding time is comparable to the time elapsed after the shock 
impact. However, for the very turbulent magnetic field that we expect in the post-
shock region31, the thermalization timescale increases32 by a factor of about 5, thus 
making this process negligible for our case.

The electron to proton temperature ratio has been measured at the reverse 
shock of SN 1987A by analysis of observations33 performed in 2011 (that is, at 
t =  24 yr) by the Cosmic Origins Spectrograph of the Hubble Space Telescope 
(HST-COS), showing that Te/Tp ≈  0.14–0.35 (this value can change slightly with 
different assumptions, but Te/Tp >  0.1 is always required to explain the data33). We 
calculated Te/Tp at the reverse shock from our hydrodynamic model at t =  24 yr 
(corresponding to 2011). We considered only those computational cells that 
were more than 99% filled with hot (kT ≥  0.3 keV) ejecta material. The ejecta 
material can be identified thanks to a passive tracer included in the calculation24. 
This selection allows us to isolate the shocked (high-temperature) ejecta in the 
immediate post-shock region (in the post-shock flow, the ejecta are rapidly 
mixed with the shocked circumstellar medium, and the percentage of ejecta in 
the computational cells rapidly drops below 99%), thus selecting a narrow sheet 
of plasma behind the reverse shock. We then computed the density-weighted 
average value of the electron to proton temperature ratio for these cells, finding 
Te/Tp =  0.155, in remarkable agreement with that inferred from the observations. 
This provides a further indication of the reliability of our model.

Synthesis of X-ray spectra. From the model results, we synthesized the Chandra 
HETG X-ray spectra from the values of Te, density and ionization timescale 
(computed on the basis of the plasma density and time elapsed after the shock 
heating) by adopting the ATOMDB V3.0.8 database. We adopted the VNEI model 
within XSPEC which requires, as input, Te and the plasma ionization timescale to 
compute the continuum and line emission, and followed the same approach as in 
previous studies24,34,35. The X-ray spectrum from each cell was filtered through the 
photoelectric absorption by the interstellar medium, with the appropriate column 
density36. All synthetic spectra are folded through the Chandra instrumental 
response. To synthesize the line profiles of the Chandra HETG spectra, we 
accounted for the three possible sources of line broadening, namely (i) the angular 
extension and morphology of the source, that is, the position of each X-ray 
emitting cell in the computational domain, given that the shape of the emission 
lines depends on the shape of the zero-order spatial structure convolved with the 
instrumental line spread function, (ii) the Doppler broadening, associated with 
the bulk velocity of the plasma, and (iii) the thermal broadening, due to the ion 
temperature, as explained in detail below.

SN 1987A is resolved by the mirrors of Chandra, which clearly show a ring-like 
morphology for the X-ray-emitting plasma that is very similar to that predicted 
by our model (see Fig. 1). The morphology of the X-ray emission results from a 
shocked circular equatorial ring whose symmetry axis is tilted with respect to the  
line of sight. In our simulation, we assumed the supernova explosion to be at 
the origin of a 3D Cartesian coordinate system, and the dense equatorial ring on 
the (x,y) plane. We then rotated the system about the three axes to fit the actual 
inclination of the ring as found from the analysis of optical data37, namely θx =  41°, 
θy =  8° and θz =  9°. The projected (in the plane of the sky and in the direction 
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profile derived by our hydrodynamic model for 2011 with (red curve) and 
without (blue curve) thermal broadening, together with the corresponding 
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Figure 1.3: The relation between the ion/proton temperature ratio and the atomic number
(Miceli et al., 2019). The red line shows the function predicted from Equation (1.20). The black
line shows the best-fit function, and the green lines show the confidence levels of 90%.

Equation (1.20) shows that the ion temperature is proportional to the ionmass. Actually,
Miceli et al. (2019), who measured the temperature of several ion species of shock-
heated plasma in SN 1987A, revealed a linear increase of the ion temperature depending
on the ion mass (Figure 1.3).

Let us consider the case of the energy equipartition between twodifferent ion species
(test particles and field particles). We assume that the test and field particles already
reach thermal equilibrium states of𝑇 and𝑇𝑓 , respectively, and the particles follow the
Maxwell-Boltzmann distribution depicted as follows (Spitzer, 1962):

𝑃 (𝑣 ) =
(

𝑚𝑒

2𝜋𝑘B𝑇

)3/2
exp

(
−𝑚𝑒𝑣

2

2𝑘B𝑇

)
, (1.21)

where 𝑘B is the Boltzmann constant. The time evolution of𝑇 can be written as:

𝑑𝑇

𝑑𝑡
=
𝑇𝑓 −𝑇
𝑡eq

. (1.22)

Here, 𝑡eq is called relaxation time, which is given by

𝑡eq =
3𝑚𝑚 𝑓 𝑘

3/2
B

8(2𝜋)1/2𝑛 𝑓 𝑍 2𝑍 2
𝑓
𝑒4 ln𝛬

(
𝑇

𝑚
+
𝑇𝑓

𝑚 𝑓

)3/2
(1.23)

= 5.87
𝐴𝐴𝑓

𝑛 𝑓 𝑍 2𝑍 2
𝑓
ln𝛬

(
𝑇

𝐴
+
𝑇𝑓

𝐴𝑓

)3/2
s, (1.24)

1https://atomdb.readthedocs.io/en/master/ (Foster et al., 2017).

https://atomdb.readthedocs.io/en/master/
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Fig. 1.2: Temperature evolution of shock-heated plasma as a function of ionisation
timescale. The shock speed is assumed to be 1000 km s−1. The equilibration pro-
ceeds with Coulomb collisions.

at the Earth is the emissivity ratio modified by a factor describing the relative inter-
stellar absorption at the two lines with energies of E1 and E2, and is given by:

F1

F2
=

Ω1

Ω2
exp[(E2 − E1)/kTe]exp[(σE2 − σE1)NH], (1.2)

where Ω is the effective collision strength or oscillator strength, σE gives the photo-
electric absorption cross section at energy E , and NH is the hydrogen column den-
sity for the intervening material. Because oscillator strengths, line energies, and the
cross sections of the intervening material are given in the literature, we can esti-
mate the electron temperature by measuring the line flux ratio and NH. Fig. 1.3 left
clearly demonstrates that the Si Heβ / Si Heα ratio strongly depends on the electron
temperature.

Another useful clue to inferring the electron temperature is the forbidden-to-
resonance ( f/r) ratio in He-like ions. The G(≡ ( f + i)/r) ratio has been often used
for this temperature diagnostics, but it can be usually approximated to the f/r ratio,
because the i lines are usually much weaker than f and r lines. The collisional
excitation rates have different temperature dependence between f and r lines; the
intensity of the r line increases more rapidly with the temperature than the f line
[120]. Therefore, the f/r ratio decreases with increasing temperature, as can be seen
in Fig. 1.3 right. These line ratios (α/β , β /γ , and f /r) have been measured for many
SNRs, providing us with their electron temperatures.

Figure 1.4: An example calculation of the temperature evolution at the shock waves, assuming a
shock velocity of 𝑣sh = 1000 km s−1 (Katsuda, 2023). The heating of each ion at the shock front
is assumed to follow Equation (1.20), and then the temperature changes in accordance with
Equation (1.22).

where 𝑛, 𝑍 , and 𝐴 are densities, atomic number, and mass number of ions, respectively.
The Coulomb logarithm ln𝛬 (∼ 25–30) is defined as

ln𝛬 ≡ ln
(
4𝜋
3
𝑛𝑒𝜆

3
D

)
, (1.25)

where the Debye length 𝜆D is available in the NRL Plasma Formulary, pages 34–352.

Figure 1.4 shows an example calculation of the temperature evolution at the shock.
The timescale of the thermal equilibration depends on the density and the square of
the particle charge (Equation 1.23). Additionally, the temperature at the shock depends
on the ion mass. Thus, thermal equilibrium is reached first between ion–ion and then
between electron–ion. The equilibration is broadly divided into three phases:

1. Full non-equilibration (𝑛𝑒𝑡 ≲ 5 × 1010 cm−3 s):
The temperatures of all species are different.

2. Partial non-equilibration (5 × 1010 ≲ 𝑛𝑒𝑡 ≲ 1012 cm−3 s):
Equilibration within all ions is reached, but electron–ion equilibration has not yet.

3. Full equilibration (𝑛𝑒𝑡 ≳ 1012 cm−3 s):
All particles are equilibrated.

2https://library.psfc.mit.edu/catalog/online_pubs/NRL_FORMULARY_13.pdf

https://library.psfc.mit.edu/catalog/online_pubs/NRL_FORMULARY_13.pdf
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Figure 1.5: Temperature ratio 𝛽 as a function of the shock velocity 𝑣𝑠 for Balmer-dominated
shock in several SNRs (van Adelsberg et al., 2008). Data points are fitted by calculations with
the methodology by van Adelsberg et al. (2008). Each symbol shape of the data point shows the
corresponding SNRs. The solid curve denotes the dependence 𝛽 (𝑣𝑠 ) ∝ 𝑣−2𝑠 .

1.2.4 Collisionless Electron Heating

Under the typical environment around SNRs (𝑘B𝑇𝑒 = 1 keV, 𝑛𝑒 = 1 cm−3), the relax-
ation time between electron and proton can be calculated to be ∼ 100, 000 years from
Equation (1.23). Since the typical age of an SNR is 1,000 years, the temperature ratio
immediately behind the shock (𝛽 ≡ 𝑇𝑒/𝑇𝑝) is expected to be:

𝛽 ≡ 𝑇𝑒

𝑇𝑝
=
𝑚𝑒

𝑚𝑝
≃ 1
1836

. (1.26)

On the other hand, several studies observed𝑇𝑒/𝑇𝑝 to be ∼ 1 at the shocks in young SNRs
with age of hundreds of years (e.g., Laming et al., 1996; Ghavamian et al., 2001; Rakowski
et al., 2003). This deviation between the expectation and the observation is generally
attributed to processes other than Coulomb collisions, called “collisionless electron
heating.” The mechanism of the process is often thought to be related to the energy
dissipation at the shock front and precursor due to strong plasma turbulence (e.g.,
Shimada & Hoshino, 2005; Bohdan, 2023). However, the physics of collisionless electron
heating is still unsettled because there are several complex instabilities in forming the
collisionless shock, which should be directly associated with the process (e.g., Cargill &
Papadopoulos, 1988; Ghavamian et al., 2007; Rakowski et al., 2008; Laming et al., 2014).

The electron-to-ion temperature ratio immediately after shock (𝛽 ≡ 𝑇𝑒/𝑇ion) is com-
monly used to describe the equilibration between electrons and ions at shock transition,
consequently indicating the efficiency of collisionless electron heating. The ratio𝑇𝑒/𝑇ion
is determined with various methods, including “in situ” observations of solar wind bow
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Figure 1.6: (Left): The detected FeK𝛽 emission in the reverse shock in Tycho’s SNR (Yamaguchi et
al., 2014). (Right): Thedependenceof the centroid energyof FeK𝛼 andK𝛽 lines and their flux ratio
on𝑇𝑒/𝑇ion. The plots in the right panel correspond to the different ambient densities. The red
regions represent the observed value with statistical (dark) and systematic (light) uncertainties.

shocks (Schwartz et al., 1988; Masters et al., 2011). Optical observations can measure
𝑇𝑒/𝑇𝑝 using H𝛼 line diagnostics in Balmer-dominated shocks (e.g., Ghavamian et al.,
2001; Medina et al., 2014). The H𝛼 lines at the shock wave consist of two components: a
narrow component, which emits from hydrogen atoms collisionally excited at the shock
transition layer, and a broad component, which emits from hydrogen atoms produced
by charge transfer collisionswith downstreamprotons. The ratio of the broad-to-narrow
components can estimate𝑇𝑒/𝑇𝑝 since it depends on the charge exchange, ionization,
and excitation rates, which are sensitive to the electron and proton temperatures, and
the width of the broad component directly reflects the proton temperature (Laming,
2000). H𝛼 lines come from a confined region downstream of the shock within ∼ 1014 cm
(van Adelsberg et al., 2008) because hydrogen atoms in the deeper region are ionized
and unable to emit H𝛼 lines. Thus, this method is often used in SNRs because it allows
the selective measurement of𝑇𝑒/𝑇𝑝 at a stage where Coulomb collisions have not yet
significantly influenced the plasma. Figure 1.5 shows the 𝑇𝑒/𝑇𝑝 (≡ 𝛽) in several SNRs
estimated from the broad-to-narrow component ratio of H𝛼 lines.

Another method to measure 𝑇𝑒/𝑇ion is proposed by Yamaguchi et al. (2014). They
estimated𝑇𝑒/𝑇Fe from Fe K diagnostics in Tycho’s SNR using the X-ray data obtained
with the Suzaku satellite. Their spectral analysis detected K𝛼 and K𝛽 lines from highly-
ionized and low-ionized iron, as seen in Figure 1.6 (left). From the comparison with the
simulation of the Fe ionization state, the observed centroid energy of theK𝛽 line requires
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the𝑇𝑒/𝑇Fe ≃ 0.01 at the reverse shock (Figure 1.6 right). They presented a method that
allows us to diagnose the plasma state andmeasure 𝛽 with low-ionized iron, which is
present in a limited region of immediate postshock ejecta.

1.3 Particle Acceleration in SNR

1.3.1 Cosmic Ray

ISM particles are accelerated at collisionless shocks and gain relativistic energy after
injections into the shocks. These particles are referred to as cosmic rays (CRs), which
reach Earth from cosmic space. Since the discovery of CR by Hess (1912) using balloons,
they have been observed through various experiments, including balloon missions
(e.g., Fleisher et al., 1975), satellites (e.g., The Fermi-LAT Collaboration et al., 2017), and
ground-based detectors (e.g., Telescope Array Collaboration et al., 2023). Figure 1.7
illustrates the CR spectrum observed by different experiments. The spectrum exhibits
distinct breaks mainly at two energy points: ∼ 3 × 1015 eV (referred to as the “knee”)
and ∼ 3 × 1018 eV (referred to as the “ankle”). CRs with energy below 3 × 1015 eV are
believed to be produced in our Galaxy (the Galactic CR), while those with higher energy
are thought to come from extra-galactic sources. Nevertheless, the origin of CR and
its underlying physics remain open questions.

SNRs have been thought to be the main candidate of the Galactic CR accelerator for
decades (Baade&Zwicky, 1934). One reason is that it has a large enough energy budget to
accelerate CRs. The required energy to keep the CRs is estimated to be 𝐿CR ≃ 1041 erg s−1.
Because the energy of supernovae (SNe) is 𝐸SN ≃ 1051 erg, the explosion energy provided
to the Galaxy as kinetic energy is 𝐿SN ≃ 𝑓SN𝐸SN ≃ 1042 erg s−1 under an assumption
of the SNe rate to be 𝑓SN ≃ 0.03 yr−1. If 10% of the total kinetic energy is used for the
acceleration of CRs, the CR energy density can be explained feasibly. Another reason
is the acceleration mechanism of the first-order Fermi acceleration or Diffusive Shock
Acceleration (DSA) (e.g., Axford et al., 1977; Blandford & Eichler, 1987; Drury, 1983;
Bell, 1978a,b). The acceleration mechanism predicts the energy spectrum of CRs to be
distributed in power law, which is consistent with the observations.

1.3.2 Diffusive Shock Acceleration

Let us consider the behavior of individual particles around the shock transition. Fig-
ure 1.8 presents the schematic view of the DSA. Here, we make three assumptions: (i)
steady state, (ii) plane parallel non-relativistic shock, and (iii) test particle approxima-
tion. Under the test particle approximation, we ignore the effect on the macroscopic
plasma by non-thermal particles.

Around the collisionless shock, the plasma has magnetic field turbulence, leading
to charged particle scattering via magnetohydrodynamical (MHD) waves such as Alfén
waves. The scattering alters the direction of the particle motion, resulting in particle
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Figure 1.7: Cosmic ray spectrum (Evoli, 2020).

acceleration as the particle transverses the shock multiple times. When an upstream
particle with the energy 𝐸 injects downstream, the downstream energy in the rest frame
of the upstream observer (𝐸 ′) can be expressed as:

𝐸 ′ = 𝛾 (𝐸 +𝑉 𝑝𝑥 ), (1.27)

where𝑉 = 𝑣𝑑−𝑣𝑢 ,𝑝𝑥 = (𝐸/𝑐 ) cos 𝜃 , and𝛾 ≡ 1/
√︁
1 − (𝑉 /𝑐 )2 ≃ 1 are the downstreamveloc-

ity in the upstream frame, the momentum perpendicular to the shock, and the Lorentz
factor, respectively. The angle 𝜃 is between themomentum vector and the normal shock
vector. From Equation (1.27), the particle, after crossing the shock, gains energy of:

Δ𝐸 = 𝐸 ′ − 𝐸 =
𝑉

𝑐
𝐸 cos 𝜃 . (1.28)

The averaged gain energy is derived as follows:〈
Δ𝐸

𝐸

〉
=

∫ 𝜋/2

0

Δ𝐸

𝐸
2 sin 𝜃 cos 𝜃 𝑑𝜃 =

2𝑉
3𝑐

. (1.29)

Also, the particle downstream undergoes multiple scatterings and eventually crosses
the shock. As the upstream gas appears to approachwith a velocity𝑉 in the downstream
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Figure 1.8: Schematic of diffusive shock acceleration.

frame, the particle gains the energy of 2𝑉 /3𝑐 . Consequently, the average energy gain
over a single round-trip through the shock is calculated to be (Δ𝐸/𝐸 ) = 4𝑉 /3𝑐 ≪ 1.
Therefore, when the particles undergo 𝑛 round-trips, their energy is given by:

𝐸𝑛 = 𝐸0

(
1 + 4𝑉

3𝑐

)𝑛
≃ 𝐸0 exp

(
4𝑉
3𝑐

𝑛

)
, (1.30)

which indicates that theparticle energy increases exponentially. Here,𝐸0 is the initial par-
ticle energy.

The particle escapes from the shock with the probability of 4𝑣𝑑/𝑐 per round-trip. As
a result, the number of accelerated particles decreases as the number of round trips
increases. The probability of the escape at the 𝑛-th time step (𝑃𝑛) is expressed as follows:

𝑃𝑛 =

(
1 − 4𝑣𝑑

𝑐

)𝑛
× 4𝑣𝑑

𝑐
. (1.31)

From Equation (1.30) and (1.31), the energy spectrum of the accelerated particles follows
a power-law distribution:

𝑑𝑁

𝑑𝐸
∝ 𝐸 −(3𝑣𝑑/𝑉 )−1 = 𝐸 −(𝑟+2)/(𝑟−1) ≡ 𝐸 −𝑠 , (1.32)

where 𝑟 ≡ 𝜌𝑑/𝜌𝑢 = (𝛾 +1)/(𝛾−1) is the shock compression. Using 𝑟 = 4 in Equation (1.14),
the spectral index is 𝑠 = 2, in agreement with the observed CR spectrum.

In order to inject DSA, the particles have to reach high energy enough to cross the
shocks. However, there are large gaps between thermal and injection energy, especially
for electrons. This crucial problem is referred to as “injection problem”, which is still
open despite various theories (e.g., Bohdan, 2023).
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1.3.3 Acceleration Timescale and Maximum Energy

The acceleration timescale (𝑡acc) can be defined as the time that it takes for the ac-
celerated particle to double in energy:

𝑡acc = 𝑡cyc

〈
𝐸

Δ𝐸

〉
cyc
, (1.33)

where 𝑡cyc is the time of a round trip, and ⟨𝐸/Δ𝐸 ⟩cyc = 3𝑐/4𝑉 is the reciprocal of the
energy gain of a round trip. Using diffusion coefficient𝔇, 𝑡cyc can be expressed by:

𝑡cyc =
4𝔇𝑢

𝑣𝑢𝑐
+ 4𝔇𝑑

𝑣𝑑𝑐
. (1.34)

Therefore, 𝑡acc can be written as:

𝑡acc =
3
𝑉

(
𝔇𝑢

𝑣𝑢
+ 𝔇𝑑

𝑣𝑑

)
, (1.35)

which means that it is necessary to get the diffusion coefficient𝔇 in order to calculate
𝑡acc. The coefficient 𝔇 is expressed by:

𝔇 =
𝜆mfp

3
𝑐 =

𝜂𝑟g

3
𝑐 , (1.36)

where 𝜆mfp is the mean free path of the scattering, which can be written as 𝜆mfp = 𝜂𝑟g in
the DSA situation using the gyro radius 𝑟g. 𝜂 = (𝐵/𝛿𝐵)2 is the parameter called “gyro
factor”, which depicts the magnitude of magnetic field turbulence. Generally,𝜂 ≥ 1, so
the mean free path is not smaller than the gyro radius. The state of𝜂 = 1 is the so-called
“Bohm limit,” which corresponds to the state with the highest magnetic field turbulence.
Assuming𝔇𝑢 = 𝔇𝑑 for the sake of simplicity and using 𝑣𝑢 = 4𝑣𝑑 = 𝑣sh, the timescale 𝑡acc
can be rewritten as followings using Equation (1.35) and (1.36):

𝑡acc =
20
3
𝑐𝑟g

𝑣2sh
𝜂. (1.37)

Under the environment of the magnetic field 𝐵 , the gyro radius of the particle with
the charge of 𝑍𝑒 and the energy of 𝐸 can be expressed as:

𝑟𝑔 =
𝐸𝑒

𝑍𝑒𝐵
. (1.38)

Thus, when the maximum energy of the particles accelerated by DSA is written as
the following using 𝑡acc:

𝐸max =
3
20

𝑣2sh𝑍𝑒𝐵𝑡acc

𝜂𝑐
. (1.39)

The acceleration time 𝑡acc is limited mainly by three scenarios: the age of the SNR, syn-
chrotron cooling loss, and escaping (Reynolds, 1998). We provide detailed explanations
for each scenario in the following.
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Age-limited When particles continue to be accelerated with little escape or cooling
since the formation of shock waves, the acceleration time is limited by the remnant
age. This scenario is called age-limited case. The maximum energy 𝐸 agemax can be written
as the following using the remnant age 𝑡age:

𝐸
age
max =

3𝑍𝑒
20𝑐

𝜂−1𝑣2sh𝑡age𝐵 ≃ 40𝜂−1
( 𝑣sh
3000 km s−1

)2 ( 𝑡age

103 yr

) (
𝐵

10 𝜇G

)
TeV. (1.40)

The maximum energy is generally limited by this scenario because this timescale is
typically smaller than the other two timescales. Thus, to produce particles accelerated
to the “knee” energy, it is necessary to increase the magnetic field to the order of mG.
However, the mechanism of the magnetic field amplification is not well established
(e.g., Inoue et al., 2012; Caprioli & Spitkovsky, 2014).

Loss-limited The accelerated particles lose their energy by radiating synchrotron
radiation. When the cooling by synchrotron loss is dominant, the maximum energy
𝐸 lossmax is limited by the synchrotron cooling time. Using the definition of cooling time
𝑡loss ≃ 9(𝑚𝑐2)4/(4𝑍 4𝑒4𝐵2𝐸𝑒 ) proposed by Zirakashvili & Aharonian (2007) (see also
Equation 2.26), the maximum energy can be expressed as:

𝐸 lossmax ≃ 70𝜂−1/2
( 𝑣sh
3000 km s−1

) ( 𝐵

10 𝜇G

)−1/2
TeV. (1.41)

This case is applicable when themagnetic field is amplified and the time scale is smaller
than the remnant age, as can be seen from 𝑡loss ∝ 𝐵−2.

Escape-limited At the late time of the remnant lifetime, particles escape upstream
from DSA without being scattered by MHDwaves. The maximum energy in the escape-
limited case is roughly given as:

𝐸 escmax ≃ 100
(

𝜆max

3 × 10−2 pc

) (
𝐵

10 𝜇G

)
TeV, (1.42)

where 𝜆max is the maximum wavelength of MHD waves to scatter particles.
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2.1 Supernova

2.1.1 Supernova Classification

Based on our comprehension of the explosion mechanism, there are two major groups
of supernovae (SNe): core-collapse SNe and thermonuclear SNe. The following sections
describe the mechanisms and characteristics of each explosion type. Before describing
the core-collapse and thermonuclear explosions, we will briefly overview another
classification scheme based on two observational criteria: optical spectroscopy and
light-curve shape (Figure 2.1). The origin of the observational classification can date
back to Minkowski (1941), who observed some SNe without hydrogen absorption in
their spectra (Type I), while others showed hydrogen absorption. While Type II SN is
consistently a core-collapse event, Type I SN encompasses both thermonuclear and
core-collapse explosions. Further subcategories of Type I SN can be defined based
on the presence of silicon and helium absorption lines. Type Ia SNe, identified by the
presence of silicon absorption lines, are attributed to thermonuclear explosions (Elias
et al., 1985). Within theType I group, thosewithout silicon absorption lines are thought to

15
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Fig. 2 The classification of
supernovae, based on optical
spectroscopy and light-curve
shape

spectroscopy and light-curve shape (Fig. 2). Type IIP are the most common type of
core collapse supernovae, and optical studies of potential progenitor stars confirm that
their progenitors have initial masses in the ∼8–17 M" range, and that they explode
in the red supergiant phase, while still having a substantial hydrogen envelope (see
the discussions in Smartt 2009; Chevalier 2005). Type IIL progenitors probably have
a substantially less massive envelope, either due to stellar wind mass loss, or due to
binary interaction. Type IIb supernovae are a class intermediate between Type Ib and
Type II, in that their spectra would initially identify them as Type II explosions, but at
late times their spectra evolve into Type Ib spectra. Also this can be understood as the
result of substantial, but not complete, removal of the hydrogen-rich envelope due
to stellar wind mass loss, or binary interaction. The prototypal Type IIb supernova
is SN 1993J (Podsiadlowski et al. 1993; Woosley et al. 1994). Interestingly, recent
identification and subsequent spectroscopy of the light echo of the supernova that
caused the extensively studied SNR Cassiopeia A (Cas A) shows that it is the remnant
of a Type IIb supernova, as the spectrum shows both hydrogen and weak helium line
absorption (Krause et al. 2008a).

Not listed in Fig. 2 is the Type IIn class. Type IIn supernovae are characterized
by narrow hydrogen emission lines, which are thought to come from a dense circum-
stellar environment, probably caused by substantial mass lost by the progenitor. Its
place in the diagram is not quite clear, as at least one Type IIn supernova, SN 2001ic,
was observed to be a Type Ia supernova whose spectrum subsequently evolved into a
Type IIn supernova (Hamuy et al. 2003).

2.1 Core collapse supernovae

Core collapse supernovae mark the end of the lives of massive stars; that is, those stars
with main sequence masses M ! 8 M" (see Woosley and Janka 2005, for a review).
Just prior to collapse the star consists of different layers with the products of the
different consecutive burning stages. From the core to the outside one expects: iron-
group elements in the core (silicon-burning products), then silicon-group elements
(oxygen-burning products), oxygen (a neon burning product), neon and magnesium
(carbon-burning products), carbon (a helium-burning product), helium (a hydrogen-
burning product), and, finally, unprocessed hydrogen-rich material.

Figure 2.1: Classifications of SNe based on optical spectra and light-curve shape (Vink, 2012).

be associated with core-collapse explosions. They are classified as Type Ib SNe (without
Si but with He absorption lines) and Type Ic SNe (without both Si and He absorption
lines). Meanwhile, the Type II category can be divided based on light-curve shape into
a Type IIP with a plateau phase and a Type IIL with a linear decline from the peak.

2.1.2 Core-Collapse SN

Core-collapse SNe occur as the result of core implosions at the end of the lives ofmassive
stars: typically ≳ 10𝑀⊙ in the main sequence phase (see a review byWoosley & Janka,
2005). Below, we provide a brief explanation of the mechanism of core-collapse SN. As a
massive star evolves, the composition of its elements changes via stellar nucleosynthesis.
At first, a helium-rich core is formed through hydrogen burning, followed by a carbon-
rich core through helium burning. Subsequently, as nucleosynthesis progresses, cores
of heavier elements are formed sequentially. Then, an iron core is formed at the center
of the star as the depicted configuration of each elemental layer in Figure 2.2. When
the center temperature increases to 5 × 109 K by the heating driven by contraction, the
core of 56Fe, the most stable nucleus, is formed, and heavier elements are no longer
synthesized. It follows that the core is heated further by the contraction, resulting in
the absorption of gamma rays from the very hot core:

56Fe +𝛾 → 134He + 4𝑛 − 124.4 MeV. (2.1)

Then, the helium created by this photo-disintegration process decays into neutrons and
protons:

4He → 2𝑝 + 2𝑛 − 28.3 MeV. (2.2)

Subsequently, after protons capture electrons and gradually transform into neutrons,
the core eventually loses its ability to be supportedbyprocesses like nucleosynthesis and
electron degeneracy. As a result, the core collapses toward the center, forming a proto-
neutron star or a black hole. Most of the gravitational energy (∼ 1053 erg) is transformed
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Figure 2.2: The configuration of a massive star nearing SN. The timescales are computed for a
star with a mass of 25𝑀⊙ (Deaconu, 2008).

into neutrinos, as confirmed by the observations of SN 1987A with the Kamiokande
(Hirata et al., 1987), IMB detector (Haines et al., 1988), and the INR Baksan Underground
Scintillation Telescope Alekseev et al. (1987). The rest of the energy (∼ 1051 erg) is used as
the explosion energy of SN.While the detailed conversionmechanism fromgravitational
energy to explosion energy is still under debate, neutrino heating, initially proposed
by Wilson (1985), is a widely supported mechanism to drive the shock revival.

2.1.3 Thermonuclear SN

Type Ia SNe are widely believed to originate from the explosive thermonuclear burning
in white dwarfs with no hydrogen envelope. It is supported by the fact that the SNe are
also found in all galaxy types, including old elliptical galaxies, which have abundant
low-mass stars (Wang et al., 1997). When the mass of a carbon-oxygen (CO) white
dwarf approaches or exceeds the Chandrasekhar limit (∼ 1.4𝑀⊙) for some reason, the
electron degeneracy pressure can no longer support its ownmass. After the core density
reaches ∼ 2 × 109 g cm−3, the ignition and detonation of 12C + 12C fusion is triggered,
following the ejection of the entire star, including its core (Arnett, 1969). The ejecta
of Type Ia SN has a metal-rich characteristic; the abundances of heavy elements like
intermediate-mass elements (IMEs: silicon, sulfur, argon, and calcium) and iron are
higher compared to those of the solar abundance.

