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1.1 Background 3

waves also produce cosmic ray particles; therefore, clarifying the shock wave–ISM
interaction mechanisms will provide a better understanding of the cosmic ray accel-
eration mechanism.

In this thesis, I show the observational answers to questions Q.1, Q.2, and Q.3.
This chapter I review galactic cosmic rays and their acceleration mechanisms. Addi-
tionally, I summarize previous studies of the interactions between SNRs and the ISM.
In particular, I focus on the young and VHE γ-ray-bright SNR RX J1713.7−3946.
Chapter 2 presents a relationship between non-thermal X-ray radiation and the ISM
(Q.1 andQ.3). Chapter 3 shows evidence for the acceleration of cosmic ray protons in
SNR RX J1713.7−3946 (Q.2). Chapter 4 describes the mechanism of efficient cos-
mic ray acceleration. In Chap.4, I summarize our results and outline future research
prospects.

1.2 Cosmic Rays

Ever since the first detection of cosmic rays in 1912 by Victor F. Hess, who dis-
covered that the ionization rate of the atmosphere increased as he ascended in a
balloon, the mechanism for how cosmic rays are accelerated in the universe has
been in question. The radiation discovered by Hess, first called “Hohenstrahlung”
and then “cosmic rays,” represented the first detection of ionizing radiation from
extraterrestrial sources. By the 1930s, this radiation was believed to be high energy
γ-rays and/or positively charged particles. As described above, we now know that
cosmic rays are charged particles mainly comprising protons with∼10% helium and
1% electrons and ionized nuclei. The energy spectra of cosmic rays are now known
to extend beyond 1020 eV and are described with a power-law function as

dN (E) ∝ E−pdE (1.1)

where N is the number of particles with kinetic energy E . The spectral index p lies
in the range of about 2.2–3.0. Figure1.1 shows the energy spectrum of cosmic rays
surrounding the earth (Beatty and Westerhoff 2009). Two turn-overs can be clearly
seen in the energy spectra: one at E ∼ 3 × 1015 eV (the so-called knee) and the other
at E ∼ 3 × 1018 eV (the so-called ankle). The spectral index is ∼2.7 in the energy
range between 1010 and the knee and becomes ∼3 in the energy range between the
knee and ankle. The spectral index above the knee has not yet been determined. In
this thesis, galactic cosmic rays are defined as high energy particles below the knee
energy and their origin is assumed to be from Galactic sources. The gyroradius rgyro
of a relativistic particle is given by

rgyro ∼ 1
Z

!
E

1015 eV

"!
B

1 µG

"−1

pc, (1.2)
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(SNR)
n  An explosion that occurs during the death of massive star or white dwarf(s) 
n  The shock waves is as fast as 3,000 km s−1, which accelerates cosmic-rays
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6 1 Introduction

= 2.2× 10−12 ergcm−3 is the energy density of cosmic rays (see Table1.1), and
τesc ∼ 3 × 106 year is the escape time scale (e.g., Gabici 2013). The total power of
supernova explosions, PSNR, is given by

PSNR = ESN

fSN
∼ 1042 erg s−1, (1.4)

where ESN = 1051 erg is the typical supernova explosion energy and fSN ∼ 30 year is
the supernova rate in the Galaxy (∼3 events / century). Therefore, if galactic cosmic
rays are accelerated in SNRs, ∼10% of each supernova’s energy is transferred to
cosmic rays.

1.3.2 Diffusive Shock Acceleration

As described above, galactic cosmic rays are accelerated by shock waves in SNRs
wherein collisionless shock waves are caused by supersonic plasma flows. Here, we
define an upstream fluid flowing toward the shock front with velocity v1, density ρ1,
pressure P1, and temperature T1, and a downstream fluid beyond the shock front with
velocity v2, density ρ2, pressure P2, and temperature T2 (see Fig. 1.3). These fluids
satisfy the following conditions (the so-called Rankine–Hugnoiot equation):

ρ1v1 = ρ2v2 (1.5)

P1 + ρ1v
2
1 = P2 + ρ2v

2
2 (1.6)

