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Abstract

Supernova remnants (SNRs) are thought to be one of the major acceleration
sites of galactic cosmic rays (CRs) and an important class of objects for high-
energy astrophysics. SNRs produce multi-wavelength, non-thermal emis-
sion via accelerated particles at collisionless shocks generated by the inter-
actions between the SN ejecta and the circumstellar medium (CSM). Non-
thermal emission from SNRs is therefore an effective and promising tool for
probing their surrounding CSM and, in turn, the stellar evolution and mass-
loss mechanism(s) of massive stars. Although it is expected that the rich
diversities observed in supernovae (SNe) and their CSM can result in dis-
tinct very high energy (VHE) electromagnetic signals in the SNR phase, there
are only a handful of SNRs observed in both GeV and TeV γ-rays so far. A
systematic understanding of the links among SN explosion mechanism(s),
progenitor stars, and cosmic-ray acceleration is hence limited. In this thesis,
we will try to obtain a fuller understanding of non-thermal emissions from
SNRs by a self-consistent hydrodynamical simulation coupled with efficient
CR acceleration.

First, we explore non-thermal emissions from Type Ia and core-collapse
types of SNRs in various circumstellar environments up to 5,000 yr from SN
explosion using hydrodynamical simulations coupled with efficient particle
acceleration. We find that time evolution of emission characteristics in the
VHE regime is mainly dictated by two factors: the number density of the tar-
get particles and the amplified magnetic field in the shocked medium. We
also predict that the Cherenkov Telescope Array (CTA) will have sufficient
sensitivity to detect VHE γ-rays from most young SNRs at distances ∼5.0
kpc. Future SNR observations with CTA will thus be promising for probing
the CSM environment of SNe and hence their progenitor properties, includ-
ing the mass-loss history of massive stars.

Next, we calculate the time evolution of broadband non-thermal emission
from SNRs originating from Type II SNe embedded in a CSM environment
linked to the mass-loss history of the progenitor up to 10,000 yr. Our results
predict that Type II SNRs experience a prolonged period of weak radio and
γ-ray emission if they run into a spatially extended bubble of low density
and high temperature created by the stellar wind during main sequence. For
a typical red supergiant progenitor evolved within an average interstellar
medium (ISM), this “dark age” corresponds to a range of SNR ages spanning
from ∼1000 to 5000 yr old. This result suggests that a majority of Type II
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SNRs are too faint to be detected, which may help explain why the number
of known Galactic SNRs is significantly less than what we expect from the
SN rate in our Galaxy.

Finally, we calculate the time evolution of broadband non-thermal emis-
sions from Type Ib/c SNRs whose CSM structures are derived from the mass-
loss history of their progenitors up to 10,000 yr. Our results predict that Type
Ib/c SNRs make a transition of brightness in radio and γ-ray bands from
an undetectable dark for a certain period to a re-brightening phase. This
transition originates from their inhomogeneous CSM structures in which the
SNRs are embedded within a low-density wind cavity surrounded by a high-
density wind shell and the ambient ISM. The “resurrection” in non-thermal
luminosity happens at an age of ∼1,000 yrs old for a Wolf-Rayet star progeni-
tor evolved within a typical ISM density. Combining with the results of Type
II SNR evolution, this result sheds light on a comprehensive understanding
of non-thermal emissions from SNRs with different SN progenitor types and
ages, which is made possible for the first time by the incorporation of realistic
mass-loss histories of the progenitors.
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Chapter 1

Introduction

In this chapter, we will overview some basics regarding supernovae and su-
pernova remnants including their evolution, morphology, particle accelera-
tion and non-thermal emissions near the shock front. At the end, we will
mention the motivation and provide a brief outline for the thesis.

1.1 Supernovae

One of most famous and energetic phenomena in the universe is Supernovae
(SNe), the explosions of the stars at the final stage of their lives. SNe are his-
torically classified by spectroscopic observations. The SNe with no hydrogen
(H) absorption line in their spectra are called Type I supernovae, and those
with the absorption line of H are Type II. For more detail, Type I SNe are sub-
divided in Type Ia with the strong Silicon (Si) absorption line, Type Ib with
weak absorption line of Si and the absorption line of Helium (He), and Type
Ic without both absorption lines of Si and He. Type II SNe have also subclass
of Type IIP having the plateau phase in their light curve, and Type IIL with
linearly decreasing light curves.

Type Ia SNe involve the explosion of Carbon-Oxygen (CO) white dwarfs
(WDs) and the energy budget is a nuclear fusion of CO into iron-class ele-
ments. This explosion happens when the the mass of WDs exceeds the the-
oretical limit of the WD mass which is the so-called Chandrasekhar mass
∼ 1.4 M⊙, where M⊙ is the solar mass. The two ways are mainly proposed
for the WDs to reach the Chandrasekhar mass. One is the single-degenerate
(SD) scenario that the WD in a binary system acquires the mass from the
companion star. The other is the double-degenerate (DD) scenario that the
binary WDs spiral into each other due to an emission of the gravitational
wave and finally merge. There is, however, no consensus which mechanism
can explain the Type Ia SNe.
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On the other hand, Type II/Ib/Ic SNe are collectively called as the core-
collapse SNe (CCSNe), which are named after the explosion of massive stars
with main-sequence masses M ≤ 8 M⊙ and their explosion energy derived
from the collapse of the stellar cores by self-gravity. It is known that there
is left neutron stars (NS) and/or black holes after the collapse. Above clas-
sifications of CCSNe using spectroscopic observations also give us insights
about their circumstellar environments and the natures of the progenitors.
The detection of H absorption lines from Type II SNe indicates that the pro-
genitors have H-rich envelopes and emit some of them into the surrounding
environment in form of stellar wind. The progenitors of Type II SNe are
hence supposed to be a red supergiant (RSG). Meanwhile, Type Ib/c SNe
do not have absorption lines of H, so H envelopes of their progenitors are
striped off for some reasons such as a strong stellar wind and/or a binary
interaction. Combining with the detection of He lines from Type Ib SNe and
the non-detection for Type Ic SNe, the progenitor of Type Ib SNe is thought
to evolve to a He star and that of Type Ic is a CO star. These type of stars
are called Wolf-Rayet (WR) stars generally. The classification of SN types are
therefore important for the investigation of stellar evolution of massive stars
and their unresolved explosion mechanism(s).

1.2 Supernova Remnants

All type of SNe explodes with high energy of ∼ 1051 erg and the ejecta super-
sonically expands into their ambient environment. The blast wave is hence
formed and sweeps the interstellar medium (ISM) and/or the circumstellar
medium (CSM). The swept gases are heated by the shock up to 106−8 K and
shine in radio and X-ray. These structures of the stellar ejecta of SNe and the
shock-swept hot gases are called the supernova remnants (SNRs).

1.2.1 Evolutionary Phases

The evolution of SNRs have been widely investigated using numerical hy-
drodynamic simulations. Assuming they evolve within a uniform ISM, 1-
dimensional simulations simulations have established the following stan-
dard picture of SNR evolution (e.g., Sedov, 1959; Chevalier, 1982b; Chevalier,
1982a; Sturner et al., 1997);
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1. Ejecta-dominated phase: In this phase, the forward shock (FS) expands
into the ambient media and sweeps up them. The FS creates the con-
tact discontinuity (CD) between the ejecta gas and the swept gas. The
dynamics of FS is, however, not affected so much by the swept gas be-
cause the swept mass is much less than the ejecta mass. The shock
has hence a constant expansion velocity vej and this phase is called the
ejecta-dominated phase or the free-expansion phase. The velocity can
be roughly proportional to the root of the explosion energy ESN and the
inverse root of the ejecta mass Mej, such that vej ∝

√
ESN/Mej. Consid-

ering a typical SNR with Mej ∼ 1.4 M⊙ and ESN ∼ 1051 erg, it can be
easily found that the shock has a high velocity of ∼ 104 km s−1 and also
a high mach number. The shock radius Rsk and velocity Vsk becomes
Rsk(t) = vejt and Vsk(t) = vej. This phase lasts for a few hundred years
in a typical ISM density.

2. Sedov phase: When the swept mass becomes comparable to the ejecta
mass, the FS is gradually affected by the swept gases and it will be no
longer free-expansion. It is known that the shock self-similarly expands
in this phase, so this phase is called the self-similar phase. When the
adiabatic index of gas is 5/3, the dynamics of FS follows below equa-
tions (e.g., Sturner et al., 1997);

Rsk(t) = 2.5vejtsed

[(
t

tsed

)0.4

− 0.6

]
(1.1)

Vsk(t) = vej

(
t

tsed

)−0.6

, (1.2)

where tsed is the transition time from the free-expansion phase to this
phase. This timescale is determined by the balance of the swept mass
and the ejecta mass, such as tsed ≡ (Mej/4πρ0vej)

1/3 where ρ0 is a mass
density of the ambient gas. This self-similar solution ws firstly studied
by Sedov (Sedov, 1959), so this phase is also referred as the Sedov phase.
From the kinematic point of view, the shock adiabatically expands con-
serving the kinetic energy of SN explosion, and this phase is also called
as the adiabatic phase or the energy-conservation phase. When enough
time has passed and the FS velocity decreases with time, the reverse
shock (RS) stands, moves towards the inner ejecta and heats up them.
This phase lasts for 104 yrs when SNRs evolved within a typical ISM
density.
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3. Snowplow phase: When the shock has significantly decelerated to ∼
100km s−1, the shocked gas also cools to ∼ 106 K and the radiative
cooling becomes efficiently. This is because this phase is also called ra-
diative phase. The cooling makes the dense and cooled shell at an im-
mediate downstream of the shock, and the interior gases heated by the
RS pushes the shell just like a snowplow. The radiative shock evolves
as follows;

Rsk(t) = 2.5vejtsed

[
1.29

(
trad

tsed

)0.4
{(

t
trad

)0.31

− 0.225

}
− 0.6

]
(1.3)

Vsk(t) = vej

(
trad

tsed

)−0.6( t
trad

)−0.69

, (1.4)

where trad ≡ 2.7× 104(ESN/1051 erg)0.24(ρ0/1.6× 10−24 g cm−3)−0.52 yr
is the transition time to this phase assumed the specific type of cooling
rate. In this phase, the energy conservation is no longer kept and the
shock is driven by the momentum conservation, which calls this phase
the momentum-conservation phase.

4. Extinction phase: Finally, the shock decelerates to a velocity compara-
ble to the turbulent velocity of the surrounding media ∼ 10 km s−1. The
SNR merges with the ambient medium and spreads heavy elements
created by SN explosion into the interstellar space.

This evolutionary has successfully reproduced the dynamical properties
of observed SNRs, but does not include many things such as a magnetic field,
an inhomogeneity of the ambient environment, a back-reaction of particle
acceleration, and so on. These matters affect the SNR evolution and make
rich diversities as seen in their morphology.

1.2.2 Morphology

As mentioned above, SNRs have diversities originated from their progeni-
tors, the circumstellar environments which they evolve within. We can see
them as the observed morphology and they are classified into four types as
follows;

1. Shell-type: This type of SNRs have a ring-like shape due to the projec-
tion effect of spherical shell and most of SNRs belong to this type. These
have a limb-brightening structure in radio and X-ray bands. Radio
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FIGURE 1.1: the composite image in multi-wavelength of
various types of SNRs. Upper left: Shell-type SNR, Ty-
cho’s image. This image combines X-ray and infrared ob-
servations obtained with NASA’s Chandra X-ray Observa-
tory (blue, green and yellow) and Spitzer Space Telescope
(red), respectively. Credit: X-ray: NASA/CXC/SAO, Infrared:
NASA/JPL-Caltech; Optical: MPIA, Calar Alto, O.Krause et
al. ; Upper right: Fill-centered type SNR, Crab Nebula’s im-
age. The Chandra X-ray image is shown in light blue, the
Hubble Space Telescope optical images are in green and dark
blue, and the Spitzer Space Telescope’s infrared image is in
red. Credit: X-ray: NASA/CXC/ASU/J.Hester et al.; Optical:
NASA/ESA/ASU/J.Hester & A.Loll; Infrared: NASA/JPL-
Caltech/Univ. Minn./R.Gehrz ; Lower left: Composite type
SNR, Vela’s image. X-ray from NASA’s Chandra X-ray Ob-
servatory is drown in blue. Credit: NASA/CXC/Univ of
Toronto/M.Durant et al ; Lower right: Mixed-Morphology
type SNR, W49B’s image. The image combines X-rays from
NASA’s Chandra X-ray Observatory in blue and green, radio
data from the NSF’s Very Large Array in pink, and infrared
data from Caltech’s Palomar Observatory in yellow. Credit: X-
ray: NASA/CXC/MIT/L.Lopez et al.; Infrared: Palomar; Ra-

dio: NSF/NRAO/VLA

emission is produced by the synchrotron radiation by mildly relativistic
electrons, and X-ray emission is dominated by thermal or non-thermal
component. While thermal X-ray comes from the bremsstrahlung ra-
diation of shock-heated gases and line emissions of heavy elements,
the electrons accelerated to relativistic energy emit non-thermal X-ray
through the synchrotron radiation. Well-known examples of shell-type
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SNRs are Cassiopeia A, Kepler’s SNR, Tycho’s SNR, SN1006, and RX
J1713.7-3946.

2. Fill-centered type: These SNRs have a center-filled morphology in ra-
dio and X-ray bands, but a shell structure could not be seen. Compact
objects at the center of SNRs like pulsars and pulsar wind nebulae ac-
celerate electrons (and positrons) and emit the synchrotron radiation.
Thanks to the presence of the central compact objects (CCOs), the ori-
gin of these SNRs are confirmed as core-collapse SNe of massive stars.
The examples of these remnants are DA 495, CTB 87, Dragonfly, Crab
Nebula, and Geminga.

3. Composite type: This type SNRs have the same center-brightening struc-
ture in X-ray band as the fill-centered type, but also have shell-like
structure in radio. The emission mechanisms are thought to be the same
as the shell-type SNRs in radio and the fill-centered ones in X-ray. The
composite type is the second most common type in all SNRs. There are
many examples of composite type of SNRs such as Kes 79, γ-Cygni,
Boomerang, Spaghetti Nebula, Vela SNR, and RCW89.

4. Mixed-morphology type: Mixed-morphology SNRs have a shell struc-
ture in radio by the synchrotron radiation and center-filled structure
in X-ray like the composite type, but the X-ray is dominated by ther-
mal X-ray and does not , hence, originate from the CCOs. This type is
also called thermal composite type. All of this type of remnants are rel-
atively old remnants and it is often observed that many of this type
of SNRs interact with nearby atomic and/or molecular clouds. Re-
cent studies reported recombining plasma have detected from this type
SNRs and their generation mechanism is under discussion. The repre-
sentative examples of mixed-morphology SNRs are W28, W44, W49B,
and IC443.

Figure 1.1 shows the composite images of one of most famous SNRs in four
types; Tycho’s SNR in upper left, Crab Nebula in upper right, Vela in lower
left, and W49B in lower right.

1.3 Cosmic Rays and Supernova Remnants

Baade and Zwicky (1934) first suggested that SNe may be the source of cosmic-
rays (CRs). The energy density of CRs in the local galaxy is ∼ 1 eV cm−3 and
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FIGURE 1.2: Left: The CR composition relative to the solar
abundance, which are normalized with a carbon. Credit:
https://w3.iihe.ac.be/~aguilar/PHYS-467/PA3.html
Right: The CR spectra for various nuclear species mea-
sured with ground-base and space experiments. Credit:
https://masterclass.icecube.wisc.edu/en/analyses/

cosmic-ray-energy-spectrum

hence, the CR injection rate into the galaxy become ∼ 1041 erg s−1 assuming
the radius and height of the galaxy are ∼ 10 kpc and ∼ 100 pc, and the diffu-
sion time of CRs is ∼ 106 yr. On the other hand, the energy input rate from
SNe is inferred to be ∼ 1042 erg s−1 assumed that a SN with the explosion
energy 1051 erg happens in every 30 yrs. It is therefore believed that SNe
could accelerate the CRs if 10% of kinetic energy converts into the CR energy
in each SN. Indeed, non-thermal emissions produced by accelerated parti-
cles have been observed from several SNRs, which is an indirect evidence
that SNRs is the in-situ acceleration site of CRs (see also Section 1.4). In this
section, we will introduce the observation properties and the acceleration
mechanisms of CRs.

1.3.1 Cosmic Rays in a nutshell

CRs are the charged particles accelerated to relativistic energy. The compo-
nent is proton (∼ 90%), helium (∼ 9%), and others like electrons and heavy
elements (∼ 1%). In left panel of Figure 1.2, the CR composition is com-
pared to the solar abundance. This tells us that H and He is relative shorter
than the solar, and heavy nuclei is comparable or more abundant than solar
abundances. The reasons of these features are still not well understood. The

https://w3.iihe.ac.be/~aguilar/PHYS-467/PA3.html
https://masterclass.icecube.wisc.edu/en/analyses/cosmic-ray-energy-spectrum
https://masterclass.icecube.wisc.edu/en/analyses/cosmic-ray-energy-spectrum
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overabundance of Lithium, Beryllium, Boron is thought to be caused by the
spallation of heavier ions such as CO.

Right panel of Figure 1.2 shows the CR spectrum observed with ground-
base and space experiments. It can be seen that CRs globally have the power-
law spectrum spanning from 1010-1020 eV. In detail, the power-law index
γ takes three values for some energy ranges; (i) γ = 2.7 for E = 1010 −
3 × 1015 eV, (ii) γ = 3.1 for E = 3 × 1015 − 5 × 1018 eV, and (iii) γ = 2.7
for E = 5 × 1018 − 5 × 1019 eV. These transition energy of 3 × 1015 eV and
5× 1018 eV are often referred as “knee” and “ankle” of CR spectrum. The par-
ticles with less than the knee energy is thought to originate from the objects
in the galaxy, where the origin of particles with more than the ankle energy
is thought to be the extra-galactic objects. These particles are therefore called
the galactic cosmic rays (GCRs) and the extra-galactic cosmic rays (EGCRs),
respectively. The sources of GCRs is believed to be SNRs but those of EGCRs
are still under discussion, for example, active galactic nuclei, gamma-ray
bursts, and so on. The spectrum of EGCRs breaks over 5 × 1019 eV. This cut-
off has been thought to be affected by the Greisen-Zatsepin-Kuz’min (GZK)
effect. The highest-energy protons interact with the photon field of cosmic
microwave background (CMB) and lose their energy. The particles, hence,
could not travel the intergalactic space so long. In this dissertation, we focus
only the GCRs accelerated at SNRs, and will not mention about EGCRs.

1.3.2 Diffusive Shock Acceleration

Now, most widely accepted theory for the CR acceleration is called the diffu-
sive shock acceleration (DSA) theory, which is also referred as the Fermi’s 1st
order acceleration (e.g., Bell, 1978a; Bell, 1978b; Blandford and Ostriker, 1978;
Drury, 1983). The latter name is named after Enrico Fermi, who fist proposed
that the charged particle gain the energy through the interaction with nearby
magnetized materials (Fermi, 1949). Strictly speaking, this original theory is
now referred as the Fermi’s 2nd order acceleration because the energy gain
is proportional to the square of particle velocity. Here, we introduce in or-
der two acceleration mechanisms which are proposed by Bell (1978a) and
Bell (1978b) and Blandford and Ostriker (1978) independently, but lead to
the same results.

The basic concept of DSA is that the charged particles gain the kinetic en-
ergy when they happened to cross the shock front from upstream to down-
stream and return to upstream. If they experience this process repeatedly,
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x

shock ( )x = 0
Upstream Downstream
ρ1 P1 v1 ρ2 P2 v2

θ

FIGURE 1.3: The schematic picture of 1-D geometry for the par-
ticle acceleration. In shock-rest frame, the plane parallel shock
locates at x = 0 and the gas flows with a velocity v1 from far up-
stream x = −∞ and escapes to far downstream x = +∞ with a
velocity v2. This figure also shows the image that the particles

cross the shock front with an angle θ.

they will become to have the substantial energy. This statistical acceleration
mechanism is firstly formulated by Bell (1978a) and Bell (1978b). Before in-
troducing Bell’s method, we briefly introduce the Rankin-Hugoniot relation
at first, which is related to the background plasma and hydrodynamically
links between the upstream and downstream of the shock.

Generally, the conservation laws of mass, momentum, and energy should
be conserved even at back and forward of the shock. Considering the size
of accelerated particles, the curvature of shock can be ignored and we can
regard the shock as the plane-parallel shock. Because the dynamical time
scale of the shock is much larger than the time scale of shock heating, we can
also ignore the time variation of hydrodynamics. For simplicity, we consider
a 1-D geometry and shock-rest frame as shown in Figure 1.3, but the magnetic
field is not taken into account. All quantities in the upstream (downstream)
are labeled with the subscript 1 (2). In these situations, the Euler equations
can be re-written as below;

ρ1v1 = ρ2v2, (1.5)

ρ1v2
1 + P1 = ρ2v2

2 + P2, (1.6)(
1
2

ρ1v2
1 +

γ

γ − 1
P1

)
v1 =

(
1
2

ρ2v2
2 +

γ

γ − 1
P2

)
v2, (1.7)
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where γ is the specific heat ratio. By defining and substituting the compres-
sion ratio over the shock, R ≡ ρ2/ρ1 = v1/v2, and the Mach number of

upstream Ms,1 =
√

ρ1v2
1/γP1 into above equations, we can obtain a equa-

tion, {
(γ − 1)M2

s,1 + 2
}

R2 − 2(γM2
s,1 + 1)R + (γ + 1)M2

s,1 = 0. (1.8)

There are two solutions of this equation. One trivial solution is R = 1, which
corresponds to the situation the shock does not exist. The another, non-trivial
solution is

R =
(γ + 1)M2

s,1

(γ − 1)M2
s,1 + 2

. (1.9)

If we take the limit of strong shock Ms,1 → ∞, the compression ratio becomes
R → (γ + 1)/(γ − 1) = 4 in the case of monoatomic and non-relativistic gas
γ = 5/3.

Under these conditions, the energy gain for a particle with the kinetic
energy E and momentum p by crossing the shock is given as follows;

E′ = ΓE(1 +
∆v
c

cos θ), (1.10)

where Γ is the Lorentz factor of shock velocity, θ is the shock crossing an-
gle to shock normal (see, Figure 1.3), and c is the light velocity. Since the
SNR shock is non-relativistic shock, Γ ∼ 1, when the particle cross the shock
from the upstream to downstream, the velocity difference of plasma become
∆v = v2 − v1 < 1 and the particle lose its energy. On the other hand, when
returning from the downstream to the upstream, ∆v = v1 − v2 > 1 and it
gains the energy. So, the angle-averaged energy gain and loss becomes

〈
E′ − E

E

〉
gain

=

∫ π/2
0 (∆v cos θ/c)2π cos θ sin θdθ∫ π/2

0 2π cos θ sin θdθ
=

2
3

∆v
c

=
2
3

v1 − v2

c
,

(1.11)
and ⟨E′ − E/E⟩loss = 2∆v/3c = −2(v2 − v1)/3c. Therefore, the net energy
gain through the process becomes〈

∆E
E

〉
net

=

〈
∆E
E

〉
gain

−
〈

∆E
E

〉
loss

=
4
3

v1 − v2

c
=

4
3

v1

c

(
1 − 1

R

)
. (1.12)
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Assuming that the particle with initial energy E0 experience this process by
M times, its energy will increase to

EM = E0

{
1 +

4
3

v1

c

(
1 − 1

R

)}M
. (1.13)

Next, we consider the probability of a particle to escape from this process.
Because the particles co-move with the flow, some of them are advected to
downstream and never return to upstream. The escape probability is deter-
mined by the ratio between the flux of the particle advected to the down-
stream, Fadv, and that of the particle returning from the downstream to the
upstream, Fret,

Pesc =
Fadv

Fret
=

n(p)v2

n(p)c/4
=

4v1

cR
, (1.14)

where n(p) is the differential number density of the particles with momen-
tum p. The probability of a particle to complete M cycle is, hence,

P(≥ M) ∼ (1 − Pesc)
M =

(
1 − 4v1

cR

)M
. (1.15)

Finally, combining two results of equation (1.13) and (1.15), we can obtain
the differential energy distribution n(E) as follows;

n(E) ∝
dP(≥ M)

dE
∝

−3
(R − 1)E0

(
E
E0

)−(R+2)/(R−1)

. (1.16)

This formalism can naturally reproduce the power-law distribution and un-
der the strong shock limit, the power-law index becomes −2.