Althoughmany astrophysicists accept that the thermonuclear SNeoccur frombinary
systems, there are a variety of theories for the progenitor system that enables the white
dwarf to obtainmass, leading to ongoing debates (Liu et al., 2023, for a review). Figure 2.3
shows the various theories of the progenitor system. We note that they are not all of
the theories. The theories can be divided mainly into two groups: single-degenerate
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Fig. 2 Schematic illustration of binary evolutionary paths for SNe Ia in the SD and DD scenario (see also Wang 2018).
Note that evolutionary channels here are not complete and that new channels may still be proposed in the future.

rial (Paczynski 1976; Fujimoto 1982a,b; Livio et al. 1989;
Nomoto et al. 2007; Shen & Bildsten 2007; Wolf et al.
2013; Piersanti et al. 2014; Wang 2018), which causes dif-
ficulties for explaining the observed nearby SN Ia rate
(see Section 4). Moreover, some recent observations seem
to pose a challenge to the SD scenario (see Section 5)
such as the missing of surviving companion stars
in supernova remnants (SNRs) (Kerzendorf et al. 2012;
Schaefer & Pagnotta 2012; Ruiz-Lapuente et al. 2018), the
absence of swept-up H/He in their late spectra (Leonard
2007; Tucker et al. 2020) and low X-ray flux from nearby
elliptical galaxies (Gilfanov & Bogdán 2010; Woods et al.
2017; Kuuttila et al. 2019). In addition, although the SD
scenario makes the explosion rather homogenious, it turns
out to be difficult to cover the observed ranges in brightness
and decline rates in this scenario. However, to conclude
whether the SD scenario is promising for producing the
majority of SNe Ia requires comparing a full range of pre-
dicted observational consequences from this scenario with
the observations of SNe Ia (see discussions in Section 5).

A number of candidate progenitors have been sug-
gested for the SD scenario, including cataclysmic variable
stars like classic novae, recurrent novae and dwarf novae
(Webbink et al. 1987; Hachisu & Kato 2001; Warner
2003)), supersoft X-ray sources (van den Heuvel et al.
1992), symbiotic systems (Webbink et al. 1987;
Yungelson & Livio 1998) and WD + hot-subdwarf
binaries (see Section 3.2.3; Iben & Tutukov 1994;
Nelemans & Tauris 1998; Geier et al. 2013).

In the SD scenario, a WD accretes and retains com-
panion matter that carries angular momentum. As a
consequence the WD spins with a short period which
leads to an increase of the critical explosion mass. If
the critical mass is higher than the actual mass of
the WD, the SN explosion could only occur after the
WD increases the spin period with a specific spin-
down timescale. This scenario is known as the “spin-
up/spin-down model” (Di Stefano et al. 2011; Justham
2011; Hachisu et al. 2012b). In this model, if the spin-
down timescale is longer than about 106 yrs, the CSM

Figure 2.3: Schematic illustrating the progenitor of Ia SNe (Liu et al., 2023).

(SD) and double-degenerate (DD) scenarios. The former assumes the binary of a white

dwarf and a non-degenerate companion star, such as a main sequence or red giant.

The white dwarf gains mass from the companion star via accretion (Whelan & Iben,

1973). In the latter scenario, two white dwarfs merge and explode (Webbink, 1984; Iben

& Tutukov, 1984). Because each scenario has its advantages and disadvantages, the

progenitor system of Ia SNe is still open. One observational guide to distinguishing the

two scenarios is probing the circumstellar medium (CSM) created by the wind from

a progenitor white dwarf during mass accretion.

Type Ia SNe are also known as standard candles because their peak brightnesses

have much less variation than the other SNe types. Owing to this, Type Ia SNe is often

used as distance indicators in cosmology, leading to the findings of the accelerating

expansion of the Universe (Perlmutter et al., 1998; Garnavich et al., 1998; Riess et al.,

1998) and measurement of the Hubble constant 𝐻0 (Riess et al., 2019).



2. Supernova and Supernova Remnant 19

2.2 Supernova Remnant

2.2.1 Evolution of SNR

Free Expansion Phase After SN, most of the explosion energy (𝐸SN) transfers to the
kinetic energy and 2–3% of 𝐸SN to thermal energy. The exploded ejecta expands with the
velocity of ∼ 10, 000 km s−1, much faster than the sound velocity in ISM (∼ 10 km s−1). It
follows that forward shock (blast wave) at the front of the ejecta. The blast wave sweeps
up the surrounding ISM. Since the mass of swept-up ISM (𝑀ism) is negligibly smaller
than the mass of ejecta (𝑀ej) in the early phase after the SN, the ejecta expands without
decelerating. Therefore, this phase is called the “free expansion phase.” The expansion
velocity (𝑣sh) and the radius of the supernova remnant (SNR) can be denoted as follows:

𝑣s =

√︄
2𝐸SN
𝑀ej

= 1.0 × 104
(

𝐸SN
1051 erg

)1/2 (𝑀ej

𝑀⊙

)−1/2
km s−1, (2.3)

𝑅sh = 𝑣sh𝑡 , (2.4)

where 𝑡 is the time from the SN.𝑀ism can be calculated as follow:

𝑀ism =
4
3
𝜋𝑅3sh𝜇𝑚H𝑛0, (2.5)

where 𝑛0 is the hydrogen density in ISM. The free expansion phase continues until
𝑀ism is comparable to𝑀ej. From Equation (2.3), (2.4), (2.5), the timescale of this phase
is a few hundred years:

𝑡 ∼ 1.9 × 102
(

𝐸SN
1051 erg

)−1/2 (𝑀ej

𝑀⊙

)5/6 ( 𝜇
1.4

)−1/3 ( 𝑛0

1 cm−3

)−1/3
yr. (2.6)

Adiabatic Expansion Phase (Sedov-Taylor Phase) When𝑀ism becomes much larger
than 𝑀ej, the shock velocity decelerates due to swept-up ISM. In this phase, where
the radiative cooling is still negligible, the SNR expands adiabatically. This phase
is called the “adiabatic expansion phase (Sedov-Taylor phase),” where a self-similar
solution (Sedov-von Neumann-Taylor solution) can give the shock radius, velocity, and
temperature under an approximation of point source explosion (Sedov, 1946; Taylor,
1950; von Neumann, 1976):

𝑅sh = 4 × 1014
(

𝑡

104 yr

)2/5 (
𝐸SN

1051 erg

)1/5 ( 𝑛0

1 cm−3

)−1/5
km, (2.7)

𝑣sh =
𝑑𝑅sh
𝑑𝑡

= 5 × 102
(

𝑡

104 yr

)−3/5 (
𝐸SN

1051 erg

)1/5 ( 𝑛0

1 cm−3

)−1/5
km s−1, (2.8)

𝑇sh = 3 × 106
(

𝑡

104 yr

)−6/5 (
𝐸SN

1051 erg

)2/5 ( 𝑛0

1 cm−3

)−2/5
K. (2.9)

After the adiabatic expansion phase over ∼ 10, 000 years, 70% of the explosion energy
transfers to thermal energy (Chevalier, 1974).
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FIG. 1.ÈIllustration of the primary regions within a nonradiative SNR
during the transition from ED- to ST-stage evolution. The unshocked
ejecta freely expands until met by the reverse shock. At the time shown, the
shells of shocked ejecta and shocked ambient gas move at approximately
the same velocity. This distribution is taken from a simulation of uniform
ejecta expanding into a uniform ambient medium. The slight smearing of
the shock fronts is a normal e†ect of artiÐcial viscosity employed by the
numerical method to mediate the shocks. The scaling of axes is discussed in
° 2.

Taylor (1950a, 1950b) into the physics of terrestrial atmo-
spheric explosions led to a self-similar solution for the
spherical Ñow due to the point release of a large amount of
thermal energy. Their work inaugurated the Ðeld of blast-
wave physics. Somewhat later, Shklovskii (1962) recognized
the applicability of adiabatic blast-wave theory to the
problem of SNR evolution. Extensive reviews of blast-wave
physics and astrophysics are given by Sedov (1959, 1992),
Zeldovich & Raizer (1966), Ostriker & McKee (1988), and
Bisnovatyi-Kogan & Silich (1995).

Between the self-similar limits of early and late times is a
period of nonÈself-similar transitional Ñow represented by
the sort of structure seen in Figure 1. Deviation from free
expansion is the Ðrst step in the nonÈself-similar evolution.
Stanyukovich (1960), considering explosion physics in
general, described how a Ðnite ambient pressure worked to
stall the motion of ““ explosion products ;ÏÏ his analysis rep-
resents an early realization of the importance of the pres-
sure of the ambient medium in the deceleration of the ejecta.
Parker (1963), exploring the problem of solar Ñares driving
shocks into the solar wind, extended the work of Taylor
(1946) by developing a solution for a spherical piston
expanding at a power-law rate into a pressureless, power-
law density ambient medium. In both TaylorÏs and ParkerÏs
solutions, the solution for the motion of the contact discon-
tinuity is speciÐed a priori, and no consideration is made of
the Ñow interior to it. ParkerÏs solution was signiÐcant,
however, in that it did allow for deceleration of the inter-
face. Another deceleration solution was found by Kruskal,
Bernstein, & Kulsrud (1965), who considered a sphere of
Ðnite-energy ejecta expanding into an ambient medium of
negligible density but nonnegligible pressure. They treated
the ejecta interior only insofar as they assumed a free-
expansion velocity distribution and allowed for this
material to collide with the contact discontinuity and there-
fore a†ect its motion. Their shock-free analysis (the sound

speed in the ambient medium was essentially inÐnite given
that the density there was neglected but the pressure was
not) resulted in a description of the deceleration of the
ejecta surface under the action of external resistance and
internal collisions. It represents the Ðrst self-consistent solu-
tion for the deviation from pure free expansion of a Ðxed-
energy, ejecta-dominated SNR. Although the ambient
pressure in their model was assumed to be due to an
ambient magnetic Ðeld, it was taken to be isotropic. Bern-
stein & Kulsrud (1965) and Kulsrud et al. (1965) further
pursued the problem of magnetohydrodynamic evolution,
and many workers have followed these early studies with
more sophisticated models (see Jun & Norman 1996b and
references therein). Rosenberg & Scheuer (1973) turned to
numerical simulation to study self-consistently the problem
of a piston expanding into a uniform ambient medium.
Their Ðnite-energy piston was decelerated by the pressure of
the shocked ambient material. From an astrophysical
standpoint, the key improvement over the work of Kruskal
et al. (1965) was the inclusion of a blast wave in their model.

Major advances in studying the deviation from free
expansion in the ED stage were made once the internal
structure of the ejecta was solved for simultaneously with
the ambient Ñow. Gull (1973) and Ardavan (1973) both fol-
lowed the internal hydrodynamics of the ejectaÈGull doing
so numerically and Ardavan analytically. Both assumed the
ejecta to be initially hot, and both made the novel obser-
vation of the formation of a shock within the ejecta at a
relatively late time. A result more relevant to astrophysical
SNRs was obtained when McKee (1974) adopted initially
cold, uniform ejecta. He predicted the formation of a reverse
shock within the ejecta at a very early time and produced an
approximate analytic expression for the motion of the
reverse shock. Using cold ejecta, Gull (1975) extended his
previous work and conÐrmed McKeeÏs prediction of the
early formation of the reverse shock. MansÐeld & Salpeter
(1974) simulated an explosion along the lines of Gull (1975)
and also conÐrmed the reverse shock, but their focus was
not upon the ED stage. Instead, they followed the evolution
past the ST stage to times late enough that radiative cooling
became important, and they discovered a scaling relation
for solutions in that regime. Cui (1980), by making the
untenable approximation that the shocked-ejecta density
remains uniform, developed very approximate analytic
shock and contact-discontinuity trajectories to extend
McKeeÏs analytic solution to later times.

SigniÐcant progress in understanding the early-time evol-
ution of SNRs was made with the discovery of self-similar
solutions that applied between the free expansion and
Sedov-Taylor limiting solutions. Chevalier (1982) and
Nadyozhin (1985) independently found a self-similar solu-
tion for the Ñow in a remnant with ejecta comprised of a
steep power-law envelope and a uniform core of minimal
mass. This solution was conÐrmed via numerical simulation
by Jones & Smith (1983). In addition, Hamilton & Sarazin
(1984) found that the earliest period of deceleration of
uniform ejecta is described by a self-similar Ñow solution. In
their solution, which speciÐes the Ñow between the reverse
shock and the contact interface, the contact interface freely
expands to lowest order. They coupled this solution for the
ejecta to the similarity solution for the ambient gas in front
of a constant-velocity piston. They complemented their
analytic solution with numerical simulation.

Many extensions of the preceding dynamical results have
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FIG. 5.ÈShock positions for blast-wave and reverse shocks in remnants
of n \ 0 (uniform) ejecta. Solid line : Numerical solution. Dashed line :
Analytic solution. The reverse shock always moves inward in Lagrangian
coordinate, but, as shown, it is initially carried outward in Eulerian coordi-
nate while moving slowly relative to the unshocked ejecta ahead of it.

numerical simulation in Figures 5 and 6. The resolution
used in this and other simulations discussed in this paper is
discussed in Appendix B. In these Ðgures we plot shock
positions and velocities over t* ½ M0, 3N in order to focus
upon the period of transition surrounding WetST* \ 0.495.
have plotted the reverse shock up to the time of the bounce.
In Figure 5, the residual error seen in the blast-wave shock
position at t* \ 3 is decreasing as a fraction of It is anR

b
*.

e†ect of the constant term in the o†set power law that
vanishes as the time-dependent term becomes dominant.
This error peaks near and is never greater than 5%. ThetSTerror in the solution for the position of the reverse shock
becomes signiÐcant only once the bounce process is under-
way at at which point we no longer expect ourt [ trev,constant-acceleration model to be accurate. Prior to thetrev,error in remains below 2%; it does not exceed 10% untilRr

FIG. 6.ÈShock velocities for blast-wave and reverse shocks in remnants
of n \ 0 (uniform) ejecta. Note that the reverse shock velocity is the veloc-
ity of the shock as measured in the frame of the unshocked ejecta aheadv8 rof it. Solid line : Numerical solution. Dashed line : Analytic solution. The
bounce process begins at and beyond this we do not expect antrev* \ 1.3,
accurate solution for the reverse shock.

t* + 2.3. In Figure 6, we see the error in the velocity of the
blast-wave shock never exceeds 10% and is decreasing at
the end of the time range shown. The error in remainsv8 r*below 6% before and it does not exceed 10% untiltrev,t* + 2.2. We note that since the reverse shock velocity is
small at early times, it passes through an early radiative
period. In Appendix D we Ðnd this period is relatively brief
under typical conditions.

The preceding simulation illustrated the evolution of the
remnant to the ST similarity solution at late times. To study
the HS similarity solution, which applies in the opposite
time limit, we carried out another simulation over an earlier
range of t. We found the Ñow was well approximated by a
self-similar solution by after transient e†ects of thet D 4t0,
““ cold ÏÏ startup at had decayed. Figure 7 illustrates thet0evolution of /(t) in the full range of this run. We used two
methods to determine / : (1) We calculated directlyPr/Pbfrom the pressures in shells behind the shocks. This ratio
begins as unity because the Ñow is initialized as shock free,
and it takes time for the shocks to form, separate from the
contact interface, and develop a pressure gradient in the
shocked gas. This measure is inherently noisy because
shock smearing due to artiÐcial viscosity makes it difficult
to repeatedly measure the pressures at the same relative
points behind the shocks. (2) We used t*, andRr*, lED \
1.10 to calculate on the basis of equation (68) (written/EDfor for the shock motion in the HS similarity solution.Rr*)
The shock position varies smoothly in part due to the inter-
polation procedure used to deÐne it, and this results in a
very smooth plot of inferred It is reasonable that the/ED.
direct measurement is larger than the inferred value because
the direct measurement is taken somewhat behind each
shock front. From method (1) we Ðnd /ED \ 0.35 ^ 0.01,
and from method (2) we Ðnd Both values are/ED \ 0.343.
below the value that results from the similarity/ED + 0.510
ODEs of Hamilton & SarazinÏs (1984) analysis (see Appen-
dix C). Since our intention is to obtain the best possible
analytic solution, we adopt /ED \ 0.343.

In Figure 8 we plot the density distribution in a very thin
region containing the shocked ejecta at a time t* \ 0.0130,

FIG. 7.ÈSimulation results for the postshock pressure ratio early/EDin the ED stage for n \ 0 ejecta. When the HS solution obtains, is/EDexpected to be a constant. We directly measure by taking the ratio of/EDthe postshock pressures, and we indirectly infer it by calculating the value
required for the self-similar trajectory to apply. The initial variation is a
numerical artifact of the startup conditions.

(b) (c)

Figure 2.4: (a) Schematic of the cross-section of an SNR at the transition state from the free to
adiabatic expansion phase. (b) The radius of the forward and reverse shock as a function of time
(Truelove &McKee, 1999).

At the transition phase from the free to adiabatic expansion phase, the swept-up
ISM pushes back on the ejecta, which is decelerated. It creates the shock, which moves
towards the inner direction (reverse shock) (McKee, 1974). Figure 2.4 (a) shows the
schematic of the SNR at the phase, and Figure 2.4 (b) shows the position and the velocity
of the forward and reverse shock. As shown in Figure 2.4 (c), the shocks move over time.
The X-rays can be detected from the forward-shocked ISM and reverse-shocked ejecta,
which are heated to high enough temperatures. The boundary between the heated ISM
and ejecta is called “contact discontinuity.” Many young SNRs, such as Tycho’s SNR and
SN 1006, are thought to be categorized as a remnant in this phase.
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Fig. 10 The emissivity of a
pure silicon plasma out of
ionization equilibrium
(kTe = 1 keV,
net = 5 × 1010 cm−3s). Shown
are the contributions of
two-photon emission (red solid
line), free–bound continuum
(red dashed line) and
bremsstrahlung (free–free
emission, red dotted line). The
total emissivity is also shown,
including Si-L- and Si-K-shell
line emission (based on
calculations made with the
spectral code SPEX, Kaastra et
al. 2003)

of the ion in its final state. Since σ (hν) ∝ ν−3, the spectral shape for hν $ χn re-
sembles that of thermal bremsstrahlung. However, if kT % hν, a situation that will
occur in photo-ionized or overionized plasmas, free–bound emission results in nar-
row emission peaks near the series limits of lines. These line-resembling features are
called radiative-recombination continua, which is usually shortened to RRCs. RRCs
have recently been identified in the X-ray spectra of a few mature SNRs, suggesting
the presence of overionized plasmas (Sect. 10.3).

Two-photon emission results from electrons in metastable states, such as the 2s

state of a hydrogen-like atom. Since decay to the 1s level is forbidden (because $s =
0), it can either be collisionally de-excited (unlikely in the rarified plasmas of SNRs),
or it can de-excite by emitting two photons, with the associated energy distributed
over two photons.

The different types of thermal continuum process are illustrated in Fig. 10 for the
case of a silicon-rich plasma out of equilibrium with kTe = 1 keV.

6.1.2 Non-equilibrium ionization

The discussion of thermal emission so far pertains to all coronal plasmas, whether
they are found in clusters of galaxies, SNRs, or cool stars, with the additional com-
plication that young SNRs can have very metal-rich plasmas. But there is another
important difference between the optical emission from SNRs and other hot astro-
physical plasmas: SNR plasmas are often out of ionization equilibrium. This is usu-
ally indicated with the term non-equilibrium ionization, or NEI. The plasmas of cool
stars and clusters of galaxies are referred to as collisional ionization equilibrium, or
CIE.

The reason that SNR plasmas are in NEI is simply that, for the low densities
involved, not enough time has passed since the plasma was shocked, and per ion
only a few ionizing collisions have occurred for any given atom (Itoh 1977).

Figure 2.5: The emissivity of a plasma composed solely of silicon and not in ionization
equilibrium (with parameters 𝑘𝑇𝑒 = 1 keV and 𝑛𝑒𝑡 = 5 × 1010 cm−3 s). The plot illustrates the
contributions from two-photon emission (depicted by the red solid line), free-bound continuum
(indicated by the red dashed line), and bremsstrahlung (free-free emission, represented by
the red dotted line). Additionally, the total emissivity, encompassing Si-L- and Si-K-shell line
emissions, is displayed (Vink, 2012).

Radiative Cooling Phase When𝑇sh becomes too low to ignore the radiative cooling,
the expansion of the remnant is no longer adiabatic. This phase is called “radiative
cooling phase.” In the early phase of it, the outer region with high density is cooled by
radiation. On the other hand, the inner region keeps adiabatical expansion because it
has low density and high temperature. This phase is also known as “pressure-driven
snowplow phase” because the remnant expands by the pressure of the inner ejecta
(McKee & Ostriker, 1977). For the non-relativistic single atomic gas (𝛾 = 5/3), the shock
expansion of this phase has the dependency of

𝑅sh ∝ 𝑡 2/7. (2.10)

When the ejecta is cooled further, the shock expands only by themomentum conser-
vation. This phase is also known as “momentum-conserving snowplow phase” (Cioffi
et al., 1988). The shock expands with the dependency of

𝑅sh ∝ 𝑡 1/4. (2.11)
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2.2.2 Thermal Radiation from Shock-Heated Particles

2.2.2.1 Contiuum Emission

Thermal X-ray spectra comprise continuum emission originating from bremsstrahlung
(free-free emission), recombination continuum (free-bound emission), and two-photon
emission, the latter arising from the radiative electron transition from a metastable
quantum level. Figure 2.5 shows the three components from theplasmacomposed solely
of silicon. The following gives an explanation of the radiative process of bremsstrahlung,
which this thesis mainly relates to, in SNRs.

Bremsstrahlung (Free-free Emission) Bremsstrahlung radiation is produced as the
result of decelerations or deflections of charged particles colliding with other parti-
cles (Rybicki & Lightman, 1985a). Since an ion with an atomic number 𝑍 is 1836𝑍
times heavier than electrons, the ions are resistant to deceleration. Thus, most of the
observed bremsstrahlung radiation originates from electrons. The emissivity of the
bremsstrahlung from the plasma with the electron density 𝑛𝑒 , ion density 𝑛𝑖 , and fixed
electron velocity 𝑣𝑒 can be written as:

𝜀ff (𝑣𝑒 ) =
24𝜋𝑒6

3
√
3𝑐3𝑚2

𝑒𝑣𝑒
𝑔ff (𝑣,𝜈)𝑛𝑒

∑︁
𝑖

𝑛𝑖𝑍
2
𝑖 , (2.12)

where 𝑒 , 𝑐 , and𝑚𝑒 are the elementary charge, the light speed, and the electron mass,
respectively. 𝑔ff (𝑣,𝜈) is a gaunt factor, which is defined as:

𝑔ff (𝑣,𝜈) ≡
√
3
𝜋

ln
(
𝑚𝑒𝑣

3

𝑒2𝜈

)
. (2.13)

Observing SNR plasma in practice, the velocity 𝑣𝑒 does not adhere to a single value
as previously assumed but follows a Maxwell–Boltzmann distribution as expressed in
Equation (1.21). Therefore, the emissivity from the plasmawith the electron temperature
𝑇𝑒 can be obtained by integrating the radiation from electrons with different velocities:

𝜀ff =
25𝜋𝑒6

3𝑚𝑒𝑐3

(
2𝜋

3𝑘B𝑚𝑒

)1/2
𝑇

−1/2
𝑒 𝑔ff exp

(
− ℎ𝜈

𝑘B𝑇𝑒

)
𝑛𝑒

∑︁
𝑖

𝑛𝑖𝑍
2
𝑖 (2.14)

= 2.0 × 10−41
(
𝑘B𝑇𝑒
keV

)−1/2 ( 𝑛𝑒

cm−3

)∑︁
𝑖

𝑍𝑖

( 𝑛𝑖

cm−3

)
(2.15)

× 𝑔ff exp
(
− ℎ𝜈

𝑘B𝑇𝑒

)
erg s−1 Hz−1 cm−3.

Here, 𝑔ff is a velocity averaged gaunt factor, whose approximate value can be given from
a review by Brussaard & van de Hulst (1962). The typical value in the X-ray emitting
plasma can be expressed as:

𝑔ff =

(
3𝑘B𝑇𝑒
𝜋ℎ𝜈

)−1/2
. (2.16)
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Figure 2.6: Examples of ionizing plasma model with parameters 𝑛𝑒𝑡 = 1 × 1010 cm−3 s and
different 𝑘𝑇𝑒 . The model is made by the vneimodel in the XSPEC tool. The abundance of each
element is assumed to be solar composition. Solid, dashed, and dash-dotted curves represent
the model when 𝑘𝑇𝑒 = 0.5, 1.0, and 2.0 keV multiplied by 1, 5 × 104, and 1 × 109, respectively.

Since the luminosity 𝐿 of the plasma in a certain energy given by
∫
𝑑𝑉 𝜀ff , it is pro-

portional to
∫
𝑛𝑒𝑛𝐻𝑑𝑉 when elemental abundances are known. This factor is called

emission measures (EMs), often used in spectral fitting codes.

Examples of radiations from X-ray emitting plasma with the solar composition are
given in Figure 2.6. In the case of these abundances, The bremsstrahlung by electrons
interacting with protons and helium ions is dominant. So, we observe the superposi-
tion of the radiation originating from these two particles. The emissivity depicted in
Equation (2.15) can be approximated as the following:

𝜀 ∝
{

(ℎ𝜈)−0.4 (ℎ𝜈 ≤ 𝑘𝑇𝑒 )
exp(−ℎ𝜈/𝑘𝑇𝑒 ) (ℎ𝜈 > 𝑘𝑇𝑒 ).

(2.17)

Thus, the slope and the cutoff energy depend on the electron temperature of the plasma,
as can also be seen from Figure 2.6. Conversely, using this, it is possible to estimate
the electron temperature by analyzing the shape of the spectrum.

2.2.2.2 Line Emission

Emission lines are radiated from atoms whose electron bounded at a certain energy
level transits to a lower energy level prompted by, e.g., collisional excitation, inner-shell
ionization, and cascade decay following radiative recombination. The photon energy
corresponds to the difference between the before and after states. Bohr’s model can
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Figure 3. Expected centroid energies of the (a) Fe Kα and (b) Fe Kβ emission,
and (c) the Kβ/Kα flux ratio as a function of the charge number z of Fe ions,
with the corresponding ionization ages (net) indicated at the top. The best-fit
values for Tycho’s SNR are shown with the solid green lines. The dashed green
lines in panel (c) indicate the 1σ lower and upper limits of the observed value.
The black squares and red circles are the values calculated using the atomic data
of Palmeri et al. (2003) and Mendoza et al. (2004), respectively. We also use the
FAC to calculate the rate coefficients of collisional ionization and excitation.
The blue triangles are obtained by full calculations using the FAC (K. A. Eriksen
et al., in preparation).
(A color version of this figure is available in the online journal.)

Table 1
Best-fit Spectral Parameters for the NW Rim

Emission Centroid FWHM Flux
(eV) (eV) (10−6 photons cm−2 s−1)

Cr Kα 5482+10
−12 141+35

−45 5.05+0.72
−0.69

Mn Kα 6012+25
−26 141 1.73+0.47

−0.46

Fe Kα 6435 ± 1 138 ± 2 107 ± 1

Fe Kβ 7104 ± 10 160 ± 42 5.62+0.61
−0.56

Ni Kα 7478 ± 32 138 1.82+0.42
−0.43

Notes. The uncertainties are the statistical component in the 1σ confidence
range. The Gaussian widths (FWHM) of the Mn Kα and Ni Kα lines are linked
to those of Cr Kα and Fe Kα, respectively.

(non-X-ray background). No significant change is found in the
measurement of the line centroids and intensities.

The observed Fe-line parameters, EKα , EKβ , and R, are
compared in Figure 3 with the theoretically expected values
for different charge numbers z (where z = 1 indicates singly
ionized Fe), which are also tabulated in Table 2. For z = 0–7
and z = 8–16, we use level energies, Einstein A-values, and
fluorescence yields provided in the archival database of Palmeri
et al. (2003) and Mendoza et al. (2004), respectively. Since the
transition probabilities of forbidden processes (e.g., 2s → 1s)
are negligible in multiple-electron ions (Palmeri et al. 2003;
Mendoza et al. 2004), we take into account only 2p → 1s
and 3p → 1s transitions as radiation channels for the Kα
and Kβ emission. We calculate rate coefficients for collisional
ionization and excitation for each charge number using the
“Flexible Atomic Code” (FAC; Gu 2008). For z ! 16, we
perform full computational calculations with the FAC to obtain

Table 2
Theoretical Values of the Fe Kα and Kβ Centroid Energies and their Intensity

Ratios for the Different Charge Numbers z

z EKα EKβ R z EKα EKβ R
(eV) (eV) (eV) (eV)

0 6402 7059 0.120 12 6414 7141 0.069
1 6402 7060 0.121 13 6419 7153 0.052
2 6402 7060 0.122 14 6425 7159 0.022
3 6401 7059 0.127 15 6428 7176 0.010
4 6400 7063 0.132 16 6427 7192 0.012
5 6399 7070 0.136 17 6455 7270 0.009
6 6399 7075 0.141 18 6484 7351 0.013
7 6399 7081 0.149 19 6517 7434 0.025
8 6398 7090 0.168 20 6544 7517 0.029
9 6401 7102 0.146 21 6575 7610 0.036
10 6405 7115 0.122 22 6589 7705 0.044
11 6410 7128 0.096 23 6641 7777 0.075

the theoretical values (K. A. Eriksen et al., in preparation).
During the calculations, we assume an electron temperature of
5 keV. The temperature dependence is found to be significant
only for z ! 20, where the inner K-shell excitation rate
becomes dominant over the K-shell ionization rate. Since the
population of such highly charged Fe is not substantial in Tycho’s
SNR, as discussed below, the diagnostics we perform here are
essentially independent of the electron temperature of the Fe
ejecta.

As found in Figure 3(a), the observed EKα value corresponds
to the charge states Fe15+∼Fe17+ and an ionization age (net)
of ∼1 × 1010 cm−3 s, where ne and t are the electron density
and the time elapsed since shock heating, respectively. This
result is consistent with several previous measurements (e.g.,
Hwang et al. 1998; Hayato et al. 2010). It has, therefore,
frequently been assumed that all the shocked ejecta responsible
for the Fe K-shell emission have this ionization age. We
find in Figure 3(b), however, that the observed EKβ value
corresponds to significantly lower charge states Fe8+∼Fe10+,
with an ionization age of ∼1 × 109 cm−3 s, about 10 times
lower than that indicated by the Fe Kα centroid. The Kβ-to-Kα
flux ratio (R) is also sensitive to the charge number, especially
in the range z = 8–14 (Figure 3(c)). In this regime, the flux ratio
experiences a drastic decrease because the Fe ions lose their 3p-
shell electrons (which are responsible for the Kβ fluorescence)
as z increases. The observed value is closest to the expected
ratio for z = 13, intermediate between the results from the Kα
and Kβ centroids.