ρ1v1

!
v21
2

+ P1
ρ1

+ u 1

"
= ρ2v2

!
v22
2

+ P2
ρ2

+ u 2

"
, (1.7)

Shock front

upstream downstream  

v1, ρ1, P1, T1

θin

θout

v2, ρ2, P2, T2

Fig. 1.3 Schematic view of the diffusive shock acceleration. The dashed lines indicate the locus
of cosmic rays
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Fig. 1.3 Schematic view of the diffusive shock acceleration. The dashed lines indicate the locus
of cosmic rays
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where u 1 and u 2 are the internal energies of the upstream and downstream flu-
ids, respectively. Here, cs is the velocity of sound, cs =

√
γP/ρ, where γ is the

ratio of the heat capacity at constant pressure CP to that at constant volume CV .
Then, writing P + ρv2 = P(1+ γM2)with theMach number M = v/cs , the down-
stream/upstream ratios of density, pressure, and temperature are written as

ρ2
ρ1

!
= v1

v2

"
= (γ + 1)M2

1

(γ − 1)M2
1 + 2

≡ r (1.8)

P2
P1

= 2γM2
1 − (γ − 1)
γ + 1

(1.9)

T2
T1

= [2γM2
1 − (γ − 1)][(γ − 1)γM2

1 + 2]
(γ + 1)2M2

. (1.10)

where r is the so-called compression ratio. For the strong shock M ≫ 1, r is
given as

r = γ + 1
γ − 1

. (1.11)

For a monoatomic gas, γ = 5/3 and we obtain a constant value of r = 4, whereas
the density increases to ρ2 = 4ρ1 and the velocity decreases to v2 = v1/4 after the
passage of the shock front.We next consider the case of cosmic rays traveling through
a shock wave from downstream to upstream at an angle θin and from upstream to
downstream at an angle θout to the normal direction of the shock front (i.e., one round
trip). The energy gain per one round trip !E is given by

!E = v1 − v2

c
(cos θin − cos θout)E . (1.12)

where c is the speed of light and θin and θout are constrained asπ/2 < θin < π and 0 <

θout < π/2, respectively. Since the cosmic rays are considered to have homogeneous
distribution at a given angle, we can estimate the average cos θin and cos θout for
cosmic rays crossing the shock front:

⟨cos θin⟩ =
# π
π/2 cos

2 θin sin θindθ
# π
π/2 cos θin sin θindθ

= −2
3

(1.13)

⟨cos θout⟩ =
# π/2
0 cos2 θout sin θoutdθ
# π/2
0 cos θout sin θoutdθ

= 2
3
. (1.14)

The averaged energy gain on a round trip is then calculated to be

⟨!E⟩ = 4(v1 − v2)

3c
E . (1.15)
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This equation indicates that the cosmic ray particles gain energy through a round trip
over a shock front. After n round trips, the averaged energy gain En is given by

En = E0

!
1+ 4(v1 − v2)

3 c

"n

∼ E0 exp
!
4(v1 − v2)

3 c
n
"
. (1.16)

where E0 is the initial energy. Thus, the kinetic energy continues to increase as
long as the cosmic ray particles stay in the vicinity of the shock front. However, a
particle will escape from the shock front with a certain probability per round trip.
We determine the escape probability Pescape as follows. In the downstream fluid, the
averaged velocity crossing the shock front is c/4 if we assume v1 ∼ c. The total flux
of particles crossing the shock is then Npc/4, where Np is the number density of
particles and the number of cosmic rays escaping owing to the convective motion is
Nv2. Hence, the probability of particle escape is derived as Nv2/(Nc/4) = 4v2/c
over a round trip. Therefore, the escape probability Pescape from the shock waves
after n round trips is

Pescape =
4v2
c

×
!
1 − 4v2

c

"n

∼ 4v2
c

exp
!