Blandford and Ostriker (1978) formulated this acceleration mechanism
with the another approach, which solves a diffusion-convection equation in
one-dimensional and shock-rest frame as below;

p
3

du(x)
dx

∂ f (x, p)
∂p

=
∂

∂x

{
u(x) f (x, p)− κ(x, p)

∂ f (x, p)
∂x

}
, (1.17)

where f (x, p) is the phase-space distribution function of CR assumed to be
stationary and isotropic in momentum space, κ(x, p) is the diffusion coeffi-
cient, and u(x) is the flow velocity at position x. We consider to integrate this
equation from x = −∞ to x = ∞. Under the conditions of f (x < 0, p) =

f1(p), f (x ≥ 0, p) = f2(p), u(x < 0) = u1, and u(x ≥ 0) = u2 (see also
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Figure 1.3), we can get the differential equation about f2(p),

p
d f2(p)

dp
= −α f2(p) + α f1(p), (1.18)

where α = 3R/(R − 1) and du(x)/dx = −(u1 − u2)δ(x) are used. The ana-
lytical solution of this equation is

f2(p) = αp−α
∫ p

qα−1 f1(q)dq + Cp−α, (1.19)

where C is the integration constant. To avoid the divergence toward p → 0,
we set C = 0. When the particles with a mono-energetic momentum are
assumed to be injected from the upstream, in that f1(p) ∝ δ(p − pinj), we can
again get the power-law distribution f2(p) ∝ p−α and this can be re-written
in energy space,

n2(E) = 4πp2 f2(p)
dp
dE

∝ E−α+2 = E−(R+2)/(R−1). (1.20)

This is the same result as Equation (1.16). This approach can be applied more
broadly because we can choose f1(p) arbitrarily. One is most interesting cases
is when f1(p) has the power-law form, f1(p) ∝ p−β(β ̸= α). One can easily
find f2(p) also become the power-law form with the same index, f2(p) ∝ p−β.
These two cases corresponds to the “injection” and “re-acceleration” cases,
respectively, as mentioned in next subsection in detail. We note that these
formalisms impose several assumptions. For example, the gas flow veloc-
ity and CR distribution function takes the same values in the upstream and
the downstream, respectively. These treatment is called a test-particle (TP)
approximation and is valid only when the accelerated particles do not affect
the background plasma. Once high-energy particles are produced through
above processes, the pressure of accelerated particles have a substantial frac-
tion against that of gas fluid, and the hydrodynamical structure needs to be
modified. This modification includes non-linear processes and the DSA the-
ory including these modifications is called the non-linear DSA (NLDSA) the-
ory.

1.3.3 Non-Linear Diffusive Shock Acceleration

Here, we introduce the formalism of NLDSA following a series of previous
works (Blasi, 2004; Caprioli et al., 2009; Caprioli, Amato, and Blasi, 2010). We
again consider to solve the one-dimensional diffusion-convection equation
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−∞ 0+0− x

u(x)
u0

Upstream Downstream

Precursor

u1,TP

u2,TP
u1

u2

FIGURE 1.4: The schematic picture of 1-D geometry for
NLDSA. Solid line shows the gas flow velocity depending on
the spatial coordinate x in shock-rest frame. u0, u1 and u2 are
the flow velocity at far upstream (x = −∞), immediately up-
stream of shock (x = 0−), and immediately downstream of
shock (x = 0+), respectively. Dashed line shows the gas flow
velocity in shock-rest frame and TP case, with the velocity of

upstream u0 and the one of downstream u2,TP.

assumed to be isotropic in momentum space and stationary,

u(x)
∂ f (x, p)

∂x
=

∂

∂x

[
D(x, p)

∂ f (x, p)
∂x

]
+

p
3

du(x)
dx

∂ f (x, p)
∂p

+ Q(x, p), (1.21)

where D(x, p) is the spatial diffusion coefficient at any position x and mo-
mentum p, and Q(x, p) is the injection rate of particles with the momentum p
from the position x. Hereafter, we label the various quantities in far upstream
(x = −∞), immediately upstream (x = 0−), and immediately downstream
(x = 0+) with the subscript 0, 1, and 2 (see Figure 1.4).

First, we integrate equation (1.21) in all of upstream region from x = −∞
to x = 0−, assuming the injection starts from the immediately upstream of
the shock, Q(x, p) = Qinj(p)δ(x),

[
D(x, p)

∂ f (x, p)
∂x

]
1
−
[

D(x, p)
∂ f (x, p)

∂x

]
0
+
∫ 0−

−∞

p
3

du(x)
dx

∂ f (x, p)
∂p

dx

= u1 fsk(p)− u0 f∞(p)−
∫ 0−

−∞

du(x)
dx

f (x, p)dx, (1.22)

where f∞(p) ≡ f (x = −∞, p) and fsk(p) ≡ f (x = 0, p) are the CR distribu-
tion function at far upstream and at shock, respectively. When it is assumed
that the spatial dependence of the distribution function can be ignored at far
upstream, we can set the second term of left-hand side in the above equation
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is zero.
Next, we also integrate equation (1.21) at the shock from x = 0+ to x = 0−

to take the particle injection into account and we can obtain the following
equation,[

D(x, p)
∂ f (x, p)

∂x

]
2
−
[

D(x, p)
∂ f (x, p)

∂x

]
1
+

p
3
(u2 − u1)

d fsk(p)
dp

= −Qinj(p).

(1.23)
We also assume that we can ignore the spatial dependence of CR distribution
function in downstream, we can set the first term of left-hand side in the
above equation is zero. Combining equations (1.22) and (1.23) with these
assumptions, we can obtain

∫ 0−

−∞

du(x)
dx

f (x, p)dx +
∫ 0−

−∞

p
3

du(x)
dx

∂ f (x, p)
∂p

dx

=
p
3
(u1 − u2)

d fsk(p)
dp

+ u1 fsk(p)− u0 f∞(p)− Qinj(p). (1.24)

Here, we define a new quantity as

up(p) ≡ u1 −
1

fsk(p)

∫ 0−

−∞

du(x)
dx

f (x, p)dx. (1.25)

the accelerated particles produce the back-pressure against background plasma
as mentioned above, and modify the hydrodynamical structure in upstream,
which is known as a precursor. The flow velocity which the particle feel,
hence, differs from the gas velocity u0, and this quantity can be interpreted
as the “effective” fluid velocity that the particles with momentum p expe-
rience in the upstream. By using this quantity, the equation (1.24) can be
re-written as below,

p
d fsk(p)

dp
= − 3

up(p)− u2

[{
up(p) +

p
3

dup(p)
dp

}
fsk(p)− u0 f∞(p)− Qinj(p)

]
.

(1.26)
The solution of this equation can be written in the implicit form as below,

fsk(p) =
∫ p

0

dp1

p1

3
up(p1)− u2

{Qinj(p1) + u0 f∞(p1)}

× exp
[
−
∫ p

p1

dp2

p2

3
up(p2)− u2

{
up(p2) +

p2

3
dup(p2)

dp2

}]
.(1.27)

We can interpret this solution as the sum of two terms; (i) the injection term
that describes how many the (supra-)thermal particles with the injection rate
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Qinj(p) convert to the high-energy particles through the DSA process, and
(ii) the re-acceleration terms that any pre-existing particles f∞(p) such as the
galactic CRs is also re-accelerated through the same process.

As the injection model, we adopt so-called “thermal-leakage” model pro-
posed by Blasi (2004) and Blasi, Gabici, and Vannoni (2005), which assumes
that some fraction of the supra-thermal particles start to accelerate. When the
particles with the injection momentum pinj are mono-chromatically injected
in this model, the injection rate can be written as below,

Qinj = η
n1u1

4πp2
inj

δ(p − pinj), (1.28)

where η is the ratio of accelerating particles and thermal particles. We, here,
define two quantities; (i) the compression ratio between far upstream and
downstream, Rtot ≡ u0/u2, and (ii) the one at sub-shock, Rsub ≡ u1/u2.
These compression ratio takes the same value Rsub = Rtot = Rtot,TP in the
TP case because there is no spatial dependence on the fluid velocity in the
TP case, i.e. u0 = u1 (see Figure 1.4). Substituting equation (1.28) and these
values in equation (1.27), we can get the general form of equation (1.27) as
below,

fsk(p) =
3Rsub

RtotU(p)− 1
ηn1

4πp3
inj

exp

[
−
∫ p

pinj

dp1

p1

3RtotU(p1)

RtotU(p1)− 1

]

+
3Rtot

RtotU(p)− 1

∫ p dp2

p2
f∞(p2) exp

[
−
∫ p

p2

dp3

p3

3RtotU(p3)

RtotU(p3)− 1

]
,(1.29)

where U(p) = up(p)/u0 is the dimensionless velocity. Finally, we can obtain
the overall CR distribution function as below (e.g., Malkov+2000),

f (x, p) = fsk(p) exp
[
− q(p)

3D(x, p)

∫ 0

x
dx′u(x′)

]
, (1.30)

where q(p) = −d ln fsk(p)/d ln p is the slope of the distribution function.

1.3.4 Magnetic Field Amplification

The back-reaction of CR acceleration affects not only the hydrodynamics but
also the magnetic field. The instability induced by the streaming of CRs could
generate the magnetic field and this phenomenon is called the magnetic field
amplification (MFA). This streaming instability results from two types of the
particle-wave interaction; (i) the resonant type that the CR stream resonantly
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excites the Alfvén wave whose wavelength matches with the gyro-radius
of accelerated particles (Bell, 1978a), and (ii) the non-resonant type that the
wavelength of generated Alfvén wave is not resonant to the gyro-radius of
CRs (Bell, 2004). Amato and Blasi (2009) showed that in the context of SNRs,
the non-resonant type is dominant in their early phase and the resonant type
become prominent in later phase because of the difference of the velocity
dependence. We, therefore, briefly introduce the MFA through the resonant
type of streaming instability.

The stationary transport equation for the growth of magnetic field turbu-
lence can be written as below,

∂Fw(x, k)
∂x

= u(x)
∂Pw(x, k)

∂x
+ {σ(x, k)− Γ(x, k)}Pw(x, k), (1.31)

where Fw(s, k) is the magnetic energy flux of the waves with wavenumber
k, Pw(x, k) is the magnetic pressure of the waves, and σ(x, k) and Γ(x, k) are
the growing rate and damping rate of magnetic energy respectively. Because
we now consider the resonant type of instability, the growth rate is deter-
mined by the resonant scattering between the accelerated CRs and the self-
generated turbulence, and is expressed as followed,

σ(x, k) =
4π

3
vA(x)

Pw(x, k)

[
p4v(p)

∂ f (x, p)
∂x

]
p= p̄(k)

, (1.32)

where vA(x) = B/
√

4πρ(x) is the Alfvén speed, v(p) is the velocity of the
particle with momentum p, and p̄(k) = eB/kmpc is the resonant momentum.
Assuming the damping rate is negligibly small compared to the growth rate,
we integrate this equation in k-space and can obtain the following equation,

dFw(x)
dx

= u(x)
dPW(x)

dx
+ vA(x)

dPCR(x)
dx

, (1.33)

where PCR = (4π/3)
∫

p3v(p) f (x, p)dp is the CR pressure. We furthermore
assume u(x) ≫ vA(x), so that Fw(x) ≈ 3u(x)Pw(x). Substituting this in
above equation, we get

2u(x)
dPW(x)

dx
= −3Pw(x)

du(x)
dx

+ vA(x)
dPCR(x)

dx
. (1.34)

The momentum conservation in the upstream region is

ρ0u2
0 + P0 + PCR,0 +

B2
0

8π
= ρ0u0u(x) + P(x) + PCR(x) +

B(x)2

8π
, (1.35)
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but when the gas pressure and the magnetic pressure is much smaller than
the kinetic term and the CR pressure, we approximate the above equation,
PCR(x) ≈ ρ0u2

0 − ρ0u0u(x). The solution of equation (1.34), hence, is

Pw(x) =
ρ0u2

0
4MA,0

1 − U(x)2

U(x)3/2 , (1.36)

where U(x) = u(x)/u0 is the normalized velocity and MA,0 = vA,0/u0 is the
Alfvén Mach number in far upstream. In case that the damping rate could not
be neglected and is proportional to the growth rate, Γ(x, k) = fdampσ(x, k),
the solution needs to multiply by the factor of 1 − fdamp to Pw. Finally, we
can obtain the amplified magnetic field as follows,

B(x) =
√

B2
0 + 8π(1 − fdamp)Pw =

√
B2

0 +
8π(1 − fdamp)ρ0u2

0

4MA,0

1 − U(x)2

U(x)3/2 .

(1.37)
Indeed, the estimated magnetic field at the downstream of shock is an order
of 100µG whereas the averaged one in the galactic plane is ∼ µG. It is, hence,
important for us to take the effect of MFA into account, but there is under
discussion what mechanism(s) work for MFA.

1.4 Non-thermal Emissions from SNRs

SNRs are generally bright in multiwavelength and the emissions are divided
into thermal and non-thermal emission. The ions and electrons which consti-
tute SNRs are thermalized up to ∼ 106−8 K by the FS or RS as mentioned in
section 1.2, and emit X-ray continuum through bremsstrahlung. This process
is often called the thermal bremsstrahlung. On the other hand, the particles
accelerated at SNR shock interact with their surrounding media and produce
non-thermal emission, which is named after the power-law distribution of
CRs (not Maxwellian). The emission mechanisms of non-thermal emission
include γ-ray radiation by π0 decay through the proton-proton interaction
(π0 decay), synchrotron radiation, Inverse Compton scattering (IC), and non-
thermal bremsstrahlung. The first one is labeled as ‘hadronic’ and the lat-
ters are categorized in ‘leptonic’ because these emissions are originated from
hadron (proton, helium, and heavy ions) and lepton (electron and positron),
respectively.

Non-thermal emissions has been observed from many SNRs. Koyama et
al. (1995) first detected non-thermal X-ray from the young SNR, SN1006 with
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X-ray detector ASCA. This has been thought to be the production of CR elec-
trons accelerated to ∼ 100 TeV through synchrotron radiation, and is the first
and indirect evidence of electron acceleration. Recently, the smoking-gun
evidence for the proton acceleration has been first detected from the middle-
aged SNRs, IC443 and W44, through the discovery of the low-energy cutoff
of π0 decay with Fermi-LAT (Ackermann et al., 2013). Thus, it is very im-
portant to observe the broadband spectrum from radio to TeV γ-ray for the
elucidation of the particle acceleration mechanisms. Here, we briefly intro-
duce each of the emissions and the details can be found in some textbook like
Rybicki and Lightman (1986).

1.4.1 Synchrotron radiation

Synchrotron radiation is the radiation from accelerated electrons who are gy-
rating in the amplified magnetic field near the SNR shock. The radiation
widely spans from radio to hard X-ray, and the radio emission comes mainly
from mildly relativistic electrons and X-ray is produced by ultra-relativistic
electrons. The power per unit frequency ν emitted by single electron with the
Lorentz factor γ of the perpendicular and parallel component to the particle
motion is, respectively,

P⊥(ν, γ) =

√
3e3B sin α

2mec2

[
F
(

ν

νc

)
+ G

(
ν

νc

)]
, (1.38)

P||(ν, γ) =

√
3e3B sin α

2mec2

[
F
(

ν

νc

)
− G

(
ν

νc

)]
, (1.39)

where F(x) and G(x) is the dimensionless function defined as

F(x) = x
∫ ∞

x
K 5

3
(y)dy, G(x) = xK 5

3
(x), (1.40)

with the n-th order of second kind Bessel function Kn. α is the pitch angle be-
tween the particle velocity and magnetic field, and νc is the critical frequency
defined as

νc =
3πγ2eB sin α

mec
. (1.41)

Therefore, The total power becomes

Ptot(ν, γ) = P⊥(ν, γ) + P||(ν, γ) =

√
3e3B sin α

mec2 F
(

ν

νc

)
. (1.42)



1.4. Non-thermal Emissions from SNRs 19

If the electrons have a power-law distribution:

Ne(γ)dγ = Kγ−qdγ, (1.43)

the Synchrotron emissivity ϵsyn can be obtained by integrating the combina-
tion of equation (1.42) and (1.43) over all the Lorentz factors,

ϵsyn(ν) =
∫ ∞

0
Ptot(ν, γ)Ne(γ)dγ

=

√
3e3KB sin α

mec2(q + 1)
Γ
(

3q + 19
12

)
Γ
(

3q − 1
12

)(
2πmec

3eB sin α
ν

)−(q+1)/2

,(1.44)

where Γ(x) is the gamma function.
The energy-loss rate of electrons due to the Synchrotron radiation is given

by

Ėsyn(γe) = −4
3

cσTγ2
e β2

e

(
B2

8π

)
, (1.45)

where σT is the Thomson cross section.
The linear polarization of Synchrotron radiation is sometimes detected

from SNRs. The polarization degree for the single particle with energy γ is

Π(ν, γ) =
P⊥(ν, γ)− P||(ν, γ)

Ptot(ν, γ)
=

G(ν/νc)

F(ν/νc)
. (1.46)

Considering the power-law distribution of non-thermal particles, i.e., equa-
tion (1.43), the total polarization degree becomes

Π =
∫ ∞

0
Π(ν, γ)Ne(γ)dγ =

q + 1
q + 7/3

. (1.47)

If the power-law index q is 2, the index and the degree of Synchrotron emis-
sion takes −1.5 and ∼ 70%, respectively. This negative power-law index is
often used to identify radio-loud sources as SNRs. On the other hand, this
high polarization degree are seldom observed because of depolarization of
dense gases around SNRs.

1.4.2 Inverse Compton Scattering

Relativistic electrons can scatter low-energy photons of background fields
such as the cosmic microwave background radiation (CMB), the infrared, op-
tical, and UV fields radiated from the hot stars. The scattered photons gain
the energy from the electrons and are observed as very high energy radiation.
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This process can be described accurately when the energy of soft photons is
substantially less than the rest mass energy of electrons, i.e. the Thomson
limit. Beyond this limit, a quantum mechanical correction is needed for the
cross-section and is called the Klein-Nishina effect. The Compton scatter-
ing emissivity using the full Klein-Nishina cross-section for relativistic elec-
trons scattering an isotropic photon field component with energy distribu-
tion nj(Et) (e.g., Jones, 1968; Blumenthal and Gould, 1970) is given by:

ϵIC,j(Eγ) =
∫ ∞

0
dEtnj(Et)

∫ ∞

γe,th

dγeNe(γe)σKN(Et, γe; Eγ), (1.48)

where

σKN(Et, γe; Eγ) =
2e4βc

mec2γ2
e Et

[
2q ln q + (1 + 2q)(1 − q) +

Γ2q2(1 − q)
2(1 + Γq)

]
,

(1.49)

q =
Eγ

Γ(γemec2 − Eγ)
, (1.50)

Γ =
4Etγe

mec2 ; (1.51)

Et is the target photon energy, and γe,th is the threshold energy of electron
which can scatter the target photon with the energy Et up to the energy Eγ,
given by

γe,th =
1

2mec2

Eγ +

√
E2

γ +
Eγ(mec2)2

Et

 . (1.52)

The target photon field nj(Et) can be approximately represented using the
blackbody distribution as

nj(Et) =
15Uj

(πkBTj)4
E2

t
exp (Et/kBTj)− 1

, (1.53)

where Uj and Tj is the energy density and temperature of photon field j. For
example, Uj = 0.25 eVcm−3 and Tj = 2.7 K are taken for CMB. The total
emissivity can be obtained by summing up all seed photon fields.

The energy loss rate is given by

ĖIC(γe) = −4
3

cσTγ2
e β2

e ∑
j

Ujκ(γe, Tj), (1.54)
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where

κ(γe, Tj) =
σc(γe, Tj)

σT(1 + γekBTj/(mec2))
(1.55)

is the correction factor between the Thomson regime and the Klein-Nishina
regime, and σc is the cross-section of the Compton scattering.

1.4.3 Bremsstrahlung

Bremsstrahlung, which is often called the free-free emission, is produced
when the charged particles encounter with other charged particles and are
accelerated due to the Coulomb force. When the emitters (electrons or positrons)
have the Maxwellian distribution, the emission is also called thermal bremsstrahlung,
whereas non-thermal bremsstrahlung is originated from the non-thermal dis-
tribution of the emitters. The power per unit frequency emitted by a single
electron with the velocity v is given by

d2σ

dνdv
=

16πe6

3
√

3c3m2v
Z2

i ninegff(ν, v), (1.56)

where gff(ν, v) =
√

3/π ln (bmax/bmin) is the gaunt factor, and bmin and bmax

are a minimum and maximum of the impact factor. Here, we assume the
electron population has the Maxwellian distribution,

f (v)d3v = 4πv2
(

me

2πkBTe

)3/2

exp
(
− mev2

2kBTe

)
dv. (1.57)

The total emissivity can be obtained by integrating the combination of equa-
tion (1.56), (1.57) and all ion species i,

ϵff(ν, Te) = ∑
i

∫ ∞

vmin

d2σ

dνdv
f (v)d3v

=
32πe6

3mec3

(
2π

3kBme

)
exp

(
− hν

kBTe

)
∑

i
Z2

i nine ḡff(ν, Zi), (1.58)

where ḡff(ν, Zi) is the velocity-averaged gaunt factor and is the value of the
order of 1. As well, the emissivity of non-thermal bremsstrahlung can be
written as

ϵNT(Eγ) = 4πnp

∫
Ne(γe)

[
∆p

(
d2σ

dγedEγ

)
e−p

+ ∆e

(
d2σ

dγedEγ

)
e−e

]
dγe,

(1.59)
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where (d2σ/dγedEγ)e−p,e are the differential cross-section of electron-proton
and electron-electron scattering, and ∆p,e are the correction factor for the
number density of proton and electron due to the presence of heavy ions,
respectively. The formulae of the cross-sections above are quite complicated
and beyond the scope of this dissertation. You can refer to Koch and Motz
(1959) and Haug (1975) about them for instance.

The energy-loss rate of non-thermal bremsstrahlung for a fully-ionized
medium can be obtained by Ginzburg and Syrovatskii (1964) and Blumenthal
and Gould (1970),

Ėbrems(γe) = −
(

8e6npηHe

mec2h̄

)
(ln γe + 0.36)(γe + 1), (1.60)

where ηHe is an enhancement factor due to the presence of Helium.

1.4.4 Pion decay

High-energy protons (and heavy ions) could inelastically collide with their
surrounding gas and produce pions. These mesons are short-lived and fi-
nally decay into secondary particles such as photons, electrons, positrons,
and so on. Especially, the neutral pions decay into two photons and if the
cosmic-ray proton has a substantial energy above the rest-mass energy of
pion, mπ0c2, the created photons also have sufficient energy. The photon en-
ergy Eph is known to be almost one-tenth of the CR proton energy Ep, that
is Eph ∼ 100 TeV(Ep/1 PeV). The detection of γ-ray through π0 decay is
,hence, very important because this is only a direct evidence of the accelera-
tion of CR proton for now (Ackermann et al., 2013).