The inconsistency among the three diagnostics indicates the
presence of a range of plasma conditions, with the Kα emission
being dominated by more highly ionized Fe and the Kβ emis-
sion by less ionized Fe. We re-fit the NW spectrum applying
a ‘two-component’ model for the Fe emission. The red Gaus-
sians in Figure 4 correspond to the higher ionization component,
where EKβ and R are fixed to 7200 eV and 1% (the values theo-
retically expected for z ∼ 16). Only the Kα centroid is allowed
to vary, yielding EKα = 6447+2

−3 eV, which is in between the
values for Fe16+ and Fe17+. The contribution of the lower ioniza-
tion component is indicated by the green Gaussians in Figure 4,
where we fix EKα and R to 6400 eV and 15% (as expected for
z ∼ 8). The best-fit EKβ value of 7090±11 eV is consistent with
that for Fe8+. To summarize, we are able to explain all the Fe
K-shell emission self-consistently with this simple two-
component model using different ionization states and the
expected Kβ/Kα emissivity ratios.

3

Figure 2.7: Centroid energies of the Fe K𝛼 lines (top), and Fe𝛽 lines (middle) and the flux ratio
of K𝛽/K𝛼 (bottom) as a function of charge number of the Fe ion (Yamaguchi et al., 2014).

approximate emission energies from ions with an electron (H-like ions). When an
electron transits from quantum number 𝑛 to 𝑛′, the energy is:

𝐸 ≃ ℎ𝑐𝑅∞𝑍
2
(
1
𝑛2

− 1
𝑛′2

)
, (2.18)

where 𝑅∞ is Rydberg constant (= 1.00 × 107 m−1). Complex calculations are needed
to obtain the line energies from the ions in other ionization states. We can access the
line energies from the atomic database such as AtomDB (Foster et al., 2017) and SPEX
(Kaastra et al., 1996). Figure 2.7 shows the centroid energies of Fe K𝛼 and Fe K𝛽 lines in
different ionization states and the flux ratio between the two lines. As can be seen from
the figure, the centroid energies generally increase as the ionization state increases.

The electron temperature of plasma can be measured using the line intensity ratio
emitted from the same ion. The observed flux ratio of two lines with energies 𝐸1 and
𝐸2 can be depicted as:

𝐹1
𝐹2

=
Ω1
Ω2

exp
(
𝐸2 − 𝐸1
𝑘𝑇𝑒

)
exp

[
(𝜎𝐸2 − 𝜎𝐸1)𝑁H

]
, (2.19)

where Ω and 𝜎E are the effective oscillator strength and photo-electronic absorption
cross section at energy 𝐸 , respectively. This equation represents the modified emissivity
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excitation rates have different temperature dependence between f and r lines; the
intensity of the r line increases more rapidly with the temperature than the f line
[120]. Therefore, the f/r ratio decreases with increasing temperature, as can be seen
in Fig. 1.3 right. These line ratios (α/β , β /γ , and f /r) have been measured for many
SNRs, providing us with their electron temperatures.
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Fig. 1.3: Line intensity ratios of Si ions in an ionising plasma. Left: Si Heβ / Si Heα
as a function of electron temperature at a fixed ionisation timescale of 1011 cm−3 s.
Right: Same as left but for Si Heα- f / Si Heα-r.

In reality, it is not rare that the temperatures from f/r ratios are inconsistent with
those from β /α ratios or global fittings [133, 150]. This could be explained by con-
taminations of additional emission processes that will be described in Section 1.3.
Therefore, we should keep in mind that electron temperatures estimated from f/r
ratios (or G ratios) are subject to some systematic uncertainties for the moment.

Ion temperatures can be estimated from line broadening which is of the order
of 1 eV and thus can be accessible only with high-resolution X-ray spectroscopy
(E/∆E ! 100). The velocity distribution of thermal particles (ions) follows the
Maxwellian distribution:

f (v) =
√

m/2πkTexp(−mv2/2kT ). (1.3)

The lines emitted from ions are Doppler shifted following this velocity distribution,
so that the line profile can be represented by a Gaussian distribution with

σ = E0/c
√

kT/m, (1.4)

where E0 is the line energy and c is the speed of light. Combining this equation with
the relation between shock speed and post-shock temperature (Eq. 1.2), we can esti-
mate an expected line width to be σ = 1.4eV(E0/1keV)(vs/1000kms−1). Because
this width is much smaller than the spectral resolution of most of past instruments
aboard X-ray astronomy satellites, there are only a few successful measurements
of ion temperatures. X-ray detections of significant line broadenings were limited

Figure 2.8: Intensity ratio of Si He𝛽/Si He𝛼 lines as a function of the electron temperature 𝑘𝑇𝑒
when the ionization timescale of 𝑛𝑒𝑡 = 1011 cm−3 s (Katsuda, 2023).

ratio by a factor of the relative interstellar absorption at the two lines. For instance, the
line intensity ratio of Si He𝛽/Si He𝛼 varies strongly depending on electron temperature
𝑘𝑇𝑒 as shown in Figure 2.8.

2.2.3 Non-thermal Radiation from Shock-Accelerated Electrons

In the X-ray band, the synchrotron radiation is mainly observed from electrons that
are accelerated to the relativistic velocities by DSA, indeed observed in many SNRs
(e.g. Koyama et al., 1995; The et al., 1996; Koyama et al., 1997). It is emitted due to the
influence of the Lorentz force (see also Ginzburg & Syrovatskii (1965) and Rybicki &
Lightman (1985b) for reviews). The power per frequency 𝜔 from an electron with a
given velocity 𝛽 = 𝑣/𝑐 ≃ 1 is:

𝑃 (𝜔) =
√
3𝑒3𝐵𝛽2 sin𝛼
2𝜋𝑚𝑒𝑐2

𝐹

(
𝜔

𝜔c

)
, (2.20)

where 𝛼 and 𝐵 are the pitch angle (the angle between the velocity and field) and the
magnetic field, respectively. The critical frequency 𝜔c is defined as:

𝜔c ≡
3𝑒𝛾 2𝐵 sin𝛼

2𝑚𝑒𝑐
. (2.21)

The formula 𝐹 (𝜔/𝜔c) is defined as the following using the Bessel function of order 5/3
(𝐾5/3(𝜉 )):

𝐹 (𝜔/𝜔c) ≡
𝜔

𝜔c

∫ ∞

𝜔/𝜔c
𝐾5/3(𝜉 )𝑑𝜉 . (2.22)
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Figure 2.9: The spectral shape of synchrotron radiation from a single electron. The dotted line
shows the position of the peak energy.

The synchrotron spectrum from an electron has a shape as depicted in Figure 2.9. The
spectrum has a peak at the frequency of 𝜔 ≃ 0.29𝜔c. The averaged photon energy from
the electron with energy 𝐸𝑒 can be approximated as:

𝜀 ≃ 2
(

𝐵

10 𝜇G

) (
𝐸𝑒

100 TeV

)2
keV. (2.23)

The total emitting power can be given from the Lamor formula:

𝑃synch =
4
3
𝜎T𝑐𝛽

2𝛾 2𝑈𝐵 , (2.24)

where 𝜎T = 8𝜋𝑟 20 /3 is the cross-section of Thomson scattering with the classical electron
radius 𝑟0 ≡ 𝑒2/(𝑚2

𝑒 𝑐 ), 𝑈𝐵 = 𝐵2/(8𝜋) is the energy density of the magnetic field 𝐵 .
Equation (2.24) also can be given by the integral of Equation (2.20) over 𝜔. When both
electron and proton have the same energy 𝐸 , the power ratio is

𝑃𝑝

𝑃𝑒
=

(
𝑚𝑒

𝑚𝑝

)4
≃ 9 × 10−14, (2.25)

using 𝜎T ∝ 𝑚−2, 𝛾 = 𝐸/(𝑚𝑐2). Therefore, the synchrotron emissivity of protons is
much less than that of electrons. Otherwise, the electrons have high emissivity, making
them more susceptible to energy loss through radiation. This energy loss is called
“synchrotron cooling,” whose timescale is given by 𝑡loss = 𝐸/|𝑑𝐸/𝑑𝑡 |. Because |𝑑𝐸/𝑑𝑡 |
is equivalent to Equation 2.24, the timescale 𝑡loss can be expressed as:

𝑡synch =
3𝑚𝑒𝑐

2

4𝜎T𝑐𝑈𝐵𝛾
≃ 12.5

(
𝐸𝑒

100 TeV

)−1 (
𝐵

100 𝜇G

)−2
yr. (2.26)
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When the energy distribution of particles is expressed power law as depicted in
Equtation 1.32, the photon energy spectrum can derive from the integral of the ra-
diation from electrons:

𝜀
𝑑𝑛

𝑑𝜀
=

∫
𝑃 (𝜔)𝑁 (𝐸 )𝑑𝐸 (2.27)

= 𝜀−(𝑠−1)/2 ≡ 𝜀−𝛼 . (2.28)

Thus, photons also have a power-law spectrum. Its photon index Γ, which is defined
as 𝑑𝑛/𝑑𝜀 ∝ 𝜀−Γ has a relation of:

Γ = 𝛼 + 1 =
𝑠 + 1
2

. (2.29)

We can estimate the cutoff energy by combining Equation (2.23) and Equation (1.40),
(1.41), (1.42):

𝜀
age
cutoff ∝ 𝜂−2𝑣4sh𝐵

3𝑡 2age, (2.30)

𝜀 losscutoff ∝ 𝜂−1𝑣2sh, (2.31)
𝜀esccutoff ∝ 𝜆2max𝐵

3, , (2.32)
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3
Time Variabilities of Supernova Remnant
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3.1 Overview

Observations of time variabilities are typically used in studies of transient sources,
such as novae (e.g., König et al., 2022), SNe (e.g., Foley et al., 2014; Jacobson-Galán
et al., 2023), gamma-ray bursts (e.g., Abbott et al., 2017), and fast radio bursts (e.g.,
Enoto et al., 2021). These studies can offer insights into the real-time changes in their
radiation processes or other states. On the other hand, it is difficult to observe rapid time
variabilities in radiation fromSNRs, which have passed several hundred years since their
explosions. Considering their shocks with a high Mach number, it seems natural for the
plasma to undergo rapid time variabilities. One possible reason why the variabilities
cannot be observed is that we might have missed them even though they actually
occur. Observatories with high-resolution imaging, such as Chandra and Hubble Space
Telescope (HST), can help us detect time variabilities in SNRs on small scales.

3.2 Changes in X-ray Spectrum and Flux

The first detection of X-ray time variability in SNR is nonthermal flux changes in the
shell of RX J1713.7−3946 discovered by Uchiyama et al. (2007). Figure 3.1 shows the non-
thermal X-ray brightening and decay that they discovered from high-resolution images
taken by Chandra. They found the time variabilities on a one-year timescale with the

29
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Figure 3.1: Flux change of synchrotron X-ray in RX J1713.7−3946 reported by (Uchiyama et
al., 2007). The contours in panel (a) show the TeV gamma-ray emission obtained from HESS
measurement. Panel (b) and (c) is the zoom-in view of the yellow regions in panel (a).

sub-pc scale. The flux decay was interpreted as a result of a decrease of the electron
cutoff energy due to the rapid synchrotron cooling, while the flux increase can be caused
by the boosted DSA efficiency and/or amplified magnetic field. Thus, the decay and
brightening timescale can be equivalent to the synchrotron loss and DSA acceleration
time. From the Equations (1.39) and (2.23), the acceleration time can be described as:

𝑡acc ≃ 1𝜂
( 𝜀

keV

)0.5 ( 𝐵

mG

)−1.5 ( 𝑣sh
3000 km s−1

)−2
yr. (3.1)

Whereas the cooling loss time can be written as follows using Equation (2.23) and (2.26):

𝑡synch ≃ 1.5
(
𝐵

mG

)−1.5 ( 𝜀

keV

)−0.5
yr. (3.2)

Therefore, they suggested that the magnetic field in the region where the variability
was observed is required to be amplified to 𝐵 > 1 mG, considering the measured shock
velocity 𝑣sh < 4500 km s−1. Conversely, the time variabilities of nonthermal radiation
can be a probe for the magnetic field amplification that induces fast acceleration and
synchrotron cooling. Such rapid time variabilities in synchrotron X-rays are subse-
quently discovered in several other young SNRs, such as Cassiopeia A (Uchiyama &
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In XSPEC, our model is tbabs(nlapec+Gauss). Here
the tbabs component accounts for both Galactic absorption
along this line of sight and intrinsic absorption in the source.
The Galactic component is low enough5 (8 × 1020 cm−2) that
we neglect it in the discussion below. Below we adopt NHint to
refer to the intrinsic absorbing material in the SN. The nlapec
model is a “no-line,” or continuum-only, emission from a
collisionally ionized gas. We use this to approximate the
bremsstrahlung continuum emission.

To estimate the uncertainties on the fit parameters we use the
Markov Chain Monte Carlo (MCMC) method (emcee;
Foreman-Mackey et al. 2013) as implemented in XSPEC to
estimate 90% confidence intervals for all parameters. Table 2
provides the best-fit parameters and their confidence intervals.

3.2. Swift/XRT Observations

For the Swift data, while the supernova is not detected in the full
0.3–10 keV band in a stack of the first 25 observations that span
6 days with a total exposure time of 36.6 ks, it is detected in the

2–10 keV band with a count rate of ´-
+ -7.7 102.1

2.4 4 counts s−1.
We fit the stacked spectrum with our fiducial model fixing
all parameters to the NuSTAR Epoch I values, using a
multiplicative constant to allow for flux variability. We find an
observed 0.3–10 keV flux of ´-

+ -6.6 106.6
10 14 erg cm−2 s−1,

≈9× lower than measured by NuSTAR during Epoch I,
implying some X-ray flux evolution. If we limit our analysis to
the six observations that occurred during the NuSTAR Epoch I
observation, the observed 0.3–10 keV flux is ´-

+ -3.4 102.5
2.9 13

erg cm−2 s−1, which is consistent with the NuSTAR Epoch I
flux extrapolated into this band. Unfortunately there were no
Swift/X-ray Telescope (XRT) observations that took place during
NuSTAR Epoch II so we cannot repeat our analysis for that
observation.
No source is listed at the position of the supernova in the

Chandra Source Catalog (CSC2; Evans et al. 2010), and
the sensitivity of the Chandra observations at the position of the
supernova is listed by CSC2 as 8× 10−16 erg cm−2 s−1 in the
0.5–8 keV band and 1.2× 10−15 erg cm−2 s−1 in the 2–8 keV
band, well below the NuSTAR and Swift/XRT fluxes. We
examined the deepest archival Chandra image of the region,

Figure 2. (Top) The background-subtracted spectrum for Epoch I (δt ≈ 4 days, black) and Epoch II (δt ≈ 11 days, red) showing the best-fit model (solid lines) and
the Gaussian component (dotted lines) demonstrating the spectral evolution of the source. (Bottom) Residuals to the best-fit model.

Table 2
Spectral Fits for tbabs(nlapec+Gauss)

Epoch NHint
a kT (keV) Normb Line (keV) Width (keV) Normc Wstat/dof

Epoch I 26-
+

7
5 >25 1.06 ± 0.13 6.45 ± 0.08 <0.2 6.6 ± 2 888/843

Epoch II 5.6 ± 2.7 -
+34 12

22 1.3-
+

0.1
0.2 6.57 ± 0.17 0.45 ± 0.2 14 ± 5 892/842

Note. Uncertainties indicate the 90% confidence intervals based on the MCMC run.
a 1022 atoms cm−2.
b nlapec normalization [10−3].
c 10−6 ph cm−2 s−1; frozen since the line is narrower than the energy resolution of the NuSTAR detectors.

5 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 3.2: The spectra of SN 2023ixf in M101 at 4 and 11 days from its explosion (Grefenstette
et al., 2023). The solid and dashed curves show the best-fit model and a Gaussian component
for the Fe K𝛼 line, respectively.

Aharonian, 2008; Patnaude & Fesen, 2009), G330.2+1.0 (Borkowski et al., 2018), and
Tycho’s SNR (Okuno, Matsuda, et al., 2020).

In the case of thermal X-rays, time variabilities in SNRs are limited to a few examples,
whereas they are often discovered in earlier phases after SNe. Grefenstette et al. (2023)
detected hard X-rays fromSN 2023ixf in a nearby galaxyM101 at 4 (Epoch I) and 11 (Epoch
II) days from its explosion. As seen in Figure 3.2, counts in Epoch II get brighter than in
Epoch I, which they interpreted as a result of the rapidly decreasing absorption based
on their spectral analysis. In the latter phase, the earliest stage of the SNR evolution,
SN 1987A has been observed with X-ray observatories and detected in X-rays from
shock-heated ISM (e.g., Burrows et al., 2000; Michael et al., 2002; Park et al., 2004; Miceli
et al., 2019). Park et al. (2005) reported a rapid increase in flux in the 0.5–2 keV band
approximately 6000 days after the explosion, based on data from ROSAT and Chandra.
They also observed a transition in the soft X-ray distribution from being localized to
becoming more widespread. These findings were interpreted as evidence of the blast
wave reaching the main body of the dense CSM. Some recent studies also reported the
ongoing spectral changes (e.g., Sun et al., 2021; Ravi et al., 2021).

Year-scale X-ray time variabilities are rarely detected in SNRs, even in young ones.
As the only example known to us, we can mention Cassiopeia A, a young Galactic SNR
(Rutherford et al., 2013; Patnaude & Fesen, 2007, 2014). Brightening features identified
by Patnaude & Fesen (2014), with a size of 1015–16 cm, show correlations with optical Si
XIII images (panel a and b in Figure 3.4). Through a temporal and spatial comparison
between the X-ray and optical emissions, they discovered (1) time delays of appearance
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Fig. 1.—Composite light curves of SNR 1987A. The ROSAT data are taken from Hasinger et al. (1996). The radio fluxes were obtained with the Australian
Telescope Compact Array (ATCA; provided by L. Staveley-Smith) and are arbitrarily scaled for the purpose of display. The solid curve is the best-fit model for
the 0.5–2 keV band light curve (ROSAT!Chandra) as determined in this work (§ 3). The short-dashed curve is the best-fit model from P04, which is extrapolated
after day 6000. The long-dashed curve is the linear model fitted to the ROSAT data only and then extrapolated until day 7000. The two dotted vertical lines mark
day 3700 and 6000, respectively. The inset is a log scale presentation showing the details of the ROSAT, radio, and hard X-ray light curves.

Fig. 2.—The 0.5–2 keV band intensity ratio of SNR 1987A. (a) 2002 De-
cember (day 5791) to 2000 December (day 5038) ratio, overlaid with contours
of the 0.5–2 keV image taken in 2002 December. (b) 2005 July (day 6716)
to 2002 December (day 5791) ratio, overlaid with contours of the 0.5–2 keV
image taken on 2005 July.

Fig. 3.—Fractional contributions of the slow and fast shock components to
the total 0.5–2.0 keV band flux, based on the spectral fits of S. Park et al.
(2005, in preparation).

the model prediction that had successfully described the data
obtained over the previous ∼13 yr. It is remarkable that this soft
X-ray upturn is accompanied by several other notable obser-
vational events: (1) The blast wave shock kinematics obtained
with our recent Chandra gratings observations indicated signif-
icantly slower velocities ( km s"1) for the X-ray–v ∼ 300–1700
emitting hot gas than shock velocities previously estimated by
X-ray and radio images ( km s"1) (Zhekov et al.v ∼ 3000–4000
2005). (2) The fractional contribution to the total observed X-
ray flux from the decelerated shock (based on the two-shock
spectral modeling; S. Park et al. 2005, in preparation) has steadily
increased over the past 5 yr and became dominant after day
∼6200 (Fig. 3). (3) Until day ∼5800, the radial expansion rate
of the X-ray remnant was km s"1 (P04). The latestv ∼ 4000
Chandra data show that the X-ray radial expansion rate decreases
substantially to km s"1 after day ∼6200 (J. Racusin etv ∼ 1600
al. 2005, in preparation). (4) The entire inner ring became dom-
inated by the optical hot spots by day ∼6000 (e.g., plate 1 in
McCray 2005). (5) Recent mid-IR observations of SNR 1987A,
most likely indicating dust emission in the inner ring, show a

remarkable brightening since day ∼6000 (Bouchet et al. 2005).
The optical/IR observations, X-ray spectral results, X-ray ex-
pansion measurements, soft X-ray images, and soft X-ray light
curves are all consistent with our picture that the shock is now
interacting with dense gas all around the inner ring.
On the other hand, the hard X-ray flux is increasing much

less rapidly than the soft X-ray flux, although it is still steeper
than the extrapolated ROSAT light curve (Fig. 1, long-dashed
curve). We note that the hard X-ray light curve is similar to
the radio light curves (Fig. 1). The radio emission likely orig-
inates from synchrotron emission from the shocked ejecta be-
hind the reverse shock (Manchester et al. 2005). The similarity
between the light curves in the radio and the hard X-ray emis-
sion suggests that the hard X-rays might also be produced
behind the reverse shock rather than the decelerated forward
shock front. However, the radio map does not show a clearly
better correlation with the hard X-ray image than with the soft
X-ray image (Fig. 4). Alternatively, the low rate of brightening
in the hard X-ray light curve may simply result from the overall
softening of the X-ray spectrum as an increasing fraction of
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after day 6000. The long-dashed curve is the linear model fitted to the ROSAT data only and then extrapolated until day 7000. The two dotted vertical lines mark
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X-ray upturn is accompanied by several other notable obser-
vational events: (1) The blast wave shock kinematics obtained
with our recent Chandra gratings observations indicated signif-
icantly slower velocities ( km s"1) for the X-ray–v ∼ 300–1700
emitting hot gas than shock velocities previously estimated by
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2005). (2) The fractional contribution to the total observed X-
ray flux from the decelerated shock (based on the two-shock
spectral modeling; S. Park et al. 2005, in preparation) has steadily
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∼6200 (Fig. 3). (3) Until day ∼5800, the radial expansion rate
of the X-ray remnant was km s"1 (P04). The latestv ∼ 4000
Chandra data show that the X-ray radial expansion rate decreases
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al. 2005, in preparation). (4) The entire inner ring became dom-
inated by the optical hot spots by day ∼6000 (e.g., plate 1 in
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most likely indicating dust emission in the inner ring, show a
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The optical/IR observations, X-ray spectral results, X-ray ex-
pansion measurements, soft X-ray images, and soft X-ray light
curves are all consistent with our picture that the shock is now
interacting with dense gas all around the inner ring.
On the other hand, the hard X-ray flux is increasing much

less rapidly than the soft X-ray flux, although it is still steeper
than the extrapolated ROSAT light curve (Fig. 1, long-dashed
curve). We note that the hard X-ray light curve is similar to
the radio light curves (Fig. 1). The radio emission likely orig-
inates from synchrotron emission from the shocked ejecta be-
hind the reverse shock (Manchester et al. 2005). The similarity
between the light curves in the radio and the hard X-ray emis-
sion suggests that the hard X-rays might also be produced
behind the reverse shock rather than the decelerated forward
shock front. However, the radio map does not show a clearly
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X-ray image (Fig. 4). Alternatively, the low rate of brightening
in the hard X-ray light curve may simply result from the overall
softening of the X-ray spectrum as an increasing fraction of

Figure 3.3: X-ray light curves of SN 1987A and intensity ratio in the 0.5–2.0 keV (Park et al., 2004).

between optical and X-ray features and (2) displacements on the arcsec scale between
the optical and X-ray features. They explained these behaviors as originating from
ejecta with highly inhomogeneous density, as depicted in Figure 3.4 (c). From their
results, we can expect to detect time variabilities on a small scale in SNRs with a
large apparent diameter.
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Figure 5. Comparative emission changes of Cas A’s X-ray and red optical emission over 31 and 60 yr, respectively. Upper panels: Einstein, ROSAT, and Chandra
ACIS-S images of Cas A showing an apparent increase of clumpy emission features from 1979 to 2011. The Chandra image has been smoothed by a 9 pixel Gaussian to
approximate the resolutions of the Einstein and ROSAT images. Lower four rows: Cas A in optical broadband red emission images from 1951 to 2011. The 1951–1989
images are Palomar Hale 5 m plates PH563B, PH3033S, PH5254vB, PH6249vB, PH7252vB, PH7766vB, PH8192vB, PH8206vB, the 1992 and 1998 images are
MDM 1.3 m and 2.4 m images, while the 2004 and 2011 are HST ACS F625W+F775W and WFC3 F098M images (see Table 1 for details). Note the considerable
brightening of the remnant’s optical emission along northern and southern limbs, most dramatically seen between the early 1950s and the 1970s, but continuing up to
the present.

Figure 6. 2004 Chandra ACIS-S image of Cas A with five regions marked that showed significant brightening.
(A color version of this figure is available in the online journal.)
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Figure 7. Comparison of X-ray and optical emission for Feature “A.” Upper panels: Einstein, ROSAT, and Chandra X-ray images with a circle 10′′ in diameter centered
on Feature A’s approximate location. Lower panels: images of coincident optical emission for this feature. Note: the circles are centered on the emission feature and
follow the feature’s proper motion. In the 1976 and 1992 images, the optical knot is seen to cross in front of, or behind, a brighter stationary QSF emission knot.
(A color version of this figure is available in the online journal.)

Figure 8. Comparison of X-ray and optical emission for Feature “B.” Upper panels: 2000–2013 Chandra X-ray images of Feature B. The red circles (dia. = 10′′)
are centered on Feature “B.” Lower panels: optical images of the area around Feature “B” at the same scale as the X-ray images. The ejecta knot responsible for the
X-ray emitting Feature “B” brightened considerably between 1999 and 2002 in the optical and between 2000 and 2004 in X-rays. The optical image sections shown
are approximately centered on the emission feature but do not follow the feature’s proper motion.
(A color version of this figure is available in the online journal.)

Figure 9. Comparison of X-ray and optical emission for Feature “C.” Upper panels: X-ray images of emission Feature C. The red circles have a diameter of 10′′ on
the X-ray images. Lower panels: optical images. The red circle shown here has a diameter of 10′′. The optical images are: Palomar 5 m images PH3033S, PH5107,
PH6249vB, PH7252vB, PH8192vB, PH8206vB, an MDM 1.3 m image taken using a broad [S ii] interference filter, and an MDM 2.4 m image taken with an R filter.
The optical image sections shown are approximately centered on the emission feature and follow the feature’s proper motion northward. These images show a dramatic
increase in X-ray brightness between 2000 and 2011 and a sharp increase in optical brightness between 1989 and 1992.
(A color version of this figure is available in the online journal.)
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Figure 21. Schematic representation of dense knot ablation that leads to dense optical knots positioned downstream from X-ray emission, which appears closer to the
reverse shock. In panel a, the unshocked knots are overtaken by the reverse shock. In panel b, a radiative shock is driven into the knots, and material is ablated off the
sides of the knots, due to Kelvin–Helmholtz instabilities. In panel c, the ablated material appears as tails in optical emission and as diffuse trailing emission in X-rays.
Due to the lower velocity of the ablated material, it remains closer to the reverse shock position.

material. In both sets of cases, a positional offset occurs due
to mass ablation of less dense material from the ejecta knots
(bullets) which is then shock heated to higher X-ray emitting
temperatures.

4.5. Regions with Coincident X-Ray and Optical Emission

As described in Section 3.2, certain regions are bright in
both optical and X-ray emission. These cases may be instances
where optical clumps are embedded within or associated with an
extended, lower density medium like that seen in Figure 12. Both
the dense and less dense regions are shocked at the same time.
The optical emission becomes bright and as it advects away from
the reverse shock, the lower density region becomes bright as
well, in X-rays. This is shown schematically in Figure 20. What
differentiates this scenario from that presented in the previous
section may be that the maximum density of the optically
emitting material is possibly lower than in the very dense knots,
and the contrast between the dense and diffuse components is
less (or the transition between dense and diffuse components
more gradual). It could also occur if we are viewing shocked
ejecta with significant mass ablation along our line of sight. We
note that Figure 20 can qualitatively describe both regions that
show coincident X-ray and optical emission, as well as regions
that show a time delay between X-ray and optical emission, if the
density contrasts and knot envelope structure are appropriately
chosen.

4.6. Regions with Neither Temporal or Spatial Correlations

Just as some regions have coincident optical and X-ray
emission, there are other regions in the Cas A remnant that
exhibit emission only in either optical or X-ray bands. These

regions do not seem to have obvious positional or temporal
offsets which might be attributed to ablation of dense ejecta
knots.

One such region lies in the remnant’s northwest limb
(Figure 17) where the advance of Cas A’s reverse shock front
can be readily identified in optical emission (Morse et al. 2004).
Between 1976 and 1992, the optical emission from this region
has brightened substantially. This is in contrast to the X-ray
emission (upper panels of Figure 17), which show no clearly
discernible change between 1979 and 2011. Morse et al. (2004)
estimated preshock densities in this region of 25–2500 cm−3.
Ram pressure equilibrium thus requires that the velocity of this
shocked high-density component to be ≈20–200 km s−1. With
these densities, it is not surprising that there is no correlated
X-ray/optical emission in this region especially since it has
evolved into a nearly continuous filament of optical emission.

In contrast to the optically bright region in the northwest
with no corresponding X-ray emission, a completely opposite
situation exists in the northeast near the base of the remnant’s
NE jet. Shown in Figure 18 is a region of brightening X-ray
emission with no corresponding optical emission. Between 2000
and 2010, the filament has brightened substantially, with little
or no corresponding optical emission seen. Using Chandra
observations between 2000 and 2012, we modeled both the
Si–K 1.75–2.0 keV line flux and line centroid and found that
the flux has increased by nearly a factor of three in 12 yr, and
the line centroid has increased by 10 eV over the same period,
indicating an ionizing plasma (see Table 3).

