
Shock-cloud	interaction	in	the	
Galactic/Magellanic	supernova	remnants:	
Evidence	for	cosmic-ray	acceleration�

Hidetoshi Sano (Nagoya University) 
 

28 March 2018 @ Bamberg 
Interstellar Medium in the Nearby Universe (ISM2018) 

Main Collaborators: 
Y. Yamane, S. Yoshiike, T. Nagaya, K. Tachihara, G. Rowell, F. Voisin, N. Maxted, M. Filipovic, K. Grieve, 
E. Reynoso, T. Inoue, S. Inutsuka, T. Tanaka, A. Bamba, H. Uchida, and Y. Fukui



Outline�

n  Shock-cloud interaction	
	

B	field	amplification	around	ISM	clumps,	CR	electrons	rapidly	dump	

&	synchrotron	X-ray	enhancement	(�ano+10,	13,	15,	17a;	Inoue+09,	12)		
	

n  Cosmic-ray origin	
	

Good	spatial	correspondence	between	the	ISM	&	hadronic	γ-rays			

(Fukui+12,	13,	17;	Fukuda+14;	Sano+18	in	prep.)		
	

n  Toward the Cherenkov Telescope Array (CTA) era	
	

Identifying	the	ISM	associated	with	the	Galactic/Magellanic	SNRs	

(Sano+17b,c;	Kuriki+17;	Yamane+18	to	be	submitted)		

��

To	understand	CR	acceleration	&	X-/γ-rays	in	
SNRs,	detailed	study	of	the	ISM	is	important	



Supernova remnant RX J1713.7−3946� ��

Bright	in	synchrotron	X-rays�

Dark	in	synchrotron	X-rays�

Image:	ROSAT	synchrotron	X-rays�

Fukui	et	al.	(2003)	PASJ,	55,	61�

︎	Age:	~1,600	yr	
︎	Distance:	~1	kpc	
︎	Size:	~19	pc	
︎	Core-collapse	SNR	
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Shock interaction with gas clumps�

Inoue+12�
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Shock interaction with gas clumps: MHD simulation�
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�n  B	field	are	amplified	around	the	CO-like	clump	

n Maximum	B	field	strength	reaches	~1	mG	

�Averaged	B	field:	~30−40	μG	in	the	down	stream)	



Young TeV gamma-ray SNRs�

n  four well-known TeV gamma-ray SNRs  (age ~ 2,000 yrs)
n  The SNRs are interacting with ISM.

RX J1713.7–3946� RX J0852.0–4622� RCW 86�HESS J1731–347�

Aharonian+07� Arribas+12� Aharonian+09�

diameter:  ~1 deg.� ~2 deg.�  ~0.5 deg.�~0.5 deg.�
age:   ~1600 yr� ~1700−4300 yr� ~1800 yr�~3600−7200 yr�

ISM:  rich CO + cold HI� rich HI + little CO� rich HI + little CO�rich CO + HI cavity�
X-rays: pure synchrotron � pure synchrotron?� thermal + non-thermal�pure synchrotron �

Abramowski+11�

���



Radiative processes of gamma-rays in the young SNRs�

CR protons�

Interstellar  
protons π0�

π-�π+�
        γ-ray

(π0 decay)

γ-ray

�Hadronic process��

Low energy photon  
�CMB, infrared etc.��

γ-ray
�IC scattering�

�Leptonic process��

F∝
Wpn
d 2

Wp: total energy in  
       accelerated protons 
n: gas density 
d: distance to the SNR�

CR electrons�

If	the	hadronic	process	is	working,		

à	gamma-ray	flux	�	gas	density	

n  Gamma-rays	(hadronic:	p-p	interaction,	leptonic:	IC	scattaring)	

à	It	is	difficult	to	distinguish	the	processes	by	spectra	analysis	alone	



Evidence for CR proton acceleration��Fukui+12��

Spatial correspondence between the  
interstellar protons & TeV gamma-rays

Fukui	et	al.	(2012)�

���
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Interpretation of the gamma-ray spectra of RXJ1713�
Leptonic	model	(Abdo+11)	

à	Low	B	field	needed	�L72 S. Gabici and F. A. Aharonian

Figure 1. Spectrum of CRs in the SNR shell (dotted line) and inside a
clump that entered the shock at tc = 1400, 1500 and 1550 yr (solid lines 1,
2 and 3, respectively).

where B = 100 B−4 µG is the magnetic field in the turbulent layer,
Ltr = 0.05 Ltr,−1.3 pc its thickness and E = E12 TeV the particle
energy. For a given clump, the minimum energy of the particles that
can penetrate is given by the equation τd = tage − tc. A significantly
faster CR diffusion is expected outside of the transition region,
both inside the clump, where ion–neutral friction is expected to
heavily damp magnetic turbulence, and in the SNR shell, where the
magnetic field strength and turbulent level are significantly smaller.