The emissivity of π0 decay γ-ray emission is

ϵNT(Eγ) = 4πnH

∫ dσ

dEγ
(Tp, Eγ)Np(Tp)dTp, (1.61)

where Np is the CR proton spectrum with the kinetic energy Tp, and nH is the
density of the target proton. To obtain the photon production rate dσ/dEγ,
it is needed to consider the complicated channels of various production and
decay events. Here, we briefly introduce that some previous works para-
metrically obtain the production rate based on experimental data and well-
reproduce the results of Monte-Carlo simulation (Kamae et al., 2006; Kafex-
hiu et al., 2014).
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1.5 Motivation and Overview of the Thesis

In this dissertation, we will present a series of studies in an effort to develop
a deeper understanding of the connections among SN explosion, the rem-
nant of it, cosmic-ray acceleration. To achieve this purpose, we will study
the broadband non-thermal emissions from Galactic SNRs. We will employ
a computational method and compare the observation data from the Very
Large Array telescope, the Fermi Large Area Telescope, and ground-based
Cherenkov telescope array to investigate these important aspects.

This thesis is composed of three topics discussed in Chapter 2, 3 and 4
respectively. Chapter 2 presents a simulation platform we have developed
to predict broadband spectra and morphology of non-thermal emission from
young shell-type SNRs, with hydrodynamical simulation coupled to NLDSA
particle acceleration calculation. In chapter 3 and chapter 4, we adapt our
simulation model to Type II and Type Ib/c SNRs embedded in a CSM envi-
ronment linked to the mass-loss history of the progenitor, respectively. Sum-
mary of this thesis work and a discussion on future prospect will be found in
Chapter 5.
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Chapter 2

Time Evolution of Broadband
Nonthermal Emission from
Supernova Remnants in Different
Circumstellar Environments

Part of this chapter was published as Yasuda & Lee 2019, ApJ, 876, 27.

2.1 Scope of this chapter

SNRs are commonly detected in multi-wavelength observations and some
have been found to shine in a broad range of frequencies from radio all
the way to TeV γ-rays. In general, they emit broadband non-thermal elec-
tromagnetic radiation due to their interactions with the interstellar matter
(ISM) or circumstellar medium (CSM). The radio and non-thermal X-rays are
believed to be produced by relativistic electrons through synchrotron radi-
ation. The γ-rays can originate from both relativistic electrons through in-
verse Compton scattering (IC) and bremsstrahlung, as well as by relativistic
protons through the π0-decay channel from proton-proton inelastic scatter-
ings, which are usually regarded as the leptonic and hadronic processes, re-
spectively.

Fig. 2.1 shows the spectral energy distribution (SED) of SNRs which have
been observed so far in the GeV to TeV energy range. The upper panel shows
the overall SED from radio to 1 PeV, and the lower panel shows the γ-ray
SED from 10 MeV to 1 PeV. In most cases, the radio and non-thermal X-ray
spectrum can be satisfactorily reproduced by a synchrotron origin regardless
of SNR age, but the differences in the observed γ-ray spectra among these
SNRs are remarkable.
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FIGURE 2.1: Upper panel: multi-wavelength SED of the SNRs
whose γ-ray flux is detected. The color of data points almost
represents the SNR age, the redder the color become, the older
the age of SNRs become. Lower panel: the same plot as the

upper panel, but energy range is from 10 MeV to 1 PeV.

Whether the γ-rays are produced by either hadronic or leptonic (or both)
channel has a large implication on the particle acceleration mechanism, such
as the injection efficiencies of the supra-thermal particles, the maximum en-
ergy of the accelerated particles, and the overall acceleration efficiency. These
aspects can vary significantly among different individual SNRs depending
on their ambient environment, age, and progenitor system which need to be
fully understood in a consistent picture in order to examine the SNR popu-
lation as a dominant source of Galactic CRs. However, the model interpre-
tation is still often found to be controversial and remains to be a subject for
discussion.

A general picture has been proposed by recent works (e.g., Yuan, Liu,
and Bi, 2012) that the observed properties of the γ-ray emission from SNRs
are mainly determined by the gas density in the their surrounding environ-
ments, i.e., the dominant component of the γ-ray flux is IC if the SN occurred
in a relatively tenuous medium, while the π0-decay component dominates
in a denser medium such as a molecular cloud.These results, however, are
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usually based on phenomenological fitting of the observed photon SED from
individual SNRs using simple one-zone models. From the theoretical point
of view, previous works (e.g., Fang and Zhang, 2008; Tang, Reynolds, and
Ressler, 2016; Gaggero et al., 2018) also follow the long-term time-evolution
of broadband emission, but assumptions and simplifications like one-zone
hydrodynamical model and simple power-law CR spectrum are usually em-
ployed in these calculations. Currently, there are few studies that follow the
long-term time evolution of the broadband emission together with the hy-
drodynamical evolution of the SNRs coupled to a self-consistent treatment
of DSA at the shocks. Here, using a multi-zone hydrodynamical simulation
coupled with an efficient particle acceleration, we generate a grid of evolu-
tionary models of SNRs interacting with various kinds of ISM/CSM envi-
ronments up to a few 1000 yrs over an observation-based parameter space.
Our results are analyzed to explore general trends in the characteristics of the
time-evolving SED that can be used in the future as a probe of the structure of
the surrounding environment. Based on our results, we also predict the ob-
servability of typical young core-collapse and Type Ia SNRs by the upcoming
ground-based VHE γ-ray observatory Cherenkov Telescope Array (CTA) .

In section 2.2, we introduce our numerical method for the evolutionary
model of SNRs and the range of models adopted for the ambient environ-
ment. Section 2.3 describes our results and interpretations from the calcu-
lation, including the time-evolution of the SNR dynamics and the multi-
wavelength spectra, and comparison to the currently available observational
data. Concluding remarks and summary can be found in Section 2.4.

2.2 Method

2.2.1 Simulation code and included physics

We develop a hydrodynamical code to investigate the effect of CSM interac-
tion on the long-term evolution of non-thermal radiations from SNRs. The
code performs 1-D spherically symmetric hydro simulations on a Lagrangian
mesh based on the VH-1 code (e.g., Blondin and Ellison, 2001) coupled with
a semi-analytic non-linear DSA (NLDSA) calculation (see, e.g., Blasi, 2004;
Caprioli, Amato, and Blasi, 2010; Caprioli et al., 2010) similar to the frame-
work first introduced in the CR-hydro-NEI code (see, e.g., Lee, Ellison, and
Nagataki, 2012a). The time-evolution of the SNR is numerically calculated
through a Lagrangian hydrodynamics simulation starting from a self-similar
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model for the SN ejecta as initial condition. The expansion of the SNR into
whatever ambient environment adopted in a model is then followed by the
hydro simulation, from which the shock dynamics is traced in real-time as an
input for a NLDSA calculation. The NLDSA part provides a solution for the
accelerated CR which feedbacks to the hydrodynamics through an effective
gamma approach, i.e., a modified equation-of- state in the shocked medium
(Blondin and Ellison, 2001), as well as the occurrence of a shock precursor.

NLDSA is sensitive to the shock velocity and the gas density and the mag-
netic field strength in the upstream environment, so we improve their code
to calculate the DSA process and its hydrodynamical feedbacks at the shock
every time the shock sweeps up gas in a new (unshocked) grid. This is par-
ticularly important in the case of a structured ambient medium such as a
confined CSM due to an episodic mass loss from a massive star (see, Sec-
tion 2.3.4).

In the NLDSA calculation, we obtain the phase-space distribution func-
tion f (x, p) of the accelerated protons by solving the following diffusion-
convection equation written in the shock-rest frame (e.g., Caprioli, Amato,
and Blasi, 2010; Caprioli et al., 2010; Lee, Ellison, and Nagataki, 2012a), as-
suming a steady-state 1 distribution isotropic in momentum space,

[u(x)− vA(x)]
∂ f (x, p)

∂x
− Q(x, p) =

∂

∂x

[
D(x, p)

∂ f (x, p)
∂x

]
+

p
3

d[u(x)− vA(x)]
dx

∂ f (x, p)
∂p

, (2.1)

where D(x, p), u(x), vA(x) are the spatial diffusion coefficient, gas velocity
and Alfvén speed in the shock-rest frame at each position x. Hereafter, we
label each quantity with a subscript ‘0’, ‘1’, and ‘2’ denoting values at far up-
stream (x = −∞), immediately upstream (x = 0−), and immediately down-
stream (x = 0+) from the shock, respectively. We assume a Bohm diffusion
for the accelerating particles in this work, such that D(x, p) = pc2/3eB(x),
where B(x) is the local magnetic field strength at position x. The magnetic
field is self-consistently calculated with magnetic field amplification (MFA)
due to self-generated turbulence through resonant CR streaming instability

1We consider that it is reasonable to use the steady-state approximation as long as the
dynamical time-scale of the SNR is longer than the DSA acceleration time-scale tacc. Known
young SNRs are found to accelerate protons up to a maximum momentum ∼100 TeV/c or
below, so that tacc ∼ D/u2 ∼ 1(p/100 TeV/c)(B/100 µG)−1(u/3000 km/s)−2 yr, where
D, u, p, B are the diffusion coefficient, the shock velocity, the particle momentum, and the
amplified magnetic field. We find that the above condition can be satisfied within the scope
of our models.
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(e.g., Bell, 1978a; Caprioli et al., 2009). Following Blasi, 2004 and Blasi, Gabici,
and Vannoni, 2005, we adopt the ‘thermal-leakage’ injection model for the
DSA injection rate Q(x, p) such that

Q(x, p) = η
n1u1

4πp2
inj

δ(x)δ(p − pinj), (2.2)

where η = {4/(3
√

π)}(Ssub − 1)χ3
inje

−χ2
inj and Ssub = (u1 − vA,1)/(u2 + vA,2)

is the effective compression ratio that the streaming particles experience at
the sub-shock position (x = 0). pinj ≡ χinj

√
2mpkbTp is the DSA injection

momentum, where mp = 1.6× 10−24 g is the mass of the proton, Tp is the pro-
ton temperature, and χinj is a free parameter constrained by observations. By
solving eq. (2.1), The distribution function at the shock position with a cutoff
at a maximum momentum pmax can be written in implicit form as below,

f1(p) = f (x = 0, p)

=
3Stot

StotU(p)− 1
×[

ηn0

4πp3
inj

exp

(
−
∫ p

pinj

dp′

p′
3StotU(p′)

StotU(p′)− 1

)]
×

exp
{
−
(

p
pmax

)α}
, (2.3)

where Stot = (u0 − vA,0)/(u2 + vA,2) is the effective total compression ratio
of the CR-modified shock. The explicit expressions of u(x), vA(x), U(p) can
be found in Lee, Ellison, and Nagataki (2012a) and reference therein. The
parameter α describes the rollover shape near the high-energy cutoff which
serves as a parametrization of the poorly understood escape process of the
accelerated particles.

As for the electrons whose gyroradii are much smaller at thermal ener-
gies, the injection mechanism and efficiency relative to their proton and ion
counterparts at strong collisionless shocks are still not fully understood, al-
though a few first-principle kinetic simulations have shed new light onto
this topic recently (see, e.g., Matsumoto et al., 2017, and reference therein).
In this work, we constrain the electron-to-proton number ratio (Kep) at rel-
ativistic momenta below the cutoff by currently available data from multi-
wavelength observations. Current observations of young γ-ray emitting SNRs
have constrained Kep to a range of a few 10−4 to ∼ 10−2 (e.g., H. E. S. S.
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Collaboration et al., 2018). In this work, we adopt a Kep by performing cali-
brations against data from prototypical Type Ia and core-collapse (CC) SNRs
(see Section 2.3.1).

The maximum momentum of the accelerated protons is constrained by
a number of physical conditions as described below, and its value is taken
to be the minimum of the momenta obtained by applying these conditions,
i.e., pmax,p = min{pmax,age, pmax,feb}, which changes with time as the shock
propagates and evolves. The condition for pmax,age (age-limited) comes from
the comparison of the SNR age tage with the DSA acceleration time-scale tacc.
An approximate expression for tacc can be written as

tacc ≈
3

u0 − u2

∫ pmax

pinj

dp
p

(
D0(p)

u0
+

D2(p)
u2

)
, (2.4)

where D0(p) (D2(p)) is the diffusion coefficient at far upstream (immediate
downstream) from the shock.

The condition for pmax,feb (escape-limited) comes from the spatial confine-
ment of the accelerating particles, i.e., a comparison of the particle diffusion
length Ldiff with a free-escape-boundary (FEB) set at a distance Lfeb upstream
from the sub-shock. Here Lfeb = ffebRsk where ffeb is typically taken between
0.1 and 0.2 motivated by currently available models of SNR observations
(e.g., Caprioli, Blasi, and Amato, 2009; Lee, Ellison, and Nagataki, 2012a).
We fix ffeb at 0.1 in this study 2. Ldiff can be obtained by the following expres-
sion,

Ldiff =

〈
D(x, pmax)

u(x)

〉
=
∫ 0

−Lfeb

dx
Lfeb

D0(x, pmax)

u(x)
. (2.5)

For electrons, pmax,e is further restricted by the efficient energy loss due to
radiation (loss-limited), that is pmax,e = min{pmax,age, pmax,feb, pmax,loss}. The
condition for pmax,loss (loss-limited) derives from the comparison of the accel-
eration time-scale tacc with the time-scale of energy losses from non-thermal
emission tloss. Typically, synchrotron radiation and IC dominate the energy
loss of relativistic electrons, hence we can obtain tloss as follows,

tloss =
3mec2

4cσTUB,2γ

(
1 +

Np

∑
i=1

Wiγ
2
k,i

UB,2(γ2 + γ2
k,i)

)−1

, (2.6)

where UB,2 = B2
2/8π is magnetic field energy density in downstream and

2In our models, pmax is typically constrained by age-limited for a tage ≤ 100 yr, and then
becomes escape-limited afterwards. The exact timing of the transition depends on the ambient
medium in which the SN ejecta expands into in the early phase (see Fig. 2.5 and 2.7).
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σT, γ are the Thompson cross section and electron Lorentz factor respectively.
Np is the number of components of external photon fields and γk,i = 0.53mec2/kbTi

is the critical Lorentz factor. Wi, Ti are the energy density and effective tem-
perature of the i-th component of the seed photon fields. In this study, we
only consider the cosmic microwave background radiation (CMB) as the tar-
get photons for simplicity, so Wi = 0.26 eV cm−3 and Ti = 2.7 K.

After the particles are accelerated at the shock, they advect with the gas
flow in the downstream region assuming an effective trapping by the strong,
amplified magnetic turbulence. During the advection, they lose energy in
the meantime through non-thermal emission due to interactions with the
shocked ISM/CSM, and the adiabatic expansion of the SNR. Following Sturner
et al., 1997, the radiation loss mechanisms include synchrotron radiation,
bremsstrahlung, IC for electrons, and an addition of pion productions for
protons. Coulomb loss is not included in this work but can be important for
sub-GeV γ-ray emission.

Using the calculated proton and electron spectra in each position at any
given age, we can then calculate the broadband non-thermal emission spec-
tra. Our code includes synchrotron, IC, thermal and non-thermal bremsstrahlung
and π0-decay emission by the accelerated particles, taking also into account
the additional contributions from secondary electrons and positrons on the
synchrotron, IC and non-thermal bremsstrahlung components. We apply
eq. (D1)-(D7) in Aharonian, Kelner, and Prosekin, 2010 to calculate the vol-
ume emissivities for synchrotron radiation, eq. (29)-(33) in Sturner et al.,
1997 for IC, eq. (26)-(28) in Sturner et al., 1997 for non-thermal electron-
proton bremsstrahlung, eq. (A1)-(A7) in Baring et al., 1999 for non-thermal
electron-electron bremsstrahlung, and the parametrized model presented in
Kamae et al., 2006 for the π0-decay γ-ray emission. The code also com-
putes the thermal bremsstrahlung emission using eq. (5.14) in Rybicki and
Lightman, 1986. For this component, we assumed that the shocked gases
are fully ionized after shock heating so that the electron number density is
ne(x) = (1 + fHe)× ρ(x)/µmp, where µ = 1.4 is the mean molecular weight
assuming the number fraction of helium fHe is 10% of hydrogen in the ambi-
ent medium.

The shock-heated proton and electron temperatures are assumed to be
proportional to the mass number for a collisionless shock, and they are fur-
ther evolved in the downstream due to adiabatic cooling/heating and equi-
libration through Coulomb collisions (i.e. eq. 5-31 in Spitzer, 1965). We
also include free-free absorption and synchrotron self-absorption with eq.
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(5.18) and (6.50) in Rybicki and Lightman, 1986 which are important in the ra-
dio band. The treatment of secondary electron/positron production through
π+/− decay and subsequent photon emission follows the method described
in Lee et al., 2015.

After the SNR has entered the radiative phase, the shock slows down
to an extent that DSA is expected to be inefficient relative to the younger
stages (see, however, Lee et al. (2015) and reference therein for a discussion
on GeV-bright middle-aged SNRs). We do not treat the physics involved in
radiative shocks in this work, and the simulations are terminated before the
SNR becomes radiative. For all cases, we run the models up to an age of
5000 yr which is still within the Sedov-Taylor phase. We also do not consider
the acceleration of heavy ions and possible DSA at the reverse shock in this
study. These aspects will be discussed in future works.

2.2.2 Models for the surrounding environment

In this study, we look at two classes of simple but representative models for
the ambient medium around a SNR. In Model A and its variants, we consider
a uniform ISM-like environment which is usually expected for a Type Ia SNR
(with exceptions),

ρ(r) = µmpnISM, (2.7)

B(r) = B0, (2.8)

where nISM, B0 are the ISM proton number density and magnetic field. We
use an exponential profile for the SN ejecta in these models (Dwarkadas and
Chevalier, 1998).

Model B and its variants adopt a power-law spatial distribution for the
density in the ambient gas, which mimics the CSM created by a non-episodic
isotropic stellar wind from a massive star prior to core-collapse supernova
(CCSN) (Ellison et al., 2012, and references therein),

ρ(r) =
Ṁ

4πVw
r−2, (2.9)

B(r) =
(σwVwṀ)1/2

r
, (2.10)

where Ṁ, Vw, σw are the mass loss rate, wind velocity and the ratio be-
tween the magnetic field energy density and the wind kinetic energy density,
i.e., σw ≡ PB/Ekin,w = (B2/8π)/(ρV2

w/2). We use a flat core with power-law
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envelope profile for the ejecta in these CCSN-like models (Truelove and Mc-
Kee, 1999). In both classes of models, we assume that the gas velocity and
temperature of the unshocked material are constant in space.

In Model C, we investigate the case of a non-steady mass loss history
from a massive star in which a dense shell (or confined CSM) surrounding
the ejecta is created due to mass ejection from the stellar envelope during the
course of a few hundred years before the CC onset. The CSM is represented
by a simple combination of two wind profiles where the one in the inner
region having a higher density, as below,

ρ(r) =


Ṁ

4πVw
r−2 (Rtr < r)

Ṁ2
4πVw,2R2

tr

(
r

Rtr

)−npl,2
(r ≤ Rtr),

(2.11)

where Ṁ2, Vw,2, npl,2 are the mass loss rate, velocity and power-law index of
the wind profile from an enhanced mass loss, and Rtr is the transition radius
between the normal wind and the confined CSM region. As typical values,
we consider an episode that an enhanced mass loss ejection with Vw,2 ∼ 1000
km/s occurred during the last ∼ 1000 yr before explosion, and Rtr ∼ 1.0 pc.

2.3 Results and Discussion

2.3.1 Calibration models

To cross-check the robustness of the code and its capability of reproducing
observations, we first consider two models, A0 and B0, with parameters cho-
sen to match the multi-wavelength observation data of the Ia SNR Tycho
and the CC SNR RX J1713.7-3946 (hereafter RX J1713) based on the multi-
wavelength emission model from previous hydro simulations presented in
Slane et al. (2014) and Lee, Ellison, and Nagataki (2012a), respectively. Mod-
els A and B and their variants will then be generated based on these obser-
vationally calibrated models by varying the ambient environment.

Tycho is identified to be the remnant produced by the historical super-
nova SN1572 which is classified as a Type Ia from its light-echo spectrum,
chemical abundance pattern inferred from the X-ray spectrum and so on.
Although it has been suggested that the ambient density around Tycho has
an azimuthal gradient (Williams et al., 2013), we here assume a uniform
ambient medium for simplicity. Fig. 2.2 shows the hydrodynamical and
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FIGURE 2.2: Upper panel: the solid line shows the calculated
density distribution from Model A0 at an age of 446 yr. The
color bands show the observed ranges of FS (red), CD (green)
and RS (blue) radii of Tycho’s SNR taken from Warren et al.,
2005. The orange band indicates the extent of expected R-T mix-
ing (Wang and Chevalier, 2001). The dashed line is the results
from an identical model but without including CR feedback.
Lower panel: the corresponding calculated non-thermal SED
decomposed into its individual emission components, includ-
ing synchrotron (blue solid), thermal bremsstrahlung (orange
dash-dot-dotted), non-thermal bremsstrahlung (green dash-
dotted), IC (magenta dashed) and π0-decay (red dotted). The
data points show the currently available observed fluxes - radio
observations (Kothes et al., 2006, dotted), X-ray observations by
Suzaku (Giordano et al., 2012, and references therein, square)
and Swift/BAT (Troja et al., 2014, triangle), and γ-ray observa-
tions by Fermi-LAT (Giordano et al., 2012; Archambault et al.,
2017, rhombus) and VERITAS (Acciari et al., 2011; Archambault

et al., 2017, cross).
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spectral results from our best-fit calibration model. The upper panel of Fig-
ure 2.2 shows the radial profile of the total mass density of the plasma (i.e.,
shocked/unshocked ISM and ejecta) at the current SNR age, tage = 446 yr. The
solid line is the result from Model A0, and the thin dashed line is the result
when particle acceleration is not included but otherwise identical to Model
A0. The red, blue and green bands are the radii of the forward shock (FS),
reverse shock (RS), and contact discontinuity (CD) inferred from observation
(Warren et al., 2005). We can see that our simulation can reproduce the FS and
RS positions 3, but not the case for the CD. If particle acceleration is efficient
(i.e. small γeff), however, it has been reported that Rayleigh-Taylor (R-T) in-
stability can develop between the FS and CD (e.g., Blondin and Ellison, 2001;
Warren and Blondin, 2013) and the CD position can possibly extend outward
significantly (also see discussions in Slane et al., 2014). Our calculation can
hence be considered to be in good agreement with observations on dynam-
ics. The calculated SED at the same age is plotted in the lower panel. The
observed fluxes are overlaid in the same plot. The agreement is found to be
reasonable and reproduces the result of Slane et al. (2014) in their Model A. It
can be seen that Tycho has a soft GeV-to-TeV spectrum from Fermi and VER-
ITAS data, which can be explained by a π0-decay origin with a softer than
E−2 underlying proton spectrum, but the mechanism of spectral softening of
the accelerated protons relative to the canonical E−2 prediction of DSA at a
strong shock is not yet well understood.

RX J1713 is believed to be the product of SN393 which has been classified
as a CCSN, and the SNR has been well detected in multi-wavelength obser-
vations. The origin of the bright γ-ray emission from RX J1713 is still being
intensively discussed as mentioned above. Fukui et al., 2012 reported that
the azimuthal distributions of H I and H2 gases are consistent with the mor-
phology of the observed TeV γ-rays, suggesting a hadronic origin. The gas
distribution exhibits a low-density cavity surrounded by a dense shell, which
has been suggested to be the result of the stellar wind of the progenitor prior
to SN explosion inside a dense gas cloud. One the other hand, the observed
hard γ-ray spectrum and the absence of optical signatures of the shock in-
teracting with dense gas support a leptonic origin. In Model B0, we adopt
a simple power-law ρ ∝ r−2 CSM model without considering the possibility

3As mentioned in Section 2, we only consider DSA at the FS in this work as a smoking-
gun evidence of efficient DSA at the RS in SNRs is still absent. We can see in the upper panel
of Fig. 2 the difference between the solid line and the dashed line which shows the results
with and without feedbacks from an efficient DSA at the FS, respectively. DSA at the RS can
be included in the code relatively easily when such evidence will surface in the future.
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of shock-cloud interaction, which is similar to the best-fit model for RX J1713
presented in Lee, Ellison, and Nagataki (2012a). The results are summarized
in Fig. 2.3, which shows the time snapshots of gas density profile and emis-
sion SED at tage = 1625 yr. The FS position observed by Fermi-LAT (Acero
et al., 2016) is shown by the red shaded region in the upper panel, which is
consistent with the model. The CD and RS locations for this remnant are not
well constrained due to the very faint X-ray emission from the ejecta. The
radio and non-thermal X-ray spectra can be well-reproduced by the model,
and the hard observed γ-ray spectrum is well-reproduced by an IC origin.
The results are found to be consistent with the model by Lee, Ellison, and
Nagataki (2012a).