While these two cases are quite different, the underlying cause
of the differences may again be attributed to ejecta density. In
the case of the X-ray emission in the northeast, lack of optical
emission here could be due to the ejecta density being too low
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Figure 3.4: (a): The Chandra images of Cassiopeia A. (b): Zoom-in view of the time variable
feature marked as “B” in panel (a). (c): Schematic of the density profile of the time variable
features (Patnaude & Fesen, 2014).
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measurements made in image units to the more useful physical
quantity of km s−1, taking advantage of the known distance to
the LMC of 50 kpc (Pietrzynski et al. 2013).

2. Observations

We conducted a new epoch of Chandra imaging observa-
tions of N103B in the spring of 2017, with a total of 400 ks
spread over 12 separate observations between March 20 and
June 1. We used the ACIS-S array for these observations,
placing the remnant (only ∼30″ in diameter) close to the center
of the optical axis of the telescope on the S3 chip, where
Chandra’s spatial resolution is best. The 1.7–7 keV image from
these 2017 observations is shown in Figure 1. To measure the
expansion of the remnant, we compared our 2017 observations
with the earliest epoch: a 1999 December 4 observation for
40 ks (PI: G. Garmire). Our method for fitting the proper
motion involves shifting one epoch with respect to another,
accounting for the uncertainties in each epoch. This technique
is described more fully in Williams et al. (2017) and Katsuda
et al. (2008), but briefly, we extract brightness profiles from the
image in units of counts, with the square root of the number of
counts as the uncertainty on each pixel. One epoch, generally
the second, is used as the “reference” epoch, with the other
epoch shifted until the total χ2 value is minimized.

The effect that we are measuring is quite small (sub-
arcsecond, see Section 3), so we took care to minimize or
eliminate any potential sources of systematic uncertainty in our
measurements. First, we opted not to combine the data from
our 12 observations into a single event file, as this could create
biases in the resulting FITS files at the sub-pixel level which
would be difficult, if not impossible, to quantify. For our
“reference” frame, we used the deepest single observation from
our 2017 observations: a 60 ks observation (ObsID 19923)
begun on April 26. These data, along with the 1999 data (which
combine for a time baseline of 17.4 years), were both processed

in identical fashion with the chandra_repro script in CIAO
version 4.9 (using version 4.7.3 of the CalDB).

2.1. Image Registration and Alignment

The standard methods for aligning images in the world
coordinate system (WCS) for a proper motion measurement
involve either registering point sources detected in the image
with known sources from external catalogs or aligning on
common point sources within the images from each epoch,
allowing for at least a relative alignment. While the former
method is obviously preferred, X-ray analysis often relies on
the latter, due to the relative paucity of point sources in the
X-ray band with known optical counterparts. N103B is an
LMC remnant; however, its location (R.A.=05h08m59s,
decl.=−68°43′34″, J2000.) is well outside the main bar of
the LMC and unfortunately, the number of point sources in the
field of view is quite low. We restricted ourselves to point
sources on the S3 chip (within 4′ of the remnant), because
Chandra’s point-spread function (PSF) degrades quickly as a
function of off-axis angle.
To search for point sources in the events files from the two

epochs, we first used the CIAO task wavdetect, as recom-
mended by the Chandra X-ray Center. This task “found” a few
dozen point sources in the image, but most were false positives.
A relatively simple search by eye confirmed that only five of
these sources were real and detected in both epochs. Using
these five sources as input, we created a transformation matrix
file using the wcs_match task, then used wcs_update to align
the 1999 epoch 1 image to the 2017 epoch 2 image.
Unfortunately, the results of this alignment were not accurate

enough for a robust measurement. When we attempted to
measure the proper motion of the leading edge of the emission
(presumably the shock front), our results varied substantially,
with results approaching 15,000 km s−1 in some places and
negative 5000 km s−1 in others! We re-did the alignment using
another CIAO tool, srcextent, but the results were similarly
wildly varying depending on location within the remnant.
Upon further inspection, we concluded that most of the point

sources (all but one) used for alignment in both the wavdetect
and srcextent methods do not have a strong enough detection
for these algorithms to fit a PSF and determine an accurate
location. As an example of what we mean by this, we show one
of our sources in Figure 2. That this source is real is

Figure 1. Chandra X-ray image of N103B, with 0.5–1.2 keV in red,
1.2–2.0 keV in green, and 2.0–7.0 keV in blue, overlaid with our four profile
extraction regions, as described in the text. Each region is 10 pixels wide,
where a pixel is the native Chandra pixel scale of 0 492. The scale bar at the
bottom is 30″ in length.

Figure 2. One of the sources detected in the field of view, located
approximately 1 5 from the remnant. The counts image from the 1999
observation is shown on the left, while the 2017 image is shown on the right.
Each image is shown at the native Chandra pixel scale of 0 492. The source
contains 16 counts in the 1999 data and 25 counts in the 2017 data.
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unquestionable, and it appears in nearly the same location in
both epochs. But Figure 2 shows why any localization
algorithms would not be able to report a location to the
accuracy that we require. This source contains only about
15–25 photons in total, depending on the epoch, which is
nowhere near enough counts to get a two-dimensional centroid
accurate to the sub-arcsecond level. For example, using
Equation (13) from Kim et al. (2007), we find positional
uncertainties in the source shown in Figure 2 of 0 44 and 0 35
in the first and second epoch, respectively. The accuracy of the
location is of utmost importance here, as the signal we are
searching for is so small. For reference, even with Chandra and
a time baseline of 17.4 years, a 5000 km s−1 blast wave at a
distance of 50 kpc would move only ∼0 37 during that time,
or about 3/4 of a Chandra pixel.

We explored other options as well. There are a few knots of
emission near the center of the remnant that could, in principle,
serve as markers for alignment.11 However, not only are these
sources relatively diffuse (several arcseconds in extent), there is
also no way of knowing that these knots do not have their own
motion or slightly varying surface brightness profiles over the
17.4 years of evolution of the remnant. We also opted not to
use CIAO’s sub-pixelization algorithms. There is too much
potential for the introduction of a significant systematic
uncertainty by reducing the pixel size on the same length scale
as the signal that we are trying to measure.

Ultimately, the uncertainties involved in obtaining image
registration down to a fraction of a pixel led us to focus on
measuring one thing that does not require knowledge of the
WCS registration: the remnant’s diameter along various axes.
As we show below, we chose to measure the diameter of
N103B in four directions (see Figure 1), effectively forming
two orthogonal cardinal coordinate systems. Before making
these measurements, we made one final filtering of the data.
The ACIS array has suffered significant degradation at low
energies due to contaminant buildup since launch. At low
energies, the difference between the effective area in 1999 and
2017 is quite significant. Thus, we only considered counts at
energies above 1.7 keV (up to 7 keV), high enough to ensure a
nearly similar effective area to the 1999 observations while still
capturing the strong ∼1.8 keV Si Kα line.

3. Measurements and Discussion

We measured the diameter of the remnant using the radial
profiles (obtained by using projection regions in ds9) along
four “diameter” regions, shown in Figure 1. These regions
sample the entire brightness profile of the remnant along
diameters covering position angles 0–180, 45–225, 90–270,
and 135–315. We made no attempt to scientifically define a
center of the remnant, because the site of the explosion is
unknown. We simply drew the diameter regions to run through
the geometric center of the circular structure of N103B. To
obtain enough signal for a robust profile, each region is 10
pixels wide, or ∼5″. The normalized brightness profiles
extracted from each diameter in the two epochs are shown in
Figure 3. We are not concerned with the small changes in
internal structure, only the change in the diameter of the
remnant as marked by the sharp rise of the shock front. To do Figure 3. Brightness profiles of epoch 1 (1999) in blue and epoch 2 (2017) in

red for diameter regions 1 and 2, normalized for display purposes. The gray
shaded regions mark the regions in which the fits were performed. The
normalization was adjusted for each shaded region. The profiles run north-to-
south for region 1 and east–west (left to right) for regions 2–4.

11 From the point of view of image transformation, it is a simple matter to
simply arbitrarily define any point one wishes as a “fixed source” for alignment
between the two epochs.
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pixels wide, or ∼5″. The normalized brightness profiles
extracted from each diameter in the two epochs are shown in
Figure 3. We are not concerned with the small changes in
internal structure, only the change in the diameter of the
remnant as marked by the sharp rise of the shock front. To do Figure 3. Brightness profiles of epoch 1 (1999) in blue and epoch 2 (2017) in

red for diameter regions 1 and 2, normalized for display purposes. The gray
shaded regions mark the regions in which the fits were performed. The
normalization was adjusted for each shaded region. The profiles run north-to-
south for region 1 and east–west (left to right) for regions 2–4.

11 From the point of view of image transformation, it is a simple matter to
simply arbitrarily define any point one wishes as a “fixed source” for alignment
between the two epochs.
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Figure 3.5: The expansion of SNRN103B from 1999 to 2017 (Williams et al., 2018). (Left): Chandra
X-ray image of N103B with the energy band of 0.5–1.2 keV (red), 1.2–2.0 keV (green), and 2.0–
7.0 keV (blue). Green boxes are the regions for extracting profiles. (Right): The extracted profiles
in 1999 (blue) and 2017 (red).

3.3 Expansion of Blast waves and Ejecta

Since a typical young SNR expands with a velocity of about 103–4 km s−1, we can observe
the expansion of a nearby (∼ 1–10 kpc) SNR over ten years in arcsec scale. Recent
observatories with excellent angular resolution (e.g., Hubble Space Telescope, Very
Largy Array, and Chandra X-ray Observatory) have allowed us to measure the proper
motions in parts of SNRs. The proper motions of metal-rich ejecta over many years
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than the overall median of 0. 28 yr−1 (11,000 km s−1). Among
all regions with m < 0. 17 yr−1, most (12 out of 14) are within
the northern rim, predominantly toward the north and northeast
where radio emission is particularly bright. This includes
regions f ( 0. 16 yr−1), g ( 0. 13 yr−1), h ( 0. 14 yr−1),
i ( 0. 095 yr−1), k ( 0. 11yr−1), l ( 0. 089 yr−1), and n
(0 13 yr−1). The smallest μ (region l) corresponds to a velocity
of only 3600 km s−1. But motions of several knots and
filaments in the northeast are larger, more typical for the
remnant as a whole, including regions j ( 0. 26 yr−1) and m

( 0. 29 yr−1). The latter corresponds to a very bright X-ray knot
with motion strongly deviating from radial (by 42°), while the
former is the northernmost of five fast-moving knots/filaments
that are mostly located near where G1.9+0.3 is the brightest in
radio.
The motions along the northwest outer radio contour (regions

a−e) are 0. 20 yr−1, 0. 27 yr−1, 0. 29 yr−1, 0. 19 yr−1, and
0. 24 yr−1, respectively, with a median of 0. 24 yr−1

(9700 km s−1). This is significantly more than those in the
north−northeast, where the median for regions f−n is

Figure 3. Proper motion vectors overlaid on the 2011 (top), 2015 (bottom right), and the transformed 2015 (bottom left) images. They are color-coded according to the
deviations in direction from radial (with respect to the geometrical center of the remnant, marked by the red cross), in degrees according to the vertical scale. The white
arrows indicate 0. 25 yr−1.

(The data used to create this figure are available)

4

The Astrophysical Journal Letters, 837:L7 (6pp), 2017 March 1 Borkowski et al.

Figure 3.6: Chandra image of G1.9+0.3 in the 1.2–8.0 keV band and propermotion vectors of each
feature (Borkowski et al., 2017). The color bar represents the deviations from radial in degrees.
The length of the white allow corresponds to 0.′′25 yr−1.

enable us to estimate the center of the explosions and explosion age. These values
play an important role in studying the compact objects (Katsuda et al., 2018; Tsuchioka
et al., 2021) or companion stars (Kerzendorf et al., 2019; Li et al., 2021). For example,
using optical observations, Banovetz et al. (2021) estimated a center of explosion of
1E 0102.2−7219 from a measurement of 120 O-rich ejecta knots.

Although tracing the proper motions of fine structures is challenging in the extra-
galactic SNRs, Williams et al. (2018) estimated expansion velocity through changes in
the diameters of SNR 0509−68.7 (N103B) in the Large Magellanic Cloud (Figure 3.5). The
measured expansion velocity is 4170+1280−1310 kms−1, suggesting anundecelerated age of 850
years and a somewhat younger real age. Expansion measurements are also reported in
other extra-galactic SNRs, such as 1E 0102.2−7219 (Xi et al., 2019), 0509−67.5 (Hovey et al.,
2015; Helder et al., 2010; Roper et al., 2018; Guest et al., 2022), 0519−69.0 (Guest et al., 2023).

We can obtain further insights from the expansion of Galactic SNRs because we can
accurately measure shock velocities and discuss their spatial variation. The study of
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TABLE 1
XMM-Newton Observations

Obs. ID Camera Instrument Mode Filter Obs. Date
Good Time Interval

(ks)

0112870301 . . . . . . MOS1/2 PrimeFullWindow Medium 2001 Apr 25 31.3
0159760101 . . . . . . MOS1/2 PrimeFullWindow Medium 2003 Jun 22 19.5
0159760301 . . . . . . MOS1/2 PrimeFullWindow Thin1 2005 Nov 01 38.0
0412990201 . . . . . . MOS1/2 PrimeFullWindow Thin1 2007 Oct 24 62.6

Fig. 1.—Left: XMM-Newton 1.5–8 keV band image obtained in 2001. The
image is binned by 5! and has been smoothed by Gaussian kernel of j p

. The intensity scale is square root. Point-source positions which we use′′10
to examine the astrometric accuracy are indicated as P1, P2, and P3. We
investigate the radial profile of the X-ray filament in the rectangular area.
Right: Same image but subtracted one obtained in 2007. The intensity is linearly
scaled from !1.5 # 10!4 to "1.5 # 10!4 counts s pixel .!1 !1

Fig. 2.—Radial profiles at each epoch in the 1.5–8 keV band, binned with
a 2! scale. Four profiles from top to bottom are responsible for the one in
2001, 2003, 2005, and 2007. [See the electronic edition of the Journal for a
color version of this figure.]

According to the XMM-Newton calibration status report
(Kirsch 2007), the absolute astrometric accuracy, i.e., the pre-
cision with which astronomical coordinates can be assigned to
source images in the EPIC focal plane, is less than 2!. This
value is small enough to detect the expected shift of the un-
decelerated shock front, ∼35! per 6.5 yr. We check whether the
same position accuracy is achieved in our data. Applying an
XMMSAS tool edetect_chain, we determine positions of
three point sources (P1–P3) indicated in Figure 1 (left). The
Naval Observatory Merged Astrometric Dataset (NOMAD)
catalog3 identifies several stars as possible optical counterparts
for three point sources. We check that the proper motion of
the possible optical counter parts themselves are all less than
∼1! per 6.5 yr. Therefore, we expect to detect the X-ray point
sources within circles with a radius of ∼1! in all the four XMM-
Newton observations. In fact, we find that all the positions
determined in our four X-ray data sets (MOS1 and MOS2
separately) are well within 2! circles around their mean posi-
tions. Therefore, without extra corrections of the coordinates
for our data, the absolute astrometric accuracy is achieved to
be less than 2!. In the following analysis, we take account of
2! error for the position accuracy as the conservative systematic
uncertainty.

The difference of the 2001 and 2007 images of 1.5–8 keV
band is shown in Figure 1 (right). We can clearly see a black
(negative) narrow line running from the northeast (NE) to the
southwest (SW) as a sign of the expansion of the shock front
in 6.5 yr. Other black or white lines are due to artificial effects
such as bad columns or gaps of CCD chips.

Next, we quantitatively measure the shift of the X-ray fil-
ament based on one-dimensional profiles across the filament.
We select a northern portion of the narrow NW filament as
shown in Figure 1, since we find few bad columns there. We

3 Vizier Online Data Catalog, I/297 (N. Zacharias et al., 2005).

slice the area into 2! spaced regions parallel to the filament.
The BG-subtracted radial profiles for the four observations are
plotted in Figure 2. In the figure, we clearly see that the peak
position of the filament at around R ∼ 115! in 2001 is shifted
to in 2007.′′R ∼ 120

In order to quantitatively measure shifts, we also apply the
method of calculating probability that two observed profiles2x
from different epochs have the same shapes. Let l be the shift
parameter and v be the angular distance perpendicular to the
shock front. Then we calculate the value as2x

2[x (v " l) ! x (v)]1 22x (l) p .! 2 2j (v " l) " j (v)v 1 2

Here and represent the observed count rates inx (v) x (v)1 2

angular distance v at epochs 1 and 2, and and rep-j (v) j (v)1 2

resent the uncertainties at each bin. The minimum for ,2x (l)
, is around 39, since we sum 40 bins roughly around the2xmin

shock front. We shift the radial profile of 2001 and compare
the shifted profile with the profiles of 2003, 2005, and 2007.
We examine l p 0!, 2!, 4!, 6!, 8!, and 10!. The values as2x
a function of l are shown in Figure 3. In the figure, three kinds
of data points with rectangular, circular, or triangular marks
are, respectively, responsible for three cases in which we focus
on a different two epochs, i.e., 2001-2003, 2001-2005, and
2001-2007. We find that occurs at l p 0!, 4!, and 6! for2xmin

each two epochs 2001-2003, 2001-2005, and 2001-2007, re-
spectively. Using the criteria of , we can determine2x " 2.7min

the values of the shifts less than 2!, at 90% confidence level
in all the cases. With taking into account the systematic un-
certainty, we derive the shifts of the X-ray filament in 2003,
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Figure 3.7: The shock proper motion in RX J0852.0−4622 (Vela Jr.) (Katsuda et al., 2008a). Left-
top: XMM-Newton image in the 1.5–8.0 keV band obtained in 2001. The box represents the region
for extracting the flux profile. Top-bottom: An image in 2001 subtracted from one in 2007. Right:
The profile in each year extracted from the box in the left-top panel.

G1.9+0.3 by Borkowski et al. (2017) can be cited as an example that revealed large spatial
variation in the remnant expansion (Figure 3.6). They suggested that the slow shocks
are caused by the collision of SN ejecta with a dense CSM, indicating the asymmetric
distribution of CSM. Such indications of ambient material are also discovered from the
expansion measurements of other SNRs, including Kepler’s SNR (Katsuda et al., 2008b),
Cassiopeia A (e.g., Sato et al., 2018), SN 1006 (Katsuda et al., 2013), and RX J1713.7−3946
(e.g., Acero et al., 2017; Tanaka et al., 2020).

Accurate measurement of the shock proper motion also enables us to determine the
remnant age and distance. Katsuda et al. (2008a) reported an expansionmeasurement in
RX J0852.0−4622 (Vela Jr.) with XMM-Newton image in the 1.5–8.0 keV band (Figure 3.7).
Their result indicated its expansion rate of 0.023%± 0.006% per year, which is five times
lower than those of young SNRs less than 1000 years. Such a slow velocity suggested that
Vele Jr. was younger (1700–4800 years) than had been commonly expected. Additionally,
they estimated the distance to the remnant to be ∼ 750 pc under an assumption of
high shock velocity ∼ 3000 km s−1.

Tanaka et al. (2021) reported the proper motion of the synchrotron X-rays at the
forward shock of Tycho’s SNR using Chandra data over 12 years. Figure 3.8 shows the
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4–10 as presented in Table 2, indicating significant deceleration in
these regions. To our knowledge, this is the first detection of
ongoing deceleration of blast waves of SNRs. We note that the
2003–2007 and 2003–2009 velocities are not independent
because they were both derived using the same 2003 data.
Likewise, the 2003–2009 and 2009–2015 measurements are not
independent for the same reason. However, we emphasize that the
2003–2007 and 2009–2015 measurements do not use the same
data set in common, and still indicate rapid deceleration.

4. Discussion

We discovered rapid deceleration of the blast waves of
Tycho’s SNR by analyzing X-ray data obtained with Chandra
in 2003–2015. Similar expansion measurements were per-
formed by Williams et al. (2016), who obtained shock
velocities based on comparisons of Chandra images in 2000/
2003 and 2015. As a sanity check, we plotted the velocities for
the time interval of 2003–2015 in Figure 2 for direct
comparison with the result by Williams et al. (2016). We

Figure 1. (a) Chandra ACIS image of Tycho’s SNR in the energy band of 4.1–6.1 keV obtained from the observations performed in 2009. North is up, and east is to
the left. The color scale indicates flux from each pixel in units of 10−9 photon cm−2 s−1 with a pixel size of 0 492 × 0 492. The red rectangles are the regions used
for the expansion measurements. (b) Radial profiles observed in Region 1. The black and red points are from observations in 2003 and 2009, respectively. The origin
of the horizontal axis corresponds to the location of the shock front in 2003. (c) The same as (b) but for Region 8.

Table 2
Statistics from Expansion Measurements

Region ID χ2
min (Degrees of Freedom) Significancea

2003–2007 2003–2009 2009–2015 2003–2015 (σ)

1 18.0 (22) 20.4 (22) 18.9 (22) 17.0 (22) 0.1
2 11.3 (20) 14.0 (20) 18.5 (20) 13.5 (20) 0.1
3 33.7 (35) 76.5 (35) 51.7 (35) 47.9 (35) 0.6
4 68.3 (47) 68.1 (47) 73.2 (47) 71.6 (47) 4.6
5 38.3 (40) 45.7 (40) 87.6 (40) 52.2 (40) 3.7
6 48.3 (40) 58.3 (40) 62.5 (40) 47.1 (40) 3.4
7 38.2 (40) 41.1 (40) 46.5 (40) 45.9 (40) 5.4
8 42.1 (40) 36.0 (40) 42.8 (40) 32.0 (40) 6.7
9 45.4 (25) 45.6 (25) 31.9 (25) 44.7 (25) 6.4
10 13.5 (15) 14.6 (15) 13.5 (15) 15.5 (15) 4.2
11 20.1 (15) 23.2 (15) 12.6 (15) 19.7 (15) 2.9
12 29.6 (40) 34.7 (40) 65.3 (40) 61.9 (40) 1.2
13 25.5 (27) 29.7 (27) 40.6 (27) 34.5 (27) 2.6

Note.
a Significance with which a hypothesis of constant velocity between 2003 and 2015 is rejected.
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found that the two measurements agree well with each other.
Furthermore, we confirmed the rapid deceleration even when
we applied the analysis method by Williams et al. (2016).

Expansion of Tycho’s SNR has also been measured in the
radio band by several authors such as Strom et al. (1982),
Reynoso et al. (1997), and Williams et al. (2016). The radio
results tend to point to systematically lower velocities than our
X-ray results, and do not show expansion velocities as high as
what we observed before 2007. According to the results by
Reynoso et al. (1997), the shock velocities measured between
1983/1984 and 1994/1995 are 0 38 yr−1 and 0 35 yr−1 in the
locations corresponding to Regions 5 and 8, respectively. These
values are closer to our 2003–2009 results than the 2003–2007
values. However, even without taking into account the possible
systematic effects between the radio and X-ray measurements,
our 2009–2015 velocities are still lower than the radio
velocities and thus are consistent with recent deceleration of
the blast waves.

The systematics between the radio and X-ray results could be
arising from observational or analysis methods, but could also
be ascribed to physics related to the radio and X-ray emissions.
Electrons emitting radio synchrotron photons have a much
longer loss timescale than those emitting synchrotron X-rays.
Thus, radio-emitting electrons would accumulate in the down-
stream region, which creates a plateau-like profile there (Slane
et al. 2014). As the shock expands, the number of electrons
accumulated in the downstream region would be increased, and
the location of the radio emission peak would gradually be
shifted toward downstream. On the other hand, X-rays would
be emitted right at the shock because of the much shorter lives

of the radiating electrons. Such an effect may be able to
account for the differences between radio and X-ray results.
It is notable that, after the deceleration, the expansion

velocities reached ∼0 3 yr−1 regardless of direction (Figure 2).
This can be interpreted as a consequence of the blast wave
hitting a dense gas wall surrounding the SNR with approxi-
mately uniform density, i.e., a cavity wall structure. We
performed one-dimensional spherically symmetric hydrodyna-
mical simulations to test this assumption using the Virginia
Hydrodynamics 1 (VH1) code (Blondin & Ellison 2001).
Following a previous successful multi-wavelength model for
this SNR by Slane et al. (2014), we initiated the simulations
using an SN ejecta with a mass of 1.4Me, an explosion energy
of 1051 erg, and an exponential density profile. The ejecta first
expands into a cavity with a uniform number density
nb= 0.3 cm−3. The deceleration of the blast wave begins as it
hits a dense gas cloud, which is modeled as a density jump at a
radius Rc from the explosion center with a spatial density
gradient dnc/dr. We assume a uniform density nc= 100 cm−3

inside the wall, but our results are not sensitive to this because
the blast waves at all regions experiencing a deceleration are
found to be still climbing up the density gradient currently.
We present the simulation result compared with the

observational data in Figures 3(a)–(d). Both Rc and dnc/dr at
the interface between the cavity and the wall are treated as
model parameters to fit the observational data. We tried the five
cases, dnc/dr= 0, 30, 100, 300, and 1000 cm−3 pc−1, for each
region, and found that the data from Regions 1–4, 5–9, and
11–13 are best fitted with the dnc/dr= 1000, 300, and
100 cm−3 pc−1, respectively. In each region, we interpret that

Figure 2. Velocity and acceleration of expansion of Tycho’s SNR. The horizontal axis shows the azimuthal angle in degrees from the north in counterclockwise
direction. The numbers on top correspond to region identifiers defined in Figure 1(a). The top panel shows velocities measured for the intervals of 2003–2007 (black
filled circles), 2003–2009 (red filled circles), and 2009–2015 (blue filled circles). For direct comparison with the result by Williams et al. (2016), velocities from the
interval of 2003–2015 are also plotted (cyan small open circles). Plotted in the bottom panel are accelerations estimated under an assumption that they are constant
over the time period between 2003 and 2015. The distance to Tycho’s SNR is assumed to be 2.5 kpc in converting the angles to physical lengths.
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Figure 3.8: The decelerations of the blast waves in Tycho’s SNR reported by (Tanaka et al., 2021).
The red regions in the left panel show the regions for the shock velocity analysis. The right-top
panel shows the shock velocity in each interval of the years. The right-bottom panel shows the
acceleration rate in each region.

time variabilities of the blast waves. As can be seen in the figure, a rapid deceleration
is revealed in the southwest blast waves (especially Regions 6–11). They interpreted
it as the result of a recent hit on a dense wall around the remnant. The SD scenario
can explain the dense wall, considering that the wind from a progenitor white dwarf
during mass accretion can create the cavity wall, while there is no plausible inter-
pretation in the DD scenario. Their results provided constraints on the progenitor
activity before the expansion.
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4.1 Overview of Chandra X-ray Observatory

The Chandra X-ray Observatory is a telescope, which is still active, launched aboard
the Space Shuttle Columbia by NASA on July 23rd, 1999 (Weisskopf et al., 2000). Its orbit
is an elliptical shape with a perigee altitude of 16,000 km and an apogee altitude of
134,000 km. This orbit makes the period 64.3 hours, enabling the telescope to observe
55 hours continuously without interruption from the Earth’s radiation belts (Chandra
X-ray Center, 2023b).

Figure 4.1 shows the overview of the Chandra X-ray Observatory. Its dimensions,
excluding the solar arrays, are 13.8m× 19.5m, and it weighs 4800 kg. TheHighResolution
Mirror Assembly (HRMA) is responsible for generating images on the focal plane with
the half-power diameter (HPD) of the point spread function (PSF) of < 0.′′5. The
imaging capabilities are supported by two types of cameras: the Advanced CCD Imaging
Spectrometer (ACIS) and the High Resolution Camera (HRC). Between the HRMA and
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Figure 4.1: The Overview of Chandra X-ray Observatory (Credit: NGST & NASA/CXC).

the focal-plane cameras, there are two grating systems: the low-energy transmission
grating (LETG) and the high-energy transmission grating (HETG). In this thesis, we
explain the HRMA (Section 4.2) and the ACIS (Section 4.3), as these instruments are
used in our research.

4.2 High Resolution Mirror Assembly (HRMA)

4.2.1 Layout

The X-ray telescope, HRMA, of the Chandra X-ray Observatory is highly renowned for its
exceptional resolution, measuring less than 0.′′5. The HRMA comprises a nested set of
four mirror pairs configured to formWolter-I type optics (Figure 4.2). Each mirror pair
consists of a paraboloid as the front mirror and a hyperboloid as the back mirror. The

design  of  the  spacecraft  and  after  completion  of  the HRMA,  careful  analysis  revealed  that  the  reaction 
wheel  disturbances would  have  excited  resonant modes  in  the HRMA  and  ruined  imaging  performance.   
Damped  isolators, which were  not  originally  planned  in  the  program were  implemented  and  solved  the 
issue.  
 
Risk Retirement 
 
In  any  development  effort,  especially  when  new  technologies, materials  or  applications  are  involvoed, 
Development  Units,  Engineering  Units,  and/or  Qualification  Units  are  produced  to  ensure  the  as  built 
hardware behaves  the way  the design  engineer  envisioned  it.   This  is  a  very  valuable process; however, 
when  building  a  new,  complex  system  like  Chandra,  these  models  are  necessary,  but  not    always 
sufficient.   It  is very  important  to demonstrate  integration, assembly, and test processes, procedures, and 
equipment  before  attempting  them  on  the  flight  hardware.   The  Verification  Engineering  Test  Articles 
(VETA), produced for Chandra, were key to the successful development of the Chandra Telescope. 
 
During the early stages of the Chandra design development,  it was realized that Kodak’s traditional mirror 
mount design would not work  for  the configuration and design parameters of  this x‐ray  telescope.   Early 
funding (prior to official program start) was provided and a series of analyses and tests were conducted to 
identify a high quality bonding material and mount configuration that would satisfactorily support the optics 
while meeting  their performance  requirements.   The program’s decision  to provide  the  funding based on 
the proposed study was key  in  jump starting  the design efforts  for  the HRMA.     Additionally because  this 
design parameter was evaluated early on, it provided further opportunities to refine and qualify the concept 
with the test articles. 
 
Kodak established an early contract with Hercules to develop and design the graphite epoxy sleeve concept 
that along with a new flexure and mount pad design would support the HRMA’s mirrors at their neutral axis.  
This design provided very little distortion to the optics during both the assembly phase and their transition 
to an on‐orbit environment.  Many interactions, interfaces, and designs were bantered about between the 
companies that tied in each company’s expertise to make the concept successful.  Establishing the contract 
early and working the issues in a team oriented approach was critical to its success.   
 