The equation that regulates the time evolution of the total number
of CRs inside a clump Ncl(E) is then

∂Ncl(E)
∂t

= (Vcl/Vsh)NCR(E) − Ncl(E)
τd

, (6)

where Vcl = (4π/3)L3
c and Vsh are the volumes of the clump and

of the SNR shell, respectively. The total volume of the clumps is
taken to be much smaller than Vsh, to ensure the validity of equation
(4). Moreover, Vcl is assumed to be constant in time (i.e. no CR
adiabatic energy losses) and proton–proton interaction energy losses
are neglected since they operate on a time tpp ∼ 5 × 104n−1

c,3 yr,
longer than the age of the SNR. Finally, the volume Vsh filled by
CRs is taken to be the shell encompassed between the SNR forward
shock and the contact discontinuity. The exact position of the contact
discontinuity depends on several physical parameters (e.g. Orlando
et al. 2012), and is typically of the order of ≈0.9Rs.

The dotted line in Fig. 1 represents the current CR density in the
SNR shell as a function of the particle energy. It has been computed
from equation (4) after assuming a CR acceleration efficiency of
η = 0.1 and a magnetic field in the turbulent layer of B−4 = 1.2.
An exponential cutoff at Emax = 150 TeV has been multiplied to the
solution of equation (4) to mimic the escape of the highest energy
CRs from the shock. The CR density inside clumps is derived from
equation (6) and plotted with solid lines. Lines 1, 2 and 3 refer
to a clump that entered the SNR shock 1400, 1500 and 1550 yr
after the supernova explosion, respectively. Clumps that entered the
SNR at tc ≈ 1400 yr are encountering now the contact discontinuity.

Figure 2. Gamma-rays from RX J1713.7−3946. The emission from the
clumps is shown as a solid line, while the dashed line refers to the emission
from the diffuse gas in the shell. Data points refer to Fermi and HESS
observations.

Clumps that entered the SNR earlier either are disrupted by plasma
instabilities at the contact discontinuity or, if they survive, enter a
region characterized by a low density of CRs and quickly become
themselves devoid of CRs due to their diffusive escape.

The spectrum of CRs inside the clumps has a characteristic peak
at energies of ≈10 TeV. At energies larger than that of the peak, the
spectra of the CRs in the clumps and in the SNR shell coincide. This
is because at large energies diffusion becomes important over times
smaller than the residence time of clumps in the shell, allowing for
a rapid equilibration of CR densities. On the other hand, CRs with
energies smaller than that of the peak diffuse too slowly to effec-
tively penetrate the clumps. This explains the deficit of CRs with
energies below ≈10 TeV in the clumps. The very hard spectral slope
found below the peak is an effect of the steep energy dependence
of the Bohm diffusion coefficient. The position of the peak moves
towards larger energies for clumps that enter later the SNR shock,
as can be inferred by equation (5) and the discussion that follows it.

The hadronic gamma-ray emission from all the dense clumps in
the shell is plotted as a solid line in Fig. 2. The gas density within
clumps is nc,3 = 1 and the density of clumps is 3 pc−3, which
implies a total mass in the clumps within the SNR shell of 550 M⊙
and a clump volume filling factor of ≈0.01. The distance to the SNR
is 1 kpc. The prediction is in agreement with Fermi and HESS data.
The gamma-ray emission from CR interactions in the low-density
diffuse gas swept up by the SNR is plotted as a dashed line, and
shown to be subdominant. The contribution from inverse Compton
scattering from electrons accelerated at the SNR is expected to be
negligible, if the magnetic field is !10 µG.