Our result that the γ-ray emission is dominated by the IC component
can be understood by considering the spatial distribution of the ambient gas
density and magnetic field. The global magnetic field B0 is as low as ∼ 6.6×
10−2(σw/0.004)1/2(Ṁ/7.5× 10−6 M⊙/yr)1/2(Vw/20 km/s)1/2(r/9.5 pc)−1 µG
at tage = 1625 yr, so the amplified magnetic field B2 is also moderate as ∼
6.4 µG at the same time. This amplified but relatively low B-field behind the
shock leads to an inefficient synchrotron loss such that the electrons can be ac-
celerated to momenta capable of powering the observed γ-rays through the
IC mechanism. Meanwhile, the ambient gas density also decreases rapidly as
the SNR expands into the wind, so that the π0 decay component is effectively
suppressed.

We also note that we applied a flux normalization factor, fnorm = 0.7, for
all calculated emissions to match the observations mainly for two reasons;
the distance of the SNR and a volume filling factor. We assume 1.0 kpc as
the distance of RX J1713 in this work, which involves uncertainty. While our
models assume spherically symmetry, many SNRs like RX J1713 are not a
perfect spherical shell in gamma-rays (see, e.g., Fig.1(a) in Fukui et al., 2012).
In other words, a prefactor < 1 has to be applied to our spectral SED to
account for this volume filling factor. These uncertainties can be interpreted
as the possible origins of fnorm in our models.

Based on our calibrated models A0 and B0 for an Ia and a CC SNR respec-
tively, we now parametrically study the time evolution of broadband non-
thermal SED from SNRs interacting with different ambient environments.
We note that we have chosen an ejecta mass of Mej = 3.0 M⊙ to calibrate
with RX J1713 in Model B0, but the ejecta mass can vary for different CC SN
progenitors and SN types (e.g., Nicholl et al., 2015). Therefore, for Model B
with a power-law CSM environment, we will survey over two ejecta models
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FIGURE 2.4: Left panel: time evolution of volume-integrated
broadband SED from Type Ia SNR models with different ISM
densities. Here tage = 50, 500, 5000 yr moving from left to right
panels, and nISM = 0.01, 0.1, 1.0 cm−3 from top to bottom which
correspond to Model A1, A2 and A3 respectively. The line for-
mats are identical to the lower panel of Fig. 2.2 and Fig. 2.3.
Right panel: time evolution of volume-integrated proton (red)
and electron (blue) distribution functions with different ISM
densities. Here nISM = 0.01, 0.1, 1.0 cm−3 moving from top to
bottom, and the dotted, dashed and solid lines correspond to

tage = 50, 500 and 5000 yr, respectively.

with Mej = 3.0, 10.0 M⊙ respectively. Other parameters are kept identical
to Model A0 and B0 unless otherwise specified. The model parameters are
summarized in Table 2.2.

2.3.2 Ia SNR models with a uniform ISM-like ambient medium

The left panel of Fig. 2.4 shows the time evolution of the broadband SED
from our Type Ia SNR models A1, A2 and A3 for three different ISM densi-
ties, and the right panel shows the corresponding evolution of the underly-
ing CR distribution functions. Fig. 2.5 shows the time-evolution of important
hydrodynamical and DSA outputs. In the GeV to TeV energy range, as time
evolves, the flux of non-thermal bremsstrahlung (green dash-dotted line) and
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FIGURE 2.5: Time evolution of hydro and DSA outputs from
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netic field strength immediately downstream from the forward
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4.0 µG in panel C and the expected compression ratio from a

test-particle (TP) approximation Rtot = 4 in panel D.
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π0-decay (red dotted line) are found to be increasing monotonically, but there
is not much accompanied brightening in the IC component (magenta dashed
line). This difference in the evolution is mainly caused by the energy loss of
the accelerated particles. The intensities of non-thermal bremsstrahlung, π0-
decay, and IC are proportional to the fluxes of the accelerated particles mul-
tiplied by the number density of their respective interaction targets, i.e., ISM
gas for non-thermal bremsstrahlung and π0-decay, and CMB photons for
IC. However, the high-energy flux of the accelerated electrons is highly sup-
pressed by a fast energy loss due to synchrotron radiation. The synchrotron
loss time-scale, tsyn = 3mec2/4cσTUBγ ∼ 130(Ee/10 TeV)−1(B/100 ¯G)−2 yr
is comparable to the SNR age with the post-shock magnetic field ∼ 100 µG
being highly amplified in the shock precursor relative to the unshocked mag-
netic field B0 = 4.0 µG due to an efficient CR acceleration (see, panel C
and E of Fig. 2.5). On the other hand, although the proton spectrum also
suffers from energy-loss from p-p inelastic scatterings, even in the denser
case of nISM = 1.0 cm−3, the energy loss time-scale tpp = 1/σppvpnSNR ∼
3× 107R−1

tot (nISM/1cm3)−1 yr is still much longer than the SNR age, so the ef-
fect is not significant on the protons. As a result, the peak of the IC spectrum
shifts to lower energy in the early phase due to the fast synchrotron loss, and
the peak flux does not vary much as the SNR ages.

From the trend of flux evolution, we can see an interesting leptonic-to-
hadronic transition in the moderately dense ISM case nISM = 0.1 cm−3 at a few
100 yr. The middle panels in Fig. 2.4 shows that the dominant flux of TeV
range is IC at tage = 50 yr, while π0 flux becomes comparable to IC at tage =
500 yr, and finally π0 surpasses IC at tage = 5000 yr. On the other hand, in
the thin and dense ISM cases, the transition does not happen within a few
1000 yr. This behavior is mainly dictated by the gas density interacting with
the shock (see the uppermost and lowermost panels in Fig. 2.4).

We also see a systematic steepening of the γ-ray spectra with age in all
models, which reflects the steeping of the proton spectrum from eq. (2.3).
This effect comes from the deceleration of the FS with time due to an asymp-
tote from free-expansion phase to Sedov phase. As a result, vA which is
high due to the amplified B-field becomes non-negligible compared to the
gas velocities in the later phase, and the effective compression ratio Stot is
suppressed. The γ-ray spectrum hence becomes steeper with time because
the spectral index of the particle distribution function is roughly proportional
to 3Stot/(Stot − 1) (Caprioli et al., 2009). The steepening is even more promi-
nent in the thin ISM case since vA ∝ ρ−1/2 is larger in these models.
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FIGURE 2.6: Left panel: SED evolution for our CC SNR models
in different CSM environments. tage = 50, 500, 5000 yr from left
to right and Ṁ = 10−6, 10−5, 10−4 M⊙/yr from top to bottom
which corresponds to Model B1, B2 and B3 respectively. The
lines shown have the same format as in left panel of Fig. 2.4.
Right panel: time-evolution of CR distribution function. Ṁ =
10−6, 10−5, 10−4 M⊙/yr from top to bottom. The lines shown

have the same format as in right panel of Fig. 2.4.

2.3.3 CC SNR models with a power-law CSM-like ambient

medium

3 M⊙ case

Here we simulate the SNR evolution in a power-law CSM inside which a
CCSN explodes with an ejecta mass of Mej = 3.0 M⊙. The results are shown
in Fig. 2.6 and Fig. 2.7. The models correspond to a CSM with Ṁ = 10−6, 10−5,
10−4 M⊙/yr for Model B1, B2 and B3 respectively. In the GeV-TeV spectrum,
the IC flux increases, while the π0-decay and non-thermal bremsstrahlung
fluxes decrease as time proceeds, which is an opposite behavior compared to
the uniform ISM models we see earlier. Since the CSM has a power-law den-
sity distribution in these CC SNR models, the CSM provides a dense target
for producing π0-decay and bremsstrahlung photons effectively which dom-
inate the spectrum in the GeV-TeV range in the very early phase after the
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explosion. However, as the CSM density decreases as r−2, as time passes
and the shock propagates through the wind material, the target gas den-
sity becomes low quickly, so the emission efficiency through π0-decay and
bremsstrahlung is suppressed accordingly. Moreover, the accelerated parti-
cles advected downstream from the shock also suffer from adiabatic loss to a
larger extent than Model A due to the fast expansion of the SNR in a ρ ∝ r−2

wind. As a result, the fluxes of π0-decay and non-thermal bremsstrahlung
constantly decrease with age. On the contrary, the target photons of IC which
are CMB here are homogeneous in space. The magnetic field is also lower
than those we see in the uniform ISM cases (see panel C of Fig. 2.5 compared
to that of Fig. 2.7). This means synchrotron loss is less important in the CC
SNR models. Indeed, the quick shift of the peak energy of the synchrotron
and IC components which is seen in Fig. 2.4 does not occur here, and the IC
emission gradually increases with time with the peak staying at more-or-less
the same energy range. These are the main reasons why the IC photons are
constantly produced in the power-law CSM cases. In the center and bottom
panels of Fig. 2.6, we can also see a low-energy cutoff in the synchrotron
spectrum in the radio band. This is because free-free absorption is efficient
at early time due to the dense unshocked CSM in front of the shock. The
absorption becomes inefficient with time, however, as the SNR shock propa-
gates into the relatively thin region of the CSM, so the cutoff shifts to lower
frequencies.

Our SED evolution model for the CCSN with power-law CSM cases sug-
gests a hadronic-to-leptonic transition in the GeV-TeV range if the wind den-
sity is moderately dense with a Ṁ = 10−5 M⊙/yr, which is again the exact
opposite behavior we see in the Ia SN cases with uniform ISM. We suggest
that these contrasting spectral evolution and transition of dominant γ-ray
component can be useful for probing the surrounding environment of SNRs,
especially in the near future as the sample of γ-ray SNR observations is en-
larged by future observatories such as the upcoming observatories such as
CTA (see section 3.6).

10 M⊙ case

The results from our CCSN models with an ejecta mass Mej = 10 M⊙ are
shown in Fig. 2.8. For comparison, the results of Mej = 3 M⊙ are also over-
laid. From panel A and B, it can be seen that while the shock dynamics for
the case of Ṁ = 10−6 M⊙/yr and Ṁ = 10−5 M⊙/yr are affected by a differ-
ent ejecta mass, the results for Ṁ = 10−4 M⊙/yr are nearly identical. These
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FIGURE 2.8: Same as Fig. 2.7, but with an ejecta mass of Mej =
10.0 M⊙. Only the pmax of protons is plotted here in panel E for
clarity. The thick red solid, black dotted, and blue dashed lines
show the results of model B4, B5, and B6. For comparison, thin

lines show the results of the 3M⊙ case as in Fig. 2.7.
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differences can be explained by a different evolutionary phase of the SNR
at a given age. In the cases of Ṁ = 10−6 M⊙/yr and Ṁ = 10−5 M⊙/yr, the
CSM density is relatively low and the mass swept up by the FS is smaller
than the ejecta mass, the dynamics of these two cases thus follow the self-
similar solution, Rsk ∝ (ESN/MejA)1/5t4/5 and Vsk ∝ (ESN/MejA)1/5t−1/5

(Chevalier, 1982a; Chevalier, 1982b), where A ≡ Ṁ/4πVw, which depends
on the ejecta mass. On the contrary, the CSM material in the case of Ṁ =
10−4 M⊙/yr are dense enough and the swept mass become comparable to
the ejecta mass at tage ≤ 1000 yr, the dynamics hence follows the Sedov solu-
tion, Rsk ∝ (ESN/A)1/3t2/3 and Vsk ∝ (ESN/A)1/3t−1/3 (Sedov, 1959), which
are independent of the ejecta mass.

As for the other quantities shown in Fig. 2.8 like B-field and pmax, the
differences are found to be subtle only 4. As a result, we do not see any
remarkable difference in the non-thermal SED between the 3 M⊙ and 10 M⊙

models. We can conclude that it is hard to distinguish the progenitor from the
non-thermal emission in the SNR phase, and other information which reflect
the progenitor properties such as thermal X-ray emission lines are needed
to link an observed SNR to its progenitor origin. In section 2.3.5 where we
compare our results to observations, we will only show the results from the 3
M⊙ models because of this insensitivity of the γ-ray emission to ejecta mass.

2.3.4 A case of pre-SN enhanced mass loss

Results from Model C where the Ṁ is boosted to 10−2 M⊙/yr in the last
1000 yr before CC are shown in Fig. 2.9 and Fig. 2.10. Fig. 2.9 shows the
phase-space distributions of the accelerated primary (solid) and secondary
(dashed) particles in the upper panels, and the photon SEDs in the lower
panels. We choose to show the results at tage = 400 (left panels) and 1000
(right panels) yr because these time epochs represent the phases before and
after the shock has crossed the interface at Rtr between the dense confined
CSM and the less dense wind outside. In this model, the shock reaches Rtr at
tage ∼ 600 yr (see, Fig. 2.10).

As the FS propagates in the region of dense CSM material with density
n ∼ 104 cm−3 and a high magnetic field ≥ 1 mG (see, panel C of Fig. 2.10),
the electron maximum momentum pmax,e is determined by the energy loss

4The fact that the shock velocities in the 10 M⊙ cases are lower than those of the 3 M⊙
models at any given age implies that the effects of CR back-reaction and shock modifica-
tion becomes important at an earlier phase. This is evident from the slightly higher total
compression ratio and amplified magnetic field, as shown in panel C and D in Fig. 2.8.
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time-scale tloss rather than the age or escape time-scale because tloss ∼ tsyn ∼
12B−2

−3E−1
12 yr, where B−3 = B2/10−3G and E12 = Ee/1012eV, is less than the

SNR age at a given time (see, panel E of Fig. 2.10). However, as the FS breaks
out from the dense inner shell, pmax,e is now limited by their escape through
the FEB because the shock velocity is now restored to ∼ 4000 km/s and the
magnetic field decreases to ∼ 10 µG (see, panel B, C and E in Fig. 2.10). There-
fore, we can see two cutoffs at p ∼ 10 mpc and p ∼ 103 mpc in the volume-
integrated electron spectrum (upper right panel in Fig. 2.9) while the proton
spectrum has one cutoff only at p ∼ 104mpc. These effects of a transition
from a dense wind to a lower density wind also reflects in the spectra of
synchrotron, non-thermal bremsstrahlung and IC emission (see, lower right
panel in Fig. 2.9).

In the radio range of the SED, before the shock breaks out from the dense
region, the dominant component is synchrotron radiation from the primary
electrons (solid) and a spectral cutoff can be seen at Eγ ∼ 10−7 eV due to a
strong free-free absorption. However, after the breakout, the dominant com-
ponent is now the synchrotron emission from the secondary electrons and
positrons. The reason is as follows. Electrons accelerated earlier on in the
dense wind suffer from rapid energy loss through synchrotron emission and
adiabatic expansion, and the freshly accelerated electrons in the outer tenu-
ous wind have a higher pmax as mentioned above, but the synchrotron radia-
tion from these freshly accelerated electrons is relatively weak due to a lower
magnetic field in the tenuous wind, therefore the synchrotron flux from the
primaries decreases with time. On the other hand, the contribution from the
secondaries do not decrease as rapidly because these secondary particles are
produced via π0-decay not only by the freshly accelerated protons, but also
by the proton accelerated earlier on in the dense wind continuously as the
protons do not lose their energy as quickly as the electrons. This is why the
transition from primary to secondary dominance happens in the synchrotron
radiation.

We suggest that this transition can potentially constrain the mass-loss his-
tory of massive stars. For example, the spectral index of synchrotron emis-
sion produced by the secondary particles is expected to be different from that
produced by the primary electrons, which is evident from their very different
distribution functions as shown in the upper panels of Fig. 2.9. In particular,
the synchrotron spectrum from the secondaries tends to be harder in the ra-
dio band. In fact, hard radio indices are usually observed in older SNRs
interacting with dense molecular clouds, such as IC443 (e.g., Castelletti et al.,
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1 : G1.9+0.3
2 : Kepler
3 : G15.9+0.2
4 : W44
5 : W49B
6 : G67.7+1.8
7 : Cas A
8 : Tycho
9 : IC 443

10 : Puppis A
11 : Vela Jr
12 : G272.2-3.2

23 : G350.1-0.3
22 : RX J1713.7-3946
21 : G330.2+1.0
20 : SN 1006
19 : RCW 86
18 : G309.2-0.6
17 : G308.4-1.4
16 : G306.3-0.9
15 : G296.1-0.5
14 : G292.0+1.8
13 : G290.1-0.1

FIGURE 2.11: Left panel: FS location as a function of age. Blue
(red) dotted, dashed, and solid line show the results of Model
A1 (B1), A2 (B2), and A3 (B3), respectively. Right panel: FS
velocity as a function of time. The observation data are shown
by the blue (Ia) and red (CC) data points in both panels, and are

summarized in Table 2.3.

2007; Castelletti et al., 2011). These remnants are also believed to be produc-
ing a significant amount of secondaries. If a harder-than-expected spectral
index will be observed in young SNRs which is not colliding with any dense
cloud at the moment, it is possible that the SNR has evolved inside a dense
confined CSM in the past, which can provide a hint on an enhanced mass
loss of the progenitor star prior to CC.

2.3.5 Model versus data

We now try to compare our simulation results to observation results so far
in terms of dynamics (e.g., shock radius and velocity) and γ-ray luminosity
to check if our models are able to reproduce the bulk properties of observed
SNRs. We include data like SN type, distance, shock radius, shock velocity,
and radio, GeV, and TeV fluxes of SNRs from a younger age (∼ 100 yr) to
middle age (∼ 10, 000 yr). We summarize these data in Table 2.3. The data
on SNR radii with errors are taken from the Fermi catalog (Acero et al., 2016),
and those without errors are determined by the size of the radio remnants
and are taken from the SNRcat (Ferrand and Safi-Harb, 2012). The flux data
is obtained again mainly from the Fermi and H.E.S.S (H. E. S. S. Collabora-
tion et al., 2018) catalogs (see Table 2.3 for details); those with errors are for
detected SNRs, and those without errors are the upper limits of non-detected
SNRs.
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FIGURE 2.12: Upper left panel: radio luminosity at 1 GHz as
a function of time. Upper right panel: integrated γ-ray lumi-
nosity from 1 GeV to 100 GeV as a function of time. Lower left
panel: integrated γ-ray luminosity from 1 TeV to 10 TeV as a
function of time. Lower right panel: the ratio of GeV to TeV
luminosity as a function of time. The format of lines and data

in all panels is the same as in Fig. 2.11.

Fig. 2.11 shows the comparison of dynamical properties including the
shock radius and shock velocity as a function of time from our models with
observations. The blue data points are for the Type Ia SNRs and red ones
are for the CC SNRs. We label each SNR by a number as summarized in left
panel of Fig. 2.11. In general, the overall trend of the observed distribution of
shock radius and velocity as a function of SNR age can be explained by our
simulation results for the parameter space we explored. There exist a few
“outliers” which have small radii and velocities, which can be interpreted as
SNRs interacting with a medium denser than what our models have consid-
ered. In fact, many of these are known to be interacting with dense molecular
clouds at the moment.
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Fig. 2.12 shows the time evolution of the luminosity in three different en-
ergy ranges. The upper left panel shows the luminosity of 1 GHz radio con-
tinuum emission, which reflects the time-evolution of synchrotron spectrum
for both the uniform ISM cases and power-law CSM cases (see also, Fig 2.4
and Fig 2.6). Since synchrotron emissivity is proportional to the flux of ac-
celerated electrons and the square of the local magnetic field strength, for the
magnetic field which is constantly distributed in the uniform ISM cases, the
synchrotron emissivity does not vary much and the spectral peak shifts to a
lower energy with time, similar to the IC component previously discussed in
sec. 2.3.2. On the other hand, in a power-law CSM case, the magnetic field
decreases in proportion to r−1, the synchrotron flux then also decreases with
time just as the π0-decay γ-rays do. Thus, radio luminosity increases gradu-
ally with time as a volume effect in the uniform ISM cases, but decreases in
the power-law CSM cases.

The upper right and lower left panels show the GeV luminosity inte-
grated from 1 GeV to 100 GeV and TeV luminosity from 1 TeV to 10 TeV
as a function of age, respectively. For the uniform ISM cases, while the GeV
luminosity increases with time, TeV luminosity decreases. At the bottom end
of the predicted flux which corresponds to the case of nISM = 0.01 cm−3,
the γ-rays are dominated by IC at all time, and the decrease of the TeV flux
can be understood as the energy loss of the highest-energy electrons. For the
other two cases with a denser ISM, the trend reflects the time evolution of not
only the normalization but also the shape of the π0-decay spectra predicted
by these models. As seen in Fig. 2.4, the π0-decay spectrum become softer as
time passes by. The reason has been discussed in the end of sec. 2.3.2, which
is mainly because of the increasing importance of the effect from vA, i.e., the
velocity of the magnetic scattering centers. As the shock sweeps up more ma-
terial as the SNR ages, the π0-decay flux increases with time in general, but
the TeV flux decreases due to a spectral softening of the underlying proton
distribution.

On the other hand, in the power-law CSM cases, both GeV and TeV lumi-
nosity decrease only in the case of the densest wind with Ṁ = 10−4M⊙/yr,
but increase in the other two cases. This can be easily understood according
to the discussion above in sec. 2.6 on the evolution of IC and π0-decay fluxes,
and the dominant component is π0-decay in the case of Ṁ = 10−4M⊙/yr.

Here, to obtain the data points from the γ-ray observations, we assume
that the observed spectra have a simple power-law distribution, so that the
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integrated luminosity can be calculated using the following expression,

L∆ = 4πd2
SNR

(−Γ + 1)(E−Γ+2
max − E−Γ+2

min )

(−Γ + 2)(E−Γ+1
max − E−Γ+1

min )
F∆, (2.12)

where F∆, Γ, dSNR, Emin, Emax are the integrated flux, photon index, distance
to the SNR, minimum and maximum energies of the integrated energy range.

The radio luminosities from observations of both Type Ia and CC SNRs
can be bulkly reproduced by our models with a few outliers such as Cas A
and middle-aged SNRs interacting with MCs. As for the GeV and TeV obser-
vations, the statistics is still clearly very poor due to the small sample size of
detected sources, so at the moment the comparison with the models is only
preliminary. For older CC SNRs, a few outliers are found with significantly
higher luminosities than our results. These are again mostly middle-aged
SNRs interacting with dense MCs which are not covered by our parameter
space.

The lower right panel shows the ratio of GeV to TeV luminosities which
roughly quantifies the γ-ray spectral shape. Two trends can be seen in the
result: one trend rises with time, and the other is nearly flat. These can be
possibly explained by our discussion on flux evolution above. If π0-decay is
the dominant emission in γ-rays, the GeV luminosity increases and TeV lu-
minosity decreases with time in uniform-ISM cases, and as a result, the ratio
increases with time, while the ratio in power-law CSM case becomes nearly
flat regardless of time because both GeV and TeV luminosities decrease with
time, and case. If, however, IC is the dominant contributor, the SED evolves
without changing its shape, so the ratio does not vary in any significant way
with time. Indeed, the observation data also appear to split into two regions;
LGeV/LTeV ∼ 1 and LGeV/LTeV ≥ 10 despite the poor statistics. If both GeV
and TeV emissions can be observed from an increased number of SNRs in the
future, we will be able to see if the SNRs will segregate into two groups in
this plot, which can make this quantity a useful probe of the ambient envi-
ronment and hence the progenitor origin of SNRs.

