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The origin of the Galac0c cosm
ic rays 

1912 Discovery of the cosm
ic rays by V. Hess

Cosm
ic ray protons are not easily iden0fied

Interac0on w
ith low

 energy protons allow
s to probe CRs

ー
p-p collision creates pions, p

0, p
+, p

-

p
0decays into tw

o gam
m

a rays
p

+, p
-decay and produce neutrinos

Tw
o possible gam

m
a ray originsm

ust be disentangled
ー

hadronic：p-p collision
CR protons produce gam

m
a rays via neutral pion

CRp+p→
π

0→
2g

ー
leptonic：inverse Com

pton scaKering
CR electrons scaKer low

-energy photons(CM
B)→

g

Verifica0on of the hadronic gam
m

a rays is the key for the cosm
ic ray origin

and calculated CR proton energy can test CR budget in our Galaxy
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The Galac)c Plane     
H.E.S.S. TeV

gam
m

a rays (2018)

[RX J1713.7-3946]

3 H.E.S.S.Collaboration:TheH.E.S.S.Galacticplanesurvey

Fig.A.1.Integralfluxabove1TeVusingacorrelationradiusRc=0.1�andassumingspectralindex�=2.3,inunitsof%Crab.Themapisonly
filledwherethepoint-sourcesensitivityfora5�detection(c.f.Fig.4)isbetter(lower)than2.5%Crab.
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SNRsem
itting gam

m
a-rays

4
Courtesy  H. Tajim
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Key observable quan//es of young supernova rem
nants

SNR as the best candidate w
here DSA is w

orking to accelerate CRs
RX J1713.7-3946

the brightest gam
m

a ray SNR, m
ost prom

ising object

Gam
m

a rays (Ng in count);  
GeV-TeV

gam
m

a rays  observed w
ith HESS, Veritas, M

AGIC, Ferm
i, AGILE …

X rays (Nx
in count); 

Non-therm
al X rays observed w

ith Suzaku, XM
M

 New
ton, Chandra…

.

Interstellar protons (Np in colum
n density);

NANTEN 4m
 telescope, M

opra
22 m

 telescope, ATNF etc.
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N
A

N
TEN

 &
 N

A
N

TEN
2

@
A

tacam
a, alt.4800m

@
L

as C
am

panas, alt.2400m
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Le#
: N

A
N

TEN
 12CO

(1-0) im
age (beam

 size : 2.7’) of the W
 28 region for V

LSR=0 to 10 km
/s w

ith 
H

.E.S.S. V
H

E γ
ray significance contours overlaid (green) -levels 4,5,6σ. The radio boundary of 

W
 28, the 68%

 and 95%
 loca[

on contours of G
RO

 J1801
－

2320 and the loca[
on of the H

II 
region W

 28A
2 (w

hite stars) are indicated. 
Right: N

A
N

TEN
 12CO

(1-0) im
age for V

LSR=10 to 20 km
/s.

(A
haronian, Fukui, M

origuchiet al. 2007)

H.E.S.S. TeV
gam

m
a rays vs. CO(J=1-0): 

sm
all CO telescope is pow

erful for com
parison w

ith gam
m

a rays7



RX J1713.7-3946, non-therm
al X rays + gam

m
a rays

First detection of CO
 associated 

[-11 km
/s < V

LSR
< -3 km

/s, distance 1kpc]Fukui et al. 2003
8

L62
Y.Fukuietal.

[Vol.55,

Fig.1.
O

verlay
m

ap
in

G
alactic

coordinates
show

ing
a

supernova
rem

nant
(SN

R
),

G
347.3−

0.5,
in

gray
scale

[RO
SAT

PSPC
X

-ray
Survey

(Slane
et

al.
1999);

from
RO

SAT
archive

database]
and

the
intensity

distribution
of

C
O

(J
=

1–0)
em

ission
in

purple
contours.

The
intensity

is
derived

by
integrating

the
C

O
spectra

from
−

11
to

−
3

km
s −

1,
w

hich
is

considered
to

be
a

velocity
com

ponent
inter-

acting
w

ith
the

SN
R

.The
low

estcontour
leveland

intervalofC
O

are
4K

km
s −

1.

greater
than

−
11km

s −
1

in
red.

This
velocity

shiftreaches
at

least20km
s −

1.
Sim

ilarbroad
com

ponents
in

C
O

w
ere

found
in

otherSN
R

sand
taken

to
be

an
unm

istakable
signature

ofthe
interaction

betw
een

the
SN

R
and

the
am

bient
m

olecular
gas

(e.g.,IC
443;W

hite
etal.1987,W

28;A
rikaw

a
etal.1999).

The
m

om
entum

ofthe
accelerated

gas,∼
1000

M
"

km
s −

1,is
in

factconsistentw
ith

thatof
the

blastw
aves

estim
ated

from
the

physicalquantities
given

in
table

1.
The

consequence
ofthe

new
identification

ofthe
m

olecular
gasisprofound.First,the

distance
to

the
SN

R
isdeterm

ined
to

0.9
kpc,if

w
e

adoptthe
m

ean
velocity

of
the

non-accelerated
com

ponent
as

−
6

km
s −

1.
This

forces
us

to
revise

the
basic

physicalparam
eters,as

listed
in

table
1,w

here
w

e
adopt1

kpc
as

the
nom

inaldistance.
Firstof

all,the
age

is
sm

all,on
the

orderof1000
years,m

aking
an

assignm
entto

one
ofthe

histor-
icalsupernovae

A
D

393
(proposed

by
W

ang
etal.1997)m

ost
plausible.The

SN
R

isthen
stillin

the
free-expansion

phase,but
notin

the
Sedov

phase.
This

m
arks

a
sharp

contrastw
ith

the
previously

favoured
distance,6

kpc,w
here

an
association

w
ith

a
C

O
cloud

at−
90km

s −
1

w
as

claim
ed

based
on

a
coarse

C
O

m
ap

at30
′resolution.

The
presentC

O
data

atthese
velocities

confirm
this

cloud,butitlacks
a

detailed
spatialcorrelation

at
the

presentresolution,m
aking

itunlikely
to

be
associated

w
ith

the
SN

R
.

Itw
as

also
claim

ed
thatthe

unusually
low

nucleon
colum

n
density

tow
ard

l
=

347
◦

favours
a

large
distance

for
the

X
-ray

absorption
(Slane

et
al.

1999).
It

is
true

that
this

direction
correspondsto

a
hole

ofthe
interstellarm

attercreated
by

a
supershell,G

S
347.3

+
0.0−

21,ata
distance

of∼
3

kpc
(M

atsunaga
etal.2001).

N
onetheless,the

N
A

N
TEN

C
O

data
and

the
Parkes

H
Idata

indicate
thatthe

local
m

olecular
and

atom
ic

gas
at

around
6

km
s −

1
has

a
colum

n
density

large
enough

to
explain

the
X

-ray
absorption

(e.g.,see
figure

3b
in

M
atsunaga

etal.2001,and
C

leary
etal.1979

forH
I).Second,

the
pion

decay
m

odelbecom
es

plausible
as

the
origin

of
the

TeV
γ

-ray
em

ission
in

the
case

of
d

=
1

kpc.
The

TeV
γ

-ray
distribution

of
the

C
A

N
G

A
RO

O
experim

ent
(Tanim

ori
et

al.
2001)gives

a
striking

positionalcoincidence
w

ith
C

O
peak

D
,

as
already

show
n

in
figure

2.
The

γ
-ray

distribution
indicates

that
itis

nota
point

source
butis

extended
by

∼
0
. ◦2,w

hile
the

γ
-ray

sensitivity
decreases

significantly
beyond

0
. ◦5

ofthe
intensity

m
axim

um
.

W
e

conclude
that

this
gives

convincing
evidence

that
the

cosm
ic-ray

protons
generated

in
the

SN
R

shell
have

interacted
w

ith
the

m
olecular

gas
tow

ards
peak

D
to

produce
the

TeV
γ

-ray
em

ission.
The

m
ulti-w

avelength
spectra,especially

the
steep

spectra
ata

few
TeV

range,can
be

explained
only

by
the

pion
decay

due
to

the
high-energy

protons
accelerated

in
the

blastw
aves

(Enom
oto

etal.2002),
as

is
consistentw

ith
the

presentconclusion.
This

com
parison

also
im

plies
thatthe

acceleration
of

the
cosm

ic
ray

protons
is

taking
place

in
a

localized
area

of
the

hard
X

-ray
peak

in
the

SN
R

at(l,b)∼
(347

. ◦3
,0

. ◦0),since
w

e
w

ould
otherw

ise
expect

m
ore

spatially
extended

γ
-ray

em
ission

covering
the

present
m

oleculardistribution.
The

EG
R

ET
source

3EG
J1714−

3857
at(l,b)∼

(348
. ◦0

,−
0
. ◦1)

(H
artm

an
etal.1999),on

the
other

hand,appears
notin

contactw
ith

the
SN

R
ifits

association
to

the−
90km

s −
1cloud

iscorrect.The
m

olecularm
asscontained

tow
ards

C
O

peak
D

,w
hose

extentis
∼

0
. ◦2

(=
3pc),is

calcu-
lated

to
be

∼
200

solar
m

asses.
If

w
e

assum
e

that
only

this
C

O
clum

p
issignificantly

irradiated
by

the
cosm

ic
ray

protons,
w

e
can

estim
ate

the
totalenergy

of
the

accelerated
protons

to
be

10
48erg

by
using

the
follow

ing
relationship

(Enom
oto

etal.
2002):

(E
/10

48)(M
cloud /200)(l/3) −

3(d
/
l) −

5
=

1
.35,w

here
E

(erg)
is

the
total

energy
of

cosm
ic

ray
protons,

M
cloud (M

"
)

the
m

olecular
cloud

m
ass

interacting
w

ith
them

,
l

(pc)
the

typicallength
ofthe

cloud,and
d

(kpc)the
distance,giving

an
estim

ate
ofthe

cosm
ic-ray

generation
rate

via
pion

decay.This
energy

suggests
thatthe

acceleration
efficiency

of
the

cosm
ic

ray
protons

is∼
0
.001

forthe
totalenergy

release
ofan

SN
R

,
∼

10
51erg,posing

an
observationalconstrainton

the
accelera-

tion
m

echanism
.

The
observed

hard
X

-ray
spectrum

is
noted

to
be

due
to

an
non-therm

al
em

ission
(U

chiyam
a

etal.2003),as
firstshow

n
by

K
oyam

a
etal.(1997)and

thatitrequires
an

extrem
ely

high
shock

velocity
of

m
ore

than
5000

km
s −

1
w

ithin
the

standard
fram

ew
ork

ofthe
radiation

ofultra-relativistic
electrons.

This
is

again
consistentw

ith
the

presentview
thatthe

SN
R

is
still

in
the

free-expansion
phase.

The
higher

shock
velocity

of
G

347.3−
0.5,caused

by
the

low
eram

bientdensity
and

m
assive

ejecta,
results

in
the

hard
X

-ray
spectrum

.
G

347.3−
0.5

is
therefore

considered
to

be
a

young
SN

R
exploded

in
a

low
-

density
cavity

(∼
0
.01cm

−
3),perhaps

produced
by

the
stellar

w
ind

orpre-existing
supernovae,and

its
non-decelerated

blast
w

ave
is

colliding
w

ith
the

dense
m

olecular
gas

at
present.

This
is

in
contrast

to
the

case
of

SN
1006,

another
TeV-γ

SN
R

,
w

here
the

spectrum
can

be
explained

in
term

s
of

the
inverse-C

om
pton

scattering
of

the
2.7

K
cosm

ic
m

icrow
ave

background
(K

oyam
a

etal.1995).
The

lack
of

m
olecular

gas
in

SN
1006

m
ay

have
favoured

the
inverse-C

om
pton

process
instead

ofthe
pion

decay
to

produce
γ

-ray,providing
a

possible

Downloaded from https://academic.oup.com/pasj/article-abstract/55/5/L61/1559971 by guest on 11 January 2020
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m
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Fukui et al. 2003

RX J1713 distance 1 kpc



RXJ1713 gam
m

a-ray shell  by H
.E.S.S.

-TeV
gam

m
a ray shell-like structure: sim

ilar to X-rays
-N

o significant variaD
on of spectrum

 index 
across the regions

-spaD
al correlaD

on w
ith surrounding m

olecular gas
-the correlaD

on seem
s not com

plete

A
haronian+ 2006
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R
X J1713.7-3946 

“True interstellar proton is not given by C
O

 alone.
H

I can be as dense as 100 cm
-3.”

H
.E.S.S. TeV

gam
m

a rays,  N
AN

TEN
 C

O
,  ATN

F H
I

Fukui et al. 2012, ApJ, 746, 82
11

H
.E.S.S. TeV

gam
m

a rays        N
AN

TEN
 C

O
                          ATN

F H
I



Interstellar protonsHI+H
2 in RX J1713.7-3946

very sim
ilar to TeV

gam
m

a rays
support hadronic scenario ?

Fukui et al. 2012
HI + 2H

2

12



Leptonic dom
inant broad band spectrum

Zirakashvili&
 Aharonian

2010 ApJ708, 965Z
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F
ig.

8.—
B

road
-b

an
d

em
ission

of
R

X
J1713.7-3946

for
th

e
lep

ton
ic

scen
ario

of
gam

m
a-rays

w
ith

a
n
on

-
m

od
ifi

ed
forw

ard
sh

ock.
T

h
e

p
rin

cip
al

m
od

el
p
aram

eters
are:

t
=

1620
yr,

D
=

1.5
kp

c,
n

H
=

0.02
cm

−
3,

E
S

N
=

1.2
·10

5
1

erg,
M

e
j

=
0.74M

"
,
M

fA
=

69,
M

bA
=

10,
ξ
0

=
0.1,

K
fe
p

=
2.3

·10
−

2,
K

be
p

=
9
·10

−
4.

T
h
e

calcu
lation

s
lead

to
th

e
follow

in
g

valu
es

of
th

e
m

agn
etic

fi
eld

s
an

d
th

e
sh

ock
sp

eed
s

at
th

e
p
resent

ep
och

:
th

e
m

agn
etic

fi
eld

d
ow

n
stream

of
th

e
forw

ard
an

d
reverse

sh
ocks

B
f

=
17

µ
G

an
d

B
b

=
31

µ
G

,
resp

ectively,
th

e
sp

eed
of

th
e

forw
ard

sh
ock

V
f

=
3830

km
s
−

1,
th

e
sp

eed
of

th
e

reverse
sh

ock
V

b
=

−
1220

km
s
−

1.
T

h
e

follow
in

g
rad

iation
p
rocesses

are
taken

into
accou

nt:
syn

ch
rotron

rad
iation

of
accelerated

electron
s

(solid
cu

rve
on

th
e

left),
IC

em
ission

(d
ash

ed
lin

e),
gam

m
a-ray

em
ission

from
p
ion

d
ecay

(solid
lin

e
on

th
e

right),
th

erm
al

b
rem

sstrah
lu

n
g

(d
otted

lin
e).

T
h
e

in
p
u
t

of
th

e
reverse

sh
ock

is
sh

ow
n

by
th

e
corresp

on
d
in

g
th

in
lin

es.

assu
m

ed
th

at
th

e
cosm

ic
ray

acceleration
occu

rs
on

ly
at

1/5
p
art

of
th

e
sh

ock
su

rface.

5
.

L
e
p
to

n
ic

sc
e
n
a
rio

T
h
e

ob
served

X
-ray

to
gam

m
a-ray

en
ergy

fl
u
x

ratio
close

to
15

d
eterm

in
es

th
e

average
valu

e
of

th
e

m
agn

etic
fi
eld

B
∼

12
µ
G

w
h
en

th
e

lep
ton

ic
origin

of
gam

m
a-em

ission
in

R
X

J1713.7-3946
b
e-

com
es

p
ossib

le.
H

ow
realistic

is
su

ch
a

w
eek

m
ag-

n
etic

fi
eld

?

T
h
e

am
p
lifi

ed
m

agn
etic

fi
eld

s
can

b
e

qu
ite

w
eak

if
th

e
S
N

R
sh

ock
p
rop

agates
in

th
e

rar-
efi

ed
m

ed
iu

m
.

H
ow

ever
sin

ce
th

e
m

agn
etic

fi
eld

at
th

e
reverse

sh
ock

is
severaltim

es
low

er
th

an
th

e
m

agn
etic

fi
eld

at
th

e
forw

ard
sh

ock
(see

p
reviou

s
S
ection

)
an

d
th

e
X

-ray
inten

sities
of

th
e

sh
ocks

are
com

p
arab

le,
th

e
IC

em
ission

w
ill

b
e

m
ain

ly
p
rod

u
ced

at
th

e
reverse

sh
ock;

th
is

seem
s

to
b
e

in
con

fl
ict

w
ith

H
E

S
S

ob
servation

s.

F
or

th
is

reason
w

e
con

sid
er

a
u
n
m

od
ifi

ed
for-

w
ard

sh
ock

of
S
N

R
.
If

th
e

in
jection

is
n
ot

eff
ective

at
th

e
forw

ard
sh

ock,
th

e
en

ergy
d
en

sity
of

cos-
m

ic
rays

w
ill

b
e

low
an

d
th

e
sam

e
w

ill
b
e

tru
e

for
th

e
am

p
lifi

ed
m

agn
etic

fi
eld

.
S
u
ch

a
situ

a-
tion

is
p
ossib

le,
in

p
articu

lar,
for

a
p
erp

en
d
icu

lar
S
N

R
sh

ock
p
rop

agatin
g

in
th

e
m

ed
iu

m
w

ith
an

azim
u
th

al
m

agn
etic

fi
eld

.
In

th
is

case
w

e
u
se

a
very

sm
all

in
jection

p
aram

eter
η

f
=

10
−

5
at

th
e

forw
ard

sh
ock

an
d

th
e

stan
d
ard

valu
e

η
b

=
10

−
2

for
th

e
in

jection
p
aram
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Key issues to be solved

•
G

am
m

a rays are hadronic or leptonic? Interstellar protons show
 sim

ilar 
distribu9on to gam

m
a rays, but the non-therm

al X rays, too. 

•
Leptonic gam

m
a rays can be excluded? 

M
agne9c field is strong enough to cause significant loss of CR electrons?  

Probably no. See Inoue+ 2012, low
 B field, less than 100µ

G
, dom

inates.

•
Cosm

ic ray protons are excluded from
 high density cores?

cf., Penetra9on depth effect (G
abici+ 2007; Inoue+ 2012; Inoue 2019)

•
W

hat can neutrinos tell on the cosm
ic ray origins?

•
W

e need a new
 approach to solve these issues;

D
isentangling the tw

o gam
m

a ray origins is required, but has never 
been done.
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Fukui+ 2012, strength
and w

eakness

•
Fukui+ 2012 show

ed that the interstellar proton distribu9on is 
sim

ilar to TeV
gam

m
a rays. [H

I + H
2]is essen9al as target 

protons.

•
Cosm

ic ray energy, es9m
ated to be ~10

48
erg, can supply the 

G
alac9c cosm

ic rays, if CR escape and volum
e filling factor of 

interstellar protons are taken into account. 

•
The hadronic gam

m
a ray is consistent w

ith the SN
R origin of 

CRs, but is not conclusive.

•
Resolu9on is low

, ~4 pc. N
um

ber of pixels is 10-20 (best data 
in 2008).

•
Significant contribu9on of the leptonic origin is not excluded.
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Fukui+ 2021, the present w
ork

TeV
gam

m
a rays (HESS CollaboraAon 2018) resoluAon 4pc→

1.4pc
Assum

pAon: gam
m

a rays Ng
are com

binaAon of  hadronic and leptonic 
com

ponents in each pixel;
Hadronic N

g is proporAonal to target protons Np
Leptonic N

g is proporAonal to non-therm
al X ray count Nx

Ng
(count) =  a Np

(cm
-2) +  b Nx

(count) : [hadronic]＋
[leptonic]

•
a: cross secAon of pp reacAon, cosm

ic ray proton density
•

b: inverse Com
pton scaVering, depends on B

-2
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Penetration depth of CR protons
CR protons cannot penetrate into dense cloud cores (e.g., M

axted+ 2013)
The densest core C m

ay show
 gam

m
a ray decrease (Inoue+ 2012, 

see also G
abici+ 2007)
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in

F
igu

re
13c.

W
e
th
erefore

in
fer

th
e
p
en

etration
d
ep

th
e↵

ect
red

u
ces

th
e
gam

m
a
rays

from
1.5

to
0.9

or
by

40%
tow

ard
th
e

p
eak

C
core.