Secondary electrons are also produced in proton–proton interac-
tions in the dense clumps. Their production spectrum is similar in
shape to that of gamma-rays (Fig. 2), with a normalization smaller
by a factor of ≈2 and particle energies larger by the same fac-
tor. Thus, the peak of electron production happens at an energy
of ≈2 TeV. Such electrons escape the clump in a time ∼200 yr
(equation 5), which is shorter than both synchrotron and
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Hadronic	model	(Gabici+14)	

à	High	B	field	needed�

B ~100 μG�B ~10 μG�

The Astrophysical Journal, 744:71 (15pp), 2012 January 1 Inoue et al.

scenario. However, in our shock–cloud interaction model, as
we discuss in the following, the spectrum may deviate from
this conventional spectrum. Because of the heavy shock stall
in the clouds, particle acceleration at the transmitted shock
wave would be inefficient and most of the particles could be
accelerated at the primary shock in the diffuse gas. The high-
energy nuclei accelerated at the primary shock interpenetrate
diffusively to nearby shocked dense clumps. The amount of the
neutral pions generated through the collisions of accelerated
nuclei and matters in the clouds, which eventually decay and
emit gamma rays (Issa & Wolfendale 1981; Naito & Takahara
1994; Aharonian et al. 1994), is proportional to the mass of the
dense clumps illuminated by the high-energy nuclei. Since the
penetration depth into the clouds would depend on the energy of
accelerated particles, the hadronic gamma-ray spectrum can be
deviated from that of the conventional model supposing uniform
ISM (see also Zirakashvili & Aharonian 2010).

In our simulations, the clouds formed by the thermal insta-
bility have a sheet-like structure. Using the penetration depth
lpd of the accelerated protons into the cloud, the mass of the
cloud illuminated by the high-energy protons is M ∼ R2 lpd ρ,
where ρ ≃ 40 cm−3 is the density of clouds and R is the scale
of the cloud sheet ∼1 pc. This indicates that the mass of the
interpenetrated region of the cloud is proportional to the pene-
tration depth as long as the penetration depth is smaller than the
thickness of the cloud sheet ≃0.1 pc. However, as discussed in
Section 4.3, low-density cloud envelope would be wiped out by
the stellar wind. In the case of RX J1713.7−3946, the clouds
that remain in the SNR would be dense molecular cloud cores/
clumps as suggested in Equation (8) and observationally in Sano
et al. (2010). If the dense molecular cloud cores are gravitation-
ally bound, collapsing objects, the density structure becomes
ρ(r) = ρ0 (r/r0)−2 (Larson 1969; Penston 1969; Masunaga &
Inutsuka 2000; Andre et al. 2000). This is indeed the case of
the “peak C” of CO core embedded in RX J1713.7−3946 (Sano
et al. 2010). In this case the mass illuminated by the high-energy
protons can be written as

M =
! R

R−lpd

4π r2 ρ0 (r/r0)−2 dr = 4π ρ0 r2
0 lpd. (11)

If the cores are gravitationally unbound, pressure-confined
objects, the density would be approximately constant (Bonner
1956; Ebert 1955; Alves et al. 2001), and the illuminated mass
can be written as

M =
! R

R−lpd

4π r2 ρ dr = 4π ρ

3

"
3 R2 lpd − 3 R l2

pd + l3
pd

#

≃ 4π ρ R2 lpd for R ≫ lpd. (12)

The above examples indicate M ∝ lpd as long as lpd ≪ R.
The radius of the molecular cloud cores is typically 0.1–1 pc,
and the scale of dense clumps in molecular clouds is usually
larger than 0.1 pc because 0.1 pc is the minimum scale of
the thermal instability (Field 1965; Koyama & Inutsuka 2004;
Inoue et al. 2006) and the turbulent flows that form clumps by
shock compressions are expected to be subsonic below 0.1 pc
(Larson 1981; Heyer & Brunt 2004; Mac Low & Klessen 2004).
Note that when the density of clouds is as high as 103 cm−3,
the cooling timescale of clouds becomes much smaller than
the age of RX J1713.7−3946 ∼ 1000 years that substantially
diminish the scale of shocked region of clouds due to cooling
contraction. However, owing to the slowdown of the shock

speed, the penetration length of the shock wave into the cloud in
1000 years is evaluated to be ∼0.01 pc (where we have assumed
the density ratio between the clouds and diffuse gas to be 105

as we discussed in Section 4.3) that is much smaller than the
scale of the molecular cloud cores !0.1 pc. Thus, we can still
assume the minimum scale of clouds to be 0.1 pc, even if clouds
are apparently embedded in SNR.