Due to the nature and size of the Chandra telescope as well as all of the coordination and “handshakes” that 
were  required  amongst  the  involved  companies  supporting  this  program,  a well‐defined  and  agreed  on 
interface set was required and needed to be developed.   TRW had the  lead on the  interface development 

and  control.    Their  trust  in  their 
subcontractors  and  the  reciprocal  trust  of 
TRW helped develop a well thought out and a 
well  flushed  out  interface  and  requirement 
control document.    The  document was  very 
definitive about the telescope and the facility 
requirements and  interfaces. Because of  the 
joint efforts,  it was clear as to the roles each 
member  needed  to  support  and which  role 
each member needed to take control.   
 
 
Figure 4: High Resolution Mirror Assembly 
(HRMA) 

 
 

Figure 4.2: Left: Four HRMAmirror pairs and associated structures (Arenberg et al., 2014). Right:
Schematic of grazing incidence of Wolter-I type optics (Credit: NASA/CXC/S. Lee).
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Figure 4.4: The HRMA/ACIS and HRMA/HRC e↵ective areas versus X-ray energy in
linear-linear (top) and log-log (bottom) scales. The structure near 2 keV is due to the
iridium M-edge. The HRMA e↵ective area is calculated by the raytrace simulation based
on the HRMA model and scaled by the XRCF calibration data. The HRMA/ACIS e↵ective
area is the product of the HRMA e↵ective area and the Quantum E�ciency (QE) of ACIS-
I3 (front illuminated) or ACIS-S3 (back illuminated). The HRMA/HRC e↵ective area is
the product of HRMA e↵ective area and the QE of HRC-I or HRC-S at their aimpoints,
including the e↵ect of UV/Ion Shields (UVIS).

40 Chapter 4. High Resolution Mirror Assembly (HRMA)

Figure 4.4: The HRMA/ACIS and HRMA/HRC e↵ective areas versus X-ray energy in
linear-linear (top) and log-log (bottom) scales. The structure near 2 keV is due to the
iridium M-edge. The HRMA e↵ective area is calculated by the raytrace simulation based
on the HRMA model and scaled by the XRCF calibration data. The HRMA/ACIS e↵ective
area is the product of the HRMA e↵ective area and the Quantum E�ciency (QE) of ACIS-
I3 (front illuminated) or ACIS-S3 (back illuminated). The HRMA/HRC e↵ective area is
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Figure 4.3: The effective area of HRMA, HRMA/ACIS, and HRMA/HRC against X-ray energy in
linear-linear (left) and log-log (right) scale. The effective areas of HRMA/ACIS and HRMA/HRC
are determined by multiplying the effective area of HRMA with the quantum efficiency of each
detector at its aimpoint (Chandra X-ray Center, 2022).

length of each mirror is 84 cm, and the total length between pre- and post-collimator
is 276 cm. The focal length is 10.070 ± 0.003 m.

4.2.2 Effective Area

The HRMA unobstructed geometric aperture measures 1145 cm2. Supporting struts
partially block the HRMA aperture, accounting for less than 10% obstruction. Con-
sequently, the HRMA throughput varies with X-ray energy due to the dependence of
optical reflectivity on both photon energy and grazing angle. Figure 4.3 (solid lines)
shows the HRMA effective area released in CALDB 4.1.1. The values change around
the iridium M-edge near 2 keV, with ∼ 800 cm2 on the low-energy side (0.1–2 keV)

Table 4.1: The properties of major X-ray observatories
Observatories Mirrors Detectors Energy Range Effective Area HPD References

(keV) (cm2) (arcsec)
Chandra HRMA ACIS 0.1–10 400 @ 5 keV 0.5 [1]
XMM-Newton — EPIC 0.1–10 1500 @ 2 keV ∼ 15 [2,3]
Suzaku XRT XIS 0.2–12 440 @ 1.5 keV 120 [4]
Hitomi SXT SXI 0.4–12 590 @ 1 keV ∼ 70 [5]

HXT HXI 5–80 174 @ 30 keV ∼ 100
NuSTAR — FPM 3–78.4 100 @ 30 keV 58 [6, 7]
XRISM XMA Xtend 0.3–12 ∼ 435 @ 6 keV ∼ 1.′3 [8]
[1] Chandra X-ray Center (2022), [2] Jansen et al. (2001), [3] Aschenbach (2002), [4] Mitsuda et al. (2007)

[5] Takahashi et al. (2018), [6] Harrison et al. (2013), [7] Brejnholt et al. (2012), [8] XRISM Science Team (2020)
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Figure 4.5: The HRMA e↵ective area versus o↵-axis angle, averaged over four azimuthal
directions, for selected energies, normalized to the on-axis area for that energy.

Figure 4.4: The HRMA effective area as a function of the off-axis angle of the position of the
source (Chandra X-ray Center, 2022).

and ∼ 300 cm2 on the high-energy side (2–6 keV). As the photon energy increases, the
effective area decreases, and it becomes almost insensitive around 10 keV.

The effective area also depends on the off-axis angle, as can be seen in Figure 4.4
(also known as vignetting). This is attributed to the reduction in the effective aperture
of the telescope due to off-axis displacement, as well as the increased area where X-rays
cannot be reflected due to the larger incidence angle. The effective area decreases more
at off-axis angles as the photon energy increases. We analyze the X-ray data considering
this effect and apply corrections accordingly.

4.2.3 Point Spread Function

As mentioned above, the angular resolution of the HRMA is superior to other X-ray ob-
servatories, constituting one of the notable attributes of the Chandra X-ray Observatory.
Figure 4.5 shows the fractional encircled energy function (EEF) of the HRMA calculated
for an on-axis point source. EEF is calculated by dividing the integrated energy of the
point spread function (PSF) within a given radius by the total energy of the PSF. The
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Figure 4.6: The Fractional encircled energy as a function of angular radius, calculated for
an on-axis point source, at selected X-ray energies. The curves are the combined response
and centered at the common focus of the full HRMA, i.e. four nested mirror pairs. For
higher energies (8.638 keV and 9.700 keV), the curves are broadened at small radii. This
is because the focus of higher energies does not coincide with the HRMA common focus,
but is o↵set by about 0.2 arcsec, due to a slight tilt of the HRMA mirror pair 6.

pair 6 is slightly tilted with respect to the other three. Consequently, the image from
mirror pair 6 is not as symmetrical as the images produced by the other shells. The
e↵ect of this asymmetry on images depends on energy because of the di↵erent relative
contribution of mirror pair 6.

Figure 4.8 shows simulated HRMA/HRC-I images at several energies. The e↵ect of
the mirror pair 6 alignment errors can be seen in the higher energy images as then mirror

Figure 4.5: The encircled energy of HRMA versus angular radius generated for selected X-ray
energies, assuming an on-axis point source (Chandra X-ray Center, 2022).

diameter where the EEF reaches 50% is called the half power diameter (HPD), which
is often used to represent the angular resolution. Table 4.1 provides a reference for the
properties of major X-ray observatory mirrors. It can be seen that HRMA has an angular
resolution of 0.′′5 that is at least an order of magnitude superior to other observatories.
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Figure 6.1: A schematic drawing of the ACIS focal plane; insight to the terminology is
given in the lower left. Note the aimpoints: on S3 (the ‘+’) and on I3 (the ‘x’). Note
the di↵erences in the orientation of the I and S chips, important when using subarrays
(Section 6.13.1). Note also the (Y, Z) coordinate system and the target o↵set convention
(see Chapter 3) as well as the SIM motion (+/�Z). This view is along the optical axis,
from the sky toward the detectors, (-X). The numerous ways to refer to a particular CCD
are indicated: chip letter+number, chip serial number, and ACIS chip number (CCD ID);
see also Table 6.1. As indicated, S3 and S1 are back-illuminated (BI) CCDs, and the
rest are front-illuminated (FI) CCDs. The node numbering scheme and the row/column
directions are illustrated lower center. The row and column pixel indices run from 0 to
1023. The row direction corresponds to CHIPX (1 to 1024 pixels). The column direction
corresponds to CHIPY (1 to 1024 pixels); the row at CHIPY = 1 is closest to the frame store.

Figure 4.6: The Layout of ACIS (Chandra X-ray Center, 2022).
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Figure 4.7: Schematic view of the front- (a) and back-illuminated (b) type of the CCD sensors.

The Advanced CCD Imaging Spectrometer (ACIS) can capture high-resolution im-
ages and acquire spectra of moderate resolution simultaneously. Figure 4.6 shows the
layout of ACIS. ACIS comprises a total of 10 CCD chips: four ACIS-I chips arranged in
a 2 × 2 configuration and six ACIS-S chips set linearly in a 1 × 6 arrangement. There
are two types of chips on ACIS: front-illuminated (FI) and back-illuminated (BI) chips.
Figure 4.7 shows a cross-section view of a CCD pixel, which consists of a depletion
layer made primarily of silicon, an insulating layer including SiO2, and electrodes for
each pixel (Townsley et al., 2002). We note that the front side is the side on which the
electrodes are arranged. While two chips (ACIS-S1 and S3) are back-illuminated (BI)
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observation of G21.5-0.9, a bright supernova remnant/pulsar wind nebula. The detector
was appropriately o↵set for each o↵-axis angle so that the data were obtained at the same
focal position, minimizing the e↵ects of any spatially-dependent variations in the CCD
response.

Figure 6.3: The quantum e�ciency (convolved with the transmission of the appropriate
optical blocking filter) of the FI CCDs (from a row nearest the read-out) and the two
BI CCDs as a function of energy. S3 is somewhat thicker, hence more e�cient, than S1.
These curves include the e↵ects of molecular contamination, as discussed in the text.

Figure 4.8: The quantum efficiency of ACIS, including the effect of molecular contamination on
OBF (Chandra X-ray Center, 2022).

type, the other eight chips are front-illuminated (FI) chips. BI chips of ACIS have higher
effective area in the soft band and better energy resolution than FI chips. The low-energy
X-rays reaching the FI CCD sensors experience attenuation due to the electrodes at the
gate, leading to reduced quantum efficiency, as depicted in Figure 4.3.

4.3.2 Quantum Efficiency

Quantum efficiency (QE) is the proportion of the incident photons that are converted
to electrons, generally used to measure a CCD sensitivity. Figure 4.8 shows the QE as
a function of the photon energy, considering the effect of molecular contaminations
on optical blocking filters (OBFs). Given that the ACIS chips are sensitive not only to
X-rays but also to optical/UV light (Lumb et al., 1991), OBFs are positioned between the
chips and HRMA to prevent optical light from affecting the CCDs. The filters consist
of polyimide placed between two thin aluminum layers. Based on astrophysical data
and observations of external calibration sources, it is apparent that the ACIS effective
area has degraded since launch due to the molecular contamination from out-gassed
material on the cold ACIS OBFs. For calibration of the contamination, Chandra has
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Figure 6.7: Optical depth of the contaminant measured at 0.66 keV from observations of
the galaxy cluster Abell 1795. Red squares denote observations with the target on ACIS-S
and blue disks denote observations with the target on ACIS-I. The solid curve shows the
optical depth of the contaminant as modeled in the most recent contamination model.

6.5.1 Molecular Contamination of the OBFs

Astronomical observations and data acquired from the on-board ACIS external calibration
source (ECS) show that the ACIS e↵ective area below 2 keV has continuously declined
since launch due to the build-up of out-gassed material on the cold ACIS optical blocking
filters. The HRC operates at a warmer temperature and shows no sign of contamination
build-up. The build-up of contaminant on the ACIS filters has been monitored with ECS
observations, LETG/ACIS-S observations of the blazars Mkn421 and PKS2155-304 and
the isolated neutron star RXJ1856-3754, and ACIS imaging observations of the rich cluster
of galaxies Abell 1795 and the oxygen-rich supernova remnant E0102-72.3.

Typically the calibration team releases updates to the contamination model near
the end of each calendar year. The update accounts for any changes in the charac-
teristics of the contamination as measured by observations taken over the same calen-
dar year. Most updates do not a↵ect the analysis of data taken prior to that calendar
year. The contamination model is distributed as part of the CALDB, and is described
at: https://cxc.cfa.harvard.edu/ciao/why/acisqecontam.html. There are three compo-
nents to the ACIS contamination model: 1) the build-up rate of the contaminant on the
ACIS filters, 2) the spatial distribution of the contaminant on the ACIS filters, and 3)

6.5. Quantum E�ciency and E↵ective Area 111

Figure 6.8: ACIS-S spectrum of the galaxy cluster Abell 1795 at six di↵erent epochs rang-
ing from 2000 to 2021. The decreasing count rates in the spectrum of a stable calibration
source demonstrate the loss of e↵ective area due to the build-up of the contaminant on
the ACIS OBF.

Figure 4.9: (Top): The optical depth at 0.66 keV as a function of the time (year). The blue circles
and the red squares show the data of the ACIS-I and ACUS-S, respectively. The data is measured
from observations of Abell 1795. (Bottom): The effects of the molecular contamination of the
ACIS OBF on the spectra. The spectra are extracted from the ACIS-S data of Abell 1795 taken in
2000 (black), 2005 (red), 2010 (green), 2015 (blue), 2018 (cyan), and 2021 (magenta).

been observingMkn 421 and PKS 2155−304 (blazars), and RX J1856−3754 (a neutron star)
with LETG/ACIS-S and 1E 0102.2−7219 (SNR) with ACIS. Figure 4.9 shows the effect of
the ACIS OBF contamination on the effective area. We note that the accumulation of
OBF contamination has increased faster since 2014.

4.3.3 Angular Resolution and Field of View

The angular resolution of Chandra is determined by its pixel size of CCDs since HRMA
has the high angular resolution as mentioned in Section 4.2. The ACIS chip has an
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Figure 4.10: The dither pattern of ObsID: 8551. The color corresponds to the time from the start
of the observation.

imaging area of 25 mm (∼ 8.′3) square consisting 1024×1026 pixels. Thus, the pixel size
is 23.985 𝜇m square, which corresponds to 0.4920 ± 0.0001 arcsec squares (Chandra
X-ray Center, 2023a). The EEF reaches 90% at 4 pixel and 5 pixel when the X-ray energy
is 1.49 keV and 6.4 keV, respectively.

Unless there is a specific request, the spacecraft dithering is performed in a Lissajous
pattern (Figure 4.10) during all observations. For ACIS observations, the default dither
pattern currently encompasses 32 arcsec peak-to-peak range in both Y and Z directions.
There are two major purposes of dithering: (i) to provide some exposure in the area cor-
responding to the CCD gaps and (ii) to smooth variations in the response in each pixel.

4.3.4 Energy Resolution

The pre-launch energy resolution approached the theoretical limit across most energy
levels for the ACIS FI chips. In contrast, the BI chips showed lower performance, as
shown in Figure 4.11. However, the resolution has degraded since the launch and the
orbital activation due to higher charge transfer inefficiency (CTI), which is the ratio
of transferred charges that are trapped and lost. The increased CTI was caused by
low-energy protons (also known as soft protons) that reached the focal plane through
HRMA by Rutherford scatterings during the radiation belt crossing. Thus, the resolution
degrades as the row is far from the readout. A correlation algorithm for the lost energy
resolution has been developed. The ACIS energy resolution on board can be monitored
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Figure 6.14: The ACIS pre-launch energy resolution as a function of energy.

6.7.1 Correcting the Energy Resolution of the CCDs

The ACIS instrument team has developed a correction algorithm that recovers much of
the lost energy resolution the FI CCDs. The correction recovers a significant fraction of
the CTI-induced loss of spectral resolution of the FI CCDs at all energies. The algorithm
has been incorporated in the CIAO tool acis process events since CIAO 2.3. Figure 6.15
illustrates the improvement that the tool provides. As of 2006-Dec, data for the two BI
chips can also be corrected in the same way, including a correction for serial CTI for the
BI chips, though the e↵ects are more subtle. The resulting response is very nearly uniform
across the BI chips once this correction is made. As of December 15 2010 (CIAO 4.3),
temperature dependence was added to the CTI correction in acis process events for both
FI and BI CCDs.

The ACIS energy resolution (here taken to mean the full width at half maximum
[FWHM] of a narrow spectral line) varies roughly as the square root of the energy, and
increases with distance from the read-out. On FI chips (the I array and all the S array
chips except S1 and S3), the increase with CHIPY (row number) is dramatic, as can be
seen in Figure 6.15. The spatial dependence on BI chips (S1 and S3) is much weaker, but
depends on both coordinates. This can be illustrated by measuring the resolution at the
aimpoints and default o↵sets in e↵ect 2009 (see Table 6.4), using the Al-K↵ (1.49 keV)
and Mn-K↵ (5.9 keV) lines in the external calibration source. Data were summed over
three months in early 2012, and over an area of 128 ⇥ 128 pixels. Note that these values

Figure 4.11: The ACIS pre-launch energy resolution versus X-ray energy (Chandra X-ray Center,
2022).

by the external calibration sources, Al K𝛼 (1.49 keV) andMn K𝛼 (5.9 keV) lines. As can
be seen in Figure 4.12, the resolution function of CHIPY improves after the correction.

4.3.5 Background

Chandra X-ray observation on the orbit path is affected by the non-X-ray background
(NXB), which originates from external particles (e.g. CRs). In addition to this, ACIS
also detects instrumental fluorescence lines generated from collisional excitations of
e.g., Al, Au, and Si. These backgrounds affect the analysis in the high energy band
(≳ 5 keV), where the photon counting rate from the stellar objects is relatively low.
Figure 4.13 shows the NXB spectra taken by ACIS. While the BI chips have a peak around
∼ 10 keV originating from theminimum ionizing particles, the FI chips do not have such
a structure. This is because the FI chips can partially retrieve NXB using grade filtering.
Because NXB events enter ACIS without passing through HRMA, their incident angle is
generally large, resulting in a wider NXB distribution on the focal plane. Grade filtering
is an imaging analysis technique that classifies events from their distributions. The
widths of the depletion layer of the FI and BI chips are 50–75 𝜇mand 45 𝜇m, respectively
(Garmire et al., 2003). Thus, the NXB distribution of the BI chips is smaller than that
of FI chips, leading to a challenging reduction of NXB by the grade filtering method.
On the other hand, the NXB of FI can be reduced well by this method because of the
high depth of the depletion layer.
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6.7. Energy Resolution 119

Figure 6.15: Energy resolution (FWHM in eV) versus row number (CHIPY) for several
cases is plotted. The top plot shows Aluminum K↵ (1.49 keV), while the bottom plot is for
Manganese K↵ (5.9 keV). The resolution of the I3 chip, with and without CTI correction)
is shown by the black curves, and the S3 resolution is shown by the red curves.
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Figure 6.15: Energy resolution (FWHM in eV) versus row number (CHIPY) for several
cases is plotted. The top plot shows Aluminum K↵ (1.49 keV), while the bottom plot is for
Manganese K↵ (5.9 keV). The resolution of the I3 chip, with and without CTI correction)
is shown by the black curves, and the S3 resolution is shown by the red curves.

Figure 4.12: ACIS FWHM as a function of the row number (Chandra X-ray Center, 2022). The
upper and lower panels are the data measured using the Al K𝛼 andMn K𝛼 lines, respectively.
Black and red correspond to I3 andS3data, and solid anddotted lines correspond to the corrected
and non-corrected data, respectively.
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6.17. On-Orbit Background 143

Figure 6.27: Energy spectra of the charged particle ACIS background with ACIS in the
stowed position (a 50 ks exposure taken in 2002-Sep; standard grade filtering, no VF filter-
ing). Line features are due to particle-induced fluorescence of material in and surrounding
the focal plane. The “I023” points are from combined I0, I2, and I3 data.

Figure 4.13: Non-X-ray background spectrum of ACIS (Chandra X-ray Center, 2022).
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5.1 Our Objective and Target Selection

Year-scale time variabilities in SNRs can provide information on real-time changes
at the shock and post-shock, which is related to a number of unsettled problems,
such as cosmic-ray acceleration and electron heating. Aiming to understand particle
acceleration and electron-heatingmechanisms of shock, we search for time variabilities
in nonthermal and thermal X-rays in SNRs. Tycho’s SNR (also known as G120.1+1.4)
is a nearby and young SNR whose origin is a Type Ia SN in 1572 (e.g., Baade, 1945;
Ruiz-Lapuente et al., 2004). Since the apparent diameter of the remnant is ∼ 8′, we
can observe fine structures with the high-resolution imaging of Chandra (0.′′5 HPD).
Therefore, we can expect the detection of time variabilities even on a small physical
scale. Throughout this thesis, we assume the distance to be 2.5 kpc based on the work
by Zhou et al. (2016) when calculating the actual scales and velocities.

Tycho’s SNR is bright in nonthermal and thermal X-ray radiation; the former and
latter dominate in the energy band of ≳ 4 keV and ≲ 4 keV, respectively (e.g., Sato
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2003 2007

2009 2015

Figure 5.1: RGB image of Tycho’s SNR taken by Chandra in 2003, 2007, 2009, and 2015. Red, green,
and blue correspond energy bands of 0.7–1.5, 1.7–2.6, and 4.1–6.1 keV.

& Hughes, 2017). Figure 5.1 shows a three-color image. As can be seen in the figure,
nonthermal radiation is bright in the outward shell, and thermal radiation is in the
inside clump. Each radiation is widely thought to originate from synchrotron radiation
and thermalized ejecta (e.g., Hwang et al., 2002).

The nonthermal radiation in the southwestern region has a peculiar structure called
“stripe” (Figure 5.2). Eriksen et al. (2011), who discovered this structure, estimated
the energies of the accelerated protons in this region to reach PeV, assuming that the
gap between the stripes (8′′) equals twice its gyroradius. Although some theoretical
models were proposed to explain the structure, the origin is still open. Okuno, Matsuda,
et al. (2020) reported the year-scale variable features of synchrotron X-rays in the
southwestern regions of the remnant, which correspond to thepart of stripes. Section 5.3
reports spectral and imaging studies of the whole of the stripe structure. We aim to
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Figure 1. Chandra X-ray 4.0–6.0 keV image of the Tycho supernova remnant, smoothed with a ∼0.′′75 Gaussian and displayed with an arcsinh scaling, showing
various regions of striping in the nonthermal emission. Clockwise from the upper right: (a) the main western stripes discussed in this Letter; (b) a fainter ensemble of
stripes; (c) a previously known bright arc of nonthermal emission, with our newly discovered streamers; and (d) filaments of “rippled sheet” morphology common in
optical observations of middle-aged SNRs.

of plasma and field, enclosed by “wandering filaments” of
high density and frozen-in field. One goal of observations is
to discover evidence for structure in SNR shocks on this spatial
scale.

2. OBSERVATIONS

We observed Tycho in 2009 April with the Chandra X-ray Ob-
servatory Advanced CCD Imaging Spectrometer imaging array,
as part of a Cycle 10 Large Program (LP), using the four ACIS-I
front-side illuminated CCDs, operated in faint mode. The total
program was split into nine individual ObsIDs, which we repro-
cessed with CIAO version 4.1, using the gain tables and charge
transfer inefficiency correction in CALDB 4.1.3. Examination
of the light curves revealed no significant background flares.
The registration of the individual pointings was improved using
the measured relative positions of background point sources,
though the necessary shifts were typically #1′′. For imaging
analyses, the registered event lists were merged using the stan-
dard CIAO tools and have a total average livetime of ∼734.1 ks.
For spectroscopy, counts were extracted and RMFs and ARFs
were generated for each individual ObsID, which we fit jointly
in XSPEC version 12.6.0.

In Figure 1 we show the image from the 4 to 6 keV band,
which is dominated by the synchrotron component of the X-ray
spectrum. Apart from the well-known limb-brightened shell,
a number of bright regions are seen toward the projected
interior of the remnant. While the strongest of these features
are visible in earlier Chandra data (Warren et al. 2005) our
deeper observation reveals a striking pattern of nearly regularly
spaced stripes. The brightest group, centered ∼30′′ interior to
the western limb (see Figure 2), has a peak surface brightness
twice that of the brightest sections of the rims and is the
primary subject of this communication. A second, fainter pattern
extends east–west, 55′′–75′′ inside the southern rim, and there is
evidence for several other regions of striping near the detection
limit. Comparison with a shallower 2004 Chandra observation
reveals no statistically significant change in the brightness of

the stripes, ruling out any dramatic flux variability like that
observed in the non-thermal X-ray filaments of the SNR RX
J1713.7−3946 (Uchiyama et al. 2007). Our preliminary proper
motion measurements for the stripes are consistent with the
overall expansion of the blast wave and, in particular, show no
evidence for non-radial flow. There are no obvious counterparts
to these features in the radio (Reynoso et al. 1997) nor in the
mid-IR.

3. ANALYSIS

3.1. Location of the Stripes

Before investigating the nature of the stripes, we first must
locate them within the three-dimensional volume of the remnant.
The canonical picture of a young SNR consists of three distinct
fluid discontinuities: the blast wave, which marks the shock
propagating into the ambient medium, a Rayleigh–Taylor (R–T)
unstable contact discontinuity (CD) at the ejecta-interstellar
material boundary, and a reverse shock that propagates into
the stellar remains. Warren et al. (2005) set an upper limit for
the azimuthally dependent projected radius of the reverse shock
in Tycho using the location of the Fe Kα emission. Adopting
their center of expansion, the western stripes peak at a radius of
220′′, well outside the 190′′ position of the reverse shock at that
azimuth. While the position of the stripes does coincide with
the Warren et al. estimate of the CD, the regularly spaced, linear
morphology of the non-thermal stripes does not correspond to
any features in the R–T plumes of thermal emission tracing the
ejecta boundary, nor is the CD a prominent feature elsewhere in
the 4–6 keV band. Conversely, the blast wave is a bright source
of 4–6 keV emission, and we identify the stripes as projected
features of this forward shock.

Tycho’s blast wave is traced by a very thin shell of X-ray
emission, with a typical thickness only 1%–2% of its radius
(Warren et al. 2005). Since the stripes are seen in projection
away from the rim, their line-of-sight path length through the
shell is small. Thus, their intrinsic emissivity must be high

2

Figure 5.2: Chandra X-ray image in 4.0–6.0 keV band (Eriksen et al., 2011). Zoom-in views on
both sides show characteristic structures, including “stripe” features in the panels (a) and (b).

study the temporal and spatial variabilities in synchrotron X-rays from the spectral and
imaging analysis, whereasOkuno,Matsuda, et al. (2020) focused on two specific features.

The thermal radiation from the SNR is dominated by shock-heated ejecta (e.g.,
Hwang et al., 2002), where Yamaguchi et al. (2014) represented the evidence of colli-
sionless electron heating as mentioned in Section 1.2.4. On the other hand, previous
studies reported the interaction of forward shock with ISM with other wavelengths,
including H𝛼 lines (Ghavamian et al., 2000; J.-J. Lee et al., 2010), infrared light (Ishihara
et al., 2010). Moreover, Tanaka et al. (2021) shows the recent shock-cloud collisions from
the proper motions of shock waves. These results indicate that the shock wave heated
the cloud very recently. Section 5.4 searches for the time variabilities in shock-heated
ISM to reveal the evolution of heated plasma.

5.2 Observations and Data Reductions

The Chandra telescope observed Tycho’s SNR in 2000, 2003, 2007, 2009, and 2015. The
observation log can be seen in Table 5.1. The data in 2000 and in the other years were
obtained with ACIS-S and ACIS-I, respectively. The observations in 2007 and 2009
were conducted twice and eight times All of the data is reprocessed with the Chandra
Calibration Database (CALDB) version 4.10.7. We note that the observation in 2000 was
observed with the back-illuminated chip (ACIS-S3).

We corrected the coordinates of the observed data based on the point source posi-
tions to improve the accuracy of imaging analysis. First, the coordinates of significant
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Table 5.1: Observation Log

ObsID Start Date Effective Exposure (ks) Chip Astrometry Correction
115 2000 Oct 01 49 ACIS-S Corrected

3837 2003 Apr 29 146 ACIS-I Corrected
7639 2007 Apr 23 109 ACIS-I Corrected
8551 2007 Apr 26 33 ACIS-I Not corrected
10093 2009 Apr 13 118 ACIS-I Corrected
10094 2009 Apr 18 90 ACIS-I Corrected
10095 2009 Apr 23 173 ACIS-I —
10096 2009 Apr 27 106 ACIS-I Corrected
10097 2009 Apr 11 107 ACIS-I Corrected
10902 2009 Apr 15 40 ACIS-I Corrected
10903 2009 Apr 17 24 ACIS-I Not corrected
10904 2009 Apr 13 35 ACIS-I Not corrected
10906 2009 May 03 41 ACIS-I Not corrected
15998 2015 Apr 22 147 ACIS-I Corrected

point sources in the field are determined using the CIAO task wavdetect and are aligned
based on the source coordinates detected in the dataset with ObsID 10095, whose
effective exposure time is the longest, using the task wcs_match. All of the event files
are reprocessed by the tasks wcs_update. Due to the dependence of frame alignment
accuracy on photon statistics, short-time observations (ObsID 8551, 10903, 10904, and
10906) are excluded from the group of corrected observations. These observations
are used only for spectral analysis.

5.3 Time Variabilities of Non-Thermal X-ray Radiation

5.3.1 Analysis and Results

5.3.1.1 Imaging Analysis

First, we search for notable time variabilities of the stripe structure fromadifferencemap
created by subtracting an exposure-corrected image taken in 2003 fromone taken in 2015
as shown in Figure 5.3 (a). We select an energy bandof 4.1–6.1 keVwhere the non-thermal
emission is thought tobedominant (e.g., Eriksenet al., 2011). Figure 5.3 (b) showsa zoom-
in viewof thewestern region. Most stripe features seem tomoveoutward, corresponding
to the remnant expansion shown from the proper motion of the outer rim (Warren et al.,
2005). However, focusing on the stripes, some flux changes cannot simply be explained
by the expansion along the red curves in Figure 5.3 (c), which generally brighten from
2003 to 2015. Note that there are too faint featureswithin the brightened stripes to appear
in the exposure-corrected images shown in Figure 5.4. We also detect indications of the
proper motion of the faint stripes oriented perpendicular to the shock normal.
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Figure 5.3: (a) Same as Figure 5.10, but in the energy band of 4.1–6.1 keV. The yellow box
corresponds to the region delineated in panels (b), (c), and Figure 5.4. (b) Zoom-in view of the
yellow box in the panel (a). (c) Similar to panel (b), with superimposed guides aiding in the
identification of noteworthy features. The color scale is presented in units of photons s−1 cm−2.
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Figure 5.4: Chandra ACIS images of Tycho’s SNR taken in 2003, 2007, 2009, and 2015, exposure-
corrected and confined to the 4.1–6.1 keV band. The regions denoted as S1–9 (green ellipses) and
R1–5 (cyan boxes) are earmarked for spectral analysis. The Ref region (white circle) serves the
purpose of the parameter estimation for the thermal component of the stripe emissions.