−4v2
c

n
"
. (1.17)

Using Eqs. 1.16 and 1.17, the energy spectrum of accelerated particles dN/dE is
given by

dN
dE

∝ E− 3 v2
v1−v2

−1 = E−α, (1.18)

where the spectral index α = (r + 2)/(r − 1). In the case of extreme high speed
shock waves, r = 4 and the spectral index α = 2.0 are given. The value of spectral
index agree very well with the cosmic ray spectrum around the earth.1 The next
important question is “what is the maximum energy necessary to accelerate via
DSA”? To estimate this, we must evaluate the acceleration time scale tacc. This can
be described as

tacc = !t
#

E
!E

$
= 3 c

4(v1 − v2)
!t. (1.19)

1The observed spectral index is 2.7, which is larger than α = 2.0. However, this can be attributed
to the fact that cosmic rays with higher energy escape the Galaxy more rapidly.
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where !t is the time needed for a round trip. The round-trip time !t can be decom-
posed into the upstream and downstream transit times:

!t = 4D1

v1c
+ 4D2

v2c
, (1.20)

where D1 and D2 are the diffusion coefficients in the upstream and downstream
sections, respectively. For simplification, we assume D1 = D2 = D and a strong
shock (v1 = 4v2 = vs). In this case, the diffusion coefficient D is expressed as

D = c rgyro
3

η, (1.21)

where rgyro = E/(ZeB) (Ze indicates the charge of the accelerated particle) is the
gyroradius and η (≥ 1) = (B/δB)2 is the degree of magnetic field fractionation, or
the so-called “gyrofactor”.2 Therefore, Eq.1.21 can be rewritten as follows:

tacc =
20
3

c
v2s

E
Ze B

η. (1.22)

Here, we estimate the maximum energy of cosmic rays in an SNR from shock wave
characteristics. Since the age of an SNR can be approximated as tage = R/vs (where
R is the radius of the SNR), the maximum energy Emax is given by

Emax =
E
tacc

tage

= 3
20

vs

c
Ze B R

η

∼ 100 × η−1 Ze

!
vs

5000 km s−1

" !
B

10 µG

" !
R

10 pc

"
TeV. (1.23)

Therefore, cosmic rays can be accelerated up to ∼100 TeV in a typical young SNR.

1.4 Radiative Processes of High Energy
Cosmic Rays

Accelerated cosmic rays can be observed by their non-thermal emissions, which are
produced by the many physical processes causing cosmic ray energy loss. In this
section, we introduce the cosmic ray radiative (energy loss) process.

2The condition η = 1 corresponds to the “Bohm diffusion limit,” which indicates the most efficient
accelerating state.
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εCR:  (= 1.39 eV cm−3 = 2.2 × 10−12 erg cm−3) 
τesc: escape time scale (~ 3 × 106 yr, e.g., Gabich 2013)
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see Fig. 1.2). Incidentally, a cosmic ray proton with an energy of around 1020 eV can
interact with the cosmic microwave background (CMB) and lose energy from the
resulting pion production; as a result, no particles are expected to be observed above
∼1020 eV. This effect is the so-called Greisen Zatsepin Kuzmin (GZK) cut-off.

1.3 Cosmic Ray Acceleration in Supernova Remnants

1.3.1 Kinetic Energy Budget

SNRs are the most promising sources of galactic cosmic ray acceleration (e.g.,
Ginzburg and Syrovatskii 1964) because the collision-less shock waves they pro-
duce are very powerful as galactic sources satisfying the kinetic energies needed to
explain the injection rate of cosmic rays. The required injection rate of cosmic rays
(LCR) is estimated to be

LCR = V εCR
τesc

∼ 1041 erg s−1, (1.3)

where V = πR2h ∼ 4 × 1066 cm−3 is the volume of the Galactic disk, which
has a radius R of ∼15kpc and thickness h of ∼200pc, εCR = 1.39eVcm−3

sano@a.phys.nagoya-u.ac.jp

Total	power	of	supernova	explosion	P
SNR	

ESN :  (~ 1051 erg)
fSN:  (= 30 1 )
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6 1 Introduction

= 2.2× 10−12 ergcm−3 is the energy density of cosmic rays (see Table1.1), and
τesc ∼ 3 × 106 year is the escape time scale (e.g., Gabici 2013). The total power of
supernova explosions, PSNR, is given by

PSNR = ESN

fSN
∼ 1042 erg s−1, (1.4)

where ESN = 1051 erg is the typical supernova explosion energy and fSN ∼ 30 year is
the supernova rate in the Galaxy (∼3 events / century). Therefore, if galactic cosmic
rays are accelerated in SNRs, ∼10% of each supernova’s energy is transferred to
cosmic rays.