Since the diffusion coefficient for the high-energy particles
can be written as κd = 4 η lg c/3π (Skilling 1975), where lg is
the gyroradius of relativistic particles, the penetration depth due
to the random walk of the particles can be written as

lpd ≃ (κd t)1/2

= 0.1 η1/2
$

E

10 TeV

%1/2 $
B

100 µG

%−1/2 $
tage

103 yr

%1/2

pc,

(13)

where E is the particle energy and tage is the age of the SNR.
For the magnetic field strength in the above expression, we
have used the observed typical strength in the dense regions
of molecular clouds with density ∼103 to 104 cm−3 (Crutcher
1999). The parameter η = B2/δB2 has large ambiguity. As we
have discussed in Sections 3.3 and 4.3, the Bohm-limit diffusion
can be expected not only around the shocked clouds but also in
shocked clouds through the scattering by turbulent magnetic
field fluctuations (Beresnyak et al. 2011) and fluctuations
generated by the effect of a cold ion beam (Ohira et al. 2009).
Also, the observations by Uchiyama et al. (2007) suggest that
η ∼ 1 is realized at least around the clouds. Thus, if we assume
η ∼ 1, the penetration depth for particles with E ! 10 TeV can
be smaller than the minimum scale of clouds ∼0.1 pc and the
interpenetrated mass can be proportional to the square root of
particle energy M(E) ∝ lpd(E) ∝ E1/2.

In the conventional one-zone model that assumes the amount
of target matter creating π0 is independent of the energy of
accelerated protons, the spectral energy distribution of gamma
rays becomes N (E) dE ∝ E−p dE above the critical energy for
the π0 creation and below the maximum energy of accelerated
nuclei. Here p is the spectral index of the distribution of high-
energy nuclei with p = 2 in the conventional DSA theory.
While in the shock–cloud interaction model, the amount of
matter creating π0 depends on the square root of the energy of
accelerated protons, so that the gamma-ray distribution becomes
Nγ (E) dE ∝ M(E) E−p dE ∝ lpd(E) E−p dE ∝ E−p+1/2 dE.
This yields Nγ (E) ∝ E−1.5 for p = 2: that is consistent
with the recent observation of RX J1713.7−3946 (Abdo et al.
2011). This photon index of the hadronic gamma-ray emission
(p − 1/2) is the same as that of the inverse Compton emission
(p + 1)/2 when p = 2. Thus, the spectra in the two scenarios
are indistinguishable. Fortunately, as we discuss below, these
two emissions can be distinguished if we focus on the spatial
distribution of gamma rays.

4.5. Spatial Inhomogeneity of Nonthermal Emissions

In the previous section, we have shown that the emission
mechanism of gamma rays cannot be distinguished from the
gamma-ray observation alone. In the following, we discuss how
we can clarify the emission mechanism. A significant differ-
ence between our shock–cloud interaction model and the con-
ventional uniform ISM model is the spatial inhomogeneity. The
uniform ISM model predicts that emissions are spatially corre-
lated from microwave to gamma ray irrespective of the emission
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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

Interstellar gas in Vela Jr. �Fukui+17, ApJ, 850, 71�� ���

Spatial correspondence between the  
interstellar protons & TeV gamma-rays

Gamma-ray�

CO	+	HI�

16 Fukui et al.

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).

Fukui	et	al.	(2017)�



2 Sano et al.

315.8 315.6 315.4 315.2 315.0
Galactic Longitude [degree]

-2.8

-2.6

-2.4

-2.2

-2.0

G
a

la
ct

ic
 L

a
tit

u
d

e
 [
d

e
g

re
e

]

(a) H.E.S.S. TeV γ-ray (E > 100 GeV)

HPBW

5 pc

0 70   140

Excess Counts

+90° < θ < +180°0° < θ < +90°

-90° < θ < 0° -180° < θ < -90°

0.0

0.5

1.0

E
xc

e
ss

 c
o

u
n

ts
 [
a

.u
.]