2.3.6 Prospects for Cherenkov Telescope Array

An instrument which can observe over a broad energy range from GeV to
TeV energies with a high sensitivity, such as the Cherenkov Telescope Ar-
ray (CTA), is ideal for a systematic investigation as introduced in this study.
CTA can achieve an unprecedented sensitivity superior to existing detectors
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FIGURE 2.13: TeV luminosity as a function of time from our
models compared with CTA sensitivities assuming different
SNR distances. The green (yellow) lines show the sensitivities
of CTA at the north (south) site for a source distance of 1.0 (dot-

ted), 5.0 (dashed) and 10.0 (solid) kpc.

in the 20 GeV to 100 TeV energy range. With CTA, we expect that the num-
ber of detected γ-ray emitting SNRs will increase by roughly a factor of 10,
which is essential for understanding the SNR population and their ambient
environments.

Here, we compare the calculated TeV luminosity from our Ia and CC
SNR models with the CTA sensitivities to predict the horizons for SNRs
residing in different types of ambient environments. Fig. 2.13 shows the
range of model TeV luminosity and CTA sensitivities for different source
distances. These sensitivities are calculated using the differential sensitivity
curve assuming an observation time of 50 h (see, for details, http://www.cta-
observatory.org/science/cta-performance/ (version prod3b-v1)). We do not
consider the possibility of source confusion, (fore-)background contamina-
tion, and other complications for simplicity.

For SNRs with dSNR = 1.0 kpc, we see that, within the parameter range
of our models, they are easily detectable regardless of age or ambient envi-
ronment. For dSNR = 5.0 kpc, the detectability starts to depend on the SN
type, age and environment. For both the southern and northern sky, the CC
SNRs should be observable irrespective of age and environment. The Ia’s
are also detectable except for those in the southern sky with tage ≥ 2000 yr
interacting with a very tenuous nISM ∼ 0.01 cm−3 environment, or those in
the northern sky with a density nISM ≤ 0.1cm−3. For dSNR = 10.0 kpc,
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the sensitivity for the southern sky is roughly the same as that of the north-
ern sky for dSNR = 5.0 kpc. SNRs in the northern sky can be detected
if the environment is dense, with nISM ∼ 1.0 cm−3 for an Ia in a uniform
ISM or Ṁ ≥ 10−5 M⊙/yr for a CC in a wind. So, let nISM = 0.1 cm−3 and
Ṁ = 10−5 M⊙/yr to be the typical values for an ISM-like and a power-law
CSM-like environments, respectively, we can conclude that the CTA has a
sufficient sensitivity to observe most Type Ia SNRs with dSNR ≤ 5.0 kpc and
CC SNRs with dSNR ≤ 10.0 kpc and younger than 5000 yr, provided that they
have a particle acceleration efficiency similar to Tycho and RX J1713. These
results are encouraging in that the number of the SNRs whose VHE emission
will be detected at a distance dSNR ≤ 5.0 kpc will dramatically increase in
the CTA era.

2.4 Conclusion

In this study, we model the time evolution of SNRs using a hydrodynami-
cal simulation coupling with efficient particle acceleration based on previous
works (e.g., Blasi, 2004; Caprioli, Amato, and Blasi, 2010; Caprioli et al., 2010;
Lee, Ellison, and Nagataki, 2012a), and investigate how their broadband non-
thermal SEDs evolve in various kinds of ambient environments. We prepare
three models for the ambient medium, including a uniform ISM-like case for
Type Ia SNRs, a power-law CSM from a steady isotropic stellar wind for CC
SNRs, and a case with a pre-SN enhanced mass-loss from a massive star that
creates a dense confined CSM shell surrounding the ejecta.

In the Ia models with a uniform ISM, while the π0-decay flux increases
with time, IC flux does not vary much with its spectral peak shifting to lower
energy as the SNR ages. In the CC models with a simple power-law CSM,
while π0-decay flux decreases with time, the IC contribution increases with
time on the contrary. We found that the key aspects that dictate these evolu-
tionary trends are the density distribution of the interaction targets for each
emission component, and the rate of energy loss of the electrons due to syn-
chrotron radiation. In our models, since the interaction target is the ambient
gas for π0-decay and the uniform CMB radiation field for IC, the spatial dis-
tribution of the ambient gas density is a key to understand the evolution of
the γ-ray spectrum, including a possible transition between a leptonic and
a hadronic origin at a certain evolutionary stage. Moreover, the accelerated
electrons lose their energy via synchrotron radiation due to a highly ampli-
fied magnetic field in the uniform ISM cases. Our results are consistent with
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the previously proposed picture that the ISM/CSM gas density decide the
dominant component of γ-ray emission from a SNR (e.g., Yuan, Liu, and
Bi, 2012). In addition, we propose that not only the number density of the
ambient environment but also the distribution of magnetic field is also im-
portant in understanding the time evolution of VHE emission. In the case
of an enhanced mass loss from a massive star progenitor, the production of
secondary particles are found to be very efficient in the dense confined CSM
shell and contribute importantly to the overall SED. For example, they can
dominate the synchrotron radiation after the SNR breaks out from the shell
into a tenuous wind.

A comparison between our models and observations show a broad agree-
ment. A dramatic enlargement of the sample size of γ-ray emitting SNRs is
anticipated in the CTA era to further constrain the parameter space in our
systematic survey of SNR broadband models. CTA will have a sufficient sen-
sitivity to detect VHE emission from most Ia and CC SNRs in various envi-
ronments with a distance within ∼ 5.0 kpc. Future observations by CTA will
reveal the detailed morphological and spectral properties of γ-ray emissions
from SNRs and make important progress on our understanding of particle
acceleration mechanism at astrophysical collisionless shocks.

We note that the current study has only examined several simple models
for the ambient environment, which in reality can be much more complicated
such as the presence of a cavity, dense shells, clumpy winds and MCs, etc.
Our code is designed to be modular which makes it easy for us to expand
into a broader parameter space, including more complicated models for the
environment. In future work, we will also explore other important physics
such as the acceleration of heavier ions, thermal X-ray line emission, radia-
tive shocks and so on.
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TABLE 2.2: Model parameters of ejecta and ISM/CSM proper-
ties

Model Mej nISM Ṁ Vw Ṁ2 Vw,2 χinj
[M⊙] [cm−3] [M⊙ yr−1] [km s−1] [M⊙ yr−1] [km s−1]

A05 1.4 0.3 - - - - 3.6
A1 1.4 0.01 - - - - 3.6
A2 1.4 0.1 - - - - 3.6
A3 1.4 1.0 - - - - 3.6
B06 3.0 - 7.5×10−6 20 - - 3.75
B1 3.0 - 1.0×10−6 20 - - 3.75
B2 3.0 - 1.0×10−5 20 - - 3.75
B3 3.0 - 1.0×10−4 20 - - 3.75
B4 10.0 - 1.0×10−6 20 - - 3.75
B5 10.0 - 1.0×10−5 20 - - 3.75
B6 10.0 - 1.0×10−4 20 - - 3.75
C7 10.0 - 5.0×10−6 15 0.01 1000 3.75

5All model A use an exponential profile for the ejecta, ESN = 1051 erg, T0 = 104 K, B0 =
4.0 µG, and dSNR = 3.2 kpc.

6All model B use a power-law profile for the ejecta with npl = 7, ESN = 1051 erg, T0 = 104 K,
σw = 0.004, and dSNR = 1.0 kpc.

7This model uses a power-law profile for the ejecta with npl = 7, ESN = 1051 erg, T0 =

104 K, npl,2 = 1.5, and dSNR = 1.0 kpc.
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Chapter 3

Dark Age of Type II Supernova
Remnants

Part of this chapter was published as Yasuda, Lee, & Maeda 2021, ApJL, 919, L16.

3.1 Scope of this chapter

Supernovae (SNe) are one of the most energetic phenomena in the Universe
in which stars explode and release a tremendous amount of energy at the
final stage of stellar evolution. Type II SNe are known to be coming from
the death of massive stars in their final evolutionary stage such as red super-
giants (RSG) (Smartt, 2015). Electromagnetic radiation from SNe provides
information about their progenitors and surrounding environments, which
are crucial in understanding stellar evolution and mass loss history of mas-
sive stars (Filippenko, 1997). However, SN observations are usually limited
to a timescale of an order of weeks to years, which means that we can only
extract the mass loss history shortly before explosion. On the other hand,
observations of their supernova remnants (SNRs) interacting with their CSM
environments are an effective supplementary tool for probing mass loss at
earlier phases well before core collapse.

Young and dynamically active SNRs are usually observable in multiwave-
length from radio to TeV-γ rays, indicating that SNRs are in-situ acceleration
sites of relativistic particles, which are widely believed to be closely linked to
the origin of Galactic cosmic rays (CRs) accelerated at the SNR shock fronts
through the diffusive shock acceleration (DSA) mechanism (Fermi, 1949; Bell,
1978a; Blandford and Ostriker, 1978). The non-thermal emissions are mostly
produced by the interactions between the accelerated CRs and the surround-
ing interstellar medium (ISM) and circumstellar medium (CSM). They there-
fore hold the key to understanding the ambient environments in which SNe
explode. Yasuda and Lee, 2019 (hereafter YL19) calculated the evolution of
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young SNRs and the accompanying non-thermal emissions in various envi-
ronments until 5000 yr, and they found that the spectral energy distribution
(SED) of the broadband emission varies with time in a way strongly corre-
lated with the density and spatial structure of the surrounding ISM/CSM gas
and magnetic field. However, they used very simplified models for the envi-
ronments by assuming simple power-law distributions extended to infinity
for the CSM density for example, without considering the mass loss history
and stellar evolution of the progenitor stars. A systematic calculation linking
the progenitors, SNe and SNRs, especially with the mass loss history taken
into account, is therefore on high demand for facilitating the usage of SNR
observations for diagnosing SN types, mass loss mechanism and progenitor
natures.

In this chapter, we first prepare realistic CSM models using one-dimensional
hydrodynamic simulations considering the mass-loss history of a Type II SN
progenitor. Using another set of hydrodynamical simulations coupled with
efficient particle acceleration, we then compute the time evolution of SNR
dynamics and non-thermal emissions in such CSM environments up until an
age of 104 yrs. In section. 3.2, we introduce our numerical method for the
hydrodynamics and particle acceleration for SNR evolution, and for the gen-
eration of reasonable CSM models based on SN observations. Section. 3.3
shows our results on the non-thermal emissions from SNRs assuming dif-
ferent progenitor masses and stellar wind properties, and their comparisons
to the currently available observation data. Discussions and conclusion are
summarized in Section. 3.4 and Section. 3.5

3.2 Method

3.2.1 Hydrodynamics

The hydrodynamics code used in this work is in a large part identical to the
CR-Hydro code developed in YL19 except for a few differences which we will
overview in the following. The hydrodynamic calculations are based on the
VH-1 code (e.g., Blondin and Ellison, 2001) which solves multi-dimensional
Lagrangian hydrodynamic equations. As introduced in YL19, we modified
the code to include feedback from CR acceleration, and assumed a spherical
symmetry for simplicity;

∂r
∂m

+
1

4πr2ρ
= 0 (3.1)
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∂u
∂t

+
∂Ptot

∂m
= 0 (3.2)

∂e
∂t

+
∂

∂m
(Ptotu) = −n2Λcool (3.3)

e =
1
2

u2 +
Ptot

(γeff − 1)ρ
, (3.4)

where ρ, n, m, u and e are the gas mass density, number density, mass coor-
dinate, fluid velocity and internal energy density, respectively. We treat the
gas and accelerated CRs in an one-fluid description by employing an effec-
tive gamma γeff for the equation-of-state (e.g., Chevalier, 1983; Blondin and
Ellison, 2001), and a total pressure defined as Ptot = Pg + PCR + PB, where
Pg, PCR and PB are gas pressure, CR pressure and magnetic pressure, respec-
tively. Since VH-1 is not a magnetohydrodynamics (MHD) code, we provide
an additional treatment for the time evolution of the post-shock magnetic
field strength. Ignoring effects such as amplification by MHD turbulence,
the magnetic field strength follows the conservation of magnetic flux B ∝ r−2

along with the advection of the downstream gas. Combined with the mass
conservation ρ ∝ r−2, we can obtain B ∝ ρ. As in YL19, the magnetic field
also receives an amplification by CR-streaming instability in the shock pre-
cursor which is calculated self-consistently with the particle acceleration. The
temperatures of protons Tp and electrons Te are equilibrated by their post-
shock Coulomb collisions. To allow for the calculation of late-phase SNR
evolution, especially in a high-density medium which YL19 did not consider,
we implement optically thin radiative cooling as well in this work using an
exact integration scheme (Townsend, 2009). A non-equilibrium ionization
cooling curve from Sutherland and Dopita, 1993 is used for the cooling func-
tion Λcool.

3.2.2 Cosmic-ray spectrum

The phase-space distribution function of the accelerated protons, fp(x, p),
can be obtained by solving the following diffusion-convection equation writ-
ten in the shock rest frame (e.g., Caprioli, Amato, and Blasi, 2010; Caprioli
et al., 2010; Lee, Ellison, and Nagataki, 2012a) assuming a steady-state and
isotropic distribution in momentum space,

[u(x)− vA(x)]
∂ fp(x, p)

∂x
− ∂

∂x

[
D(x, p)

∂ fp(x, p)
∂x

]
=

p
3

d[u(x)− vA(x)]
dx

∂ fp(x, p)
∂p

+ Qp(x, p), (3.5)
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where D(x, p), vA(x) and Qp(x, p) is the spatial diffusion coefficient, Alfvén
speed and proton injection rate at position x in the shock rest frame. We
assume a Bohm diffusion, such that D(x, p) = pc2/3eB(x), where B(x) is the
local magnetic field strength at position x. We adopt the so-called ‘thermal-
leakage’ injection model (Blasi, 2004; Blasi, Gabici, and Vannoni, 2005) for the
DSA injection rate Qp(x, p) such that

Qp(x, p) = η
n1u1

4πp2
inj

δ(x)δ(p − pinj), (3.6)

where n1 is the number density of proton at immediately upstream of the
shock and pinj is the CR injection momentum, which is defined as pinj =

χinj
√

2mpkbTp, where mp, kB and Tp are the proton mass, Boltzmann constant
and temperature respectively. χinj and η are free parameters in this work,
which control the fraction of thermal particles injected into the DSA process
as described in YL19.

Here, we solve eq. (3.5) at the shock position x = 0 so that the distribution
function can be written in an implicit form with an exponential cutoff (Blasi,
2004; Blasi, Gabici, and Vannoni, 2005);

fp(x = 0, p) =
ηn0

4πp3
inj

3Stot

StotU(p)− 1

× exp

(
−
∫ p

pinj

dp′

p′
3StotU(p′)

StotU(p′)− 1

)

× exp
[
−
(

p
pmax,p

)αcut
]

, (3.7)

where Stot and U(p) are the effective compression ratio and normalized fluid
velocity, respectively. The explicit expressions of these quantities are easily
obtained by referring to Caprioli, Amato, and Blasi, 2010 and Lee, Ellison,
and Nagataki, 2012a. αcut is introduced because of a poor understanding of
the escape process of CRs, which is directly related to the CR spectral shape
beyond the maximum momentum pmax,p.

For the electron spectrum, we use a parametric treatment where the elec-
tron distribution function is given as fe(x, p) = Kep fp(x, p) exp[−(p/pmax,e)αcut ].
Kep typically takes a value between 10−3 and 10−2 based on constraints from
SNR observations. The determination of the maximum momenta of each
particle species is the same as in YL19.

The particles accelerated at the shock are assumed to be co-moving with
the gas flow and suffer from energy loss through non-thermal radiations and
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adiabatic loss. For the non-thermal radiation mechanisms, we consider syn-
chrotron radiation, inverse Compton scattering (IC), bremsstrahlung from
the accelerated electrons, and pion productions by proton-proton interaction
(π0 decay) by the accelerated protons.

3.2.3 Circumstellar medium and SN ejecta

In this study, we first prepare models for the circumstellar medium (CSM) of
a Type II SNR by accounting for stellar evolution and mass loss histories of
the SN progenitor. The CSM models are generated by performing hydrody-
namic simulations in which stellar winds run into a uniform ISM region. The
results are used as the initial conditions for the subsequent calculation for the
evolution of the SNR.

The progenitor of a Type II SN is believed to be massive OB stars with
zero-age main sequence (ZAMS) mass ≥ 10M⊙. This type of stars evolves
to red supergiants (RSG) after their main sequence (MS) phase, and explodes
via core collapse of their iron cores. Although the mass loss mechanism is
not well understood and is still under discussion, it is thought that the star
loses its mass from its envelope mainly in the form of stellar wind. The wind
blown in MS phase is thin and fast from the compact OB stars, and the to-
tal amount of mass lost in the MS phase is relatively small. On the con-
trary, the star loses most of its mass in the RSG phase through a denser and
slower wind. The typical values for the mass loss rate Ṁw, wind velocity
Vw and time duration τphase in each phase are, Ṁw ∼ 10−8 − 10−7 M⊙/yr,
Vw ∼ 1 − 3 × 103 km/s and τphase ∼ 106 − 107 yr for the MS phase, and
Ṁw ∼ 10−6 − 10−5 M⊙/yr, Vw ∼ 10 − 20 km/s and τphase ∼ 105 − 106 yr for
the RSG phase. The relation between the ZAMS mass and pre-SN mass of the
progenitor has been investigated (e.g., Kasen and Woosley, 2009; Sukhbold
and Woosley, 2014; Woosley and Heger, 2015; Sukhbold et al., 2016), so the
mass lost through the MS and RSG winds, and the ejecta mass Mej can be
determined if the ZAMS mass is fixed. In this study, we consider two cases
for the ZAMS mass, i.e., a 12M⊙ (model A) and 18M⊙ (model B) progenitor
star. We also use a time-independent, constant mass loss rate and wind ve-
locity during each phase for simplicity. The exact values used in the models
are summarized in Table. 3.1.

When these progenitors explode, the stellar debris propagates outward
as a SN ejecta, but some of it falls back onto the stellar core which forms a
neutron star. The ejecta mass is calculated as Mej = MZAMS −∑(Ṁwτphase)−
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FIGURE 3.1: CSM models for a Type II SNR. The upper panel
shows the gas density as a function of radius, and the lower
panel shows the average gas temperature. The red (blue) solid
line corresponds to the low (high) progenitor mass case. The
dashed lines show the results from models in which the MS

bubble does not exist for comparison.

Mrm, where Mrm is the stellar remnant mass after explosion. In the ZAMS
mass range we consider in this work, Mrm is typically 1.4 ∼ 1.7 M⊙ (Woosley
and Heger, 2007; Sukhbold et al., 2016; Woosley, Sukhbold, and Janka, 2020).
Mrm = 1.5 M⊙ is adopted in all models here. For the SN ejecta structure, we
assume a power-law envelope model in Truelove and McKee (1999) for all of
our models;

ρ(r) =

{
ρc (r ≤ rc)

ρc(r/rej)
−nSN (rc ≤ r ≤ rej),

(3.8)

where ρc, rc and rej are the core density, core radius and ejecta size, respec-
tively. These values are uniquely determined by mass and energy conserva-
tion. The related parameters are, therefore, the ejecta mass Mej, the kinetic
energy of the explosion ESN, and the power-law index of the envelope nSN.
We assume ESN = 1.2 × 1051 erg and nSN = 7. The ejecta masses depend on
the ZAMS masses in each model, and are summarized in Table. 3.1.

Figure. 3.1 shows the density and temperature structures provided by our
stellar wind simulations. The upper panel (a) shows the radial density distri-
bution of the CSM created by the stellar wind from a Type II SN progenitor.
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TABLE 3.1: The wind parameters and ejecta properties for a
Type II SNR. The wind temperature is set to be T = 104 K, SN
explosion energy ESN = 1.2 × 1051 erg, power-law index of the
ejecta envelope nej = 7, and stellar remnant mass Mrm = 1.5M⊙
(Woosley and Heger, 2007; Sukhbold et al., 2016; Woosley,
Sukhbold, and Janka, 2020) in all models. We also assume

n = 1.0 cm−3 and T = 104 K for the outer ISM region.

Model MZAMS Phase Ṁ Vw Mw τw Mej
[M⊙] [M⊙ yr−1] [km s−1] [M⊙] yr [M⊙]

A 12 MS 5.0 × 10−8 2000 0.5 107

RSG 1.0 × 10−6 10 0.5 5.0 × 105 9.5
B 18 MS 6.0 × 10−8 2000 0.3 5.0 × 106

RSG 1.0 × 10−5 10 2.7 2.7 × 105 13.5
C 12 RSG 1.0 × 10−6 10 1.0 106 9.5
D 18 RSG 1.0 × 10−5 10 3.0 3.0 × 105 13.5

The red and blue solid lines correspond to the results of the 12 M⊙ (model
A) and 18 M⊙ (model B) cases, respectively. The dashed lines represent the
models in which mass loss in the MS phase is not considered for comparison
(model C and D). The lower panel (b) shows the gas temperature as a func-
tion of radius. In the stellar wind simulations, the winds are assumed to be
blown into a uniform ISM with nISM = 1.0 cm−3 and T = 104 K in all of our
models.

From the solid lines in panels (a) and (b), we can see that the CSM struc-
ture can be divided into 5 characteristic regions from the outer to inner ra-
dius; (i) uniform ISM, (ii) MS shell, (iii) MS bubble, (iv) RSG shell, and (v)
RSG wind. Because the MS wind has a low density and high velocity, and it
is blown over a relatively long time period, the MS wind sweeps up the ISM
and forms a dense cold shell between the ISM and the MS bubble at r ∼ 30 pc.
The swept ISM mass is M = (4π/3)r3mpnISM ∼ 2700 M⊙(r/30 pc)3(nISM/1 cm−3),
which is much larger than the total mass inside the MS wind ∼ 0.5 M⊙. A ter-
mination shock is formed and heats the MS wind up to a high temperature.
As a result, the environment is characterized by a tenuous (n ∼ 10−4 cm−3)
and hot (T ∼ 108 K) plasma as a “MS bubble". After that, the RSG wind
sweeps up the thin gas inside the bubble, and a RSG wind shell is formed at
the outer edge of the wind at r ∼ 1 pc.

The differences between models A and B are mainly in the locations of the
MS shell and RSG shell. They are attributed to the slight differences in the
mass loss rates and time duration of the mass loss phases mainly determined
by the mechanical balance between the ram pressure of the winds and the
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thermal pressure of the external gas. On the other hand, while model C and
D do not include mass loss in the MS phase intentionally, the RSG shells
locate at more-or-less the same radius as models A and B because the thermal
pressures in the ISM and the MS bubble are almost the same. In overall, the
major difference between models A and B (solid lines) and models C and D
(dashed lines) lies in the (non-)existence of the MS bubble and MS shell.

The results from the stellar wind simulations above are used as the initial
conditions for our subsequent calculations for the evolution of the SNR. We
further define the local magnetic field strength in the CSM environment as
B(r) =

√
8πn(r)kBT(r)/β, where β is the plasma beta β ≡ Pg/PB. From

observations of SNe and SNRs, β is typically ≥ 100 inside a wind, and ∼ 1
in the ISM close to equi-partition. In this study, β and the other free pa-
rameters mentioned above are obtained by fitting to the observation of SNR
RX J1713.7-3946 as in YL19, i.e., β ∼ 825 for the unshocked wind and wind
shells, and β ∼ 2.17 for the ISM region, which correspond to magnetic field
strengths B ∼ 0.3 ¯G in the wind region (at r ∼ 1 pc) and B ∼ 4.0 ¯G in the
ISM region (at r ≥ 10 pc). The other parameters such as χinj and αcut are the
same as in Model B in YL19.

3.3 Results

In the SNR simulations, we compute the hydrodynamical evolution of a Type
II SNR up to an age of 104 yr, and the non-thermal emissions resulted from its
interaction with the environment models provided by the wind simulations
as described in the previous section.