1.3.2 Diffusive Shock Acceleration

As described above, galactic cosmic rays are accelerated by shock waves in SNRs
wherein collisionless shock waves are caused by supersonic plasma flows. Here, we
define an upstream fluid flowing toward the shock front with velocity v1, density ρ1,
pressure P1, and temperature T1, and a downstream fluid beyond the shock front with
velocity v2, density ρ2, pressure P2, and temperature T2 (see Fig. 1.3). These fluids
satisfy the following conditions (the so-called Rankine–Hugnoiot equation):

ρ1v1 = ρ2v2 (1.5)

P1 + ρ1v
2
1 = P2 + ρ2v

2
2 (1.6)

ρ1v1

!
v21
2

+ P1
ρ1

+ u 1

"
= ρ2v2

!
v22
2

+ P2
ρ2

+ u 2

"
, (1.7)

Shock front

upstream downstream  

v1, ρ1, P1, T1

θin

θout

v2, ρ2, P2, T2

Fig. 1.3 Schematic view of the diffusive shock acceleration. The dashed lines indicate the locus
of cosmic rays
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Typical γ -ray energy spectra for several of the most prominent supernova remnants (SNRs). Young SNRs
(< 1,000 years) are shown in green. These typically show smaller γ -ray fluxes but rather hard spectra in the
GeV and TeV bands. The older (but still referred to as young) shell-type SNRs RX J1713.7-3946 and RX
J0852.0-4622 (Vela Junior) of ages ∼2,000 years are shown in shades of red. These show very hard spectra in
the GeV band (" = 1.5) and a peak in the TeV band with an exponential cutoff beyond 10 TeV. The
middle-aged SNRs (∼20,000 years) interacting with molecular clouds (W44, W51C, and IC443) are shown
in blue. Also shown are hadronic fits to the data (solid lines).

Indeed, beyond pulsars and PWN (which are generally assumed to be dominated by CR elec-
trons), the largest number of detected γ -ray sources in the Galaxy are SNRs. The Fermi-LAT
team is about to release its catalog of SNRs in which the data have been analyzed for each of the
known SNRs (62) in our Galaxy, resulting in approximately 40 detections. These detections can be
divided into two classes (see, e.g., Figure 6). The largest class of GeV-detected SNRs consists of
those known to interact with molecular clouds, such as IC443, W44, and W51C (Figure 7). The
second class comprises young SNRs that are typically less luminous at GeV energies, have harder
spectra, and are often also detected at TeV energies. At TeV energies, 11 shell-type SNRs have
been detected, including such objects as Tycho’s SNR, Cas A, SN 1006, and RX J0852.0–4622
(Vela Junior), as well as RX J1713.7–3946 (Figure 8). The results seem to indicate that the CR
efficiency ϵCR (the efficiency of converting the SN explosion energy into CRs) is broadly consistent
with a value of 10%, albeit with rather large errors for individual SNRs due to uncertainties about
distance, explosion energy, and target density surrounding the remnants (63). A study at TeV en-
ergies with H.E.S.S., based on the Galactic plane survey (58, 59), came to similar conclusions (64).