0.0 0.2 0.4 0.6
Radius [degree]

0.0

0.5

1.0

0.0 0.2 0.4 0.6

+90°

−90°

0° −180°

(b) Radial Profiles

Figure 1. (a) Distribution of TeV �-ray excess counts of RCW 86 (E > 100 GeV, H. E. S. S. Collaboration
et al. 2016b). Black contours correspond to 75, 85, 95, 105, 115, and 125 excess counts. (b) Radial profiles of
TeV �-rays for the four sectors defined in Figure 1a, centered at (↵J2000, �J2000) = (14h43m2.s16, �62�2605600)
or (l, b) = (315.�43, �2.�29) (see H. E. S. S. Collaboration et al. 2016b). Small dots represent the distributions
of all the data points for TeV �-ray and large filled circles with error bars represent averaged values at each
radius. We adopt a three-dimensional spherical-shell with a Gaussian intensity distribution along its radius
to interpolate the TeV �-ray distribution (see the text). The green line represents the estimated three-
dimensional Gaussian distribution and the orange line represents its projected distribution. Ranges of
radius shaded in blue area correspond to the shell radius for each sector.
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Total energy of CRs in the young gamma-ray SNRs�

RX J1713� RCW 86� Vela Jr.� HESS J1731�
Age (yr)� 1600� 1800� 2400� 4000�
Distance (kpc)� 1� 2.5� 0.75� 5.2�
Radius (pc)� 8.2� 7.5� 5.9� 11�
Atomic mass (104 M�)� 1.1� 2.0� 2.5� 1.3�
Molecular mass (104 M�)� 0.9� -----� 0.1� 5.1�
Total ISM mass (104 M�)� 2.0� 2.0� 2.6� 6.4�
ISM density (cm−3)� 130� 75� 100� 60�
Wpp (1048 erg)� 0.4� 1.2� 0.7� 7�

SNR Type� CC� Type Ia� CC?� CC�

Sano+18� Fukui+17�Fukui+12� Fukuda+14�

n  A safety lower limit of Wpp is ~1048−49 erg for young TeV SNRs

�
�
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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

9

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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Theoretical	value	of	Wpp	

~1049−1050 erg�



Cherenkov Telescope Array (CTA)�
-	The	next	generation	ground-based	observatory	for	γ-ray	astronomy	at	VHE.	

-	The	improved	angular	resolution	to	the	arcminute	scale	(2	arcmin	@	10	TeV).	

-	Ten	times	deeper	sensitivity	than	previously	obtained	with	Cherenkov	telescopes.	

		à	It	is	expected	that	40	or	more	TeV	γ-ray	shell-type	SNRs	will	be	newly	detected	

���



Investigating the ISM associated with X-ray bright SNRs �
n  CO	surveys	using	NANTEN2,	Mopra	&	NRO	45-m	are	useful	!!		12 Kuriki et al.
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Red: Radio Continuum
Green: 12CO(J=1-0)
Blue: X-ray

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.

ɹ

Galactic	SNR	Kes	79	
Fermi	gamma-ray	detected	
(Kuriki,	Sano+17:	arXiv:1711.08165)�

	

n Coverage	
10°	<	l	<	50°,		|b|	<	1°	(inner)	
	

n Lines	
12CO,	13CO,	C18O	J	=	1−0		
	

n Sensitivity	
12CO:	~1.5 K,	13CO,C18O:	~0.7 K 
 

n Resolution	
Angular	resolution	~20 arcsec 
Channel	resolution	~0.65 km s−1 
	

45m	dish�



CO survey of Magellanic SNRs (Sano+17a, +18 in prep.)�
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FIGURE 1. Distribution of the Hi emission [11] overlaid on the 12CO(J = 1–0) contours taken by the NANTEN radio telescope
[12]. The superposed circles show the X-ray SNRs, which are the targets of this study.

distributed throughout the LMC. This means that there are enough samples for the statistical comparison study, and
we could observe CO over for all of the SNRs by using a single-dish radio telescope with a 10 pc or finer resolution.

OBSERVATIONS

We surveyed the 25 SNRs with 12CO(J = 1–0) emission line with the Mopra radio telescope from July 2013 to May
2015. We used the on-the-fly (OTF) mode with Nyquist sampling for each SNR along with mapping areas from 20 ⇥20
to 60 ⇥ 60. The typical system temperature was 600–1000 K in the single-sideband (SSB). The backend system, the
Mopra Spectrometer (MOPS), provided 4,096 channels across 137.5 MHz, which correspond to a velocity resolution
of ⇠ 0.088 km s�1 per channel and velocity coverage of ⇠ 360 km s�1 in the zoom mode at 115 GHz. After convolution
with a 2D Gaussian kernel, the final beam size was ⇠ 4500 (FWHM). The pointing accuracy was checked every 2 hours
to keep within an o↵set of 700. The intensity calibration was applied by observing Orion-KL [↵J2000 = 5h35m38.6s,
�J2000 = �5�2203000] [13]. Finally, we combined our data with that of archived datasets from the Magellanic Mopra
Assessment (MAGMA) [14] by using the root-mean-square weighting method. The final noise fluctuation was found
to be ⇠ 0.16 K at the velocity resolution of 0.53 km s�1.