Figure. 3.2 shows the time evolution of the SNR radius Rsk (upper panel)
and shock velocity Vsk (lower panel) for each of our models. As a refer-
ence, we also plot the results of two fiducial models from YL191 (see their
models A2 and B2), i.e., a model with a uniform ISM-like environment with
nISM = 0.1 cm−3 (hereafter, “Type Ia" case) and another with a power-law
CSM extended to an infinite radius with Ṁ = 10−5 M⊙/yr (hereafter, “con-
tinuous power-law" case). Observational data from a selection of γ-ray bright
SNRs are also plotted with blue points for Type Ia SNRs and red points for
core collapse SNRs. They are sorted with numbers and the corresponding

1As the SN ejecta, an exponential profile ρ(r) ∝ exp (−r/rej) for Type Ia case (Dwarkadas
and Chevalier, 1998) was assumed. For continuous power-law model, a power-law envelope
model was used with the same eqn. (3.8). The ejecta mass and kinetic energy of each case
were 1.4 M⊙ and 1051 erg for Type Ia case, and 3.0 M⊙ and 1051 erg for power-law case.
nSN = 7 was also assumed in the latter model.



3.3. Results 67

age [ yr ]10 1

100

101

R s
k [

 p
c 

]

1
2

3

4
5

6

7

8
9

10
11 12

13 14
15

16

17
18

19

2021
22

23

Model A
Model B
Model C

Model D
Type Ia
continuous power-law

102 103 104

age [ yr ]
101

102

103

104

V s
k [

 k
m

 s
1  ]

1

2

3 4
5

7 8

9

1011 1214

1516 17

19
20
21 2223

FIGURE 3.2: The hydrodynamical evolution of a Type II SNR.
Upper panel shows the forward shock radius as a function of
SNR age, and the lower panel shows the evolution of the shock
velocity. The line formats are the same as Figure. 3.1. The dot-
ted lines are taken from Model A2 (orange) and B2 (green) in
YL19 for comparison (see text). Actual observation data from
γ-ray bright SNRs are overlaid, for which the references can be

found in YL19.

table is summarized in Fig. 11 in YL19. The details and references for the
observational data can again be found in YL19.

We first look at the results from model D (blue dashed line) which has the
most straightforward evolution behavior. In the early phase with t ≤ 300 yr,
the SNR shock is propagating inside the RSG wind, and the time evolution is
similar to the continuous power-law case except that the absolute values are
slightly different because parameter values such as the ejecta mass are not
the same. As the SNR continues to expand, it collides with the RSG shell and
results in a small deceleration of the shock. The deceleration is not significant
because the mass inside the RSG shell is much smaller than the ejecta mass.
Finally, the SNR expands into the uniform ISM region and eventually sweeps
up an amount of ISM material more massive than the ejecta, and the SNR
enters the self-similar Sedov phase. During this phase, the shock radius and
velocity depend only on the SN explosion energy, ISM gas density and age,
therefore model D shows a similar behavior to the Type Ia case after t ≥
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FIGURE 3.3: Light curves of the 1 GHz radio continuum (left
panel (a)), γ-ray integrated over the 1-100 GeV band (middle
panel (b)) and 1-10 TeV band (right panel(c)). The line formats
are the same as in Fig. 3.2. In panel (a), (b) and (c), the detection
limit of VLA, Fermi-LAT and CTA are plotted with black lines,
respectively. Results from multi-wavelength observations of se-

lected SNRs as shown in Fig. 3.2 are also overlaid.
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FIGURE 3.4: Broadband SED from a Type II SNR with differ-
ent progenitor masses and CSM models (top to bottom) and
at different ages (left to right). The exact ages for each of the
four panels from left to right are characterized by the loca-
tion of the forward shock in different regions of the CSM en-
vironment, and are showed in panel (b) of Fig. 3.3 with red
arrows for model A and C, and blue arrows for model B and
D. The emission components include synchrotron (blue solid),
π0 decay (red dotted), IC (magenta dashed), and non-thermal

bremsstrahlung (green dot-dashed).

3, 000 yr. For model C (red dashed line), the shock decelerates at an earlier
time than model D because the RSG shell is located at a smaller radius than
in model D for the reasons already explained in section. 3.2.3. Otherwise, the
general evolution is qualitatively similar to model D.

Model B follows the same evolution trend as model D until the shock hits
the RSG shell. The shock breaks out from the RSG shell into a tenuous MS
bubble, so that the shock accelerates and the expansion of the SNR speeds



70 Chapter 3. Dark Age of Type II Supernova Remnants

up. Afterwards, the shock collides with a dense cold shell at the outer edge
of the MS bubble, and rapidly decelerates to Vsk ∼ 10 km/s. The expansion
of the SNR then slows down drastically and the SNR size stays more-or-less
unchanged. The evolution shown by model A is qualitative similar to model
B except for differences in timing simply due to the different locations of the
MS bubble.

Figure. 3.3 shows the light curves for the 1 GHz radio continuum (left
panel (a)), GeV γ-rays in the 1-100 GeV band (middle panel (b)), and TeV
γ-rays in the 1-10 TeV band (right panel (c)). The color and line formats
are the same as Fig. 3.2. From left to right, Figure. 3.4 shows the spectral
energy distribution (SED) from each model at four chosen characteristic ages
as indicated by the arrows in panel (b) of Fig. 3.3 (red arrows for models
A and C with MZAMS = 12M⊙, and blue arrows for models B and D with
MZAMS = 18M⊙).

The light curves from model D behave similarly in all wavelengths to the
continuous power-law case at early times (t ≤ 300 yr) and to the Type Ia case
at larger ages (t ≥ 3000 yr) which is in accordance with the hydrodynamical
evolution. At early times, the γ-rays are dominated by the hadronic compo-
nent from π0 decay because of the high gas density in the RSG wind, and
suffer from strong adiabatic loss due to the inverse power-law distribution
of the CSM as r−2. As a result, the γ-ray luminosity decrease with time. The
shock expands into the uniform ISM later on, and the γ-rays stay dominated
by the π0 decay channel. The spectral power-law index of the accelerated
proton and hence the γ-ray spectrum becomes steeper however due to shock
deceleration in the ISM and an increased influence from the Alfvén velocity
on the non-linear DSA process as the SNR enters its Sedov phase (see the
rightmost panel in Fig. 3.4), and the γ-ray luminosity decreases accordingly
in particular for the TeV band. These evolution behaviors are found to be
similar to the results in YL19. At intermediate ages (300 ≤ t ≤ 3000 yr), the
SNR hits the RSG shell, and the emissions brighten briefly for about 200 yrs
before the light curves gradually converge back to those similar to the Type
Ia case. In model C, the SNR collides with the RSG shell at an earlier age of 60
yrs and brightens from 100 to 200 yrs, but otherwise shows similar behavior
to model D after an age of 2000 yrs.

Of the biggest interest and surprise are the results from model B. Up un-
til the collision of the SNR with the RSG shell (t ≤ 500 yr), the light curves
basically follow the same evolution as model D. After the collision, however,
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the radio and γ-ray luminosities rapidly decrease to a point that they are un-
detectable by current observational instruments. We can interpret this rapid
dimming based on two reasons. First, as the SNR shock enters the tenuous
and hot MS bubble region, it becomes difficult for the shock to accelerate
particles through DSA because injection becomes inefficient due to the low
density of the ambient gas n ∼ 10−4 cm−3, and the shock sonic Mach number
Ms decreases drastically due to the high temperature T ∼ 108 K in the bub-
ble, namely Ms = Vsk/Cs ∼ 5 (Vsk/5 × 103 km/s)(T/108 K)−1/2, where Cs

is the local sound speed. Second, the SNR expands rapidly while the shock
is inside the MS bubble. The particles accelerated earlier on in the RSG wind
suffer from fast adiabatic loss from the rapid expansion, and the luminosities
drop down by at least three orders of magnitudes. These results can also be
observed from the SEDs in the third column in Fig. 3.4. After the SNR shock
has propagated through the bubble and eventually hit the cold dense shell
at the edge, the shock starts to sweep up the dense material in the shell and
the non-thermal emissions are then enhanced from the increased gas density.
The SNR brightens again enough to be observable by currently available de-
tectors, as will be discussed in more details below.

The SNR shock is interacting with the MS shell at an age of 10,000 yr
(Fig. 3.2). After that, it is expected that the shock will break out from the shell
and propagate into the uniform ISM region. In this phase, the shock veloc-
ity should have decelerated to a velocity too low to accelerate new particles
efficiently in the ISM, and the luminosities will decrease with time due to
adiabatic loss. Continuing our simulations beyond 10,000 yrs would allow
us to estimate the exact lifespan of the SNR in the radio and γ-ray energy
bands, but it is beyond the scope of this work.

Model A shows slightly different results from model B, in particular dur-
ing the MS bubble phase. The ejecta mass of model A is smaller than model
B, and the total mass inside the RSG wind is also about 5 times smaller. This
leads to a shock velocity in model A almost 2 times higher than in model B
when the shock is inside the MS bubble (Fig. 3.2). As a result, the sonic Mach
number is also higher by roughly a factor ∼ 2 at Ms ∼ 10 while inside the MS
bubble. This shock can accelerate new particles despite the low gas density
inside the bubble, therefore the light curves rise gradually with time from
600 yrs which is different from the behavior shown by model B with a more
massive progenitor.

To assess the observational detectability of a Type II SNR based on our
models, observation sensitivities in the radio and γ-ray bands are plotted in
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panel (a), (b) and (c) in Fig. 3.3 with black dotted lines. We compare the detec-
tion limit of the Very Large Array (VLA) with our models for the radio band.
Radio galaxies and active galactic nuclei are often observed with a sensitiv-
ity ∼ 100 µJy at 1.4 GHz (e.g. Schinnerer et al., 2004; Simpson et al., 2012).
The lower limit of the radio luminosity from a source at a distance of 10 kpc
is therefore ∼ 2 × 1028 erg/s. We note that it is a very optimistic limit, since
this is the typical sensitivity for a targeted observation. If there is no detection
in other wavelength, the radio sensitivity should be lower. We also compare
with the sensitivity of the Fermi Large Area Telescope (Fermi-LAT) for GeV γ-
rays. For TeV γ-rays, we use the sensitivity data of the Cherenkov Telescope
Array (CTA), the most powerful next-generation ground-based γ-ray tele-
scope expected to start observing the Universe in year 2022 (Cherenkov Tele-
scope Array Consortium et al., 2019). Fermi-LAT has a flux sensitivity of ∼
2 × 10−12 erg cm−2 s−1 in the 1-100 GeV band based on 10 yrs of survey data
(see, for details, Abdollahi et al., 2020; Ballet et al., 2020 and https://www.

slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm), which
corresponds to a luminosity ∼ 1.2 × 1034 erg/s for a γ-ray source at 5 kpc.
The detection limit of CTA at 5 kpc is ∼ 6 × 1032 erg/s with a flux sensitivity
∼ 10−13 erg cm−2 s−1 in the 1-10 TeV band for the northern telescopes and an
observation time of 50 hrs (see, for details, https://www.cta-observatory.
org/science/ctao-performance/). We do not consider other effects like in-
terstellar absorption and source contamination for simplicity.

Our results show that the γ-rays cannot be observed from 1000 yr to 104

yrs for the case with a 18M⊙ progenitor, and from 300 yr to 104 yr for a 12M⊙
star. In addition, the radio emission also stays faint and barely comparable
to the VLA sensitivity limit until 5000 yrs. On the contrary, we can observe
Type II SNRs with ages of 5000 yr ≤ t ≤ 10000 yr but only in the radio. So,
we conclude that with the presence of a tenuous hot bubble created by the
MS stellar wind, most Type II SNRs experience a “dark age” in which they
become too faint to be observable at ages ∼ 1000 − 5000 yrs, although the
span and exact timing can depend on the surrounding environment, mass
loss history of individual progenitors and the detection limits of currently
available detectors.

https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.cta-observatory.org/science/ctao-performance/
https://www.cta-observatory.org/science/ctao-performance/
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3.4 Discussion

We have chosen a few model parameters related to DSA to match our previ-
ous model of RX J1713 (see, e.g., Fig.3 inYL19), which showed a good agree-
ment with the bulk properties and the overall broadband spectrum but with-
out considering a collision with molecular clouds. However, the correlation
of RX J1713 with molecular clouds has been reported by some recent works
(e.g., Fukui et al., 2012; Tanaka et al., 2020), which may necessitate a revision
of our model for this particular object in the future. Our results and conclu-
sions in this work are mainly dependent of the bulk dynamics of the SNR
shock in its surrounding CSM environment created by the RSG progenitors,
which do not rely on any fine-tuning of model parameters mentioned above.
Therefore, our results can be considered robust and present two possibilities:

1. If the MS bubbles exist, most Type II SNRs cannot be detected as it
enters the bubble, which corresponds to an age of 103 - 5 × 103 yr for a
RSG progenitor exploded inside a typical ISM,

2. The MS bubbles indeed might not exist or be compact enough so that
accelerated particles are not affected too much by adiabatic loss.

If the first scenario is true, all detected core collapse SNRs so far with ages
around 1000 to 5000 yrs old are most probably not originated from Type II
SNe. Indeed, the total SN rate in our galaxy is almost 1/30 yr−1 (e.g, Adams
et al., 2013) so that the number of expected SNRs with an age of 1000 to 5000
yrs should be at least 100. Nevertheless the number of SNRs detected in ra-
dio and other wavelengths falling into this age range is only at an order of
ten (Green, 2017; Acero et al., 2016; H. E. S. S. Collaboration et al., 2018).
Because Type II SNe are expected to produce almost half of the total pop-
ulation of SNRs (e.g. Li et al., 2007), this is consistent with our results that
many Type II SNRs actually cannot be detected. On the contrary, our results
for cases without the MS bubble show that the SNRs are bright enough to be
detected with present detectors. The detection rate should be larger if the MS
bubbles do not exist or compact enough to be unimportant. The interpreta-
tion therefore depends on the general (non-)existence of MS bubbles around
the massive star progenitors.

One related caveat is that we have only considered a simple scenario for
stellar evolution in this work. For example, the wind velocity plays an impor-
tant role for shaping the CSM environment. If the MS stellar wind is slower
than what we assumed here, and/or the RSG wind is faster, the MS bubble
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is expected to be smaller in size so that the RSG wind can sweep through
almost its entirety before core collapse. A smaller mass loss in the MS phase
will lead to the same result. From this point of view, type Ib/c SNe are pos-
sibly important objects. The progenitors of type Ib/c SNe are thought to be
Wolf-Rayet (WR) stars. A WR star is a compact star which has lost its en-
tire hydrogen envelope via stellar wind and/or binary interaction through a
phase of Roche-lobe overflow. It ejects a very fast wind with Vw ∼ 103 km/s,
and this wind can sweep up the MS bubble all the way close to the edge
where the dense cold shell sits. This may help their SNRs avoid the strong
adiabatic loss of the accelerated particle due to a fast expansion of the rem-
nant in the MS bubble. This therefore may present a possibility that most of
the detected core collapse SNRs with an age of a few 1000 yrs are coming
from stripped envelope SNe. We are now expanding our study to calculate
models for SNRs from a type Ib/c origin to explore this possibility. The re-
sults will be reported in a separate paper in the near future.

Another caveat is that it is possible that some of the progenitors are evolv-
ing inside or close to an environment with a higher density than the average
ISM, for example, giant molecular clouds (MCs). In these environments, the
MS wind can sweep up a large amount of gas in the surrounding dense gas
and rapidly convert its kinetic energy to thermal energy, halting its expan-
sion effectively (Mackey et al., 2015). In addition, the emission luminosity
is also expected to be higher because of the high density. However, these
SNRs are exploded in a small cavity surrounded by a dense environment, so
they are expected to enter the radiative phase quickly and become very dim
(so-called “dark SNRs"), and their lifespans will be relatively short anyway.

Anyhow, the detection of MS bubbles around SN progenitors is indis-
pensable for a resolution. However, that is quite difficult because MS bubbles
typically have very low densities and high temperatures, so that both emis-
sion and absorption are inefficient. Gvaramadze et al., 2017 reported a first
example of MS bubble detection. By comparison to radiation-hydrodynamics
simulations, they interpreted the observation by the collision of the MS wind
from B type stars and nearby MCs. While illuminating, a statistical discus-
sion of MS bubble is still impossible due to the small sample of observational
examples. Theoretical approaches is therefore important. An expansion of
our work to consider higher density environments will be done in a follow-
up paper.

At last, we note that our simulations are 1-dimensional and do not include
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multi-dimensional effects. This imposes that the ISM is isotropically dis-
tributed. If the wind material and ISM distribute anisotropically, and/or the
SN exploded asymmetrically, a non-spherical situation is expected, probably
accompanied by bow shocks (e.g., Mohamed, Mackey, and Langer, 2012).
Multi-dimensional effects like Rayleigh-Taylor fingers have been observed
too in a number of remnants like Tycho (e.g., Warren et al., 2005) which can
also affect the emission to some extent. To investigate these effects, espe-
cially for the modeling of specific objects, multi-D simulations will indeed
be desirable. As a first study, however, we aim at constructing a “standard”
evolutionary picture for Type II SNRs in general, and evaluate the effects
of the (non-)existence of a rarefied MS bubble beyond the RSG wind on the
bulk properties of the non-thermal emission. In this context, we consider a
parametric study using 1-D simulations suitable.

3.5 Conclusion

Young SNRs are usually bright in multi-wavelength from radio to γ-ray from
the interaction between CRs accelerated by the SNR shock and the surround-
ing ambient environment. This suggests that non-thermal emissions from
SNRs are effective probes of the CSM structure and hence the mass-loss his-
tory of SN progenitors. In this work, we have calculated the long-term time
evolution of non-thermal emissions from Type II SNRs interacting with a re-
alistic CSM considering stellar evolution and mass-loss history of their pro-
genitors.

We show that the non-thermal emissions are bright enough to be observed
by current and future detectors in the RSG wind phase (t ≤ 1000 yr), but be-
come very faint beyond detectable in the MS bubble phase (1000 yr ≤ t ≤
5000 yr). After the collision with the MS shell (t ≥ 5000yr), the SNR re-
brightens in radio and γ-rays, but gradually declines in luminosity immedi-
ately afterwards due to a rapid deceleration of the shock in the dense cold
shell. We conclude that most Type II SNRs experience a “dark age" from
1000 to 5000 yrs for progenitors with ZAMS mass MZAMS ≤ 18 M⊙ exploded
in a typical ISM surrounding. This phenomenon is mainly caused by an in-
efficient particle acceleration and fast adiabatic loss in the thin and hot MS
bubble. Our results may help to fill in the gap between the Galactic SN rate
and SNR observations. While the existence of a spatially extended MS bub-
ble around massive stars is still uncertain, and is affected by various factors
such as the wind properties, the surrounding ISM environment and so on,
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our conclusion is robust in that it does not depend on any fine-tuning of pa-
rameters of aspects such as particle acceleration and explosion properties. A
further investigation by expanding our parameter space including different
progenitor systems is under way and will be reported in a follow-up work.
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Chapter 4

Resurrection of Nonthermal
Emissions from Type Ib/c
Supernova Remnants

Part of this chapter was accepted for publication in the Astrophysical journal.

4.1 Scope of this chapter

Core-collapse supernovae (SNe) are classically divided into two major classes;
Type II SNe and Type Ib/c SNe (Elias et al., 1985; Wheeler and Harkness,
1986). This classification is based on the presence or absence of absorption
lines from H and He in their spectra around the maximum light. The differ-
ence is believed to be originated from the differences in the nature of their
progenitor stars and the associated mass-loss histories. The classification of
SN types is hence important for the investigation of stellar evolution of mas-
sive stars and their explosion mechanism(s).

The rate of Type Ib/c SNe is estimated to be about one-third of their Type
II counterpart (e.g., Smith et al., 2011). However, a smoking-gun observa-
tional evidence for a Type Ib/c supernova remnant (SNR) is still absent. Type
Ib/c SNe are also noteworthy from the perspective of the production of neu-
tron star systems and millisecond pulsars (e.g., Tauris and Savonije, 1999;
van den Heuvel, 2009; Wang et al., 2021), and theoretical studies of Type Ib/c
SNe have developed rapidly in the past few decades (e.g., Smith, 2017; Yoon,
2017; Woosley, 2019; Ertl et al., 2020; Woosley, Sukhbold, and Janka, 2020;
Woosley, Sukhbold, and Kasen, 2021). On the other hand, detailed evolu-
tion and emission models for Type Ib/c SNRs are still scarce in the literature,
which, however, are essential for their future identifications and a compre-
hensive understanding of the SNR population. In fact, there are only few
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examples of known Galactic SNRs which are speculated to bear a Type Ib/c
origin, such as RX J1713.7-3946 (Katsuda et al., 2015). A theoretical study
linking SNe and SNRs (Yasuda, Lee, and Maeda, 2021, hereafter YLM21) in a
self-consistent evolution model is an urgent and crucial task.

In this chapter, we first prepare self-consistent CSM models taking into
account the stellar evolution and mass-loss history of a Type Ib/c progeni-
tor using one-dimensional hydrodynamic simulations. Second, we calculate
long-term time evolution of the SNR dynamics and the resulted non-thermal
emissions produced by the interaction of the SNR with their CSM environ-
ments up to an age of 104 yr. In Section 4.2, we briefly introduce our simula-
tion method for the hydrodynamics, particle acceleration, and the construc-
tion of CSM models aided by knowledge from SN observations and progeni-
tor models. In Section 4.3, we show the results on the non-thermal emissions
from Ib/c SNRs with different progenitor masses and CSM structures, and
their detectability by currently available and future detectors. Discussion
and conclusions can be found in Section 4.4 and Section 4.5.

4.2 Method

4.2.1 Particle acceleration and Hydrodynamics

We use the well-tested CR-Hydro hydrodynamic code as in YLM21, which
has also been used recently in YL19 and decades of previous works refer-
enced therein. This code simultaneously calculates the hydrodynamic evo-
lution of a SNR coupled to the particle acceleration at the SNR shocks and
the accompanying multi-wavelength emission in a time and space-resolved
fashion. In this section, we introduce the CR-Hydro code briefly, and other
details can be referred in YL19; YLM21.

This code solves the hydrodynamic equations written in Lagrangian coor-
dinate m which assumes a spherical symmetry and includes feedbacks from
efficient cosmic rays (CRs) production via nonlinear diffusive shock acceler-
ation;

∂r
∂m

+
1

4πr2ρ
= 0 (4.1)
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+
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The code also solves the diffusion-convection equation written in the shock-
rest frame assuming a steady-state and isotropic distribution of the acceler-
ated particles in momentum space (Caprioli, Amato, and Blasi, 2010; Caprioli
et al., 2010; Lee, Ellison, and Nagataki, 2012b);

[u(x)− vA(x)]
∂ fp(x, p)

∂x
− ∂

∂x

[
D(x, p)

∂ fp(x, p)
∂x

]
=

p
3

d[u(x)− vA(x)]
dx

∂ fp(x, p)
∂p

+ Qp(x, p). (4.5)

In the above equations, ρ, Pg, and u are the mass density, pressure, and flow
velocity of thermal gas, PCR =

∫
4πp2 fpdp is the CR pressure, and fp(x, p) is

the phase-space distribution function of the accelerated protons. By adopting
the so-called thermal-leakage model (Blasi, 2004; Blasi, Gabici, and Vannoni,
2005) as a convenient parameterization for the DSA injection term Qp(x, p),
we can obtain the semi-analytic solution of fp(x, p) (Caprioli, Amato, and
Blasi, 2010; Caprioli et al., 2010; Lee, Ellison, and Nagataki, 2012b), for which
the explicit expression can be found in YL19; YLM21. The treatment of the
magnetic field strength B(x) and the spatial diffusion coefficient D(x, p) of
the accelerating particles can also be found in YLM21.

In addition, we parametrically treat the electron distribution function as
fe(x, p) = Kep fp(x, p) exp[−(p/pmax)αcut ]. Kep typically takes a value be-
tween 10−3 and 10−2 which is limited by SNR observations so far. The deter-
mination of the maximum momenta pmax and the cut-off index αcut is done
in the same way as in YL19.

The accelerated particles are advected to the downstream and are as-
sumed to be co-moving with the post-shock gas flow by magnetic confine-
ment. Both the freshly accelerated particles at the shock and the advected
particles interact with their surrounding gas to produce multi-wavelength
non-thermal emissions and meanwhile lose their energies through radiation
and adiabatic expansion. In our models, we include non-thermal radiation
mechanisms by synchrotron radiation, inverse Compton scattering (IC), non-
thermal bremsstrahlung from the accelerated electrons, and pion produc-
tions and decay from proton-proton interactions (π0 decay) by the acceler-
ated protons. In this study, only the cosmic microwave background radiation
(CMB) is considered for the target photon field of IC for generality, but this
can be modified when we target any specific SNR.



80
Chapter 4. Resurrection of Nonthermal Emissions from Type Ib/c

Supernova Remnants

We note that our code is similar in construct to that used in some previous
works (Ptuskin, Zirakashvili, and Seo, 2010; Zirakashvili and Ptuskin, 2012).
Zirakashvili and Ptuskin (2012) conducted simulations of SNR evolution and
particle acceleration in detail, in which they consider models typical of Type
Ia SNRs evolving in a uniform ISM-like environment. In this work, we have
included a few additional physical components such as radiative cooling,
a treatment of magnetic field amplification (MFA) from resonant streaming
instability (Bell, 1978a; Bell, 1978b), as well as a spatially inhomogeneous
CSM environment for core-collapse SNRs motivated by the time-dependent
mass loss histories of their progenitors prior to explosion, as we will discuss
in more detail in the next section.

4.2.2 Circumstellar medium and SN ejecta

In this study, we first construct CSM models for a Type Ib/c SNR by perform-
ing hydrodynamic simulations in which stellar winds from the progenitor
run into a uniform ISM. We account for the stellar evolution and mass-loss
histories of the SN progenitor under a grid of model parameters inspired by
observations. These results are used as the initial conditions for calculating
the subsequent long-term evolution of the SNR.

The progenitor of a Type Ib/c SN is usually linked to massive OB-type
stars with zero-age main sequence (ZAMS) mass ≥ 10M⊙ in a binary system.
When the progenitors evolve to red supergiants (RSG) after their main se-
quence (MS), their envelopes fill the Roche-lobe and the hydrogen envelopes
are stripped by a Roche-lobe overflow (RLOF). As a result, they evolve to a
helium or carbon-oxygen star called a Wolf-Rayet (WR) star, which eventu-
ally explode via core collapse. The stellar wind blown in the MS and WR
phases are fast because of the compactness of the OB and WR stars, and the
total amount of mass lost in these phases is relatively small. On the other
hand, the mass-loss mechanism in the RLOF phase is still under discussion.
Two channels can be considered: (i) the material stripped by RLOF is spread
out into the circumstellar environment in the form of a stellar wind, and (ii)
the stripped gas accretes onto the companion stars. It strongly depends on
the binary properties such as the mass ratio and separation of the two stars.
For simplicity, we treat the accretion efficiency as a parameter (βacc) in our
models, so that βacc ≡ Ṁsec/Ṁpri where Ṁpri and Ṁsec are the mass loss
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rates of the donor star and the accretion rate onto the secondary star, respec-
tively. This procedure is known as a wind Roche-lobe overflow model (Mo-
hamed and Podsiadlowski, 2012; Abate et al., 2013; Iłkiewicz et al., 2019). An
effective mass loss rate is then obtained as (1 − βacc)Ṁpri. In this paper, we
consider two extreme cases of βacc = 0 and βacc = 1, and adopt the βacc = 0
case for our main results. Results from the βacc = 1 case is discussed in Ap-
pendix A for reference.

The evolution of helium stars up to core collapse is well studied by simu-
lations (e.g., Yoon, 2017; Woosley, 2019; Ertl et al., 2020; Woosley, Sukhbold,
and Kasen, 2021; Vartanyan et al., 2021), from which the mass lost in each
evolutionary phase and the ejecta mass Mej can be determined for a given
ZAMS mass. In this study, we consider two cases for the ZAMS mass in
our fiducial models, i.e., a 12M⊙ (model A) and 18M⊙ (model B) progenitor
star. For comparison, we prepare two additional models (models C and D)
in which the ZAMS mass is the same but the mass loss in the MS stage is not
taken into account.

We note that there is another possible way for the stars to explode as Type
Ib/c SNe. A star more massive than MZAMS ≥ 30 M⊙ may evolve as a single
star from MS to RSG and becomes a WR star if its mass-loss rate is high
enough to strip off their entire hydrogen envelope in the RSG phase. These
stars also have massive helium cores, so in order to explode as Type Ib/c
SNe, implying a high mass-loss rate in the WR phase as well (Yoon, 2017;
Woosley, 2019; Ertl et al., 2020; Woosley, Sukhbold, and Kasen, 2021). We will
discuss the results of a single star evolution model with MZAMS = 30 M⊙ in
Appendix A.

The typical mass-loss rate Ṁw, wind velocity Vw and time duration τphase

in each mass loss phase are Ṁw ∼ 10−8 − 10−7 M⊙ yr−1, Vw ∼ 1 − 3 ×
103 km s−1, and τphase ∼ 106 − 107 yr for the MS phase, Ṁw ∼ 10−3 −
10−2 M⊙ yr−1, Vw ∼ 10 − 100 km s−1, and τphase ∼ 103 − 104 yr for the
RLOF phase, and Ṁw ∼ 10−6 − 10−5 M⊙ yr−1, Vw ∼ 1 − 3 × 103 km s−1,
and τphase ∼ 105 − 106 yr for the WR phase (e.g., Smith, 2017; Yoon, 2017;
Woosley, 2019; Ertl et al., 2020; Woosley, Sukhbold, and Kasen, 2021). We use
a time-independent, constant mass loss rate and wind velocity during each
phase for simplicity. The exact values used in the models are summarized in
Table 4.1.

The SN ejecta mass in each model is calculated as Mej = MZAMS −∑(Ṁwτphase)−
Mrm, where Mrm is the compact remnant mass after explosion. For the ZAMS
mass range we consider in this work, Mrm is typically 1.3 ∼ 1.6 M⊙ (Woosley,
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Sukhbold, and Janka, 2020). Mrm = 1.5 M⊙ is adopted in all models here.
For the SN ejecta structure, we use the power-law envelope model in Tru-
elove and McKee (1999) for all of our models:

ρ(r) =

{
ρc (r ≤ rc)

ρc(r/rej)
−nSN (rc ≤ r ≤ rej),

(4.6)

where ρc, rc, and rej are the core density, core radius and ejecta size, respec-
tively, which can be obtained by mass and energy conservation. We assume
an explosion kinetic energey ESN = 1.2× 1051 erg and the power-law index of
the envelope nSN = 10 (e.g., Matzner and McKee, 1999; Chevalier and Frans-
son, 2006). The ejecta masses in each model are summarized in Table 4.1.

TABLE 4.1: Wind parameters and ejecta properties for a Type
Ib/c SNR. The wind temperature is set to T = 104 K, SN explo-
sion energy ESN = 1.2 × 1051 erg, power-law index of the ejecta
envelope nej = 10, and stellar remnant mass Mrm = 1.5M⊙
(Woosley, Sukhbold, and Janka, 2020) in all models. We also
assume n = 1.0 cm−3 and T = 104 K for the outer ISM region.

Model MZAMS Phase Ṁ Vw Mw τw Mej
[M⊙] [M⊙ yr−1] [km s−1] [M⊙] yr [M⊙]

A 12 MS 5.0 × 10−8 2000 0.5 1.0 × 107

RLOF 8.5 × 10−4 10 8.5 1.0 × 104

WR 5.0 × 10−6 2000 0.5 1.0 × 105 1.0
B 18 MS 6.0 × 10−8 2000 0.3 5.0 × 106

RLOF 1.27 × 10−3 10 12.7 1.0 × 104

WR 1.0 × 10−5 2000 1.0 1.0 × 105 2.5
C 12 RLOF 9.0 × 10−4 10 9.0 1.0 × 104

WR 5.0 × 10−6 2000 0.5 1.0 × 105 1.0
D 18 RLOF 1.3 × 10−3 10 13.0 1.0 × 104

WR 1.0 × 10−5 2000 1.0 1.0 × 105 2.5

The results of our stellar wind simulations are shown in Figure 4.1. The
upper panel (a) shows the radial density distribution of the CSM created by
the stellar wind from a Type Ib/c SN progenitor. The lower panel (b) shows
the gas temperature as a function of radius. The red and blue solid lines cor-
respond to the results of the 12 M⊙ (model A) and 18 M⊙ (model B) cases in
both panels, respectively. The dashed lines represent the models for which
the mass loss in the MS phase is not considered for comparison (models C
and D). As the initial condition for the wind simulations, we assume a uni-
form ISM with nISM = 1.0 cm−3 and T = 104 K in all of our models.
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FIGURE 4.1: CSM models for a Type Ib/c SNR. The upper panel
shows the gas density as a function of radius, and the lower
panel shows the gas temperature. The red (blue) solid line cor-
responds to the low (high) progenitor mass case. The dashed
lines show the results from models for which the mass loss in

the MS phase is not considered for comparison.

From the results of model A and B, we can see that the CSM structure
can be broken into five characteristic regions from the outer to inner radii; (i)
uniform ISM, (ii) MS shell, (iii) MS bubble, (iv) WR shell, and (v) WR wind.
The formation mechanism and features of the MS shell and MS bubble have
been explained in detail in YLM21. Because the RLOF wind is characterized
by a high mass-loss rate but slow velocity and a short time period, a dense
(ρ ≥ 10−20 g cm−3) and compact (r ≤ 0.1 pc) structure with a power-law pro-
file in density is formed. On the other hand, the subsequent WR wind has a
higher velocity and longer time duration than that in the RLOF phase. The
fast WR wind hence sweeps up all of the above structures created by previous
phases of mass loss, and creates a WR shell at r ∼ 20 pc. This result implies
that the more compact structures in the CSM created before the WR phase
are most probably washed away by the subsequent WR wind and accumu-
late onto the dense WR shell. This can also be seen in the two extra models
(the βacc = 1 model and the MZAMS = 30 M⊙ model single star model) to
be discussed in Appendix A. The differences in the CSM structure between
models A and B are coming from the slight difference in the mass loss rate
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and time duration in each pre-SN evolution phase, which leads model B to
have the MS shell shifted inward and the WR shell outward, and the size of
MS bubble reduced compared to model A.

On the other hand, because models C and D do not include the mass loss
in the MS phase intentionally, the CSM structures in these models are rela-
tively simple and can be divided into three main regions: (i) uniform ISM,
(ii) WR shell, and (iii) WR wind. One unique feature of these models is that
WR shell is located at a small radius r ∼ 10 pc. In these models, the WR
wind first sweeps up the dense CSM material from the RLOF phase (whose
structures are almost identical to those of models A and B), beyond which
the CSM density is higher than models A and B because a tenuous MS bub-
ble is absent without the mass loss in the MS phase taken into account. The
formation of the WR shell thus happens in a shorter timescale than Models A
and B since the expanding WR wind cavity is sweeping up the ISM material
in the downstream which has a much higher density than the tenuous MS
bubble. The rapidly accumulating mass in the WR shell leads to a stronger
deceleration of the cavity expansion, and hence a smaller cavity size prior to
core-collapse. There is no drastic difference between model C and D. Overall,
the (non-)existence of the MS mass loss phase gives rise to the most signifi-
cant variation in the hydrodynamic structure of the CSM among the models
considered in this work.

In the next step, we employ these results as the initial conditions for our
simulations of the subsequent SNR evolution after explosion. We note that
we do not consider the effect of metallicity in the wind models as well as
the SNR simulations, and assume a solar abundance for simplicity. We will
discuss this treatment in Section 4.4.

4.3 Results

Equipped by the CSM models described in Section 4.2.2, we next calculate the
hydrodynamic evolution of a Type Ib/c SNR up to an age of 104 yr, and the
non-thermal emissions resulted from the interaction of the SNR blastwave
with the CSM environments.

4.3.1 Hydrodynamics

Figure 4.2 shows the time evolution of the SNR radius Rsk (upper panel),
shock velocity Vsk (middle panel), and the magnetic field B(x) at the shock
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FIGURE 4.2: The hydrodynamic evolution of a Type Ib/c SNR.
The upper panel shows the time evolution of the forward shock
radius, the middle panel shows the shock velocity as a function
of SNR age, and the lower panel shows the magnetic field at
the immediate upstream and downstream of the shock. The
line formats in upper and middle panels are the same as in Fig-
ure. 4.1. The orange dotted lines are taken from Model A2 in
YL19 for comparison (see text). Actual observational data of
selected core-collapse SNRs are overlaid, for which the refer-
ences can be also found in YL19. In the lower panel, the red
(blue) line shows the magnetic field strengths near the forward
shock from Model A (B). The solid (dashed) lines represent val-
ues measured at the immediate downstream (upstream) of the

forward shock.

position (lower panel) for each model. Similar to YLM21, we also plot the
results from a Type Ia SNR model for comparison (see YL19 and YLM21 for
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FIGURE 4.3: Light curves of the 1 GHz radio continuum (panel
(a)), γ-ray emissions integrated over the 1-100 GeV band (panel
(b)) and 1-10 TeV band (panel (c)) are shown. The line formats
are the same as in Figure 4.2. The detection limit of VLA in
panel (a), Fermi-LAT in panel (b), and VERITAS and CTA in
panel (c) are plotted with black dotted lines, respectively. The
results from multi-wavelength observations of selected SNRs

as shown in Figure 4.2 are also overlaid.
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FIGURE 4.4: Same as panels (b) and (c) in Figure 4.3, but the
contribution from each emission component is shown sepa-
rately. The solid (dashed) line shows the IC (π0 decay) compo-
nent, and the red (blue) color represents the results from Model

A (B).

details.). Observational data of selected core-collapse SNRs are also overlaid
as black data points. These SNRs are chosen from the γ-ray source catalog of
Fermi (Acero et al., 2016) and H. E. S. S. (H. E. S. S. Collaboration et al., 2018),
and the exact values and references can be found in YL19.

We first look at the results of models A (red solid line) and B (blue solid
line) in upper and middle panels. In the early phase (t ≤ 1, 000 yr), the
SNR forward shock freely expands into the tenuous unshocked WR wind
with a velocity ∼ 10, 000 km s−1. Afterwards at an age of (1, 000 yr ≤ t ≤
5, 000 yr), the SNR blastwave collides with the WR shell, and the shock speed
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FIGURE 4.5: Broadband SED from a Type Ib/c SNR with dif-
ferent progenitor masses and CSM models (top to bottom) and
at different ages (left to right). The exact age is shown in each
panel at the upper right corner. The emission components cor-
respond to synchrotron (blue solid), IC (magenta dashed), non-
thermal bremsstrahlung (green dot-dashed) and π0 decay (red

dotted). The distance from a source is assumed to be 1 kpc.

decreases to ≤ 1, 000 km s−1. The shock eventually breaks out from the WR
shell into the low-density hot MS bubble, and the shock velocity restores to
∼ 2, 000 km/s. In the late phase (t ≥ 5, 000 yr), the blastwave hits a dense
wall at the MS shell and decelerates to ≤ 100 km s−1. As the shock sweeps
up the large amount of gas contained inside the MS shell, the SNR makes
a transition to its radiative phase, and slowly expands into the ISM region
after the shock breaks out from the MS shell. The differences between these
models are mainly in the timings of transition into each dynamical phase as
stated above, which in turn originate from the differences in the mass-loss
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rates and durations in each pre-SN evolutionary phases, as well as the ejecta
mass.

From models C (red dashed line) and D (blue dashed line) in upper and
middle panels, we find that the evolution in the early phase is similar to
model A and B as the SNR expands into the unshocked WR wind until it
hits a the termination shock and starts decelerating at an age ∼ 100 yr. Af-
terwards, the shock collides with the dense WR shell and slows down to a
velocity of the order of 100 km s−1 at an age of around 1,000 yr. As this hap-
pens, the SNR again sweeps up a large amount of gas inside the WR shell
and enters the radiative phase. When the radiative shock runs into the ISM
region, the expanding hot SN ejecta heated by the reverse shock pushes the
cold dense shell formed behind the radiative forward shock outward, caus-
ing the forward shock velocity to oscillate (see, e.g., Lee et al., 2015). The
differences between these models are the same as what we have described
above. From these results, we can see that the (non-)existence of a MS bubble
critically affects the dynamical evolution of a Type Ib/c SNR.

In the lower panel, we can see that the magnetic field strengths at the im-
mediate downstream of the shock (solid lines) are amplified from those in the
upstream (dashed lines). Their evolution reflects closely the CSM structure
and the shock velocity which are critical parameters for the particle acceler-
ation efficiency and therefore the strength of the CR-driven magnetic turbu-
lence.

4.3.2 Non-thermal emissions

Figure 4.3 shows the light curves of the 1 GHz radio continuum (panel (a)), γ-
ray emissions in the 1-100 GeV band (panel (b)), and the 1-10 TeV band (panel
(c))1. The line formats and colors are the same as in Figure 4.2. The contri-
butions from IC and π0 decay are independently plotted in Figure 4.4. The
corresponding spectral energy distribution (SED) of each model is plotted
in Figure 4.5 at four characteristic ages from left to right, which is explicitly
indicated at the upper right corner of each panel.

1We note that X-ray emission is also important for deciphering the properties of SNRs.
X-rays from SNRs are produced by not only synchrotron radiation but also thermal compo-
nents including bremsstrahlung, various continua, and line emission from the hot plasma
confined between the forward and reverse shock. By focusing on the non-thermal compo-
nents in this work, we postpone the presentation of light curves in the X-ray bands to a
future work in which a proper implementation of the thermal emission will be included.
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From the results of models A and B, we can observe that both the GeV and
TeV γ-ray luminosities gradually increase with time, while the radio counter-
part decreases during the first 1,000 yrs. This can be understood as follows.
The dominant emission mechanisms for the radio emission is synchrotron
radiation, while that for the γ-rays is IC for both the GeV and TeV bands (see
Figure 4.4 and the left panels in Figure 4.5). The synchrotron emissivity is
proportional to both the total number of the non-thermal electrons as well
as the square of the downstream magnetic field strength. While the wind
density drops with radius as r−2 so that the injection rate becomes smaller
with time, the number of accelerated electrons integrated over the volume of
the SNR does increase with time as they are advected and accumulate in the
downstream. The magnetic field strength immediately upstream from the
shock is proportional to r−1 from the density structure, and the field strength
behind the shock further decreases from adiabatic expansion and flux conser-
vation as the shocked gas advects downstream, assuming that the magnetic
fields are frozen in the shocked plasma. The overall synchrotron flux hence
decreases with the expansion of the SNR. On the other hand, the IC emis-
sivity is proportional to the product of the number of accelerated electrons
and the energy density of the target photon field. Because the CMB is as-
sumed as the photon target of IC in this work which is constant in space, IC
flux increases with time as the shock keeps accelerating electrons from the
inflowing wind material.

After that, as the shock approaches the WR shell, the luminosities in both
radio and γ-rays increase with time and reach their first maxima at ∼2,000 to
3,000 yrs. Until ∼4,000 to 5000 yrs, the SNR expands and breaks out into the
tenuous MS bubble, and the non-thermal emission suffers a decay of 1 to 2
orders of magnitude from the rapid adiabatic loss, but this declination does
not make the SNR undetectable by current and future instruments because
the spatial extend of the MS bubble is compact as we have already explained
in Section 4.2.2. Finally, the SNR collides with the dense MS shell and be-
comes bright again in all wavelengths. Once the shock enters the ISM region,
it becomes hard for the shock to accelerate particles efficiently anymore due
to its low velocity, and the luminosities gradually decrease with time via adi-
abatic loss again.

As mentioned in Section 4.2.2, the WR shells in models C and D are lo-
cated at smaller radii than those in model A and B (see Figure 4.1 again), so
that the luminosities begin to rise earlier from a few 100 yrs and reach the
maximum brightness at around 1,000 yrs. Until 10,000 yrs, the luminosities
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stay at more-or-less the same level except for slight oscillations originating
from the velocity fluctuation of the radiative shock as seen in Figure 4.2.

From the SED in Figure 4.5, we can also see a steepening of the π0 decay
spectra in all models, which comes from the steepening of the underlying
proton spectrum. The power-law index of the proton spectrum is roughly
obtained as d ln f (p)/d ln p ∼ −3Stot/(Stot − 1), where Stot is the effective
compression ratio (e.g., Caprioli et al., 2009) which is determined by the dif-
ference between the shock velocity and the velocity of the magnetic scattering
centers. In situations where MFA is efficient, the effective compression ratio
can become smaller than 4 and the resulting proton spectra hence steepen.
As a result, when π0 decay is the dominant emission channel in the late evo-
lutionary phase, the total γ-ray spectrum is characterized by a soft spectrum.

We note that the luminosity of the “Type Ia" model referenced here is
relatively large compared to the Type Ib/c models, especially in the early
phase. This is stemming from differences in the assumed DSA injection rate
χinj and the surrounding ISM/CSM environment. The injection rate χinj de-
termines the amount of particles injected into the acceleration process and
the resulting acceleration efficiency (see, e.g., Blasi, 2004; Blasi, Gabici, and
Vannoni, 2005). Here, we have adopted χinj = 3.6 for the Type Ia model and
χinj = 3.75 for the Type Ib/c models based on YL19. More importantly, ac-
cording to our CSM models, Type Ib/c SNRs expand into a tenuous wind
cavity whereas the Type Ia model adopts a uniform ISM-like environment
with nISM = 0.1 cm−3 as in YL19. While the absolute luminosities do de-
pend on the DSA parameters which should be constrained by observation
data of individual SNRs, our results show that the light curve of a Type Ia
SNR evolving in a more-or-less uniform ISM is expected to be much flatter
and uncharacteristic compared to the remnants of Type Ib/c SNe, for which
the latter heavily anchors to the highly inhomogeneous structure of the CSM
environment and hence the progenitor mass loss history.

We can now assess the observational detectability of a Type Ib/c SNR
based on our models. The sensitivities of various instruments are plotted in
all panels in Figure 4.3 with black dotted lines. For the radio band, we com-
pare the detection limit of the Very Large Array (VLA) with our models. The
sensitivity for a targeted observation of objects like radio galaxies and active
galactic nuclei is ∼ 100 µJy at 1.4 GHz (e.g. Schinnerer et al., 2004; Simpson et
al., 2012), and the lower limit from a source at a distance of 10 kpc therefore
corresponds to ∼ 2 × 1028 erg s−1. We note that non-targeted sky surveys
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have much shallower sensitivities, but this does not affect the following dis-
cussion and our main conclusion. We use the sensitivity of the Fermi Large
Area Telescope (Fermi-LAT) for the GeV γ-rays, and VERITAS (Very Ener-
getic Radiation Imaging Telescope Array System) and the Cherenkov Tele-
scope Array (CTA) for TeV γ-rays. Based on 10 yrs of survey data2 (see, for
details, Abdollahi et al., 2020; Ballet et al., 2020), the flux sensitivity of Fermi-
LAT in the 1-100 GeV is ∼ 2 × 10−12 erg cm−2 s−1, which corresponds to a
luminosity ∼ 4.8 × 1032 erg s−1 for a γ-ray source at 1 kpc. That of VERITAS
and the northern telescopes of CTA in the 1-10 TeV band with an observa-
tion time of 50 hrs is ∼ 6 × 10−13 erg cm−2 s−1 and ∼ 10−13 erg cm−2 s−1,
respectively3. For a source at a distance of 1 kpc, the detection limits are
∼ 1.4 × 1032 erg s−1 and ∼ 2.4 × 1031 erg s−1. In this calculation, we do not
take other effects like interstellar absorption into account.