5.1.1. Supernova remnants interacting with interstellar material. SNRs interacting with
interstellar material represent the largest class of GeV-detected objects, and the SNRs IC443,
W44, and W51C are the brightest objects of this class on the GeV sky (Figure 6). The brightness
stems from the rather large density of target material, which arises from the interaction between
the shock wave and the surrounding molecular clouds (up to n = 1,000 cm3). For these objects, a
correlation between GeV γ -rays and the radio flux seems to emerge (69), indicating nonthermal
emission from relativistic particles. For IC443 and W44, the characteristic low-energy cutoff
in the energy spectrum (the pion bump) has been detected (Figure 6) (70). This observation
clearly demonstrates that the γ -ray emission in the GeV band is dominated by π0 decay and
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Fig. 4. Spectral energy distribution of RCW 86 for a leptonic scenario. The red solid lines denote the total broadband emission from the one-zone
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RXTE from Lemoine-Goumard et al. (2012). The Fermi-LAT data points are taken from Yuan et al. (2014) and the H.E.S.S. data are from this
analysis.
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points are taken from Yuan et al. (2014) and the H.E.S.S. data are from this analysis.
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Figure 3.1: (a) The H.E.S.S. VHE �-ray distribution of RX J1713.7�3946 in smoothed excess
counts see Figure 2 of Aharonian et al., 2007. Note the use of Galactic coordinates to accentuate
position relative to the Galactic plane. Contours are plotted every 10 smoothed counts from 20
smoothed counts. (b) Averaged brightness temperature distribution of 12CO(J=1–0) emission in
a velocity range of VLSR = �20 km s�1 to 0 km s�1 is shown in color (Fukui et al., 2003; Moriguchi
et al., 2005). White contours show the H.E.S.S. VHE �-ray distribution and are plotted every 20
smoothed counts from 20 smoothed counts. (c) Averaged brightness temperature distribution of
Hi emission obtained by ATCA and Parkes in a velocity range from VLSR = �8 km s�1 to �6 km
s�1 (McClure-Gri�ths et al., 2005) is shown in color. White contours show the 12CO(J=1–0)
brightness temperature integrated in the same velocity range every 1.0 K km s�1 (⇠3�).

3.3 Combined Analysis of the CO and Hi Data

3.3.1 Distribution of CO and Hi

Figure 3.1a shows VHE �-ray distribution toward RX J1713.7�3946 obtained by H.E.S.S.

and Figure 3.1b shows a velocity averaged distribution of 12CO(J=1–0) overlaid on the

VHE �-ray distribution. The 12CO(J=1–0) intensity becomes larger in the north to

the Galactic plane than in the south and the most prominent features above 0.7 K are

located in the northwest. The general 12CO(J=1–0) distribution is shell-like associated

with the �-ray shell, showing weaker or no CO emission in part of the south. There are

two regions where 12CO(J=1–0) delineates particularly well the outer boundary of the

shell in the southwest and east.

The 12CO(J=2–1) distribution is qualitatively similar to the 12CO(J=1–0) distribution

(see Appendix Figure A2). A typical ratio of the J=2–1 / J=1–0 line intensities is

⇠0.6, consistent with what are derived in the other molecular clouds without heat source

(e.g. Ohama et al., 2010; Torii et al., 2011). We tentatively choose from Figure A2 in

Appendix A, three major CO clouds, W, N, and SW, and three minor ones, E, NE,

and SE, for the sake of discussion as schematically shown in Figure 3.2a, where we use
12CO(J=2–1) data by taking an advantage of higher angular resolution.
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Figure 1. (a) Distribution of the �-rays and X-rays in the RX J0852.0�4622 region. The TeV �-rays in false color are obtained
with H.E.S.S. (E > 250 GeV) at an angular resolution of 0.06 degrees (Aharonian et al. 2007b) and the black contours represent
Suzaku X-rays (E: 2.0–5.7 keV) at an angular resolution of 2 arcmin. Contour levels are 0.20, 0.25, 0.40, 0.65, 1.00, 1.45, and
2.00 ⇥ 10�3 counts s�1 pixel�1. The white cross indicates the position of PSR J0855�4644 (Acero et al. 2013). (b) Three color
image of the SNR RX J0852.0�4622, consisting of the NANTEN 12CO(J = 1–0) (Moriguchi et al. 2001) in red, the ATCA &
Parkes Hi in green, and the Suzaku X-rays in blue. The velocity renege is from 22 km s�1 to 33 km s�1 for CO; from 28 km
s�1 to 33 km s�1 for Hi.