The 12CO(J = 3–2) observations of N132D was performed by the Atacama Submillimeter Telescope Experiment
(ASTE) [15] during September 2014. We used the OTF mode with Nyquist sampling, and the mapping area was
40 ⇥ 40. The frontend was a 2SB SIS mixer receiver called “CATS 345” [16]. The typical system temperature was
250–350 K in the SSB. The backend was the digital spectrometer, “MAC” [17], which had 1,024 channels across 128
MHz; this corresponds to a velocity resolution of ⇠ 0.11 km s�1 per channel and coverage of ⇠ 111 km s�1 at 350
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FIGURE 1. Distribution of the Hi emission [11] overlaid on the 12CO(J = 1–0) contours taken by the NANTEN radio telescope
[12]. The superposed circles show the X-ray SNRs, which are the targets of this study.

distributed throughout the LMC. This means that there are enough samples for the statistical comparison study, and
we could observe CO over for all of the SNRs by using a single-dish radio telescope with a 10 pc or finer resolution.

OBSERVATIONS

We surveyed the 25 SNRs with 12CO(J = 1–0) emission line with the Mopra radio telescope from July 2013 to May
2015. We used the on-the-fly (OTF) mode with Nyquist sampling for each SNR along with mapping areas from 20 ⇥20
to 60 ⇥ 60. The typical system temperature was 600–1000 K in the single-sideband (SSB). The backend system, the
Mopra Spectrometer (MOPS), provided 4,096 channels across 137.5 MHz, which correspond to a velocity resolution
of ⇠ 0.088 km s�1 per channel and velocity coverage of ⇠ 360 km s�1 in the zoom mode at 115 GHz. After convolution
with a 2D Gaussian kernel, the final beam size was ⇠ 4500 (FWHM). The pointing accuracy was checked every 2 hours
to keep within an o↵set of 700. The intensity calibration was applied by observing Orion-KL [↵J2000 = 5h35m38.6s,
�J2000 = �5�2203000] [13]. Finally, we combined our data with that of archived datasets from the Magellanic Mopra
Assessment (MAGMA) [14] by using the root-mean-square weighting method. The final noise fluctuation was found
to be ⇠ 0.16 K at the velocity resolution of 0.53 km s�1.

The 12CO(J = 3–2) observations of N132D was performed by the Atacama Submillimeter Telescope Experiment
(ASTE) [15] during September 2014. We used the OTF mode with Nyquist sampling, and the mapping area was
40 ⇥ 40. The frontend was a 2SB SIS mixer receiver called “CATS 345” [16]. The typical system temperature was
250–350 K in the SSB. The backend was the digital spectrometer, “MAC” [17], which had 1,024 channels across 128
MHz; this corresponds to a velocity resolution of ⇠ 0.11 km s�1 per channel and coverage of ⇠ 111 km s�1 at 350
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distributed throughout the LMC. This means that there are enough samples for the statistical comparison study, and
we could observe CO over for all of the SNRs by using a single-dish radio telescope with a 10 pc or finer resolution.

OBSERVATIONS

We surveyed the 25 SNRs with 12CO(J = 1–0) emission line with the Mopra radio telescope from July 2013 to May
2015. We used the on-the-fly (OTF) mode with Nyquist sampling for each SNR along with mapping areas from 20 ⇥20
to 60 ⇥ 60. The typical system temperature was 600–1000 K in the single-sideband (SSB). The backend system, the
Mopra Spectrometer (MOPS), provided 4,096 channels across 137.5 MHz, which correspond to a velocity resolution
of ⇠ 0.088 km s�1 per channel and velocity coverage of ⇠ 360 km s�1 in the zoom mode at 115 GHz. After convolution
with a 2D Gaussian kernel, the final beam size was ⇠ 4500 (FWHM). The pointing accuracy was checked every 2 hours
to keep within an o↵set of 700. The intensity calibration was applied by observing Orion-KL [↵J2000 = 5h35m38.6s,
�J2000 = �5�2203000] [13]. Finally, we combined our data with that of archived datasets from the Magellanic Mopra
Assessment (MAGMA) [14] by using the root-mean-square weighting method. The final noise fluctuation was found
to be ⇠ 0.16 K at the velocity resolution of 0.53 km s�1.