Our results show that Type Ib/c SNRs are most probably too faint to be
observed in radio and GeV γ-rays in the first 1,000 yrs after explosion, al-
though they can potentially be detected as a TeV-bright SNR in the CTA
era if they are close by (≤ 1 kpc). On the other hand, the SNRs are bright
enough to be detectable in all wavelengths from 1,000 to 10,000 yrs after the
blastwave has swept through the low-density WR wind and starts to interact
with the denser CSM beyond the WR wind. We can conclude that Type Ib/c
SNRs are very likely to experience a “resurrection” in non-thermal bright-
ness, meaning that they are too dark to be observable in the first 1,000 yrs but
re-brighten significantly afterwards until 10,000 yrs. If the MS bubble does
not exist, even younger SNRs can become detectable. However, we note that
while the occurrence of the “resurrection” is a robust prediction of our mod-
els, its exact timing depends on various additional factors which we have
not fully explored in our parameter space, such as the nature of the progeni-
tors including their ZAMS masses and mass-loss rates, and their surrounding
ambient environment in which they evolve (e.g., in or near a giant molecular
cloud (MC)).

2https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
3VERITAS specifications from https://veritas.sao.arizona.edu/about-veritas/

veritas-specifications, and CTA performance from https://www.cta-observatory.
org/science/ctao-performance/

https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://veritas.sao.arizona.edu/about-veritas/veritas-specifications
https://veritas.sao.arizona.edu/about-veritas/veritas-specifications
https://www.cta-observatory.org/science/ctao-performance/
https://www.cta-observatory.org/science/ctao-performance/
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4.4 A comparison with Type II SNRs

4.4.1 Light curves

The present results as complemented with the results of YLM21 provides a
new picture of SNR evolution highlighted by the difference between Type II
and Ib/c SNRs, which is directly linked to their progenitor evolution. Fig-
ure 4.6 compares the model light curves of Type II SNRs from YLM21 and
Type Ib/c SNRs presented in this study. The red lines correspond to Type II
remnants (see Models A and B in YLM21) and the blue lines to Type Ib/c ob-
jects (this work). The solid and dashed lines represent models with MZAMS =

12 M⊙ and 18 M⊙, respectively. In YLM21, the authors proposed that Type
II SNRs are very likely to experience a “dark age” in which the SNRs be-
come too faint to detect in multi-wavelengths for a prolonged period of time.
Meanwhile, this work suggests that Type Ib/c SNRs can experience a “resur-
rection” after a certain age. Combining these results and for a fixed condition
of the ambient ISM, it can be found that Type II SNRs tend to be bright when
Type Ib/c ones are faint, and vice versa. These results suggest a profound
implication that there may exist an observational bias in the detected SNR
population, in which there is a correlation between the SNR ages and their
originating SN types and progenitor natures, thus providing an additional
tool for the back-engineering of the observed SNRs and linking them to their
progenitor stars and SN explosions.

However, the determination of SNR age (and distance for that matter) is
usually a nontrivial task. Except when a SNR is identified with historical
SN like Tycho’s and Kepler’s SNR, the age is generally obtained by from the
sigma-D relation (e.g., Poveda and Woltjer, 1968; Clark and Caswell, 1976;
Case and Bhattacharya, 1998), which can involve large uncertainties. Suzuki
et al., 2020 shows that the dynamical age from fitting the apparent diameter
with the Sedov solution provides good agreement with the plasma age in-
ferred from X-ray observations of the non-equilibrium ionization plasma in
several SNRs (see their Figure 9). Further improvements in the accuracy of
age determination through multi-wavelength observations are hence critical
for linking any observed core-collapse SNR to its progenitor origin and SN
type.
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FIGURE 4.6: Comparison of Type II SNRs (red lines; YLM21)
and Type Ib/c SNRs (blue lines; this work). Solid lines plot
the results of MZAMS = 12 M⊙ model and dashed lines show
those of 18 M⊙ model for both colors. The detection limit of
various detectors are also plotted with black lines as shown in

Figure 4.3.
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4.4.2 Spectral properties

In addition, we found that our results well reproduce the observations of
several γ-ray bright SNRs as well in terms of their spectral properties. As
mentioned above, Type II SNRs are bright in γ-rays in their early evolution-
ary phase. As shown by Figure 4 in YLM21, their dominant γ-ray emission
process is via π0 decay. On the other hand, Type Ib/c SNRs are γ-ray bright
in ages when their Type-II counterparts tend to become faint with the pri-
mary emission component being IC emission (see upper panels in Figure 4.5).
From these results, one can expect that the γ-ray spectrum of an SNR is char-
acterized by (i) a flat spectra produced by π0 decay at a very young age (≤
1,000 yrs old) as dominated by a Type II origin, (ii) a hard spectrum from IC
emission at intermediate ages (≤ 5,000 yrs old) with a Type Ib/c origin, and
(iii) a soft spectrum at older ages (≥ 10,000 yrs old) independent of SN type
(i.e., a mixture of Type II and Ib/c SNRs) as the shock has collided with the
dense MS shell and decelerates, with π0 decay being the dominant emission
component. In panel (a) of Figure 4.7, we plot our simulation results for the
SEDs in the sub-GeV to 100 TeV band of Type II SNRs and Type Ib/c ones at
the indicated characteristic ages. Meanwhile, panel (b) shows the observed
γ-ray SEDs of a few core-collapse SNRs. Indeed, we can see that very young
objects like Cas A do exhibit a relatively flat spectrum (Acciari et al., 2010;
Yuan et al., 2013; Ahnen et al., 2017; Abeysekara et al., 2020), while SNRs
of a few 1,000 yrs old like RX J1713.7-3946 (Abdo et al., 2011; H. E. S. S.
Collaboration et al., 2018), Vela Jr (Tanaka et al., 2011; H.E.S.S. Collabora-
tion et al., 2018a), and G150.3+4.5 (Devin et al., 2020) show harder spectra,
and the more evolved middle-aged SNRs like IC 443 and W44 (Ackermann
et al., 2013) typically show very soft spectra. While this general agreement
does not necessarily imply that the picture above is applicable for every sin-
gle individual object, our results imply in general a strong correlation of the
γ-ray spectral properties of a SNR with its progenitor nature and hence the
mass-loss history and CSM structure.

We emphasize that this transition of the SED properties is expected only
when we consider the mass-loss histories of the progenitors. For example,
YL19 also attempted to calculate the time evolution of core-collapse SNRs
with a method similar to this work, but they assumed that the SNRs are em-
bedded within a simple power-law CSM (ρ ∝ r−2) without considering the
pre-SN mass loss history. Their more simplistic models did not predict such
a SED transition described above regardless of the choice of parameters such
as the mass-loss rate, whereas the transition emerges naturally in this work
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FIGURE 4.7: Upper panel (a): simulated γ-ray SED from this
work and YLM21. Red lines show the results of Model A in
YLM21 at 300 yr (solid) and 10,000 yr (dashed), and Blue ones
correspond to those of Model A in this work at 3,000 yr (solid)
and 10,000 yr (dashed). Lower panel (b): SEDs of several core-
collapse SNRs. References of each SNR: Cas A (Ahnen et al.,
2017; Abeysekara et al., 2020), G150.3+4.5 (Devin et al., 2020),
RX J1713 (H. E. S. S. Collaboration et al., 2018), Vela Jr (Tanaka
et al., 2011; H.E.S.S. Collaboration et al., 2018a), W44 (Acker-
mann et al., 2013), and IC443 (Albert et al., 2007; Ackermann
et al., 2013). The values of age estimations are taken from SNR-
cat (Ferrand and Safi-Harb, 2012, and http://www.physics.

umanitoba.ca/snr/SNRcat/).

and YLM21 by using more self-consistent CSM models linked to the evolu-
tion of the progenitor stars. Moreover, a mixture of SN types is found to play
an important role as well.

http://www.physics.umanitoba.ca/snr/SNRcat/
http://www.physics.umanitoba.ca/snr/SNRcat/
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4.4.3 Additional remarks

One caveat is that our simulation is one-dimensional and we assume that the
SN progenitors evolve into an ISM with a fixed density of 1 cm−3. However,
many core-collapse SNRs are known to have asymmetrical morphologies,
and some of them are known to be interacting with high-density materials
like MCs as mentioned above. Hence, we do not expect that our results can
be applied to explain detailed properties of every individual SNR. The in-
vestigation of multi-dimensional effects and the diversity of the surrounding
ISM is postponed to a future work. Nonetheless, we believe that our one-
dimensional but sophisticated evolution models succeed to capture a big pic-
ture of how the pre-SN evolution of the progenitors which spans millions of
years can be linked to the observational properties (non-thermal emission in
particular for this work) of their SNRs thousands of years after the explosion.

Another additional factor that we have not explored yet is the effect of
a non-solar metallicity. We assume a solar abundance throughout our sim-
ulation box, while we expect that the WR wind should possess a metal-rich
composition such as Helium and/or Carbon-Oxygen. However, we note that
this does not affect our main results because the dominant non-thermal emis-
sion mechanisms while the blastwave is inside the WR wind are from syn-
chrotron in radio and IC in GeV-TeV band respectively, for which the effect
from an altered metallicity is mainly on the free electron number density. We
can estimate that the change of the density in a helium-rich environment is
only about a factor different from that in an environment with a solar-like
abundance. This error is much smaller than the uncertainties from poorly
constrained parameters such as the mass-loss properties, distance and so on.
We hence ignore the metallicity for our calculations of non-thermal emissions
here as a secondary effect. A future follow-up study will include other pro-
cesses such as heavy ion acceleration and escape in the stellar wind as well
(Biermann et al., 2010; Ohira and Ioka, 2011; Aguilar et al., 2015b; Aguilar
et al., 2015a; Aguilar et al., 2017) and investigate their effects on the resultant
non-thermal emission properties.

Finally, it is illustrative to discuss other possible subtypes of SNRs beyond
what we have modeled so far. For example, almost 10% of all core-collapse
SNe are classified as Type IIb (Smith et al., 2011), of which the representa-
tive remnant objects include the Galactic SNR Cassiopeia A (Borkowski et
al., 1996; Krause et al., 2008) Their progenitors are believed to be helium stars
embraced by a thin hydrogen envelope that is not completely stripped off by
the binary interaction and stellar winds. They show a diversity in the CSM
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density, but it is generally larger than the WR wind case and close to the RSG
wind. As such, we expect that Type IIb SNRs will evolve in a similar manner
with Type II SNRs. In addition, the diversity in the CSM density and thus
in the final mass-loss rate is suggested to be linked to the timing of the bi-
nary interaction (Maeda et al., 2015), which may reflect expected diversity in
the initial binary configuration leading to SNe IIb (Ouchi and Maeda, 2017).
Therefore, theoretical investigation adopting a realistic mass-loss history for
SNe IIb will provide an interesting possibility to further constrain the details
of the stellar evolution scenarios and roles of the binary interaction toward
SNe. An expansion of our work to model other possible types of SNRs will
be found in a follow-up paper.

4.5 Conclusion

Non-thermal emission from various types of SNRs is an effective probe of
their surrounding environment and hence the nature and evolution of their
progenitor stars. Following the method of YLM21 who focused on Type II
SNRs, we have conducted simulations of the long-term evolution of Type
Ib/c SNRs interacting with their CSM in this work, taking into account the
mass-loss history of their progenitors. The non-thermal emissions produced
by the interactions between the accelerated CRs and the surrounding envi-
ronment are presented.

We show that the non-thermal emissions from Type Ib/c SNRs are faint
and below the sensitivities of current and near-future detectors in the early
phase when the SNR blastwave is inside the unshoced WR wind region (t ≤
1, 000 yr), except if the source is extremely close (d ≤ 1 kpc) and the TeV emis-
sion can be potentially picked up by future observatories such as CTA. These
objects are also predicted to be non-thermally bright after the SNR shock has
begun to penetrate through the WR wind shell (t ≥ 1, 000 yr). As the SNR
shock passes through the dense shell at around 2,000-3,000 yrs, the bright-
ness of SNRs decreases gradually due to the weakening of the shock and fast
adiabatic cooling in the hot compact MS bubble until 5,000 yr. Finally, they
collide with the dense MS shell and re-brighten again, but gradually lose
their punches once more because of the rapid deceleration of the shock into
the radiative phase. We conclude that the non-thermal emission from most
Type Ib/c SNRs should experience a “resurrection” at some point (∼ 1, 000 yr
for a typical ambient ISM density of n = 1 cm−3) for progenitors with ZAMS
mass MZAMS ≤ 18 M⊙. While the exact values of the timescales mentioned
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above depend on the (non-)existence of the MS bubble, the ejecta mass, the
wind and ISM properties and so on, our conclusion on the predicted general
evolution of a Type Ib/c SNR stays robust because it is independent on any
fine-tuning of parameters.

We have also compared the results in this work to a previous study on
Type II SNRs as reported in YLM21. We show that while Type II SNRs are
expected to be bright in the first 1,000 yrs or so but faint afterwards for a few
1,000 yrs in both radio and γ-rays, Type Ib/c SNRs are showing an oppo-
site evolution characteristics, i.e., they are predicted to be dark in the early
phase but re-brighten after an age of about 1,000 yr, assuming an n = 1 cm−3

ISM density. This contrasting behavior leads to an evolutionary picture for
the SNR population which is found to be compatible with the γ-ray obser-
vation of core-collapse SNRs, in particular the observed broadband spectral
properties against the SNR ages, which cannot be reproduced by simplistic
models without considering the mass loss histories of the SN progenitors.
Another profound implication from our results is that there is a possible ob-
servational bias in the current and future SNR observations, i.e., the SN type
and progenitor origin of an observed SNR are correlated to its age or evo-
lutionary phase. By the inclusion of other SN subtypes (probably including
the different kinds of Ia’s as well), and as further observational constraints
becoming available in the future, we plan to expand our work to provide a
more complete description of the SNR population as a whole.
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Conclusion Remarks

In this dissertation, we have presented serious studies to develop a fuller
understanding of the links among SNe, SNRs, and CRs with a numerical
simulation and compare the observation data from various detectors. A short
summary of the main results, conclusions, and future works of each chapter
is described as below:

• In chapter 2, we first developed a numerical model which can compute
the non-thermal emissions from various types of SNRs evolved within
their circumstellar environment. As the results, we showed that in the
Ia models with a uniform ISM, while the π0-decay flux increases with
time, IC flux does not vary much with its spectral peak shifting to lower
energy as the SNR ages. In the CC models with a simple power-law
CSM, while π0-decay flux decreases with time, the IC contribution in-
creases with time on the contrary. In the case of an enhanced mass loss
from a massive star progenitor, the production of secondary particles
are found to be very efficient in the dense confined CSM shell and con-
tribute importantly to the overall SED. For example, they can dominate
the synchrotron radiation after the SNR breaks out from the shell into a
tenuous wind. We found that the key aspects that dictate these evolu-
tionary trends are the density distribution of the interaction targets for
each emission component, and the rate of energy loss of the electrons
due to synchrotron radiation by the amplified magnetic field.

A comparison between our models and observations show a broad
agreement. A dramatic enlargement of the sample size of γ-ray emit-
ting SNRs is anticipated in the CTA era to further constrain the parame-
ter space in our systematic survey of SNR broadband models. CTA will
have a sufficient sensitivity to detect VHE emission from most Ia and
CC SNRs in various environments with a distance within ∼ 5.0 kpc.
Future observations by CTA will reveal the detailed morphological and
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spectral properties of γ-ray emissions from SNRs and make important
progress on our understanding of particle acceleration mechanism at
astrophysical collisionless shocks.

We note that the current study has only examined several simple mod-
els for the ambient environment, which in reality can be much more
complicated such as the presence of a cavity, dense shells, clumpy winds
and MCs, etc. Our code is designed to be modular which makes it easy
for us to expand into a broader parameter space, including more com-
plicated models for the environment. In future work, we will also ex-
plore other important physics such as the acceleration of heavier ions,
thermal X-ray line emission, radiative shocks and so on.

• In chapter 3, we show that the non-thermal emissions are bright enough
to be observed by current and future detectors in the RSG wind phase
(t ≤ 1000 yr), but become very faint beyond detectable in the MS bub-
ble phase (1000 yr ≤ t ≤ 5000 yr). After the collision with the MS shell
(t ≥ 5000yr), the SNR re-brightens in radio and γ-rays, but gradually
declines in luminosity immediately afterwards due to a rapid decel-
eration of the shock in the dense cold shell. We conclude that most
Type II SNRs experience a “dark age" from 1000 to 5000 yrs for pro-
genitors with ZAMS mass MZAMS ≤ 18 M⊙ exploded in a typical ISM
surrounding. This phenomenon is mainly caused by an inefficient par-
ticle acceleration and fast adiabatic loss in the thin and hot MS bubble.
Our results may help to fill in the gap between the Galactic SN rate and
SNR observations. While the existence of a spatially extended MS bub-
ble around massive stars is still uncertain, and is affected by various
factors such as the wind properties, the surrounding ISM environment
and so on, our conclusion is robust in that it does not depend on any
fine-tuning of parameters of aspects such as particle acceleration and
explosion properties. A further investigation by expanding our param-
eter space including different progenitor systems is under way and will
be reported in a follow-up work.

• In chapter 4, we show that the non-thermal emissions from Type Ib/c
SNRs are faint and below the sensitivities of current and near-future
detectors in the early phase when the SNR blastwave is inside the un-
shoced WR wind region (t ≤ 1, 000 yr), except if the source is extremely
close (d ≤ 1 kpc) and the TeV emission can be potentially picked up
by future observatories such as CTA. These objects are also predicted
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to be non-thermally bright after the SNR shock has begun to pene-
trate through the WR wind shell (t ≥ 1, 000 yr). As the SNR shock
passes through the dense shell at around 2,000-3,000 yrs, the bright-
ness of SNRs decreases gradually due to the weakening of the shock
and fast adiabatic cooling in the hot compact MS bubble until 5,000
yr. Finally, they collide with the dense MS shell and re-brighten again,
but gradually lose their punches once more because of the rapid de-
celeration of the shock into the radiative phase. We conclude that the
non-thermal emission from most Type Ib/c SNRs should experience a
“resurrection” at some point (∼ 1, 000 yr for a typical ambient ISM den-
sity of n = 1 cm−3) for progenitors with ZAMS mass MZAMS ≤ 18 M⊙.

We have also compared the results in this work to a previous study on
Type II SNRs as reported in YLM21. We show that while Type II SNRs
are expected to be bright in the first 1,000 yrs or so but faint afterwards
for a few 1,000 yrs in both radio and γ-rays, Type Ib/c SNRs are show-
ing an opposite evolution characteristics, i.e., they are predicted to be
dark in the early phase but re-brighten after an age of about 1,000 yr,
assuming an n = 1 cm−3 ISM density. This contrasting behavior leads
to an evolutionary picture for the SNR population which is found to be
compatible with the γ-ray observation of core-collapse SNRs, in partic-
ular the observed broadband spectral properties against the SNR ages,
which cannot be reproduced by simplistic models without considering
the mass loss histories of the SN progenitors. Another profound impli-
cation from our results is that there is a possible observational bias in
the current and future SNR observations, i.e., the SN type and progen-
itor origin of an observed SNR are correlated to its age or evolutionary
phase. By the inclusion of other SN subtypes (probably including the
different kinds of Ia’s as well), and as further observational constraints
becoming available in the future, we plan to expand our work to pro-
vide a more complete description of the SNR population as a whole.
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Appendix A

Additional models for Type Ib/c
SNRs

As mentioned in Section 4.2.2, we have included two additional models here
for reference: (i) a model in which all the matters stripped off by RLOF is
accreted onto the secondary star (i.e., βacc = 1; hereafter model E), and (ii) a
model in which a massive star with MZAMS = 30 M⊙ evolves as a single star
without binary interactions (hereafter model F). Figure A.1 shows the CSM
density profiles for the two models, and the model parameters are summa-
rized in Table A.1. Figure A.2 plots the time evolution of their non-thermal
radio and γ-ray luminosities. The red and blue solid lines correspond to
models E and F respectively, and we also over-plot the results of the fiducial
model B as a comparison.

TABLE A.1: The wind parameters and ejecta properties of two
additional models. Other details are as written in the footnote

of Table 4.1.

Model MZAMS Phase Ṁ Vw Mw τw Mej
[M⊙] [M⊙ yr−1] [km s−1] [M⊙] yr [M⊙]

E 18 MS 6.0 × 10−7 2000 0.3 5.0 × 106

RLOF 0.0 10 0.0 1.0 × 104

WR 1.0 × 10−5 2000 1.0 1.0 × 105 2.5
F 30 MS 5.0 × 10−7 2000 2.0 4.0 × 106

RSG 5.0 × 10−5 10 18.0 3.6 × 105

WR 5.0 × 10−5 2000 5.0 1.0 × 105 3.5

A.1 Model E

From Figure A.1, we can see that there are two major differences between
models E and B. One is that the density in the WR shell is smaller by more
than two orders of magnitude in model E; the other is that the termination
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FIGURE A.1: Radial density profiles of the CSM for the two
additional models. The red solid line corresponds to model E
(βacc = 1), and the blue solid line to model F (MZAMS = 30 M⊙).
The black dashed line shows the result of model B for compar-

ison.

shock is sitting at a more inner region in the WR wind. These are caused by
their differences in the CSM formation history. As the matters stripped off
from the progenitor by RLOF in model E are all accreting onto the secondary
star without contributing to the CSM gas distribution, the mass swept by the
subsequent WR wind is much smaller than in model B, and the WR shell con-
tains a much smaller mass. This also leads to a faster expansion of the WR
wind towards the outlying ISM, resulting into the termination shock propa-
gating further inward against the outgoing unshocked WR wind in the last
105 yrs.

These differences in the CSM structure are directly reflected in the light
curves shown in Figure A.2. In model E, the SNR shock collides with the ter-
mination shock at an earlier time, and the luminosities in both energy bands
start to rise from ∼ 600 yr. The luminosities reach their maximum values at
∼ 2, 000 yr, but are smaller than in model B because the mass inside the WR
shell is much smaller. This implies that if βacc ≃ 1, it becomes more difficult
to detect Type Ib/c SNRs, especially in γ-rays.

A.2 Model F

One of the distinctive features of model F is a higher mass-loss rate in each
wind phase as shown in Table A.1, which is reflected by the higher density
in the wind in Figure A.1. Another difference is that the main mass-stripping
mechanism is not via binary interaction but the RSG wind. Nevertheless, the
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FIGURE A.2: Light curves in 1 GHz radio continuum (upper
panel (a)) and 1-10 TeV band (lower panel (b)) for the additional
models. The line formats are the same as in Figure A.1, and the

detection limits as shown in Figure 4.3 are also shown.

CSM structure of models B and F are found to be qualitatively similar to each
other except that it is more spread out in radius for model F. As explained in
Section 4.2.2, the high-velocity wind from the WR star sweeps the RSG wind
up quickly, forming a similar CSM structure as that in model B. The WR wind
in model F has a high ram pressure from the higher mass-loss rate, therefore
the wind shell is formed at a more outer region.

From Figure A.2, we find that this type of SNRs expand into the high
density wind region for about 4,000 yrs, and they are brighter in both radio
and γ-rays than SNRs with a lower mass progenitor in binaries for the first
1,000 yrs or so. They however becomes relatively faint in radio afterwards
during 1,000-4,000 yr due to the fact that the SNR shock is still interacting
with the unshocked power-law WR wind, while in model B it has already
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collided with the dense WR shell. From this point on, the light curves ex-
hibit a similar behavior as model B. This result suggests that a detection of
bright non-thermal emission from a very young Type Ib/c SNR (e.g., a cou-
ple 100 yrs old) may imply a high-mass single star for the progenitor, but
most probably it will be difficult to distinguish between a single star and
binary origin solely from the observed non-thermal emission properties be-
cause the details in the pre-SN mass loss history are almost washed away in
the emergent CSM structure by the fast WR wind prior to explosion.
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