We extract the 1D profile projected along the azimuthal direction from the rectan-
gular region shown in Figure 5.5, where the brightest stripe (S7 in Figure 5.4) exists.
We can detect the sharp and broad peaks corresponding to the rim and stripe. It is
clear that both peaks move outward with time, as already indicated by the difference
image in Figure 5.10. We measured the proper motion in the same way as (Tanaka et al.,
2021) (see Section 6.2 for detailed explanations). A velocity of the rim is obtained as
0.′′29±0.′′01 yr−1, which can be translated into 3400±100 km s−1. This result is consistent
with one reported by Williams et al. (2016); the region we analyzed roughly coincides
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7.1. 解析と結果 49

ジを示している．これらのイメージの作成には，シンクロトロン放射が卓越する 4–6 keV

帯域を用いた (Eriksen et al., 2011)．第 6章と同様に，本章で登場するイメージは全て，
露光時間について補正している．差分画像では，SNRの膨張に応じて縞状構造を含む各
構造が外側に運動している様子が見て取れる．しかし，それだけでは説明できないような
変化もいくつか見つかった．まず，図 7.2(c)で緑色の曲線の領域では，増光している様子
がわかる．この中には図 7.2(d)のイメージでは暗過ぎて構造が見られないような縞も含
まれる．また，図 7.2(c)の青線の部分では減光していく様子も捉えられた．これらの結果
から，この領域全体で明るさが変動していることが明らかになった．また，縞状構造が衝
撃波面に対して平行に固有運動している示唆も得た．
縞状構造の固有運動についてより定量的に評価を行うため，縞状構造の中で最もフラッ
クスの大きい縞 (図 7.2dの S7領域)について 2003年と 2015年の射影プロファイルを作成
した．図 7.3(a)が射影プロファイルを作成した領域，(b)がそのプロファイルである．左
側の広がったピークが縞状構造，右側の鋭いピークが SNRのリムにあたる．これら 2つ
の年のプロファイルの比較から，縞状構造及び順行衝撃波のピーク位置が移動しているこ
とが明らかになった．
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図 7.3: 縞状構造の射影プロファイル．(a) プロファイル作成に用いた領域．(b) (a)で示した領
域から抽出したプロファイル．1ビンは長さ 0.′′5にあたる．左側が SNRの中心方向となっている．

縞状構造と衝撃波速度を比較するにために，まず，衝撃波の固有運動を測定した．測定
方法はTanaka et al. (2020)で用いられた方法と同様の方法を用いた．つまり，

χ2 ≡
∑

i

(fi,15 − fi,03)
2

(dfi,15)2 + (dfi,03)2
(7.1)

と定義した χ2値が最小になる移動量を調べた．ここで，fi,15と fi,03はそれぞれ，i番目

Figure 5.5: (a): The region used for the extraction of the radial profile of the brightest stripe
(S7) region. We extracted the profile from the green box region. (b): The profile projected in the
green box along the azimuthal direction. The zero point is the inner edge of the box.

Publications of the Astronomical Society of Japan (2020), Vol. 72, No. 5 85-4

Fig. 2. (a) Regions used for the projection in panel (b). (b) Profiles
extracted from the regions shown in panel (a). The widths of each bin
are 0.′′5. The geometrical center of the SNR is to the left. (Color online)

Fig. 3. Comparison between the profile in 2015 and the moved profile
in 2003 by 3.′′0. Oblique lines correspond to the range of 1σ . Solid lines
show smoothed profiles with a bandwidth = 3. (Color online)

3.2 Spectral analysis

We performed spectroscopy of each bright stripe by
extracting spectra from the nine regions labeled as S1–S9
in figure 1d. Backgrounds are extracted from the outside of
the SNR within the ACIS-I array. The spectra were binned
so that each bin has at least 10 counts and were fitted over
the 0.5–10 keV energy band with XSPEC 12.10.1f (Arnaud
1996). Following the works by Sato and Hughes (2017),
Yamaguchi et al. (2017), and Okuno et al. (2020), we fitted
the spectra with a model consisting of non-thermal and
thermal components. We modeled the non-thermal compo-
nent with a power law. To the thermal emission, which can
be attributed to the supernova ejecta, we applied a two-
component non-equilibrium ionization (NEI) model using
the vnei model in XSPEC. We employed the Tuebingen–
Boulder absorption model (TBabs; Wilms et al. 2000) for
interstellar absorption.

One of the two NEI components represents the emission
from Fe whereas the other is for intermediate-mass elements
(IMEs: Mg, Si, S, Ar, and Ca). We treated the abundances of
IMEs and Fe as free parameters, and linked the abundance
of Ni to Fe. Since Tycho’s SNR is of type Ia origin, the abun-
dances of H, He, and N were fixed to zero. The abundances
of O and Ne with respect to C were fixed at the solar values
because C has the lowest atomic number in the elements that
would be present in the ejecta. Emission measures of the Fe
and IME components [≡ (1/[C/H]#)(1/4πd2)

∫
nenC dV]

were linked to each other, where d is the distance to Tycho’s
SNR, ne and nC are the number densities of electron and
carbon, and V is the volume of the emitting plasma. Fitting
the spectra, we found residuals at ∼1.2 keV, which are also
seen in spectra of Tycho’s SNR (e.g., Sato & Hughes 2017;
Okuno et al. 2020) as well as other SNRs (e.g., Okon et al.
2019). Although the cause of the residuals is not clear (see
a discussion by Okon et al. 2019), we added a Gaussian
to the model to improve the fits. The centroid energy of
the Gaussian was allowed to vary for spectra from all the
regions except for S9. We fixed it to 1.23 keV for S9 since
it cannot be well constrained.

Strong non-thermal emission of the stripes makes it
difficult to determine the parameters for the NEI com-
ponents. To constrain the parameters, therefore, we ana-
lyzed a spectrum extracted from the region with less
contribution from the non-thermal component, which is
labeled as “Ref” in figure 1d. Since the region is located
at a similar radius of the SNR to stripes, we assumed
that ionization ages (net) of the NEI components are
common between the “Ref” region and stripes, and deter-
mined them by fitting the “Ref” spectrum. The spec-
tral fitting yielded net = 4.52 × 1010 s cm−3 and net =
0.74 × 1010 s cm−3 for the IME and Fe components,
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Figure 5.6: Comparison of the 2015 (blue) profile with the 2003 profile shifted by 3.′′0 (red).
Oblique lines represent the 1𝜎 range. Solid lines depict smoothed profiles.



5. Particle Heating and Accleration Observed by X-ray Time Variability 57

with their Reg 13. On the other hand, it is difficult to measure the proper motion of the
stripe due to its time-variable shape. Examination of the profiles indicates that the peak
corresponding to the stripe exhibits a narrower width in 2015 compared to 2003. This
phenomenon is more evident in the smoothed profiles presented in Figure 5.6. In this
figure, the profile in 2003 is moved by 3.′′0, which corresponds to the travel distance of
the shock in 12 years. The peak location exhibits rough alignment, indicating that the
proper motion of the stripe is comparable to that of the rim.

5.3.1.2 Spectral Analysis

We analyze spectra of each bright stripe extracted from the nine regions labeled as S1–S9
depicted in Figure 5.4. We select a blank region outside of the remnant as a background
region. We do not use ObsID 115 because its chip is back-illuminated, which makes
the high background in the high-energy band, as mentioned in Chapter 4. We conduct
spectral analysis using an X-ray spectral fitting package XSPEC version 12.13.1 (Arnaud,
1996). The spectra are binned so that each bin count is at least ten. The model for
this analysis consists of a nonthermal component from synchrotron radiation and a
thermal component from the ejecta. A Tüebingen-Boulder model, power law, and two
non-equilibrium ionization (NEI) models are employed as the model of the interstellar
absorption, synchrotron radiation, and thermal ejecta radiation, respectively.

Within the two components of the ejecta model, one characterizes the emission
originating from iron and nickel (Fe component), while the other is dedicated to IMEs,
namely magnesium, silicon, sulfur, argon, and calcium (IME component). The abun-
dances of hydrogen, helium, and nitrogen are presumed to be absent since Tycho’s SNR
is a Type Ia remnant. We fix the abundance of oxygen and neon at the solar composition
with respect to carbon, which has the lowest atomic number in the ejecta element. The
abundances of other elements are free parameters. We also set the emission measure
(EM), which is defined as

∫
𝑛𝑒𝑛C𝑑𝑉 /(4𝜋𝑑2 [C/H]⊙), as a free parameter. Here, 𝑛𝑒 and 𝑛C

are the number densities of electron and carbon, respectively, and𝑉 is the volume of the
emitting plasma. The abundances of all elements are allowed to vary freely except for
nickel, which is linked to one of iron. We link the emissionmeasure of the Fe component
to that of the IME component. The spectral fitting reveals an appearance of residuals
at ∼ 1.2 keV, which are also seen in spectra of Tycho’s SNR (e.g., Sato & Hughes, 2017;
Okuno et al., 2020) as well as other SNRs (e.g., Okon et al., 2020). This residual is thought
to derive from the uncertainties of the atomic data of Fe XXII relating to the emissivities
of Fe L lines (e.g., Gu et al., 2022), so we add a Gaussian to the model for improvement
of the fit. We set the centroid energies of all regions as free parameters except for that
of the S9 region, which is fixed to 1.23 keV due to the impossibility of the constraint.
Eventually, the analysis model is described as:

Interstellar Abs. × [NEI(IME) + NEI(Fe) + Gaussian + PowerLaw]. (5.1)

Since the stripe regions have strong nonthermal emission, it is difficult to determine
the parameters of the NEI component. Therefore, for a constraint of the parameters,
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Fig. 4. Spectra and the best-fitting models for regions S1–S9 obtained from the data taken in 2009. The black curves are the sums of all the
components whereas the other colors show contributions from each component. The red and orange curves represent the NEI models for the Fe
and IME components, respectively. The magenta-dashed curves indicate the Gaussian added to the model. The model curves for the power-law
component are drawn in blue. (Color online)

respectively. We fixed net to these values when fitting the
spectra of the stripe regions.

We first fitted spectra from observations in 2009, which
have the highest statistics thanks to the longest exposure
time. The spectra are plotted with the best-fitting models
in figure 4, and the best-fitting parameters are summarized
in table 2. We then fitted spectra from 2003, 2007, and
2015 observations to see the time variability of the stripe
emissions. The parameters for the thermal components were
fixed to those obtained for the spectra in 2009 except for the
emission measures. In figure 5, we plot surface brightness of
the non-thermal component as a function of photon index,
which reveals a significant stripe-to-stripe variation of the

parameters as well as time variability of each stripe. Another
finding to note here is the strong anti-correlation between
surface brightness and photon indices of the stripe emission.

4 Discussion
Our imaging and spectral analyses have revealed the time-
variable nature of the stripes in Tycho’s SNR. Although
Okuno et al. (2020) reported time variability in only two
structures, including S1 in our definition, similar variability
seems to be rather universal in this part of the SNR. Figure 5
indeed indicates significant flux variability of S2, S3, S7,
and S9, in addition to S1. The fluxes of the stripes S2 and
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Figure 5.7: Spectra extracted from the stripe regions (S1–9) in 2009. The red and magenta
curves show the NEI component of IME and Fe, respectively. The yellow curve is the Gaussian
component. The blue curve is the power-law component.

we investigate the NEI component’s parameter by analyzing spectra extracted from the
regionwith less contribution from the nonthermal component, which is labeled as “Ref”
in Figure 5.4. Since the distance from the remnant center to this region is comparable to
that of the stripe, we presume common ionization ages (𝑛𝑒𝑡 ) between the “Ref” region
and the stripes. These ionization ages are determined by fitting the spectrum obtained
from the “Ref” region. We obtain the best-fit value of 𝑛𝑒𝑡 as 4.52 × 1010 s cm−3 and
0.74×1010 s cm−3 for the IME and Fe components, respectively. When fitting the spectra
of the stripe regions, 𝑛e𝑡 is fixed to these values.

We first fit spectra obtained from the observations in 2009, whose statistic is the
highest as a result of the longest exposure time. Figure 5.7 shows the spectra and
their best-fit models, and Table 5.2 lists the best-fit parameters. We then fit the spectra
extracted from the observations in 20003, 2007, 2009, and 2015 to see the time variabilities
of the stripe emissions. Figure 5.8 depicts the surface brightness of the nonthermal
component as a function of the photon index (Γ), revealing a significant stripe-to-stripe
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Fig. 5. Relation between the surface brightness and the photon indices
in the stripes. The data points from each stripe are plotted in different
colors. The color tint indicates the epochs of the data points. (Color
online)

S3 are lower in 2003 than in the other years. The stripe
S7 underwent a flux brightening from 2003 to 2007 and
then decayed. In the case of S9, a continuous flux increase
was observed from 2003 to 2015. The images in figure 1
furthermore indicate that not only the bright stripes but
also much fainter structures are also variable.

Following Uchiyama et al. (2007), Uchiyama and
Aharonian (2008), and Okuno et al. (2020), we can esti-
mate the magnetic field strength of the emitting region if we
attribute the brightening to production of relativistic elec-
trons through acceleration and the flux decay to decrease of
electrons emitting synchrotron X-rays. Assuming diffusive
shock acceleration, we can write the acceleration timescale
as

tacc = 4η
( ε

keV

)0.5
(

B
400 µG

)−1.5 ( vsh

3400 km s−1

)−2
yr, (1)

where η (≥ 1) is the so-called “gyrofactor,” ε is the syn-
chrotron photon energy, B is the magnetic field strength,
and vsh is the shock velocity. We assumed vsh = 3400 km s−2

according to our proper motion measurement in subsection
3.1. The synchrotron cooling timescale can be given as

tsyn = 4
( ε

keV

)−0.5
(

B
500 µG

)−1.5

yr. (2)

Since we observed flux changes in a timescale of several
years, the above equations lead to the conclusion that the
magnetic field in the stripe region is ∼500 µG. We note here
that this estimate would have some uncertainties. The above

equations assume that electrons with a certain energy emit
monochromatic synchrotron photons, which is not true in
reality and hence produces uncertainties.

The 3D location of the stripes would be key information
in the discussion of their physical origin. In the above mag-
netic field strength estimation, we implicitly assumed that
the stripes are on the projected blast waves of the SNR.
In this case, proper motion of the stripes should appear
to be slower than the expansion velocity since only the
transverse velocity component is observed. The transverse
velocity is calculated to be 0.′′25 yr−1, assuming spherical
shell expansion with a velocity of 0.′′29 yr−1 (subsection
3.1). We found the difference of the two values is too small
to be measured with the present data, considering the fact
that the morphology of the stripe is also changing with time
(figure 3). On the other hand, if the stripes are located inside
the shell, or far downstream of the blast waves, the trans-
verse velocity of the stripes can be different from the above
case. The proper motion of some structures perpendicular
to the shock normal (figure 1b) would be in favor of this
scenario. Models proposed in literature place the stripes in
different locations (see, e.g., Bykov et al. 2011; Malkov et al.
2012; Caprioli & Spitkovsky 2013; Laming 2015). A future
Chandra observation at another epoch would be needed to
measure the proper motion of the stripes precisely enough
to give meaningful comparison with that of the blast waves,
which is a key to pinning down the line-of-sight locations
of the stripes.

Our spectroscopy of each stripe at each epoch has
revealed anti-correlation between surface brightness and
photon indices (figure 5). In order to see whether or not
the synchrotron-dominant rim emission has a similar anti-
correlation as well, we extracted spectra from regions R1–
R5 defined in figure 1d. Since thermal emissions are negli-
gible in these regions, we fitted the spectra with an absorbed
power law and plotted the result in figure 6 together with
those from the stripes as observed in 2009. In contrast to
the stripes, the data points from the rim do not show a
significant anti-correlation. Also, the rim emission is softer
than the stripes with photon indices of # = 2.7–2.9 as com-
pared to # = 2.1–2.6 of the stripes. This is consistent with
the result by Lopez et al. (2015), who found the hardest
>10 keV emission with NuSTAR in the west of the SNR
coinciding with the location of the stripes.

Then what makes the spectra of stripes harder? Since
the X-ray band corresponds to the cutoff region of a syn-
chrotron spectrum, photon indices reflect the cutoff energy
(ε0): a harder spectrum means a higher ε0 and vice versa. Let
us first discuss the case in which stripes are associated with
structures of the blast wave region although distinct spectra
characteristics between the stripes and blast waves (figure 6)
make this case less likely. According to the NuSTAR result
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Figure 5.8: The surface brightness of the stripes in each year as a function of the photon index.
The color of each label corresponds to individual regions. Thebrightness of theplots corresponds
to the respective epochs of the data.

variation of the parameters as well as time variability of each stripe. An additional
noteworthy finding is the robust inverse relationship observed between the surface
brightness and the photon indices of the stripe emission.

5.3.2 Discussions

5.3.2.1 Accelerating and Cooling Timescale

Our imaging and spectral analyses have revealed time-variable features in all of the
stripes we analyzed. The analyzed stripes have similar variabilities to those which
Okuno, Matsuda et al. (2020) reported (corresponding to the S1 region), suggesting the
universality of the variabilities in this part of the SNR. Figure 5.8 indeed shows especially
significant flux variabilities of the S2, S3, S7, and S9 regions, as well as the S1 region. The
fluxes of the S2 and S3 regions in 2003 are lower compared to subsequent years, while
the S7 region experienced a flux increase from 2003 to 2007, followed by a subsequent
decline. In the case of S9, a consistent flux augmentation is observed from 2003 to 2015.
Additionally, the images in Figure 5.3 not only highlight the prominent bright stripes
but also reveal that much fainter features exhibit variabilities.
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Themagneticfield strengthof theemitting regioncanbeestimated fromthe timescale
of variabilities as explained in Chapter 3. We can attribute the flux increase to the gener-
ation of relativistic electrons through acceleration and the flux decay to the reduction
of the electrons through synchrotron cooling. Assuming diffusive shock acceleration,
the acceleration timescale can be written as

𝑡acc = 4𝜂
( 𝜀

keV

)0.5 ( 𝐵

400 𝜇G

)−1.5 ( 𝑣sh
3400 km s−1

)−2
yr, (5.2)

from Equation (1.37). Here, we assumed the shock velocity as 𝑣sh = 3400 km s−2

according to our measurement in Section 5.3.1.1. Following Equation (2.26), the syn-
chrotron cooling timescale is

𝑡syn = 4
( 𝜀

keV

)−0.5 ( 𝐵

500 𝜇G

)−1.5
yr. (5.3)

We here note that the above equations assume the monochromatic emission of syn-
chrotron photons from electrons with a certain energy for simplicity. Given that the
observed flux changes are several years, the above equations suggest that the magnetic
field in the stripe region is ∼ 500 𝜇G.

5.3.2.2 3D location of the stripe structure

Revealing the 3D location of the stripes would provide clues to their physical origin.
In the magnetic field strength estimation in Section 5.3.2.1, the stripes are implicitly
assumed to be located on the projected blast waves of the SNR. In this scenario, the
stripes are expected to apparentlymovewith slower velocities than the expansion, given
that only a transverse velocity component is observable. The calculated transverse
velocity is 0.′′25 yr−1, assuming a spherical shell expansion with a velocity of 0.′′29 yr−1

(see Section 5.3.1.1). The difference between these two values is too small to bemeasured
using the accessible data since the morphology of the stripe has also been changing
with time (Figure 5.6). On the other hand, when we assume that the stripes are located
inside the shell or far downstream from the blast waves, the transverse velocity of the
stripes should differ from the above case. This scenario should be in favor of the proper
motion of some structures perpendicular to the shock normal. Models proposed in
previous studies (e.g., Bykov et al., 2011; Malkov et al., 2012; Caprioli & Spitkovsky, 2013;
Laming, 2015) assume different locations. A future observation at another epoch would
significantly enhance our ability to measure the proper motion of the stripes accurately.
This precision is crucial for meaningful comparisons with the proper motion of the
blast waves, ultimately aiding in determining the line-of-sight positions of the stripes.
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Fig. 6. Comparison of the relation between the stripes (red) and the rim
(blue). The data points plotted here are from the observations in 2009.
(Color online)

by Lopez et al. (2015), the highest photon energy of
synchrotron emission in Tycho’s SNR seems to be limited by
its age (= acceleration time). Given that, the cutoff energy
depends both on the shock velocity and on the magnetic
field strength as ε0∝vsh

4B3 (Lopez et al. 2015). Thus, the
hard spectra of the stripes can be ascribed to fast shock
velocity and/or strong magnetic field of the region. Con-
sidering the peculiar morphology of the stripes, it would
be rather unlikely that only a fast shock velocity accounts
for the hardness. Instead, it would be more probable that
the magnetic field is amplified in the stripes through, for
example, the resonant (Skilling 1975) or non-resonant (Bell
2004) cosmic-ray streaming instability. The problem about
this scenario is that we cannot explain the short time vari-
ability of the stripes at the same time. The timescale of the
variability expected in the age-limited case would be of the
order of the age of the SNR, ∼100 yr, which is much longer
than observed. One of the possible solutions that can recon-
cile the result by Lopez et al. (2015) with the variable stripe
emissions would be that synchrotron emissions of most of
the regions are age-limited whereas those right at the stripes
are loss-limited with the amplified magnetic field.

If the stripes are not projections of blast waves but are
located far downstream of the shock, the hard spectra are
somewhat puzzling. After being accelerated at the blast
wave, electrons are transported downstream through advec-
tion or diffusion. While being transported, ultra-relativistic
electrons lose energy via severe synchrotron cooling loss,
which makes the electron spectrum and thus synchrotron
X-ray spectrum softer. Such softening is indeed observed

in Tycho’s SNR by Cassam-Chenaı̈ et al. (2007) with
Chandra. One of the possible mechanisms to make the
synchrotron spectra harder in the stripes is boosting syn-
chrotron photon energy with a strong magnetic field. Since
synchrotron photon energy (ε) is related to parent elec-
tron energy (Ee) as ε∝BEe

2, a stronger magnetic field can
make the synchrotron cutoff energy higher and thus syn-
chrotron spectra observed with Chandra harder. In addi-
tion, if compressible waves/turbulence is present in the
stripes, stochastic acceleration may occur and electron
spectra would become even harder. We note that Zhang
(2015) studied such a scenario theoretically.

In either case of the two discussed above, it would
be very challenging to also explain the anti-correlation
between surface brightness and photon indices (figure 5).
The result would indicate only a small number of parame-
ters are responsible for the temporal and spatial variation of
the stripe emission, otherwise such a tight anti-correlation
would not appear. Another fact to note about the result
in figure 5 is that the surface brightness is similar between
stripes. This suggests that line-of-sight depths of the stripes
are similar to each other, under an assumption that the nine
stripes have similar magnetic field strengths and relativistic
electron densities. If so, it would be more natural to con-
sider that the stripes are shaped like spheroids rather than
thin sheets.

5 Conclusions
Using Chandra data obtained in 2003, 2007, 2009, and
2015, we searched for temporal and spatial variation of syn-
chrotron radiation of the stripes in the southwestern region
of Tycho’s SNR in a more systematical way than the work
by Okuno et al. (2020). Our imaging analysis revealed time
variability of the emission in this region. Analyzing spectra
of nine bright stripes, we found significant time variabili-
ties not only of the stripe S1 previously reported by Okuno
et al. (2020) but also of other stripes S2, S3, S7, and S9.
If we attribute the flux increase to production of X-ray
emitting electrons through diffusive shock acceleration and
the flux decrease to synchrotron cooling of electrons, the
observed time variabilities indicate that the magnetic field
is amplified to ∼500 µG. The spectra of the stripes were
found to be harder (" = 2.1–2.6) than those of the rim
(" = 2.7–2.9), which would also be explained by amplified
magnetic fields and/or stochastic acceleration in the stripes.
Another finding is a tight anti-correlation between the sur-
face brightness and photon indices of the stripe emission,
which would indicate that only a small number of parame-
ters control the temporal and spatial variation of the stripe
emission.
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Figure 5.9: Same as Figure 5.8, but the stripe data only from 2009 (red) are shown, and the data
extracted from the rim regions (blue) are added for the comparison between the stripe and rim.

5.3.2.3 The origin of the stripe structure

If the synchrotron radiation from the stripe structure has a universal mechanism, the
emission from the synchrotron-dominant rim is also expected to exhibit the anti-
correlation between surface brightness and photon indices, similar to what was seen in
Figure 5.8. To see this, we perform the analysis of the spectra extracted from the R1–5
regions defined in Figure 5.4. Since we can neglect thermal emission in these regions,
the spectral fitting is conducted with an absorbed power law. The results are plotted in
Figure 5.9, alongside the data from the stripes observed in 2009. In contrast to the stripes,
a significant anti-correlation does not appear within the data points from the rim. Our
spectroscopy also revealed that the photon indices for the rim emission (Γ = 2.7–2.9) are
comparatively softer than those of the stripes (Γ = 2.1–2.6). This aligns with the findings
by Lopez et al. (2015), who indicated the emission with the highest roll-off energy using
NuSTAR from the west of the remnant coinciding with the location of the stripes.

Then, what contributes to the increased hardness Γ of the spectra in the stripes?
One interpretation is that the hardness change reflects the change of the cutoff energy,
considering the analyzed energy band corresponds to the cutoff region of a synchrotron
spectrum (Lopez et al., 2015). In this case, the harder the synchrotron radiation becomes,
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the higher it means the cutoff energy is. We begin by considering the scenario in which
the stripes share the same origin as the blast waves, although the discrepancy in spectra
between the stripes and the blast waves (Figure 5.9) implies a lower likelihood of this
hypothesis. Given the NuSTAR result by Lopez et al. (2015), the energy of synchrotron-
emitting electrons is limited by the accelerated time corresponding to the age of the
remnant (the age-limited case in the Section 2.2.3). The cutoff energy 𝜀max thus depends
both on the magnetic field strength and on the shock velocity (𝜀max ∝ 𝑣sh

4𝐵3) as
described in Equation (2.30). Therefore, the hard spectra observed in the stripes can be
explained by the high shock velocity and/or the intensemagnetic field within the region.
Considering the unique morphology of the stripes, it is improbable that the increased
hardness can be solely attributed to the high shock velocity. A more likely scenario is
the enhancement of the magnetic field in the stripes, possibly through mechanisms
such as the resonant (Skilling, 1975) or non-resonant (Bell, 2004) cosmic-ray streaming
instability. In this scenario, explaining the observed variability on a yearly timescale
is challenging, as the acceleration time scale is comparable to the age (∼ 450 years).
One possible explanation compatible with both the result by Lopez et al. (2015) and the
fluctuating emissions in the stripes is the local amplification of the magnetic field at the
stripe region: the acceleration time in most regions is limited by the remnant age, while
that at the stripe region is limited by synchrotron cooling loss as the result of enhanced
magnetic field. Since the analyzed energy range in this study is very limited, we can allow
for various possibilities to be considered. Wewould constrain the origin of the hardening
by future missions with both the wide energy range and high angular resolution, such
as HEX-P (Madsen et al., 2019) and Lynx (Gaskin et al., 2018). Observation with Chandra
indeed discovered such softening in Tycho’s SNR by Cassam-Chenaï et al. (2007).

When we assume that the stripe location is far downstream of the shock, it is
somewhat puzzling to understand the hardness of the spectra. In order to deliver the
synchrotron-emitting electrons to the stripe region, the electrons need to be transported
downstream through diffusion or advection after acceleration at the blast waves. The
transported ultra-relativistic electrons undergo substantial synchrotron cooling losses,
leading to a softening of the electron spectrum and, consequently, the synchrotron
X-ray spectrum. A possible mechanism causing the hardening involves an enhanced
magnetic field. As Equation (2.23) describes, the synchrotron photon energy 𝜀 depends
on the parent electron energy 𝐸𝑒 . It follows that the stronger magnetic field leads to the
higher synchrotron cutoff energy, resulting in the observation of the harder synchrotron
spectra with Chandra. Moreover, the presence of compressible waves/turbulence
within the stripes might cause stochastic acceleration, resulting in a harder electron
spectrum, as theoretically studied by Zhang (2015) and Wilhelm et al. (2020). Three-
dimensional magnetohydrodynamic simulations by Inoue et al. (2012) suggested the
possibility of magnetic field amplification downstream shock due to interactions be-
tween shock and clumps in ISM.

In either scenario discussed above, explanations of the anti-correlation shown in
Figure 5.8 would pose a challenge. The findings suggest that only a few parameters are
related to the observed temporal and spatial variation; otherwise, such a pronounced
anti-correlation would not be observed. It is noteworthy that the surface brightness
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is equivalent in each region. This equivalence implies that the line-of-sight depth
is comparable between each stripe, assuming similar magnetic field strength and
relativistic electron densities across the stripes. If this holds true, it is more plausible
to consider the shape of the stripes as spheroids rather than thin sheets.
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5.4 Time Variabilities of Thermal X-ray Radiation

5.4.1 Analysis and Results

5.4.1.1 Imaging Analysis
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Figure 5.10: (a): A difference image of Tycho’s SNR between 2003 and 2015 within the energy
band of 0.7–1.5 keV. The color bar means the flux changes over the years in units of photons
s−1 cm−2. Positive values represent brightening, and negative values represent darkening. The
box corresponds to the region delineated in panels (b) and Figure 5.11. (b): Zoom-in view of
the box in the panel (a). The noteworthy feature is superimposed by a circle for aiding in the
identification.

Figure 5.10 (a) shows a difference imagemade in the sameway as Figure 5.3 but in the
energy band of 0.7–1.5 keV, where the thermal radiation is dominant (e.g., Warren et al.,
2005; Sato & Hughes, 2017). The thermal emission can be seen in the interior of the shell,
while the nonthermal emission is dominant in the shell. In the difference maps, we can
observe adjacent increases and decreases in most features. This phenomenon arises
from themovement of bright structures between 2003 and 2015 due to the expansion
of ejecta and the radial proper motion of the blast waves. In the northwest, however,
there is a bright spot (hereafter, Knot1) where we discover a monotonical increase
of photon counts over time without signs of proper motion as can be seen in the
enlarged image of Figure 5.10 (b).

We present visual comparisons of Knot1 flux images in the energy bands of 0.7–1.5
keV (soft band), 1.6–2.5 keV (middle band), and 4.1–6.1 keV (hard band) in Figure 5.11.
We note that thermal radiation predominantly contributes to the soft andmiddle bands,
while nonthermal radiation dominates in the hard band (e.g., Warren et al., 2005). The
gradual brightening of Knot1 is evident in the soft band images from 2000 through
2015 (Figure 5.11 a), consistent with the suggestion in Figure 5.10. In contrast, the
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Figure 5.11: Exposure-corrected X-ray images of Knot1 in the soft (a), middle (b), and hard (c)
bands taken in 2000, 2003, 2007, 2009, and 2015. The flux of the soft-band X-rays is shown with
white contours. The Knot1, Ref1, and Ref2 regions used for spectral extraction are shown by
green ellipses.

middle-band images (Figure 5.11 b) show no significant flux fluctuation, except for the
ejecta expansion. Moreover, there is no correlation with the Knot1 structure in the soft-
band images. These findings suggest that Knot1 originates differently from the middle-
band X-rays. The hard-band images in Figure 5.11 (c) reveal relatively faint and stable
synchrotron emission in Knot1, in contrast to the pronounced flux changes observed in
the stripe regions in the southwest (Section 5.3; Okuno et al., 2020; Matsuda et al., 2020).

5.4.1.2 Spectral Analysis

For investigation of the nature of Knot1 and quantitative measurement of its time
variabilities, we conducted the spectral analysis of the radiation from the region shown
in Figure 5.11. We merged the datasets obtained in each year; thus, five spectra are
obtained from five different epochs (2000, 2003, 2007, 2009, and 2015). The background
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Figure 5.12: Comparison between the spectra of the Knot1 region (black) and the best-fit model
of the Ref1 region (red). We apply the response of Knot1 to the Ref1 model. The bottom panel
in the box of each year represents the ratio calculated by dividing the Knot1 counts by the Ref1
counts.

region is the same as that used in Section 5.3. The Knot1 region apparently has the
contribution of X-rays unrelated to the brightening structure in the middle band, as
can be seen in Figure 5.11 (b). In order to estimate that contribution, reference spectra
are extracted from a nearby region (noted as “Ref1” in Figure 5.11), whose middle-band
flux is almost the same as Knot1.

Figure 5.12 shows comparisons between the Knot1 spectra and the best-fit model of
Ref1 in each year. It becomes evident that the Knot1 emission in the ≲ 1.5 keV band is
notably more intense than that of Ref1, whereas this distinction is not observed in the
higher energy band. A plausible interpretation is that the thermal radiation in Ref1 has
the sameorigin as the southeastward diffusing ejecta since the thermal radiation inmost
regions inside is generally dominated by the ejecta emission (e.g., Cassam-Chenaï et al.,
2007;Miceli et al., 2015). It can alsobe confirmedby its spectrum,which canbe replicated
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Figure 5.13: Spectra extracted from the Ref1 regions taken in 2000 (black), 2003 (red), 2007
(magenta), 2009 (green), and 2015 (blue). The dashed and dotted curves represent components
of the NEI model originating from ejecta and power law, respectively.

using an NEI model with pure-metal composition. Meanwhile, the excess emission
can be interpreted as the radiation emitted from the brightening structure. Figure 5.12
also suggests the energy range characterized by a high Knot1/Ref1 ratio is broadened
toward higher energies year-by-year. It provides further support for the flux increase of
the soft-band radiation from Knot1. For a more quantitative assessment of the temporal
variability of the excess in the soft band, we conducted spectral fitting for Knot1 using
the model of a soft NEI component added to the model used for the Ref1 region.

We perform simultaneous fitting for the Knot1 and Ref1 spectra taken in 2000, 2003,
2007, 2009, and 2015. This analysis uses XSPEC version 12.13.1 (Arnaud, 1996) with
AtomDB version 3.0.9 (Foster et al., 2017). We bin the spectra so that each bin has
at least ten counts and fit it over the 0.5–10 keV energy. Themodel of the Ref1 spectrum is
composed of an absorbed metal-rich NEI and a power law, in accordance with previous
studies (e.g., Yamaguchi et al., 2017) and expressed as:

Interstellar Abs. × (NEI + PowerLaw). (5.4)

The metal-rich NEI component represents the radiation from the ejecta. We assume
electron temperature (𝑘𝑇𝑒 ), ionization timescale (𝑛𝑒𝑡 ), and abundances of the compo-
nent to be shared for each year. The abundances of magnesium, silicon, sulfur, argon,
and iron are set as free parameters, while those of calcium and nickel are linked to argon
and iron, respectively. The settings for the abundance of other light elements are as
same as those of the NEImodel in Section 5.3. We also allow to vary EM freely. We fix the
photon index (Γ) of the power-law component to 2.79, which is obtained by the spectral
analysis of a nearby nonthermal-dominated region. The power-law flux is linked each
year. These components are multiplied by the Tübingen-Boulder model (Wilms et al.,
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Figure 5.14: Spectra extracted from the Ref2 region. Each component represents the same
one of Figure 5.13. The parameters, except for the normalizations, are the same as the best-fit
parameters of the Ref1 region. The normalizations of ejecta and power law components are free
parameters.

2000), which represents interstellar absorption. Figure 5.13 and Table 5.3 show fitting
results and best-fit parameters of the Ref1 region, respectively.

The Knot1 spectra are fitted with a model consisting of the ejecta component, which
is also employed for the Ref1 region, and an additional soft component. So the model
for the Knot1 region can be expressed as:

Interstellar Abs. × (NEI(Soft) + NEI(ejecta) + PowerLaw). (5.5)

We fixed each elemental abundance to the solar value. We allow 𝑘𝑇𝑒 , 𝑛𝑒𝑡 , and EMs to
vary freely over years except for 𝑛𝑒𝑡 in 2000. Only 𝑛𝑒𝑡 in 2000 is fixed to that in 2003
minus 4 × 109 cm−3 s (= 42 cm−3 × 3 yr) since it cannot be determined due to a lack
of statistics. Note that the other parameters did not vary beyond the 1𝜎 confidence
level as the result of fixing 𝑛𝑒𝑡 . We linked the parameters of the ejecta component to
the Ref1 spectra, but the EMs are free parameters.

The uncertainty in 𝑛𝑒𝑡 for the year 2000 could potentially arise from X-ray contami-
nation originating from the southwestern ejecta. Consequently, we explore the prospect
of southwestern emission extension by examining the spectrum of an inner region of
Knot1 directed towards the southwest (designated as the Ref2 region in Figure 5.11). In
Figure 5.14, we present the Ref2 spectra along withmodels whose parameters, excluding
EM, are fixed to those of Ref1. As depicted in the figure, the Ref2 spectra lack the soft-
band excess observed in Knot1. This outcome indicates that the southwest extension is
negligible and that the soft thermal emission is exclusively attributed to Knot1.
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Figure 5.15: Spectra extracted from the Knot1 regions. The solid curve is the NEI component
originating from ISM. The other curves represent the same components as Figure 5.13.

Figure 5.15 presents the spectra of Knot1 and the results of the spectral fit. Table 5.3
lists the best-fit parameters. It is confirmed that we can ascribe the time variability solely
to the additional soft component. Given that the NEI model with the solar abundance
effectively reproduces the Knot1 spectra in the soft band, the soft component is likely
associatedwith ISMheated up by the blast wave. For amore detailed examination of the
variability, Figure 5.16 depicts the value of 𝑘𝑇𝑒 , 𝑛𝑒𝑡 , and EM in each year. The results with
𝑛𝑒𝑡 in 2000 as a free parameter are also shown in the same figure. The figure indicates
that 𝑘𝑇𝑒 increases significantly from 0.30+0.05−0.07 to 0.69

+0.16
−0.12, which is almost equal in the

other case. We further validate this by considering the 𝑘𝑇𝑒 change when 𝑛𝑒𝑡 is fixed to
8 × 109 cm−3 s, positioned between the best-fit value (9 × 1010 cm−3 s) and the fixed
value (4 × 109 cm−3 s). In this scenario, the best-fit value of 𝑘𝑇𝑒 in 2000, 2003, 2007, 2009,
and 2015 are 0.47+0.20−0.28, 0.42

+0.10
−0.04, 0.59

+0.13
−0.10, 0.53

+0.03
−0.06, and 0.70

+0.14
−0.13 keV, respectively.

Considering the observed 𝑘𝑇𝑒 increase, we also employ the gnei model as the soft
component. The gnei model allows the ionization timescale averaged temperature to
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deviate from the current temperature. The resulting value of 𝑘𝑇𝑒 in gnei are 0.26+0.07−0.05,
0.37+0.09−0.07, 0.57

+0.13
−0.10, 0.52

+0.05
−0.07, and 0.70

+0.17
−0.13 keV in 2000, 2003, 2007, 2009, and 2015, respec-

tively, virtually identical to those obtained with the NEI model. Notably, there are no
significant changes in 𝑛𝑒𝑡 and EM over time. It can be interpreted that the observed flux
change is a result of an increase in electron energy induced by shock heating.

5.4.2 Discussions

5.4.2.1 Origin of Knot1

As outlined in Section 5.4.1, Knot1 in Tycho exhibits a significant increase in soft-band
X-ray flux. The result, coupled with the year-scale increase of the electron temperature,
suggests that the blast wave recently heated a compact and dense clump. The model
with the solar abundance successfully explains the spectra (see Table 5.3), indicating that
the shock-heated gas originates from the ISM.However, wedonot rule out thepossibility
of CSM origin, considering the known interaction with a cavity wall in southwestern
shell (Tanaka et al., 2021). Note that Knot1 represents the first example of ISM/CSM
X-ray emission in Tycho’s SNR, which is known as an ejecta-dominated SNR. Future
observations with improved statistics or spectroscopy could facilitate the measurement
of elemental abundances, shedding light on the true origin and potentially providing
clues to the progenitor system of Type Ia SN of Tycho’s SNR.

Previous H𝛼 observations have unveiled the presence of Balmer-dominated fila-
ments in the northeast region of the remnant, interpreted as forward-shocked neutral
gas and shock precursors (e.g., Ghavamian et al., 2000; J.-J. Lee et al., 2007). Figure 5.17
(the left and middle panels) compares the soft-band X-ray image from 2015 with the
H𝛼 image from 2012 (Knežević et al., 2017). This figure demonstrates a strong spatial
correlation between the soft X-rays and a bright H𝛼 structure in the Knot1 region,
supporting the inference that the origin of Knot1 is associated with the ISM or CSM. It is
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Figure 5.17: Spacial correlation of the Knot1 region between X-rays and H𝛼 lines. In the left
panel, the Chandra X-ray image captured in 2015 (same as the rightmost panel of Figure 5.11
(a)) is superimposed with contours from an H𝛼 image obtained in 2012 (refer to the middle
panel). The middle panel shows the H𝛼 image, acquired in 2012 using GH𝛼FaS on the William
Herschel Telescope (WHT; Knežević et al., 2017). The right panel is the H𝛼 image taken in 2008
with WFPC2 on HST (J.-J. Lee et al., 2010).

worth noting thatwe can observe the bright and complicated shell structure only around
Knot1 in the entire H𝛼 image on the northeast of the SNR taken with the HST (the right
panel of Figure 5.17 and cf. J.-J. Lee et al., 2010). Similar localized filaments are found
in other SNRs. For instance, Patnaude & Fesen (2007, 2014) found the region in which
X-ray and H𝑎𝑙𝑝ℎ𝑎 are spatially coincident (“XA” region) in SNR Cygnus Loop. Moreover,
Patnaude & Fesen (2007, 2014) reported the time-variable X-ray knots originated from
ejecta in Cassiopeia A, which spatially coincide with optical light, as mentioned in
Section 3. Its physical scale is 0.02–0.03 pc, roughly consistent with the estimated size of
Knot1: ≃ 0.04 pc. While these structures in Cassiopeia A are interpreted as dense ejecta
clumps engulfed by the reverse shock, Knot1 is likely to originate from a small-scale
clumpy ISM/CSM heated by the forward shock.

The density of Knot1 can be estimated using the best-fit parameters as follows.
Assuming that the emitting region of Knot1 takes the form of an oblate spheroid with
long and short radii of 0.05 pc and 0.02 pc, respectively, we calculate its volume to
be𝑉 ≃ 6 × 1051 cm3. We derive a proton density of 𝑛H = 35+6−4 cm

−3 utilizing the EM
best-fit parameter of the soft component in 2015, 𝑛𝑒𝑛H𝑉 /4𝜋𝑑2 = (1.2+0.4−0.3) × 10

10 cm−5.
Contrastingly, the post-shock density of Tycho’s SNR is estimated to be 𝑛H = 0.1–2 cm−3

based on the flux ratio of the 70 𝜇m to 24 𝜇m infrared emission (Williams et al., 2013),
leading to the Knot1 density to be roughly 10–100 times higher than its surroundings.

5.4.2.2 Time Variability of Knot1

Time variability of Ionization Sate Given that the parameter 𝑛𝑒𝑡 in XSPEC represents
the ionization timescale in case of constant 𝑘𝑇𝑒 , the ionization timescale 𝑛𝑒𝑡 cannot
simply be considered as a product of density and actual time passed from the time in
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Figure 5.18: H-like ion fraction of neon (Ne9+; left) and magnesium (Mg11+; right) as a function
of electron temperature (𝑘𝑇𝑒 ) and ionization timescale (𝑛𝑒𝑡 ). The contours represent the
confidence level of Δ𝜒 = 1.0 (dotted) and 2.3 (solid) in 2003 (blue), 2007 (red), 2009 (green),
and 2015 (white). The points show the best-fit values in each year. The data in 2000 show only
the uncertainty of 𝑘𝑇𝑒 because we fix 𝑛𝑒𝑡 in this analysis. The ion fraction is the result of the
calculation with PyAtomDB (Foster et al., 2017).

which shock passed. We thus discuss the change in the ionization state of Knot1 using
ion fractions of the soft component each year. As depicted in Figure 5.18, H-like neon
andmagnesium are both increasing, suggesting the progression of ionization from 2003
to 2015. Therefore, we take into account that an SNR shock recently propagating into
a small cloud has heated and ionized Knot1 from year to year.

Cloud Crushing Time The time scale of the property change for clump in ISM is often
characterized by the cloud-crushing time (Klein et al., 1994). Let us consider the clump
with the density 𝜌c and the pressure 𝑃c in ISM with the density 𝜌i and the pressure 𝑃i
as depicted in Figure 5.19. Under an assumption of ram pressure equilibrium (𝑃c = 𝑃i),
the relation 𝜌i𝑢

2
i = 𝜌c𝑢

2
c can be derived from the Equation 1.2, where 𝑢 is the shock

velocities in the ISM (subscript i) and the clump (subscript c). Thus, we can describe
the velocity of the shock decelerated inside the clump as follows:

𝑢c =
𝑢i

𝜒1/2
, (5.6)

where 𝜒 (≡ 𝜌c/𝜌i) is the density contrast between the clump and ISM. The shock velocity
inside the clump𝑢c can be determined to be 1500–2500 km s−1, given that 𝜒 is estimated
to be 𝜒 ∼ 10 from Section 5.4.2.1 and the typical forward-shock velocity𝑢i of Tycho’s SNR
is 4000–8000 km s−1 (Tanaka et al., 2021). A cloud-crushing time canbe defined as follows:

𝑡cc ≡
𝜒1/2𝑎0
𝑢i

=
𝑎0
𝑢c
. (5.7)
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Figure 5.19: Schematic of the Knot1 region and the shock waves.

Here, 𝑎0 is the radius of the clumps. The emitting region of Knot1 has a radius of 𝑎0 ≃
0.02 pc, the cloud-crushing time can be calculated as 𝑡cc = 18 × (𝑢i/2000 km s−1)−1 yr.
Note that the result is roughly consistent with the year-scale change of the X-ray flux in
Knot1. However, the X-ray-emitting volume should increase over time in this scenario,
leading to the increasing EM. This contradicts the observed result. Considering the
multiple filaments discovered with the HST image (Figure 5.17 right), Knot1 is thought to
constrain multiple clumps with radii finer than 𝑎0 = 0.02 pc, leading to a shorter cloud-
crushing time. Thus, the more likely scenario is that the brightening is attributed to the
𝑘𝑇𝑒 increase after the shock wave has passed on a short timescale of about one year.

Heating Timescale For an explanation of the observed increase in 𝑘𝑇𝑒 , we first con-
sider the case of thermal equilibration via electron–ion Coulomb collisions without
collisionless heating at the shock transition region. The temperature immediately
downstream for shock velocity 𝑢c derive from Equation (1.20):

𝑘𝑇𝑖 =
3
16
𝑚𝑖𝑢

2
c . (5.8)

Given that the electron temperature𝑇𝑒 is initially lower than the ion temperature𝑇𝑖 in
downstream plasma, the electron temperature is expected to increase monotonically.
The time evolution is described by Equation (1.22) and (1.23). A convenient expression
of the Coulomb logarithm can be given for X-ray emitting plasma (Masai, 1984):

lnΛ = 24.8 + ln
[(
𝑘𝑇𝑒

eV

) ( 𝑛𝑒

cm−3

)−1/2]
. (5.9)
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are the calculation results when 𝛽0 = 𝑚𝑒/𝑚𝑝 (red), 0.05 (green), 0.08 (blue), and 0.1 (yellow).
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Figure 5.21: Same as Figure 5.20, but the time in which the shock heating was started is assumed
to be 1998 (left) and 1999 (right)

We adopt an electron number density 𝑛𝑒 = 42 cm−3 based on 𝑛H = 35 cm−3 (Sec-
tion 5.4.2.1) and 𝑛𝑒 = 1.2𝑛H. Neglecting contributions from ions heavier than hydrogen
for simplicity, the time evolution of 𝑘𝑇𝑒 can be calculated as shown in Figure 5.20. The
electron-to-proton temperature ratio (𝛽0 ≡ 𝑇𝑒/𝑇𝑝) at 𝑡 = 0 without collisionless electron
heating is equivalent to the particle mass ratio, i.e., 𝛽0 = 𝑚𝑒/𝑚𝑝 ≃ 5 × 10−4. Based on
the above estimation, we give the case in which the shock velocity inside the clump
𝑢c is 1500, 2000, 2500 km s−1. The timescale in which 𝑘𝑇𝑒 reaches around 0.7 keV (the
value derived from data in 2015) becomes short as the shock velocity increases. This is
because the greater the shock velocity, the larger the temperature difference between
electrons and protons. Figure 5.20 indicates that the model for 𝑢c = 1500 km s−1 can
explain the observed data. While the plausible range of the shock velocity 𝑢c is between
1500 km s−1 to 2000 km s−1 as estimated above, the lower velocity case is discussed in
Appendix A. The timescale reaching 𝑘𝑇𝑒 = 0.7 is longer than observed in this scenario.
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For astrophysical shocks, collisionless electron heating is often effective at the shock
transition, as explained in Section 1.2.4. Secondly, let us consider this case. In this case,
the ratio 𝛽0 becomes larger than 𝑚𝑒/𝑚𝑝 (≃ 5 × 10−4). We calculate the temperature
evolution when 𝛽0 = 0.05, 0.08, and 0.1 as plotted in Figure 5.20. When 𝑚𝑒/𝑚𝑝 ≤
𝛽0 ≤ 0.05, the model is in good agreement with the data. Considering the uncertainty
regarding when the forward shock indeed hit Knot1, we also conduct comparisons using
calculations with different assumptions about 𝑡 = 0, specifically for 𝑢0 = 1500 km s−1,
as illustrated Figure 5.21. Even when the year 1998 corresponds to 𝑡 = 0, observed data
can still be explained by the model with𝑚𝑒/𝑚𝑝 ≤ 𝛽0 ≤ 0.05. However, it seems more
plausible when the year 1999 corresponds to 𝑡 = 0.

Optical observations also estimate 𝛽0 of some SNRs with different shock velocities
using flux ratios of the broad-to-narrow components of the H𝛼 line (e.g., van Adelsberg
et al., 2008, also see Section 1.2.4). Especially with regard to Tycho’s SNR, Ghavamian et al.
(2001) and van Adelsberg et al. (2008) obtained 𝛽0 < 0.1 and 𝛽0 = 0.046+0.007−0.006, respectively,
in “knot g” region, located ∼ 2′ southeast of Knot1. In other SNRs with strong shocks
of 𝑣sh > 1000 km s−1including SN 1006 and Kepler’s SNR, the temperature rato 𝛽0 is
given as 𝛽0 ∼ 0.05 (Fesen et al., 1989; Ghavamian et al., 2002). From our comparison
of the observations with the calculations, Knot1 has𝑚𝑒/𝑚𝑝 ≤ 𝛽0 ≤ 0.05 with a shock
velocity of ∼ 1500 km s−1. It suggests that collisionless electron heating in Knot1 has
a comparable efficiency with the result of the previous H𝛼 observations.

The measurement of 𝛽0 in X-rays has not been definitive, except for the diagnostics
of low-ionized Fe fluorescence emission proposed by Yamaguchi et al. (2014). This
uncertainty stems from the challenges of selective analysis of X-ray-emitting plasma
that has not yet been influenced by Coulomb heating. Therefore, H𝛼 line diagnostics
are often employed for the measurement, as they can measure 𝛽0 in just the region
where hydrogen atoms have not reached a fully ionized state, coinciding with the area
where collisionless electron heating is effective. However, estimations using the H𝛼
line come with systematic uncertainties in shock models (e.g., van Adelsberg et al.,
2008). The analysis presented in this thesis introduces a new method for estimating
𝛽0 independently of the H𝛼 measurements.
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6.1 Overview

In Chapter 5, we presented the energy-transfer investigations of the shock-heated or
shock-accelerated particles through X-ray time variabilities. These phenomena are
frequently observed in regions where SNR shocks interact with dense clouds (e.g.,
Ghavamian et al., 2000; Ackermann et al., 2013). We can also raise the possibility of
an interaction between shock and dense cloud in Tycho’s SNR from both the magnetic
field amplification suggested in Section 5.3 and the discovery of shock-heated clumps
in Section 5.4. Tanaka et al. (2021) reported indications of recent collisions of shock with
the wall using the remnant expansion (see Chapter 3). In Section 6.2, we measure the
shock velocity with newly observed Chandra data to investigate further the surrounding
environments of Tycho’s SNR.

The analysis in Section 5.4 confined 𝛽0 in Knot1 of Tycho’s SNR, introducing a new
method to measure 𝛽0 independently of a previous measurement with H𝛼 observation.
To enhance the usefulness and reliability of the method, we propose two applications
in Section 6.3 and 6.4. In Section 6.3, we search for the time variabilities in Kepler’s SNR,
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80 6.2. Probing the Shock–Cloud Interaction from Variability of Expansion Velosity

Table 6.1: Observation Log for Proper-Motion Analysis

ObsID Start Date Effective Exposure (ks) Chip
24420 2021 May 20 14.88 ACIS-I
25046 2021 May 21 14.71 ACIS-I
23538 2021 Sep 27 28.70 ACIS-I
24419 2021 Oct 01 28.70 ACIS-I
24421 2021 Oct 17 29.69 ACIS-I
24418 2022 May 25 14.88 ACIS-I
26426 2022 May 26 14.88 ACIS-I

considering possibilities to understand the spatial dependences of 𝛽0. In Section 6.4,
we discuss the application to time variabilities of ion temperatures with high-resolution
spectroscopy to compare the time evolution of electron temperature.

6.2 Probing the Shock–Cloud Interaction from Variability of
Expansion Velosity

6.2.1 Our Objectives

The shock waves of Tycho’s SNR are likely to have various properties, e.g., velocities
and pre-shock densities. Katsuda et al. (2010) estimated the pre-shock ambient density
surrounding Tycho’s SNR to have azimuthal non-uniformity from the proper motion
measurement of the forward shock. Williams et al. (2013) also reported the azimuthal
density distribution from the infrared flux ratio with Spitzer. As explained in Chapter 3,
Tanaka et al. (2021) indicated a recent shock–wall interaction from the time variabilities
of shock velocities. From these studies, we can expect the various shock properties
in the azimuthal angle and the time. It is crucial to comprehend the impact of the
shock–wall interaction on the shock properties in terms of not only the shock physics
but also its potential to constrain the characteristics of the progenitor system. This
section presents the analysis results of new data observed in 2022–2023 with Chandra
added to data used by Tanaka et al. (2021) and future prospects, aiming to study the
proper motion after 2015 and the spectral variability of synchrotron radiation as a result
of the changes of shock properties.

6.2.2 Observations and Data Reductions

We use the Chandra data taken in 2021–2022 as a guest observer program proposed by
Williams (2020), in addition to the data used in Chapter 5. Table 6.1 shows the additional
data log. Similar to the analysis in Chapter 5, we conduct astrometry correction for
the data of ObsID 24420, 25046, 24418, and 26426, which are thought to have almost
no annual parallax for point sources. Since the statistic of each observation is too low,
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we cannot detect enough point sources to correct the astrometry. Thus, after merging
the observations, we detect the sources and correct the astrometry in the same way as
Section 5.2. We used the data after the correction for imaging analysis, and the total
effective exposure time is 59.35 ks. For spectral analysis, we add the data of ObsID
23538, 24419, and 24421, whose astrometries are not corrected, to improve the statistic,
resulting in a total exposure time of 146.44 ks.

6.2.3 Analysis and Results

6.2.3.1 Imaging Analysis

Weused the Chandra flux image in the energy band of 4.1–6.1 keV, where the synchrotron
emission is dominant, as mentioned in Section 5.3.1 for the profile extraction. Radial
profiles are extracted from the regions positioned at the rim of the remnant (labeled
as “1–13” in Figure 6.1 (top)). These regions are the same as those used by Tanaka et al.
(2021). The box rotation angles are determined by hand in order to extract the profile
perpendicular to the rim. The bin width of the profile is 0.′′5. Examples of the profiles
are shown in Figure 6.2. The shock position corresponds to the peak of the profile. The
profiles in the regions generally move over the years, as discovered by Katsuda et al.
(2010), Williams et al. (2016), and Tanaka et al. (2021).

We investigated rim expansion using the samemethod as Tanaka et al. (2021). We
explored thedisplacement distance to achieve the best alignment between the rimpeaks
in the profiles from two epochs through an artificial shifting of one profile. This distance
can correspond to the actual distance traveled by the rim. When the shift distance is
non-integer multiples of the bin, the shifted profile is reconstructed by distributing
the counts between two bins using a weighted binomial distribution. Comparing two
profiles with flux 𝑓𝑖 and 𝑔𝑖 of bin index 𝑖 , we calculate chi-squared defined as:

𝜒2 =
∑︁
𝑖

( 𝑓𝑖 − 𝑔𝑖 )2
(𝑑 𝑓𝑖 )2 + (𝑑𝑔𝑖 )2

, (6.1)

where 𝑑 𝑓 and 𝑑𝑔 are the standard deviations of each profile. We used the chi-squared
as the quantified degree of matching between the profiles. The obtained chi-squared
is shown in Figure 6.3. The velocity that makes chi-squared the minimum value 𝜒min
is obtained by fitting with a quadratic function, as can be seen from the figure. The 1𝜎
confidence range is defined as the range to be 𝜒 ≤ 𝜒min + 1.

The velocity of the shock proper motion is measured in three intervals: 2003–2009
(interval A), 2009–2015 (interval B), and 2015–2021 (interval C). The results are represented
in Figure 6.4 and Table 6.2. The decelerations in the interval A and B in Region #6–11 are
consistent with the previous measurement by Tanaka et al. (2021). Focusing on Region
#8 and #9, we reveal that the shock waves decelerated further until 2021. Additionally,
the deceleration is shown in Regions #12 and 13, where the analysis by Tanaka et al.
(2021) reported constant velocities. On the other hand, Regions #5–7, where Tanaka
et al. (2021) discovered significant deceleration from 2003 to 2015, show no significant
velocity change between the intervals B and C.



82 6.2. Probing the Shock–Cloud Interaction from Variability of Expansion Velosity

0h26m00s 25m30s 00s 24m30s

64°12'

09'

06'

03'

Right Ascension (J2000)

De
cli

na
tio

n 
(J2

00
0)

1
2

3

4

5

6
7

8

9

10

11

12

13

0.0

0.4

0.8

1.2

1.6

Fl
ux

 (p
ho

to
n 

cm
2  s

1 )

1e 8

64°12'

09'

06'

03'

De
cli

na
tio

n 
(J2

00
0)

2003 1
2

3
4

5

6
7

8
9

10

11

12
13

2009 1
2

3
4

5

6
7

8
9

10

11

12
13

0h26m00s 25m30s 00s 24m30s

64°12'

09'

06'

03'

Right Ascension (J2000)

De
cli

na
tio

n 
(J2

00
0)

2015 1
2

3
4

5

6
7

8
9

10

11

12
13

0h26m00s 25m30s 00s 24m30s

Right Ascension (J2000)

2021 1
2

3
4

5

6
7

8
9

10

11

12
13

0.0

0.4

0.8

1.2

1.6

Fl
ux

 (p
ho

to
n 

cm
2  s

1 )

1e 8

Figure 6.1: (Top): The flux image of Tycho’s SNR in the energy band 4.1–6.1 keV taken with
Chandra in 2009. The red boxes are the regions to extract profiles. (Bottom): The flux images
obtained in 2003, 2007, 2009, and 2015. The orange boxes represent regions for spectral
extractions.
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Figure 6.2: Radial profiles of the shocks of Tycho’s SNR extracted from each region. The blue,
red, green, and yellow lines represent the 2003, 2009, 2015, and 2021 data, respectively. The x-axes
show the distance from the rim position in 2021 in the outward direction.
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Figure 6.3: The chi-squared in measuring the rim proper motion and the best-fit quadratic
function in Region #8. The chi-squared is calculated from Equation (6.1) by moving a profile
artificially under assumptions of given shock velocities in intervals of 2003–2009 (blue), 2009–
2015 (red), and 2015–2021 (green).

Table 6.2: The observed proper motions of shock waves

2003–2009 2009–2015 2015–2021
Region No. (arcsec yr−1) (arcsec yr−1) (arcsec yr−1)

1 0.25 ± 0.02 0.26 ± 0.02 0.31 ± 0.04
2 0.30 ± 0.02 0.29 ± 0.02 0.27 ± 0.04
3 0.14 ± 0.03 0.20 ± 0.05 0.20 ± 0.04
4 0.22 ± 0.01 0.23 ± 0.01 0.25 ± 0.03
5 0.28 ± 0.03 0.25 ± 0.03 0.24 ± 0.05
6 0.43 ± 0.04 0.30 ± 0.06 0.27 ± 0.04
7 0.35 ± 0.02 0.27 ± 0.03 0.25 ± 0.07
8 0.40 ± 0.03 0.34 ± 0.02 0.26 ± 0.03
9 0.39 ± 0.02 0.32 ± 0.03 0.21 ± 0.05
10 0.39 ± 0.01 0.37 ± 0.01 0.31 ± 0.01
11 0.39 ± 0.01 0.38 ± 0.01 0.30 ± 0.03
12 0.31 ± 0.03 0.33 ± 0.02 0.22 ± 0.04
13 0.30 ± 0.01 0.31 ± 0.02 0.22 ± 0.03
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Figure 6.4: The shock velocities (top) and accelerations (bottom) in each region as a function
of the azimuthal angle. In the top panel, the circle, squared, and triangle plots represent the
velocities in 2003–2009 (Interval A), 2009–2015 (Interval B), and 2015–2021 (Interval C), respectively.
The plots in the bottom panel show the acceleration rate in Interval A–B (square) and B–C
(triangle) under an assumption of the constant rate over the interval. The angle is measured
from thenorthdirectionbasedon the geometric center (𝛼 = 00h25m19.s9, 𝛿 = 64◦08′18.′′2 (J2000))
measured by Ruiz-Lapuente et al. (2004).
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Figure 6.5: Fitting result of the spectra extracted from Regions #1–13. The blue, red, green, and
yellow plots correspond to the 2003, 2009, 2015, and 2021 data. The dashed and dash-dotted
curves represent the power-law and Gaussian components. The solid steps are the total model
of all components.

6.2.3.2 Spectral Analysis

The shock-velocity changes can change synchrotron emission properties from the rim.
To investigate the changes in the synchrotron radiation, we extract the spectra from
regions represented in Figure 6.1 (bottom). Each region has awidth of 0.′15, located at the
bright rim structure. The extracted spectra are binned so that each bin has at least ten
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Figure 6.6: The best-fit parameters of the power-law component, i.e., photon index (left) and
flux (right), as a function of the observed year.

counts. The analyzing range is 3.5–8.0 keV, where the synchrotron emission dominates.
Although radiation from these regions consists mainly of synchrotron emission, some
spectra demonstrate peaks around 6.4 keV, corresponding to the energy of a Fe K𝛼
fluorescence line. Thus, we used a power-law function for synchrotron radiation and a
Gaussian for a Fe K𝛼 line to reproduce the spectra. We allow flux and photon index (Γ)
to vary in different years while parameters of the Gaussian are linked each year. The
centroid energy of the Gaussian component is fixed at 6.4 keV. Wemultiplied these two
components by the absorption model (the Tüebingen-Boulder model; Wilms et al.,
2000). The column density for the absorption model is fixed at the best-fit value in
Section 5.4, 𝑛H = 1.0 × 1022 cm−2, because it can not be determined in the analyzed
energy band. The extracted spectra and the best-fit models are shown in Figure 6.5,
and the best-fit parameters are listed in Table 6.3. We can reproduce the extracted
spectra with the power law model with a Gaussian.

We plot the best-fit parameters as a function of years in Figure 6.6. As seen in the
figure, the spectral analysis reveals no significant time-variabilities that exceed the
90% (= 1.64𝜎) confidence interval. However, focusing on Region #10–12, there are
increasing trends in photon indices.
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Table 6.3: Best-Fit Parameters of Spectral Analysis

Power law Gaussian[1]

Region No. Year Γ Flux[2] Norm.[3]

1

2003 3.4 ± 0.3 1.4+0.9−0.5

≤ 1.1
2009 3.0+0.2−0.1 0.7+0.2−0.1
2015 2.9+0.4−0.3 0.5+0.3−0.2
2021 3.5 ± 0.4 1.0+0.9−0.4

2

2003 3.2 ± 0.4 1.1+0.6−0.4

≤ 1.5
2009 3.0 ± 0.1 0.8 ± 0.2
2015 3.1 ± 0.3 0.9+0.5−0.3
2021 3.4 ± 0.4 1.1+0.9−0.5

3

2003 3.0+0.7−0.6 0.3+0.5−0.2

1.5+1.2−1.1
2009 3.0 ± 0.2 0.4 ± 0.1
2015 2.6 ± 0.4 0.2+0.2−0.1
2021 3.7 ± 0.5 0.9+1.0−0.5

4

2003 3.0 ± 0.2 2.6+0.7−0.6

≤ 2.6
2009 2.7 ± 0.1 1.8 ± 0.2
2015 2.8 ± 0.2 1.5+0.6−0.4
2021 3.0 ± 0.2 2.3+0.7−0.6

5

2003 2.9 ± 0.3 0.7+0.4−0.3

5.1 ± 1.8
2009 3.0 ± 0.1 0.8+0.2−0.1
2015 2.8 ± 0.3 0.5+0.3−0.2
2021 3.4 ± 0.4 1.2+0.9−0.5

6

2003 2.9+0.5−0.4 0.3+0.3−0.1

1.5 ± 1.3
2009 3.0 ± 0.2 0.3 ± 0.1
2015 2.8 ± 0.5 0.2+0.2−0.1
2021 2.5+0.6−0.5 0.14+0.19−0.08

7

2003 2.9 ± 0.4 0.5+0.4−0.2

≤ 1.4
2009 2.9 ± 0.2 0.5 ± 0.1
2015 2.7 ± 0.4 0.3+0.3−0.2
2021 2.6 ± 0.4 0.3+0.2−0.1

8

2003 3.1 ± 0.3 0.9+0.6−0.3

1.5 ± 1.5
2009 2.9 ± 0.1 0.6 ± 0.1
2015 2.8 ± 0.3 0.6+0.4−0.2
2021 2.9+0.4−0.3 0.6+0.4−0.3

9
2003 3.2 ± 0.4 0.8+0.5−0.3

≤ 1.1
2009 3.2 ± 0.2 0.7 ± 0.2
2015 2.5 ± 0.4 0.2 ± 0.1

Continued on the next page
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Table 6.3: Best-Fit Parameters of Spectral Analysis (Contunued)

Region Year PhoIndex Flux[2] Norm.[3]

9 2021 3.1 ± 0.3 1.4+0.7−0.5 ≤ 1.1

10

2003 2.9 ± 0.3 0.80.4−0.3

≤ 1.5
2009 2.9 ± 0.1 0.8+0.2−0.1
2015 3.3 ± 0.3 1.3+0.7−0.5
2021 3.2 ± 0.3 1.4+0.7−0.5

11

2003 2.6 ± 0.3 0.6+0.3−0.2

2.9 ± 1.8
2009 2.9 ± 0.1 0.8+0.2−0.1
2015 2.9 ± 0.3 0.8+0.4−0.3
2021 3.0 ± 0.3 0.8+0.5−0.3

12

2003 2.6 ± 0.2 0.7+0.3−0.2

3.4 ± 2.1
2009 2.8 ± 0.1 0.9+0.2−0.1
2015 2.8 ± 0.3 0.9+0.4−0.3
2021 2.9 ± 0.3 0.9+0.5−0.3

13

2003 3.0 ± 0.3 1.0+0.6−0.3

≤ 1.7
2009 3.0 ± 0.1 1.1 ± 0.2
2015 2.9 ± 0.3 0.9+0.5−0.3
2021 3.1 ± 0.3 1.0+0.6−0.3

[1] The centroid energy is fixed at 6.4 keV.
[2] The flux at 1 keV. The unit is 10−3 ph keV−1 cm−2 s−1
[3] The total photons in a line. The unit is 10−7 ph cm−2 s−1

6.2.4 Discussion

Using Chandra data observed in 2021, our analysis reveals the proper motion of Tycho’s
SNR shock after 2015, where Tanaka et al. (2021) reported a deceleration in Regions
#6–11 from 2003 to 2015. Tanaka et al. (2021) and Kobashi et al. (2023) proposed that
shock deceleration is a consequence of interacting with a wall characterized by a spatial
density gradient in the cavity-to-wall boundary. Assuming this hypothesis, it is likely
that the shocks in Regions #6 and 7, which exhibit constant velocities from 2009 to 2021,
have already traversed the gradient boundary. It follows that the shock had already
reached thewall with a spatially constant density before 2009. On the other hand, shocks
in Regions #8 and 9 show even lower velocities in interval C than those in interval B.
Notably, the acceleration rate is almost the same between intervals A–B and B–C. This
result indicates that shocks in these regions have been traversing the gradient boundary
from 2003 to 2021. The shocks in Regions #10–13, which show larger deceleration from
interval B to C than before, indicate more recent (around 2015) interaction with the
wall than in the other regions.

Kobashi et al. (2023) studied the spatial density distribution surrounding Tycho’s SNR
using an updated hydrodynamic shockmodel considering an effect of a wind-like cavity
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with 𝜌 (𝑟 ) ∝ 𝑟 −2. Their model concluded that the shock in Region 11–13 indicated the
interaction with the boundary before 2003, contradicting our results. This contradiction
likely arises from an implicit assumption in their analysis: the boundary is inside the
shock position in 2015. It is anticipated that the incorporation of our results, which
indicate the start and endpositions of the cavity-to-wall boundary layer, into theirmodel
will enable a more accurate determination of the cavity and wall locations, leading to a
more precise estimation of themass-loss rate from the progenitor systemof the remnant.

The interaction of the shock with the wall might lead to changes in the properties
of synchrotron radiation from the shock. Although the spectra exhibit no significant
changes, we observe a softening from 2003 to 2015 in regions #10, 11, and 12, as can
be seen from the increasing photon indices in Figure 6.5 (left). When attributing the
change in photon index to the variation of the maximum electron energy, the decrease
in shock velocity can cause softening, as suggested by 𝐸max ∝ 𝑣2sh of Equation (1.40),
given that the maximum energy of accelerated electrons is generally limited by the
remnant age (Lopez et al., 2015). As the shock velocities in interval A become ≃ 79%,
≃ 77%, and ≃ 70% in regions #10, 11, 12, respectively, the rolloff energy of synchrotron
radiation should decrease to approximately 20–40% from 𝜀 ∝ 𝑣4sh of Equation (2.30),
likely affecting the photon index in the analyzed energy band.

However, the above scenario is rather simple and cannot explain the changes in
other regions, especially regions #6, 7, 8, and 9, with the significant velocity decreases.
One possibility is that the amplified magnetic field raises the cutoff energy. Inoue et al.
(2012) indeed suggested that the interaction between shock waves and the clumpy
interstellar medium can amplify the magnetic field after the shock through turbulent
dynamo action by three-dimensional magnetohydrodynamic simulations. If the wall
contains clumpy interstellar clouds, a more complex scenario is required to explain
the photon index change.

In any case, discussing the spectral time variabilities based only on our results with
insufficient statistics is challenging. Future long-duration observations with Chandra
will enable us to study time variabilities in more detail. Additionally, a comparison
with a hydrodynamical simulation of accelerated particle production in SNRs proposed
by S.-H. Lee et al. (2012) will provide clues about the effect of the shock deceleration
on the photon index.

6.3 Time Variabilities in Kepler’s SNR

In the previous chapters, we present the discoveries of time variability in thermal X-rays,
nonthermal X-rays, and the propermotions of shockwaves in Tycho’s SNR. This analysis
can be applied to other regions in Tycho or other young SNRs. Exploring other thermal
time variabilities can provide some clues to collisionless electron heating because it
might allow us to investigate the dependency of electron–ion temperature ratio𝑇𝑒/𝑇ion
on other parameters: shock the velocity, the magnetic field, and the obliquity angle
between shock normal and upstream magnetic field. Although the magnetic field
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Figure 6.7: The images of flux change of Kepler’s SNR in the energy band of 0.5–0.7 keV. The
images aremadeby subtractingChandraflux images taken in 2000 from2004 (left), 2006 (middle),
and 2014 (right). The positive values represent the brightening.

dependency is remarkably thought to affect the collisionless electron heating (Bohdan,
2023), there is poor observational evidence in SNRs.

We apply the methodology to Kepler’s SNR, a remnant of SN 1604 located at 3–
7 kpc (Kerzendorf et al., 2014). The remnant is a rare Type Ia event (e.g., Kinugasa &
Tsunemi, 1999) whose thermal X-rays from CSM are detected (Reynolds et al., 2007;
Katsuda et al., 2015). The CSM densities are estimated to be 10–100 cm−3, comparable
to that of Knot1 in Tycho’s SNR in Chapter 5 (Matsuda et al., 2022). Since the thermal
equilibrium timescale is proportional to a reciprocal of the plasma density, we can
anticipate the detection of the time variability in a similar time scale as Knot1. Moreover,
Reynolds et al. (2021) reported the spatial variations of magnetic field amplification
in the shocks of Kepler’s SNR. Thus, we can also expect the potential of comparisons
between the magnetic field and 𝑇𝑒/𝑇ion.

We conducted a search for significant flux changes in Kepler’s SNR by making flux
difference images using Chandra data from 2000, 2004, 2006, and 2014 (Figure 6.7). We
identify a gradual brightening in 0.5–0.7 keV over a broad region, coinciding with bright
thermal X-rays from CSM (Katsuda et al., 2015; Kasuga et al., 2021). It is noteworthy
that the brightening region spatially aligns with an H𝛼+[N II] image (Sankrit et al.,
2008). Figure 6.8 shows the spectra extracted from a region exhibiting significant
brightening. The residuals between data and the model reveal an excess in the ≲ 1 keV
band only in 2014, with no corresponding excess in 2000, 2004, and 2006. By applying the
analysis outlined in Section 5.3, we would unveil the dependence of the electron-to-ion
temperature ratio 𝑇𝑒/𝑇ion on the magnetic fields.

The time variabilities in the broad region suggest that we can also observe time
variability in other SNRs with bright thermal radiation from shocked ISM/CSM, such as
N103B (Yamaguchi et al., 2021) and SNR 0519−69.0 (Guest et al., 2023). The application
to several SNRs enables us to investigate𝑇𝑒/𝑇ion in different shock velocities.
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Figure 6.8: Example of the spectra which are extracted from the part of time variable region in
Kepler’s SNR. Black, red, green, and blue plots correspond to the data taken in 2000, 2004, 2006,
and 2014. The models in each year are the same.

6.4 Measuring Ion Temperature

In Section 5.4, we developed a method to investigate the shock heating process and
measure 𝛽0 ≡ 𝑇𝑒/𝑇𝑝 at the shock transition. To enhance the reliability of this approach, it
is beneficial to compare the temperature variabilities of electrons with those of protons
and other ions, which should have a relation depicted in Figure 1.4. Since H𝛼 emission
occurs immediately behind the shock, we can measure the proton temperature before
being influenced by Coulomb collisions using the H𝛼 line width broadened by thermal
fluctuations. Proton temperature has been successfully measured in the east rim of
Tycho’s SNR through H𝛼 observations (Ghavamian et al., 2000). By conducting a similar
observation in Knot1, we can compare the proton temperature in Knot1with the electron
temperature change measured in this thesis.

Measuring the temperatures of other ions poses a challenge with currently active X-
ray telescopes due to their limited energy resolution. The high-resolution spectroscopy
provided by the recently launched XRISM telescope can overcome this difficulty. The
Resolve instrument onboard XRISM has superior energy resolution of ∼ 7 eV FWHM@
6 keV (XRISM Science Team, 2020), enabling themeasurement of ion temperatures from
emission lines. Meanwhile, analyzing small spatial features like Knot1 is impractical,
given the Resolve angular resolution of ∼ 1.′7, which is not as high as that of Chandra.
The ion temperature of this feature would be revealed with future missions of X-ray
observatories with high resolution of angle and energy like HUBS (Bregman et al.,
2023) and Lynx (Gaskin et al., 2018).
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Science with the X-ray Imaging and 
Spectroscopy Mission

This white paper was prepared by members of the XRISM Science 
Team for the benefit of the general astronomical community. This 
paper describes the capabilities of XRISM, offers a sampling of the 
many science topics that the mission will address, and discusses 
the synergies of XRISM with the plethora of planned and existing 
facilities in the 2020s and beyond.

http://xrism.isas.jaxa.jp

Science with XRISM

1 Introduction

The X-ray Imaging and Spectroscopy Mission (XRISM), formerly known as the X-ray Astron-
omy Recovery Mission (XARM), is a JAXA-NASA collaborative mission with ESA participation.
XRISM will o↵er non-dispersive, high-resolution X-ray spectroscopy in the soft X-ray bandpass
(⇠ 0.3 � 12 keV), while o↵ering complementary CCD imaging resolution over a wide field of view.
The primary purpose of the mission is to recover the science that was lost after the Astro-H/Hitomi
mission failed in 2016, approximately one month after launch. Four science categories have been
defined for XRISM: (1) Structure formation of the Universe and evolution of clusters of galaxies;
(2) Circulation history of baryonic matter in the Universe; (3) Transport and circulation of energy
in the Universe; (4) New science with unprecedented high-resolution X-ray spectroscopy. A full
description of the mission is provided in an SPIE proceeding1; the reader is referred there for more
detail.

Figure 1: The mission requirements for both the XRISM Resolve instrument and the Hitomi Soft X-ray Spectrometer
(SXS), along with the on-orbit performance of the Hitomi mission as measured in 2016. Hitomi met or exceeded
requirements in all areas.

XRISM represents a revolutionary leap forward in X-ray spectroscopy. With a spectral resolu-
tion 20-40 times better than the CCD instruments that are used on Chandra, XMM-Newton, and
Suzaku, as well as a substantially increased collecting area and bandpass over the grating instru-
ments on those missions, XRISM represents a new tool for studying the universe, and will enable
science never before possible. XRISM will do this using two instruments:

• Resolve, a soft X-ray spectrometer with a constant < 7 eV FWHM spectral resolution over
the entire bandpass. Resolve has a field of view of 2.90⇥2.90 over an array consisting of a 6⇥6
pixel X-ray microcalorimeter (pixels are 30” in size). The array has an operating temperature
of 50 mK, and must be cooled by a multi-stage adiabatic demagnetization refrigerator. This
system can operate in both cryogen and cryogen-free modes, meaning that the mission can
continue to operate after the exhaustion of the liquid helium cryogen supply. The mission
requirements for Resolve are given in Figure 1, along with the measured values from the
in-flight performance of Hitomi (all of which exceeded requirements).

• Xtend, a soft X-ray imager providing simultaneous coverage of the Resolve field and the sur-
roundings over a 380⇥380 field of view. Xtend will provide CCD-quality imaging spectroscopy

1

Figure 6.9: The overview of XRISM and its pre-launch requirements (XRISM Science Team,
2020).

If the plasma is distributed over a larger spatial scale than the Resolve angular
resolution, the Resolve can extract X-rays from shocked ISM plasma. To investigate the
thermalized ISM distribution in Tycho’s SNR, we focus on an analytical technique, the
general morphological component analysis (GMCA), introduced by Picquenot et al.
(2019). GMCA categorizes the observed data into distinct groups without losing the
multidimensional (position and energy) information. Consequently, we can obtain
some groups with different morphologies and spectral signatures, such as thermalized
ejecta and nonthermal radiation. Yamaguchi et al. (2021) used GMCA in the analysis
of N103B, retrieving three components interpreted as having origins of the CSM, the
Fe-rich ejecta, and IME ejecta origins (Figure 6.10).

GMCA enables us to understand distributions of X-ray components even when their
contribution is relatively low, potentially serving as an indicator to search for thermal X-
rays from ISM inTycho’s SNR.ApplyingGMCA toTycho’s SNR,we successfully identify an
X-ray component that spatially correlateswith the distribution of theH𝛼 line, suggesting
X-rays originating from thermalized ISM/CSM. As can be seen in Figure 6.11, the H𝛼
counterpart component the H𝛼 counterpart component appears relatively bright not
only in Knot1 but also in the east and northwest regions, indicating the potential to
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progenitor’s explosion. The retrieved spectrum of Component 3
(blue) dominates the line flux of the intermediate-mass
elements (IME: Si, S, Ar, and Ca) and reproduces also a part
of the Fe emission detected in the spectrum of the entire SNR.
This characteristic is consistent with the emission from
incomplete Si burning products typically observed in other
SNRs Ia (e.g., Tycho and Kepler). Given the results, we
hereafter call Components 1, 2, and 3 “CSM,” “Fe ejecta,” and
“IME ejecta,” respectively. This identification will be verified

later with detailed analysis of the X-ray spectra as well as
comparison with optical observations.
Figures 1(b), (c), and (d) present the spatial distribution of

the CSM, Fe ejecta, and IME ejecta, respectively. The pixel
value indicates the photon counts of each component. The
CSM image exhibits several clumpy features in the west, which
spatially coincide with the optical nebula knots (Ghavamian
et al. 2017; Li et al. 2017, see also Section 3). The emission
from the Fe ejecta is strongest in the southwest, consistent with

Figure 1. Results of the GMCA applied to the SNR N103B. Top: retrieved spectra of the three components. Middle: spatial distribution of the retrieved components.
The pixel values correspond to the photon counts normalized by the count in the single brightest pixel. Panel (b) is given in the linear scale, whereas panels (c) and (d)
are in the square root scale. Bottom: fraction of each component (see the text) given in the linear scale. The ellipses indicate where the spectra shown in Figures 4 and
7 are extracted.

3

The Astrophysical Journal Letters, 910:L24 (11pp), 2021 April 1 Yamaguchi et al.

Figure 6.10: An example of the GMCA result applied to SNR N103B Yamaguchi et al. (2021). The
top andmiddle panels show spectra and images of the separated components, respectively. The
bottom panel shows the fraction of each component. The white ellipses show the regions that
they used for spectral extractions.
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Figure 6.11: The ratio image made by separating counts of the H𝛼 counterpart component and
the total counts. The yellow ellipse represents the region of Knot1.

analyze X-rays from shocked ISM or CSM in these areas, even though their counts
constitute only about 15% of the total counts.

To confirm that Resolve can detect the ISM component, we simulate the spectra of
Tycho’s SNR, comprising thermalized ejecta emission and thermalized ISM emission,
with the latter having 10%of the flux of the ejecta component, as illustrated in Figure 6.12.
The simulation suggests that we can retrieve the ISM component from the spectra. The
prominent emission lines fromO VII (≃ 0.654 keV) and Ne IX (≃ 0.922 keV) indicate the
potential to measure the ion temperature of oxygen and neon, respectively, with the
line width of thermal broadening. The simulation suggests that we can retrieve the ISM
component from the spectra. The prominent emission lines from O VII (≃ 0.654 keV)
and Ne IX (≃ 0.922 keV) suggest the potential to measure the ion temperature of
oxygen and neon with the line width of thermal broadening. As shown in Figure1.4,
the ion temperatures of oxygen and neon decrease from ≃ 30 keV to ≃ 10 keV over
a timescale of 𝑛𝑒𝑡 ≃ 1010 cm−3 s. This timescale corresponds to approximately ten
years when the electron density 𝑛𝑒 is 50 cm−3. Consequently, if XRISM observes Tycho’s
SNR several times over a few decades, we could measure the time variability of ion
temperature, revealing the temperature changes of electrons and ions behind the shock
through energy transfer. Furthermore, high-resolution spectroscopy will unveil the
composition of the ISM component, providing insights into the origin of the wall
investigated in Chapter 6.2.

Themeasurement of ion temperature can also be applied to other SNRswithbright X-
rays from shocked ISMor CSM.Miceli et al. (2015) indeedmeasured the ion temperature
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Figure 6.12: Simulated XRISM spectrum of Tycho’s SNR. The dashed red curve is a component
from thermalized ISM whose flux in 0.5–1.0 keV is assumed to be 10% of ejecta. The dash-dotted
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of certain ion species in post-shock plasma. By measuring the ion temperature of SNRs
with different ages, we can track temperature changes in a still longer timescale until
the post-shock plasma reaches thermal equilibrium between electrons and ions.



7
Conclusions

We discovered the year-scale variabilities of X-ray fluxes and the expansions of Tycho’s
SNR with Chandra, aiming to understand the energy transfers between shock waves
and particles and the shock–cloud interaction. We outline the important results below:

1. We investigated time variabilities in X-rays within the western “stripe” structure
of Tycho’s SNR using Chandra images from 2003, 2007, 2009, and 2015. The flux
difference image unveiled time variabilities in synchrotron emission along each
stripe, including faint ones. Our spatially resolved spectroscopy also detected
significant time variabilities in photon indices and brightness of synchrotron
radiation from most stripes. Assuming that the flux increased and decreased
due to the increase in averaged electron energy through DSA and their decrease
through synchrotron cooling, respectively, we concluded that the magnetic field
is required to be amplified to ∼ 500 𝜇G to account for the observed variability
timescale. A comparison of synchrotron emission between the stripe and rim
revealed harder spectra for the stripe (Γ = 2.1–2.6) than the rim (Γ = 2.7–2.9),
indicating amplifiedmagnetic fields or stochastic acceleration far downstream
of the shock. The discovery of a tight anti-correlation between brightness and
photon index was also noteworthy, suggesting that a small number of parameters
are related to the spatial and temporal variability of the stripe. Our results indicate
the possibility of an effective acceleration far downstream of the shock.

2. We applied a time variability analysis to the thermal emission of Tycho’s SNR, aim-
ing to understand the processes involved in electron heating within SNR plasma.
By examining thermal X-ray time variabilities using Chandra data from 2000,
2003, 2007, 2009, and 2015, we identified a significant brightening in a knot-like
feature (Knot1) in the northeast region of the remnant. Our X-ray spectral analysis,
combinedwith the distribution of the H𝛼 line, revealed that Knot1 originated from
thermalized ISM/CSM by the forward shock, with a density of 𝑛H ∼ 30 cm−3. Our

97
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spectral analysis firstly detected a significant increase in electron temperature
from 0.30+0.05−0.07 keV to 0.69

+0.16
−0.12 keV over the 15-year period. These findings suggest

that the brightening is attributed to electron heating through Coulomb collisions
following an encounter of the forward shock with dense clumps around 2000. The
calculated evolution of electron temperatures required the electron-to-proton
temperature ratio immediately behind the shock (𝛽0 ≡ 𝑇𝑒/𝑇𝑝) to be𝑚𝑒/𝑚𝑝 ≤ 𝛽0 ≤
0.05, assuming a shock velocity of 1500 km s−1. We introduced a newmethod to
detect the thermal emission from shock-heated gas andmeasure 𝛽0 independently
of the previous estimation using H𝛼 lines.

3. Our analysis of the flux change in Tycho’s SNR suggests the interaction between
shock and clouds surrounding the remnant. To investigate the surrounding
environment in another way, we measured the proper motion of the shock waves
using newly observed data from 2022–2023 with Chandra added to data analyzed
by Tanaka et al. (2021). Our result reveals further deceleration in the western shell
from 2015 to 2021 beyond the velocity in 2003–2015measured by Tanaka et al. (2021).
It supports the existence of the wall formed by the wind from a progenitor white
dwarf during mass accretion. We conducted a spectral analysis of synchrotron
radiation from the shock front to study the effect of the shock–wall interaction
on it. Although we could not observe significant changes in the X-ray spectra,
we discovered softening trends in some regions. The result implies a decrease in
cutoff energy due to the decrease in shock velocity.

4. We proposed extending the observation of X-ray time variabilities to other SNRs.
Initially, we verified the application to Kepler’s SNR, which is similar in age, dis-
tance, and explosion type to Tycho’s SNR. Flux difference images of Kepler’s SNR
show a flux brightening of thermal X-ray over large areas that spatially coincide
with an H𝛼 image. Extracted X-ray spectra also suggest an increase in flux in low-
energy band ≤ 1 keV from 2006 to 2014. Examining such time variability in thermal
X-rays would enable us to investigate the dependence of 𝛽0 on the environment,
including factors like the ambient magnetic field.

5. We found an indication of thermalized ISM plasma extending across a wide area
in the northeast of Tycho’s SNR using the General Morphological Component
Analysis (GMCA) method. GMCA is an analytical technique that categorizes the
observed data into some groups based on spatial and spectral information jointly
(Picquenot et al., 2019). While the X-ray radiation from the plasma is likely to
account for atmost 15% of the total flux, the high-resolution spectroscopy with the
XRISM telescope would allow us to resolve it. It could reveal the time variabilities
of ion temperatures, offering insights into the energy transfer between electrons
and ions behind the shock.
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A
Time Evolution of Electron Temperature

with Low Shock Velocities
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Figure A.1: Compatrison between electron temperature change in Knot1 and calculations
under assumptions of 𝑢c = 800 (left), 900 (middle), and 1000 (right). The solid, dashed-dot,
dashed, dotted, and dash-dot-dotted curves show results when 𝛽 = 𝑚𝑒/𝑚𝑝 , 0.1, 0.15, 0.2, and 0.3,
respectively.

We calculate the time evolution of electron temperature under the assumption of
lower shock velocities than those discussed in Section 5.4.2.2 since the trend of the
𝑘𝑇𝑒 observed in Section 5.4 may indicate it. The time variations of 𝑘𝑇𝑒 in the case of
𝑢c ≤ 1000 km s−1 is shown in Figure A.1. The slower the shock velocity is, the longer
time it takes for the electron temperature to increase from ∼ 0.5 keV to ∼ 0.7 keV. The
observed 𝑘𝑇𝑒 is roughly explained in the case of 𝛽0 ≃ 0.15 when 𝑢c is 1000 km s−1 while
it cannot be explained in any case of 𝛽0 when 𝑢c is lower.

Figure A.2 shows the temperature evolution under the different assumptions of
𝑡 = 0 for 𝑢c = 1000 km s−1. In these case, the case of 𝑚e/𝑚p ≲ 𝛽0 ≲ 0.15 is reason-
able to explain the observed data. In summary, the observed 𝑘𝑇𝑒 change can be also
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Figure A.2: Same as Figure A.1, but the time in which the shock heating was started is assumed
to be 1996 (left) and 1999 (right).

roughly explain 𝑚e/𝑚p ≲ 𝛽0 ≲ 0.15 for 𝑢c = 1000 km s−1 in addition to the case of
𝑢c ≥ 1500 km s−1 discussed in Section 5.4. If 𝑢c is indeed slower, it implies a larger
density contrast 𝜒 or a slower forward-shock velocity𝑢i. Future observations with better
statistics or high-resolution imaging should constrain these parameters.

Estimation of 𝛽0 by H𝛼 lines got greater value than 0.1 in SNRs with slow shocks
(𝑣sh ≤ 1000 km s−1) such as Cygnus Loop, RCW 86 (Ghavamian et al., 2001), and
SNR 0548−70.4 (Smith et al., 1991). Thus, we note that it can be consistent with H𝛼
observations even if the shock velocity is lower.
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