The 12CO(J = 3–2) observations of N132D was performed by the Atacama Submillimeter Telescope Experiment
(ASTE) [15] during September 2014. We used the OTF mode with Nyquist sampling, and the mapping area was
40 ⇥ 40. The frontend was a 2SB SIS mixer receiver called “CATS 345” [16]. The typical system temperature was
250–350 K in the SSB. The backend was the digital spectrometer, “MAC” [17], which had 1,024 channels across 128
MHz; this corresponds to a velocity resolution of ⇠ 0.11 km s�1 per channel and coverage of ⇠ 111 km s�1 at 350
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�	Target:	X-ray	bright	SNRs	
�	Period:	2013/7−2015/5	
�	Line:	12CO(J	=	1−0)	�
�	Mode:	On-the-fly	(OTF)	
�	Tsys:	~600−1000	K	
�	Angular	reso.:	~45"	(~11	pc)	
�	Velocity	reso.:	~0.088	km	s−1	
�



Images: Mopra CO (Sano+17a, +18 in prep.)
Contours: Chandra X-rays�



Images: Mopra CO (Sano+17a, +18 in prep.)
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Four	LMC	SNRs	have	been	observed	using	ALMA	
(PIs:	H.	Sano,	J.	van	Loon,	K.	Fujii,	and	Y.	Yamane)�
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Figure 13. Images, from top to bottom, of G98-21, G98-28, G98-29, and G98-31. The leftmost panel in each row is a color composite made from continuum-subtracted
Hα (red), [S ii] (green), and [O iii] (blue) LGGS images. Radio contours from our VLA observations of M33 are overlaid on the color composite, except in the case
of GKL-29, which we did not detect. The remaining panels in each row are (left to right) the deconvolved X-ray image, the raw X-ray image, and the PSF for the
observations in the fields used.

emission from the western side of the shell is not clear from these
data.

G98-29 (or L10-037), shown in the third row of Figure 13
(see also Figure 26, third row), is a large limb-brightened X-ray
SNR about 32 pc across. The original and deconvolved images
are very similar in this case. The SNR was detected by Gordon
et al. (1999) at radio wavelengths, but is not contained in our
higher resolution radio maps, which is most likely due to the fact
that our observations were less sensitive to objects of this size.
Optically, the SNR is relatively isolated from other nebulosity.
The optical emission has a knotty appearance, with only a hint
of emission in the NW.

G98-31 (or L10-039), shown in the bottom row of Figure 13
(see also Figure 27, top row), is quite small at X-ray wavelengths
and the emission appears centrally peaked, with only a hint of
shell-like structure extending to the north. The X-ray emission
corresponds to a bright core of optical emission seen in the
figure and the high-surface-brightness component of this core is

very similar. The [S ii] line ratio is 0.8 for this object, indicating
high density. Optical echelle spectra (Blair et al. 1988) show
velocities of 330 km s−1 for this core. The core also appears
strong in [O iii], and it may be this emission being passed by the
V-band filter that causes the extended emission in this image. In
a wider view, one can see that the object sits centrally in a larger
Hα shell with brighter knots on the east and north sides.

At a stretch that reveals faint structures, the optical emission
from G98-31 displays an unusual morphology, with what appear
to be two thin arcs or shells extending from the core to the
north and east. While somewhat reminiscent of the rings around
SN1987A, the physical scale of the thin arcs in G98-31 is nearly
60 times larger, extending some 30 pc. Long-slit spectra confirm
that these arcs show elevated [S ii]:Hα ratios, but they do not
show the high velocities seen in the core. The arcs are present
but less well defined in the [O iii] image (not shown). It is
conceivable that the arcs may represent an older SNR located
along the same line of sight.

Chandra	X-ray�M33SNR	21	
Chandra	X-rays�
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Figure 14. From top to bottom, images of G98-35, G98-55, and G98-73. The format is identical to Figure 13.