T
h
is

is
rou

gh
ly

con
sistent

w
ith

th
e
ab

ove
estim

ate
in

th
e
scatter

p
lot

(F
igu

re
11),

w
h
ile

th
e
p
os-

sib
le

en
ergy

d
ep

en
d
en

ce
is

n
ot

so
sign

ifi
cant

for
a
sm

all
d
i↵
eren

ce
in

th
e
gam

m
a-ray

en
ergy.

W
e
d
id

n
ot

attem
p
t

a
m
ore

d
etailed

fi
ttin

g
of

th
e
d
istrib

u
tion

s
b
ecau

se
th
e

resolu
tion

is
still

m
argin

al
to

resolve
p
c-scale

d
istrib

u
-

tion
.
W
e
exp

ect
C
T
A

w
ill

p
rovid

e
a
h
igh

er
resolu

tion



Shock cloud interaction 
X rays are enhanced around dense cores
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F
ig
.
1
0
.—

S
ch

em
atic

im
age

of
th
e
d
istrib

u
tion

of
th
e
m
olecu

lar
(C

O
)
clu

m
p
s
(op

en
crosses),

atom
ic

(H
i)

clu
m
p
(circle)

an
d
th
e
X
-ray

s
(sh

ad
ed

p
artial

or
fu
ll

circles)
su

p
erp

osed
on

th
e
S
u
z
a
k
u

1–5
keV

X
-ray

ou
ter

b
ou

n
d
ary

of
th
e
S
N
R

(gray
con

tou
rs).

T
h
e
b
lack

op
en

crosses
(clu

m
p
s
C
,
I,

E
,
L
,
an

d
O

S
W
)
in
d
icate

th
ose

fu
lly

su
rrou

n
d
ed

b
y
th
e
X
-ray

s.

of
an

O
B

star
w
h
ich

exp
erien

ced
an

S
N

exp
losion

1600
yr

ago
(e.g.,

P
ap

ers
I
an

d
II).

T
hu

s,
th
e
d
en
sity

in
th
e

cavity
su
rrou

n
d
ed

by
th
e
IS
M

sh
ellis

exp
ected

to
b
e
very

low
.
T
h
e
ob

servation
al

resu
lts

also
in
d
icate

th
at

th
ere

is
little

d
en
se

gas
left

in
th
e
interior

of
th
e
cavity

(F
igu

res
3
an

d
12).

A
ccord

in
g
to

th
e
nu

m
ericalsim

u
lation

s
w
h
ich

stu
d
ied

th
e
interaction

of
th
e
IS
M

w
ith

th
e
stron

g
stel-

lar
w
in
d
s
from

an
O
-typ

e
star

(W
eaver

et
al.

1977),
th
e

gas
d
en
sity

in
sid

e
th
e
evacu

ated
w
in
d
b
u
b
b
le

is
∼

0.01
cm

−
3,

w
h
ich

ap
p
lies

to
th
e
interior

of
th
e
cavity.

T
h
e

sh
ock

w
aves

of
th
e
S
N
R

fi
rst

p
rop

agated
in

th
e
stellar-

w
in
d
cavity

an
d
th
en

b
egan

interaction
w
ith

th
e
C
O
/H

i
clu

m
p
s
som

e
1000

yrs
ago

as
given

by
th
e
ratio

of
th
e

sh
ellth

ickn
ess

an
d
th
e
sh
ock

velocity,3
p
c
/
3000

km
s
−
1.

A
ccord

in
g
to

M
H
D

nu
m
ericalsim

u
lation

s
by

In
ou

e
et

al.
(2012),

th
e
C
O
/H

i
clu

m
p
s
h
avin

g
d
en
sity

of
∼

10
2–10

3

cm
−
3
are

su
rrou

n
d
ed

by
th
e
interclu

m
p
gas

h
avin

g
d
en
-

sity
of

∼
1
cm

−
3
w
h
ich

is
tw

o
ord

ers
of

m
agn

itu
d
e
h
igh

er
th
an

th
at

in
th
e
cavity.

T
h
ese

au
th
ors

sh
ow

th
at

th
e

sh
ock

is
stalled

in
th
e
d
en
se

clu
m
p
s.

T
h
e
sh
ock

velocity
b
ecom

es
V
sh

,clu
m
p
=

V
sh

,in
terclu

m
p (n

in
terclu

m
p /n

clu
m
p )

0
.5,

w
h
ere

th
e
interclu

m
p
d
en
sity

n
in
terclu

m
p
=

1
cm

−
3
an

d
th
e
clu

m
p
d
en
sity

n
clu

m
p
=

10
2–10

3
cm

−
3.

T
h
e
sh
ock

velocity
d
iff
eren

ce
b
etw

een
th
e
d
en
se

C
O
/H

i
clu

m
p
s
an

d
th
e
interclu

m
p
gas

w
ill

b
ecom

e
a
factor

of
∼
10–30.

T
h
ey

calcu
lated

th
at

th
e
tem

p
eratu

re
of

th
e
sh
ocked

d
en
se

gas
b
ecom

es
m
u
ch

low
er

th
an

th
e
tem

p
eratu

re
in

th
e

p
ost-sh

ock
d
iff
u
se

gas,
an

d
argu

ed
th
at

th
e
th
erm

al
X
-

ray
em

ission
from

th
e
C
O
/H

i
clu

m
p
s
is

stron
gly

su
p
-

p
ressed

after
th
e
p
assage

of
th
e
sh
ock

(see
S
ection

4.3
of

In
ou

e
et

al.
2012).

T
h
e
interclu

m
p
gas

d
oes

n
ot

em
it

sign
ifi
cant

th
erm

al
X
-rays

eith
er,

b
ecau

se
th
e
d
en
sity

∼
1

cm
−
3
is
less

th
an

∼
2
cm

−
3,th

e
average

d
en
sity

in
sid

e
th
e

S
N
R
ob

tain
ed

from
th
e
u
p
p
er

lim
it
of

th
e
th
erm

alX
-rays

(T
akah

ash
i
et

al.
2008).

A
n

im
p
ortant

con
sequ

en
ce

of
th
e
interaction

is
th
at

th
e
large

velocity
d
iff
eren

ce
created

b
etw

een
th
e
clu

m
p
s

an
d
th
e
interclu

m
p
sp
ace

in
d
u
ces

tu
rb
u
len

ce,w
h
ich

lead
s

26

16
S
an

o
et

al.

to
tu
rb
u
lent

d
yn

am
o
action

.
T
h
e
m
agn

etic
fi
eld

is
th
en

am
p
lifi

ed
to

as
h
igh

as
1
m
G
,
w
h
ich

is
con

sistent
w
ith

th
e
fi
eld

stren
gth

d
erived

from
rap

id
tim

e
variation

of
th
e
X
-ray

fi
lam

ents
(U

ch
iyam

a
et

al.
2007),

w
h
ile

an
al-

tern
ative

is
th
at

th
e
fl
u
ctu

ation
s
in

th
e
fi
eld

orientation
m
ay

exp
lain

th
e
rap

id
tim

e
variation

(H
eld

er
et

al.2012).
T
h
e
syn

ch
rotron

fl
u
x
integrated

in
th
e
lin

e
of

sight
is
p
ro-

p
ortion

alto
B

1
.5
if
th
e
sp
ectral

in
d
ex

of
electron

s
p
is
2.0

(e.g.,
R
yb

icki
&

L
ightm

an
1979).

S
o,

it
is
p
ossib

le
to

en
-

h
an

ce
th
e
X
-ray

rad
iation

arou
n
d
th
e
C
O

an
d
H
i
clu

m
p
s.

It
is
kn

ow
n
th
at

th
e
p
ow

er
ofth

e
syn

ch
rotron

X
-ray

em
is-

sion
is
n
ot

en
h
an

ced
by

m
agn

etic
fi
eld

am
p
lifi

cation
d
u
e

to
th
e
eff

ect
of

syn
ch
rotron

coolin
g,

if
th
e
am

p
lifi

cation
takes

p
lace

in
th
e
vicin

ity
of

th
e
forw

ard
sh
ock

w
h
ere

electron
s
are

b
ein

g
accelerated

(e.g.,
N
akam

u
ra

et
al.

2012).
In

th
e
p
resent

case,
as

d
iscu

ssed
by

In
ou

e
et

al.
(2009,

2010,
2012),

th
e
m
agn

etic
fi
eld

am
p
lifi

cation
ow

-
in
g
to

th
e
sh
ock-clou

d
interaction

is
eff

ective
at

least
0.1

p
c
d
ow

n
stream

of
th
e
sh
ock

front.
T
h
is

in
d
icates

th
at

th
e
syn

ch
rotron

X
-rays

are
em

itted
after

th
e
accelera-

tion
p
rocess,

an
d
thu

s
th
e
p
ow

er
of

syn
ch
rotron

X
-ray

is
en
h
an

ced
by

th
e
am

p
lifi

cation
.
T
h
e
ob

served
p
ow

er
of

th
e
X
-ray

em
ission

arou
n
d
th
e
C
O

an
d
H
i
clu

m
p
s
is
2–7

tim
es

h
igh

er
th
an

th
e
b
ackgrou

n
d
level

in
sid

e
th
e
S
N
R
.

T
h
en
,
th
e
m
agn

etic
fi
eld

arou
n
d
th
e
C
O

an
d
H
i
clu

m
p
s

is
estim

ated
to

b
e
2–4

tim
es

h
igh

er
th
an

elsew
h
ere

in
th
e

S
N
R
,
if
th
e
X
-ray

en
h
an

cem
ent

is
on

ly
d
u
e
to

th
e
m
ag-

n
etic

fi
eld

am
p
lifi

cation
.

T
h
e
averaged

m
agn

etic
fi
eld

arou
n
d
th
e
C
O

an
d
H
i
clu

m
p
s
b
ecom

es
30–60

µ
G

if
th
e

in
itial

fi
eld

is
assu

m
ed

to
b
e
15

µ
G

(e.g.,
T
an

aka
et

al.
2008).

T
h
e
average

fi
eld

stren
gth

is
also

estim
ated

by
th
e
w
id
th

of
syn

ch
rotron

X
-ray

fi
lam

ents
as

∼
100

µ
G

(B
ell

2004;
H
iraga

et
al.

2005;
B
allet

2006).
N
ote

th
at

th
e
d
ep

en
d
en
ce

of
th
e
syn

ch
rotron

fl
u
x
on

th
e
m
agn

etic
fi
eld

stren
gth

can
b
e
m
u
ch

m
ore

sen
sitive

th
an

th
e
ab

ove-
m
ention

ed
stan

d
ard

case,
b
ecau

se
th
e
h
igh

-en
ergy

elec-
tron

s
th
at

contrib
u
te

th
e
X
-ray

syn
ch
rotron

em
ission

can
b
e
in

th
e
cu
t-off

regim
e
(B

ykov
et

al.
2008).

M
oreover,

su
ch

en
h
an

ced
m
agn

etic
fi
eld

in
tu
rb
u
len

ce
m
ay

lead
to

m
ore

effi
cient

acceleration
th
an

in
th
e
d
iff
u
sive

sh
ock

ac-
celeration

(L
azarian

&
V
ish

n
iac

1999;
H
osh

in
o
2012).

F
in
ally,

w
e
d
iscu

ss
qu

antitative
relation

sh
ip

b
etw

een
th
e
C
O
/H

i
interactin

g
clu

m
p

m
ass

an
d

th
e
X
-ray

en
-

h
an

cem
ent.

F
irst,

w
e
estim

ate
th
e
interactin

g
clu

m
p

m
ass

(colu
m
n
(9)

of
T
ab

le
4)

w
ith

th
e
sh
ock

w
aves

as
d
e-

fi
n
ed

by
th
e
total

C
O
/H

i
m
ass

w
ith

in
th
e
azim

u
th

an
gle

ran
ge

of
th
e
X
-rays

w
ith

resp
ect

to
th
e
center

of
gravity

(colu
m
n
(8)

of
T
ab

le
4).

F
or

th
e
case

in
w
h
ich

tw
o
C
O

clu
m
p
s
h
ave

sm
all

sep
aration

(<
0.2

d
egrees)

an
d
th
e
X
-

ray
p
eak

is
situ

ated
b
etw

een
th
e
C
O

clu
m
p
s,
w
e
su
m

u
p

th
e
interactin

g
clu

m
p
m
asses

an
d
averaged

th
e
X
-ray

in
-

ten
sities

(D
+
D

W
,
O
+
O

b+
O

S
W
,
G
+
G

E
an

d
E
+
I;
see

also
T
ab

le
4).

In
F
igu

re
11,

w
e
p
lot

th
e
C
O
/H

i
interactin

g
clu

m
p
m
ass

as
a
fu
n
ction

th
e
X
-ray

p
eak

inten
sity.

H
ere,

w
e
ap

p
roxim

ate
th
e
m
ass

of
th
e
S
E
-rim

to
b
e
134

M
!
on

th
e
assu

m
p
tion

th
at

it
h
as

a
large

of
0.8

p
c
2
alon

g
th
e

X
-ray

b
ou

n
d
ary.

T
h
e
resu

lt,
sh
ow

n
in

F
igu

re
11,

in
d
i-

cates
th
at

th
e
correlation

b
etw

een
th
e
interactin

g
clu

m
p

m
ass

an
d
th
e
X
-ray

inten
sity

is
good

w
ith

a
correlation

coeffi
cient

of
∼
0.85

in
d
ou

b
le

logarith
m
.

W
e
con

clu
d
e

th
at

inten
sity

is
rou

gh
ly

p
rop

ortion
al

to
th
e
interactin

g
m
ass

of
each

C
O
/H

i
clu

m
p
at

a
p
c
scale.

T
h
is

resu
lt

su
ggests

th
at

th
e
IS
M

d
istrib

u
tion

is
cru

cial
in

p
rod

u
c-

in
g
th
e
n
on

-th
erm

al
X
-ray

d
istrib

u
tion

in
you

n
g
S
N
R
s.

F
ig
.
1
1
.—

C
orrelation

p
lot

b
etw

een
th
e
X
-ray

p
eak

in
ten

sity
in

th
e
azim

u
th
al

d
istrib

u
tion

s
d
erived

in
F
igu

re
8
an

d
th
e
in
teract-

in
g
clu

m
p

m
ass

w
ith

th
e
sh

o
ck

w
aves,

w
h
ich

is
estim

ated
b
y
th
e

C
O

or
H
i
m
ass

w
ith

in
th
e
azim

u
th

an
gle

ran
ge

of
th
e
X
-ray

s
for

each
clu

m
p
(see

for
m
ore

d
etails

th
e
tex

t,
an

d
colu

m
n
(9)

of
T
ab

le
4).

T
h
e
lin

ear
regression

b
y
th
e
least-sq

u
ares

fi
ttin

g
is

sh
ow

n
b
y

th
e
solid

lin
e,

w
h
ere

th
e
correlation

co
effi

cien
t
is

∼
0.85

in
d
ou

b
le

logarith
m
.

5
.
C
O
N
C
L
U
S
IO

N
S

W
e
su
m
m
arize

th
e
p
resent

w
ork

as
follow

s;

1.
W
e
h
ave

sh
ow

n
th
at

all
th
e
m
a
jor

C
O

an
d

H
i

clu
m
p
s
w
ith

m
ass

greater
th
an

50
M

!
interact-

in
g
w
ith

th
e
sh
ock

w
aves

in
R
X

J1713.7
−
3946

are
associated

w
ith

th
e
n
on

-th
erm

al
X
-rays.

T
h
e
X
-

rays
are

en
h
an

ced
w
ith

in
∼
1
p
c
of

th
e
C
O

an
d
H
i

p
eaks,

w
h
ereas

at
sm

aller
scales

d
ow

n
to

0.1
p
c

th
e
C
O

p
eaks

ten
d
to

b
e
anti-correlated

w
ith

th
e

X
-rays

w
h
ich

are
d
ecreased

tow
ard

th
e
C
O

an
d
H
i

clu
m
p
s.

W
e
h
ave

sh
ow

n
a
good

correlation
b
etw

een
th
e
C
O
/H

i
clu

m
p
m
ass

interactin
g
w
ith

th
e
sh
ock

w
aves

an
d
th
e
X
-ray

inten
sity.

2.
T
h
e
p
resent

fi
n
d
in
gs

in
1)

are
com

p
ared

w
ith

nu
-

m
erical

sim
u
lation

s
of

M
H
D

in
a
realistic

h
igh

ly
in
h
om

ogen
eou

s
d
en
sity

d
istrib

u
tion

by
In
ou

e
et

al.
(2009,

2012).
T
h
ese

sim
u
lation

s
in
d
icate

th
at

th
e

m
agn

etic
fi
eld

is
am

p
lifi

ed
arou

n
d

d
en
se

C
O
/H

i
clu

m
p
s
as

a
resu

lt
of

en
h
an

ced
tu
rb
u
len

ce
in
d
u
ced

by
th
e
sh
ock-clou

d
interaction

.
W
e
interp

ret
th
at

thu
s-am

p
lifi

ed
m
agn

etic
fi
eld

s
en
h
an

ce
th
e
X
-ray

inten
sity,

w
h
ich

d
ep

en
d
s
on

th
e
1.5-th

p
ow

er
of

th
e

m
agn

etic
fi
eld

stren
gth

.
S
u
ch

en
h
an

ced
m
agn

etic
fi
eld

m
ay

also
lead

to
effi

cient
acceleration

ad
d
i-

tion
al

to
th
e
D
S
A
.
M
ore

com
p
arative

stu
d
ies

of
d
istrib

u
tion

of
th
e
X
-rays

an
d
th
e
IS
M

w
ill

allow
u
s
to

h
ave

a
d
eep

er
in
sight

into
th
e
origin

of
th
e

X
-ray

d
istrib

u
tion

.

6
S
an

o
et

al.

F
ig
.
5
.—

D
istrib

u
tio

n
o
f

1
2
C
O
(J

=
2
–
1
)
em

issio
n

(w
h
ite

co
n
to
u
r
s
)
su

p
erp

o
sed

o
n

th
e

S
u
z
a
k
u

1
–
5

k
eV

(left)
a
n
d

5
–
1
0

k
eV

(rig
h
t)

im
a
g
es.

V
elo

city
ra

n
g
e
in

in
teg

ra
tio

n
a
n
d

co
n
to

u
r
lev

els
a
re

sh
o
w
n

in
th

e
to

p
o
f
left

a
n
d

m
id
d
le

p
a
n
els,

resp
ectiv

ely.
E
a
ch

a
rro

w
in
d
ica

tes
th

e
d
irectio

n
o
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b
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b
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Hybrid origin broad band spectrum
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Gam
m

a-ray spectrum
 of RXJ1713

Abdo+ 2011

The hard spectrum
 is not unique to the leptonic scenario

The hard spectrum
 is explained by energy dependent penetraDon

of CR protons into dense m
olecular gas.

(Inoue+ 2012, G
abici&

 Aharonian
2014, Celli+ 2018)
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the
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=
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p

interaction
tim

e).B
oth

pictures
show

a
2D

section
along

y,passing
through

the
centerofthe

clum
p.
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D
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m
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=
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atthe
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+
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≠
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Sum
m

ary：G
am

m
a rays are com

posite origin in RX J1713

H
adronic vs. leptonic
ー

hadronic and leptonic com
ponents  70%

:30%
  in RX J1713

first quanCficaCon of the tw
o origins

ー
Fukui+ 12; too low

 spaCal resoluCon, three Cm
es coarser than the present 

data
ー

the total CR energy is nearly the sam
e w

ith Fukui+ 12, SN
Rs are the m

ain site 
of CR acceleraCon in the G

alaxy

W
hat is essenCal in hadronic gam

m
a ray producCon

ー
The large am

ount of the interstellar protons (10^4 M
o) causes the significant 

hadronic com
ponent.

ー
The shell-like interstellar distribuCon w

as created by the stellar w
inds of the 

progenitor in M
yr.   RX J1713 is a core collapse SN

R form
ed in the cloud.

ー
H

adronic fracCon of gam
m

a rays depends on the am
bient target proton m

ass.
O

nly the interstellar proton m
ass, once associaCon confirm

ed, m
ay allow

 us to 
esCm

ate the hadronic gam
m

a rays even in unresolved sources.
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Future：G
am

m
a rays are com

posite origin

N
ext steps
ー

Second case, R
X J0852 etc.

CTA
 w

ill increase the num
ber of spaG

ally resolved SN
R

s
ー

Im
proved staG

sG
cs, probe spaG

al variaG
on of the CR

 spectrum
. M

ore details of 
acceleraG

on process
ー

N
eutrino detecG

on; predicG
on w

ill be m
ade from

 the present hadronic gam
m

a 
ray count

The interstellar proton m
ass is essenG

al to quanG
fy the hadronic process
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