of 2400–5100 yrs for RX J0852.0�4622 (Allen et al.
2015): ⇠1600 yr for RX J1713.7�3946 (e.g., Fukui et al.
2003; Moriguchi et al. 2005) having synchrotron X-ray
emission without thermal features and share shell-like
X-ray/TeV �-ray morphology. RX J0852.0�4622 has
an apparently large diameter of about 2 degrees. The
size will allow us to test spatial correspondence between
the �-rays and the ISM at 0.12 degree angular resolu-
tion in FWHM of H.E.S.S.. We have two more shell-like
TeV �-ray SNRs RCW 86 and HESS J1731�347 (Aha-
ronian et al. 2009; H.E.S.S. Collaboration et al. 2011).
In HESS J1731�347, Fukuda et al. (2014) carried out
a comparative analysis of the ISM and �-rays and have
shown that the ISM protons show that their spatial dis-
tributions are similar with each other, being consistent
with a dominant hadronic component of g-rays plus mi-
nor contribution of a leptonic component. In RCW 86,
a similar comparative analysis is being carried out by
Sano et al. (2017).
The distance of RX J0852.0�4622 was not well deter-

mined in the previous works (e.g., Slane et al. 2001a,b;
Iyudin et al. 2007; Pannuti et al. 2010; Katsuda et al.
2008; Allen et al. 2015; Maxted et al. 2017). A possible
distance of RX J0852.0�4622 was 250 ± 30 pc similar

to the Vela SNR (Cha et al. 1999), while another pos-
sible distance was larger than that of the Vela SNR.
Slane et al. (2001a,b) argued that RX J0852.0�4622
is physically associated with the giant molecular cloud,
the Vela Molecular Ridge (VMR, May et al. 1988; Ya-
maguchi et al. 1999b), and the distance of the VMR
was estimated to be 700 pc to 200 pc (Liseau et al.
1992). It is however not established if the VMR is
physically associated with RX J0852.0�4622 (see e.g.,
Pannuti et al. 2010). Toward the northwest-rim of
RX J0852.0�4622, two observations were made with
the XMM -Newton and an expansion velocity was de-
rived and an age of 1.7–4.3⇥103 years was estimated
by Katsuda et al. (2008), assuming the free expansion
phase. Recently, Allen et al. (2015) improved the ex-
pansion measurement by using two Chandra datasets
separated by 4.5 years toward the northwestern rim of
RX J0852.0�4622. They derived an age of 2.4–5.1⇥103

year old and the range of distance from 700 to 800 pc,
which are roughly consistent with the previous study
by Katsuda et al. (2008). We will therefore adopt the
distance ⇠750 pc to RX J0852.0�4622 in the present
paper. Analyses of a central X-ray source in this SNR
using data from multiple observatories suggest that the

Image:	TeV	Gamma-ray	(Aharonian+07)	
Contours:	Suzaku	X-rays	(2-5.7	keV)
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Figure 10. Distributions of column density of the ISM protons (a) Np(H2), (b) Np(Hi), and (c) Np(H2 + Hi). Superposed
contours are the same as in Figure 2. (d) Azimuthal distributions of Np(H2), Np(Hi), Np(H2 + Hi), and normalized TeV �-ray
between the two elliptical rings shown in (c). The proton column densities are averaged between the rings in units of cm�2 (see
the text). The same plots inside the inner ring are shown on the right side of (c). The shaded area was excluded due to the
contamination of the PWN (see the text).
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Wpp (1048 erg) 0.4 1.2 0.7 7 1.4
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n  Wpp ~1048-49 erg 

HS+ in prep.
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Figure 6. RGB image of the SNR Kes 79. The red, green,
and blue colors represent the intensity maps of radio contin-
uum, 12CO(J = 1–0), and X-rays. The superposed contours
indicate 12CO(J = 1–0) integrated intensity. The contour
levels are every 3 K km s−1 from 20 K km s−1. The integra-
tion velocity range of CO is VLSR = 82.5–86.5 km s−1. The
position of GeV gamma-ray peak is indicated by the yellow
cross (Auchettl et al. 2014).

5.5±0.3 kpc for the near side and 8.7±0.3 kpc for the far
side. It is difficult to distinguish the near and far sides if
the two distances are relatively close to each other, but
Kes 79 is likely to be located at the near side. Because
soft-band X-rays are strongly affected by photoelectric
absorption, the far side location seems unrealistic for
X-ray bright SNRs such as Kes 79.
Furthermore, the absorbing column density toward

Kes 79 (∼ 1.5 × 1022 cm−2, Sato et al. 2016) is consis-
tent with the column density of foreground interstellar
gas between the Sun and the SNR if it is located at the
near side. The foreground interstellar gas on the near
side corresponds to the velocity range from 2 to 81.5
km s−1. The column density of foreground interstel-
lar gas is Np(H2 + Hi) = 2 × N(H2) + N(Hi), where
N(H2) is the column density of molecular hydrogen and
N(Hi) is the column density of atomic hydrogen. We
here use the relationsN(H2) = 1.0×1020×W (CO) cm−2

(Okamoto et al. 2017) andN(Hi) = 1.823×1020×W (Hi)
cm−2 (Dickey & Lockman 1990), where W (CO) and
W (Hi) are the integrated intensities of CO and Hi, re-
spectively. We thus obtain Np(H2 + Hi) = 3 × 1022

cm−2, which is large enough to explain the absorbing
column density toward Kes 79. To distinguish more ac-

curately between the near and far sides, we need Hi
absorption studies using Hi data with a finer angular
resolution because of the strong radio continuum from
Kes 79. We hereafter use the near-side distance of
5.5± 0.3 kpc.
Because the shockwave from Kes 79 interacts strongly

with the 80 km s−1 cloud, we can estimate the dynamical
age of the SNR assuming that it is in the Sedov-Taylor
phase (Sedov 1959). The dynamical age tage of the SNR
is then given by;

tage =
2Rsh

5Vsh
(1)

where Rsh is the radius of the SNR, and Vsh is the
shock velocity. We adopt the Rsh ∼ 8 pc from the 5
arcmin radius of the outer radio shell. According to
Sato et al. (2016), Vsh is estimated to be ∼ 300 km s−1,
assuming the thermal equilibration. We therefore obtain
the dynamical age tage ∼ 10, 000 yr, indicating that the
SNR Kes 79 can be categorized as a middle-aged SNR.

4.3. Total CR Protons Energy

Auchettl et al. (2014) discovered a GeV gamma-ray
excess in the direction of Kes 79, which is consistent with
hadronic gamma rays. To obtain the total CR proton
energy, we first need to determine the total interstellar
proton density associated with the SNR. The total mass
of interstellar gas associated with Kes 79 is ∼ 1.9 ×
104 M⊙ within a radius of 8 pc, and the mass of the
molecular component is ∼ 1.7× 104 M⊙ and that of the
atomic component is∼ 0.2×104 M⊙. Here, we adopt the
helium abundance of the molecular cloud to be ∼ 20 %
and assume the Hi to be optically thin. Adopting a shell
thickness of ∼ 3 pc, we find the total interstellar proton
density to be ∼ 360 cm−3, with the proton density of the
molecular component being ∼ 310 cm−3, and that of the
atomic component being ∼ 50 cm−3. Here, we used the
relation between N(H2) and W (CO) for estimating the
molecular component; N(Hi) and W (Hi) for estimating
the atomic component.
The total CR proton energy W tot

pp can then be derived
by using the equation (e.g., Aharonian et al. 2006);

W tot
pp ∼ tpp→π0

× Lγ (2)

where tpp→π0
∼ 4.5× 1015 (n/1 cm−3)−1 is the char-

acteristic cooling time of the protons and Lγ is the
gamma-ray luminosity. According to Auchettl et al.
(2014), Lγ(0.1–100 GeV) ∼ 3.8 × 1035 (d/5.5 kpc)2 erg
s−1, where d is the distance to Kes 79. This values is
consistent with a relation between the SNR radius and
gamma-ray luminosity (Bamba et al. 2016). The result-
ing value of W tot

pp (1–1000 GeV) is ∼ 1.7 × 1051(d/5.5
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the two distances are relatively close to each other, but
Kes 79 is likely to be located at the near side. Because
soft-band X-rays are strongly affected by photoelectric
absorption, the far side location seems unrealistic for
X-ray bright SNRs such as Kes 79.
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where Rsh is the radius of the SNR, and Vsh is the
shock velocity. We adopt the Rsh ∼ 8 pc from the 5
arcmin radius of the outer radio shell. According to
Sato et al. (2016), Vsh is estimated to be ∼ 300 km s−1,
assuming the thermal equilibration. We therefore obtain
the dynamical age tage ∼ 10, 000 yr, indicating that the
SNR Kes 79 can be categorized as a middle-aged SNR.

4.3. Total CR Protons Energy

Auchettl et al. (2014) discovered a GeV gamma-ray
excess in the direction of Kes 79, which is consistent with
hadronic gamma rays. To obtain the total CR proton
energy, we first need to determine the total interstellar
proton density associated with the SNR. The total mass
of interstellar gas associated with Kes 79 is ∼ 1.9 ×
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density to be ∼ 360 cm−3, with the proton density of the
molecular component being ∼ 310 cm−3, and that of the
atomic component being ∼ 50 cm−3. Here, we used the
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molecular component; N(Hi) and W (Hi) for estimating
the atomic component.
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pp can then be derived
by using the equation (e.g., Aharonian et al. 2006);

W tot
pp ∼ tpp→π0

× Lγ (2)

where tpp→π0
∼ 4.5× 1015 (n/1 cm−3)−1 is the char-

acteristic cooling time of the protons and Lγ is the
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Figure 5. RGB image of the supernova remnant Kes 79. The red, green, and blue colors represent the intensity maps of radio
continuum, 12CO(J = 1–0), and X-rays. The superposed contours indicate 12CO(J = 1–0) integration intensity map , and the
levels are every 3 K km s−1 from 20 K km s−1. The CO integration velocity range is VLSR = 82.5–86.5 km s−1.
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Fig. 6. (a) Integrated intensity map of ALMA 12CO(J = 1−0) superposed on the Chandra X-ray 
contours. The integration velocity range is from 244.8 to 252.8 km s−1. The contour levels are the 
same as in Figure 2. The tiny molecular clumps A and B are also shown. (b) Position-velocity 
diagram of the ALMA 12CO(J = 1−0). The integration range in Declination is from −68°43'51" 
to −68°43'21", corresponding to the dashed lines in Figure 6a. The dashed-curve represents an 
expanding gas motion. 
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Figure 4. (a) Integrated intensity distribution of the 12CO(J = 2–1) emission toward W44 in Vlsr = 30.2–40.2 km s−1. The integration range is shown in (b) by dashed
lines. The contours are illustrated every 6.3 K km s−1 from 3.8 K km s−1. (b) Position–velocity diagram of 12CO(J = 2–1) emission. The integration range is shown
in (a) by dashed lines. The contours are illustrated every 0.5 K from 0.5 K. Thick contour in each panel indicates the molecular cloud interacted with shock wave
(shocked gas).
(A color version of this figure is available in the online journal.)
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Figure 5. Spatial distribution of the line intensity ratio between 12CO(J = 2–1) and 12CO(J = 1–0). Data were smoothed with a Gaussian function to an effective
beam size of 202′′. The dashed contours indicate the distribution of the 12CO(J = 2–1) emission illustrated every 5 K km s−1 from 3 K km s−1. The solid contours
indicate the radio shell of the 1.4 GHz radio continuum.
(A color version of this figure is available in the online journal.)

size of 25 pc. This value is consistent with that estimated by
Giuliani et al. (2011). We use the following relation in order
to calculate the total CR protons from the γ -rays and the ISM
average density:

Wγ ≈ Lγ ×τpp→π0 ∼1×1049
! n

200 cm−3

"−1
#

d

3 kpc

$ 2

(erg),

(5)

where τpp→π0 ≈ 2.3 × 1013(n/200 cm−3)−1 s (Aharonian
et al. 2005) is the characteristic cooling timescale of protons
through the π0 production channel, Lγ = 4πd2wγ ≈ 5.9 ×
1035(d/3 kpc)2 erg s−1 is the γ -ray luminosity, n (cm−3) is the
mean proton density of the target ISM, d (kpc) is the distance
of the SNR, and wγ (erg cm−2 s−1) is the γ -ray energy flux
between 0.1 and 100 GeV. The result is ∼1049 erg and is an order
of magnitude larger than that estimated in RX J1713.7−3946
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