G98-35 (or L10-045), shown in Figure 14, top (see also
Figure 28, third row), is another complicated object with a
bizarre morphology. A very bright central core of optical
emission is surrounded by asymmetrical loops or arcs, one to the
east–southeast and one to the northwest. The eastern lobe is high
in [S ii] while the northwestern lobe has lower, but still elevated
[S ii] emission. The [O iii] emission looks quite similar. Hubble
Space Telescope (HST) observations with the original WF/PC
camera by Blair & Davidsen (1993) showed the bright core to
be a broken shell of very high surface brightness emission. This
can be seen in the [S ii] panel of the figure, which is scaled
to show the highest surface-brightness regions. Echelle data by
Blair et al. (1988) show bulk motions of 313 km s−1 for the
core, but the velocities are significantly lower in the portions of
the loops measured by their east–west oriented slit.

Most of the X-ray emission stems from the very bright optical
core. However, there is clearly emission extending beyond the
core—especially toward the eastern lobe where faint X-ray
emission peaks just inside the optical rim. Without more
information, we define the SNR to include the core and both
lobes, which appear to form a coherent structure as seen in the
Hα panel of the figure, but clearly the core itself is kinematically
distinct.

G98-55 (or L10-071), shown in the middle panel of Figure 14
(see also Figure 34, bottom row), is another very high surface
brightness optical SNR on the eastern edge of an H ii complex
with bright condensations and extensive diffuse emission. In
[S ii] and [O iii], the SNR is distinct from the H ii region, and
is dramatically brighter on its western side, toward the bulk of
the H ii region. The southern edge of a shell is also visible, and
the complete shell can be seen with altered contrast settings.

The X-ray emission shows a well-developed shell, brightest in
the southwest, where the optical and radio emission are also
brightest. Echelle spectra (Blair et al. 1988) show bulk motions
of 272 km s−1. The smudge in the V-band continuum frame is
likely due to [O iii] emission transmitted through the bandpass.

G98-73 (or L10-096), shown in the bottom panel of Figure 14
(see also Figure 40, bottom row), is a small, diffuse shell-like
SNR showing bright knots on the southeast and northwest limbs.
A very bright, compact H ii region ∼6′′ to the southeast is
apparently not related. The [O iii] emission (not shown here)
reveals a complete shell, with the brighter knots less evident than
in the other emission-line images. Echelle spectra (Blair et al.
1988) show bulk motions of 185 km s−1. The X-ray emission is
barely resolved and appears to fill the shell. The compact H ii
region is a 24 µm source; the SNR, however, is not.

8.2. X-ray Spectral Analyses

Abundance analysis can in principle yield clues to the SN
type, while the derived temperature and ionization timescale
can yield information on the evolutionary state of the remnant.
The extracted spectrum for each remnant is shown in Figure 15.
Using XSPEC, we first fit all of the spectra to simple plane-
parallel shock models (pshock (Borkowski et al. 2001) inXSPEC
with NEIVERS set to the default of 1.1). We fixed the Galactic
absorption along the line of sight to be 6 × 1020 cm−2, using
the tbabs model (Wilms et al. 2000) in XSPEC with the abund
parameter set to wilm and the cross sections to vern (Verner
et al. 1996). We fixed the metallicity for absorption in M33 to be
0.5 times solar, but allowed the column in M33 to vary using the
tbvarabs model in XSPEC. We fit the shock temperatures, the
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Molecular gas associated with X-ray Bright SNRs in M33 �

n  All X-ray brightest SNRs in M33 are possibly associated with GMCs 
à ALMA observation will reveal CO clumps associated with the SNRs.

Sano, Fukui, Sasaki, Knies et al. �Extremely Preliminary Results�



Summary�

n  Young	SNRs	&	interstellar	gas	
	 ︎	Candidate	for	the	Galactic	cosmic-ray	accelerator		
︎	Molecular	cloud	(>	1000	cm−3),	Atomic	cloud	(~1–100		cm−3)	

	

n  Shock-cloud	interaction	
	 ︎	Enhancement	of	the	turbulence	&	B	field	around	the	gas	clumps	
︎	Gas	distribution	may	control	the	synchrotron	X-ray	spectra	

	

n  Good	spatial	correspondence	between	the	ISM	&	gamma-rays	
	 ︎�CR	protons	are	accelerated	over	1	TeV	in	the	young	SNRs	
	

n  Science	toward	the	CTA	era	
	 ︎�CO	surveys	are	useful	to	identify	MCs	with	gamma-ray	SNRs	
︎�CO	surveys	of	Magellanic	&	M33	SNRs	are	ongoing!!		

Interstellar gas associated with SNRs plays an essential 
role in understanding the origins of  X-, γ-rays and CRs !! �

���


