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NANTEN 2nd survey of GMCs in the LMC  

(Fukui et al. 2008)

CO & HI

• Contours: CO J=1-0

• 270 GMCs

• XLMC ~ 9×1020 cm-2 / [K km s-1]  ~ 3 
XG is used (Mizuno et al. 2001))

(X= N(H2)/ ICO = M/LCO)

Mass : 6 ×104 – 6 ×106 Mo
Size (radius) :              30 - 150 pc
Line width (FWHM) :  3 – 17 km s-1
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Separation of L- & D-components

Fuku et  al. 2017, soon appear in astroph
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e.g., 

Murai & Fujimoto 80

Fujimoto & Murai 84

Fujimoto & Noguchi 90
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Figure 2 Distributions of the LMC’s gas particles projected onto the x-z plane at different epochs. For convenience, the center of each frame

is set to be coincident with the center of the LMC. Each frame measures 45 kpc and the number shows in the upper left corner of each frame

represents the time T in units of Gyr. The gaseous evolution from 0.82 Gyr ago (T = −0.82) to the present (T = 0) is shown in these four frames.

For clarity, gas particles of the SMC are not shown and the center of the SMC is shown by a big dot. Total number of gas particles dramatically

decreases owing to gas consumption by star formation as time passes by. Most gas in the central 3 kpc of the LMC’s disk is converted into new

stars to form a stellar bar.

passage of the SMC (T = −0.14 Gyr) so that asymmetric

gaseous arms with high-densities can be developed in the

disk.A small fraction of theLMC’s gas can be stripped and

dispersed into the region between the LMC and the SMC

(i.e. inter-Cloud region) during tidal interaction to form

diffuse gaseous components in the inter-Cloud region. An

elongated gas disk with a number of asymmetric, peculiar

spiral arms is finally formed without the stellar disk being

severely disturbed (T = 0 Gyr).

Figure 3 shows the 2D distributions of µB of the LMC

projected onto the x-z plane at T = 0 Gyr for the standard

model and the SMC-less one. Although the tidal inter-

action between the LMC and the Galaxy can form an

elliptical stellar disk, no off-center bar can be formed in the

SMC-less model. The standard model, on the other hand,

shows a clear asymmetric distribution in the outer disk

with respect to the central bar and, accordingly, the central

bar appears to be largely shifted from the center of the disk.

The results of these two models clearly demonstrate that

the Magellanic interaction can be responsible for the for-

mation of the apparently off-center bar embedded within

the LMC’s elliptic stellar disk. The result of the SMC-less

model is quantitatively consistent with previous models

without SMC evolution (e.g. BC05).

It should be stressed that the simulated asymmetric 2D

distributions are due to dynamical interaction between the

LMC and the SMC (and the Galaxy): they are not due to

the collision between the two gas disks. The contribution

of old stars is 90% in mass and ∼26% in light owing to

the adopted M/ L = 4.0 for old stars. This means that the

derived asymmetric 2D distributions are due largely to

young stars formed in the asymmetric gas.

As Figure 4 reveals, showing the 2D distribution of the

surface gas density (µg) of the standard model, the Magel-

lanic interaction results in the formation of a significantly

asymmetric gas distribution with higher gas densities in

the left side of the stellar bar. Two gaseous arms appear

to emerge from above the left end of the bar with the one

extending to the direction of (X , Z)≈ (−7, 0) kpc and

the other extending to the direction of (X , Z)≈ (−2, −7)

kpc. The latter gaseous arm is furthermore connected to the

Magellanic gaseous bridge in the inter-Magellanic region.

Bekki & Chiba 07

LMC

SMC

~ 0.2 Gyr close encounter

Tidal force agitates HI 

7



http
://j

ournals.
cambrid

ge.org

Downloaded: 1
9 A

pr 2
016

IP address:
 133.6.43.129

Dynamical In
flu
en
ce
s of the Last

M
agella

nic
Interactio

n on the M
agella

nic
Clouds

25

Fi
gu
re
3

The 2D
dist

rib
utio

ns of the B-band surfa
ce brig

htness
(µ B

) of the LM
C

at T =
0 Gyr projected onto

the x-z
plane (si

mila
r to

the

face-on view
of the LM

C) for the SMC-le
ss

model (le
ft)

and the sta
ndard

model with
the SMC

(ri
ght).

Here
coordinate

tra
nsfo

rm
atio

n is
made

so
that the results

can be more
readily

compared with
the observatio

ns. The center of the bar is
set to

be coincident with
the center of the fra

me

for each model. The 2D
map consis

ts
of 2500 cells

with
the cell siz

e of 0.3
kpc and µ

B
is

esti
mated for each cell.

Gaussi
an sm

oothing is
used

in
order to

deriv
e sm

oothed µ
B
fie
lds
. N

ote
that alth

ough the SMC-le
ss

model shows a ellip
tic

disk
, the center of the ste

lla
r bar in

the disk
does

not appear to
be coincident with

the center of the outerm
ost

iso
photo

of the disk
. Note

also
that the disk

in
the sta

ndard
model appears

to
hav

e

a off-
center bar.

Owing to
mass-

tra
nsfe

r fro
m

the SM
C

into
the LM

C
dur-

ing the M
agella

nic
interactio

n, about 8%
of the L

M
C’

s

gaseous
componets

at T =
0 Gyr were

initia
lly

with
in

the
SM

C. This
tra

nsfe
rre

d
gas might well

form
eith

er

the
diff

use
halo

gas around
the

LM
C

(Staveley-Smith

et al. 2003) or kinematic
ally

odd components
such as the

‘L
-co

mp
on
en
t’ (L

uks &
Rohlfs

1992). Only
∼2%

of old

ste
lla

r components
of the SM

C
can be tra

nsfe
rre

d into
the

centra
l 7.5

kpc of the LM
C. O

ld
sta

rs
and new

sta
rs

form
ed

fro
m

gas tra
nsfe

rre
d fro

m
the SM

C
can be disc

usse
d in

term
s of str

ucturally
and kinematic

ally
odd ste

lla
r com-

ponents
of the LM

C
(e.g. Subramaniam

&
Prabhu 2005).

It
should

be str
esse

d here
that the sim

ulated gas dis-

trib
utio

ns of the LM
C

do not show
remarkable

lack
of

gas with
in

the ste
lla

r bar:
observatio

ns clearly
show

Hi

de
fic
ien

cy
with

in
the off-

center ste
lla

r bar (e.g. Staveley-

Smith
et al.

2003).
A

possi
ble

reasons for the apparent

failu
re

of the models is that the present sim
ulatio

ns can not

model so
realis

tic
ally

the conversi
on fro

m
Hi

to
molecu-

lar clouds and to
fie
ld

sta
rs

and sta
r cluste

rs
in

the centra
l

reg
ion of the LM

C: sta
r cluste

rs
and molecular gas are

observed in
the bar reg

ion of the LM
C.

Figure
5 shows that the 2D

dist
rib

utio
n (µ s)

of young

sta
rs

with
ages (tage)

less
than 20 M

yr is quite
irr

egular and

patchy, in
partic

ular in
the left half of the disk

. The high-

densit
y reg

ions of young sta
rs

can be seen with
in

the ste
lla

r

bar, where
gas can be compresse

d into
new

sta
rs

owing to

dynamical actio
n of the bar. These

irr
egular dist

rib
utio

ns

of new
sta

rs
can not be clearly

seen in
the µ

s
dist

rib
utio

n

for all new
sta

rs
with

tage
<

200 M
yr, which suggests

that
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The 2D
dist

rib
utio

n of the surfa
ce gas densit

y (µ g
) of

the LM
C

at T =
0 Gyr projected onto

the x-z
plane for the sta

ndard

model. T
his fi

gu
re

is am
ag
nifi

ed
versi

on of the last panel in
Figure

2.

the LM
C

collis
ion

is
responsib

le
only

for the asymmet-

ric
dist

rib
utio

n of very
young sta

rs
(tage

<
20 M

yr).
The

locatio
n of a clumpy dist

rib
utio

n just
above the left

end

of the bar (i.e
. (X

, Z )≈
(−

5, 2) kpc) is
coincident with

Previous Study: Tidal interaction between the LMC & SMC

observations（image HI, contour CO） simulation（gas density）
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Interstellar Medium ISM

• Molecular clouds: dense neutral gas H2 (2.6mm CO)

- density 10^3 cm-3 or higher, Tk=10-20K

• Atomic clouds: dense atomic gas HI (21cm HI)

- density 1-100 cm-3, Ts=20-100K

Gamma-rays produced by 

1) Hadronic scenario:  

- cosmic ray CR proton - ISM proton reaction, 

neutral pions decay into gamma rays

2) Leptonic scenario

- CR electrons, Inverse Compton (IC) process,  CMB etc.

Gamma-rays (0.1GeV-100TeV) observed by HESS, MAGIC, VERITAS, Fermi, 
AGILE and CTA[2016-]

Interstellar molecular clouds and gamma-rays
The origin of the cosmic rays is SNR?- Yes.
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SNRs emitting gamma-rays

11Courtesy  H. Tajima



Four TeV Gamma-ray SNRs
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 4 TeV gamma ray SNRs  age 2000yrs

 They are interacting with ISM

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

Aharonian+07 Arribas+12 Aharonian+09

diamter:  ~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 COrich CO + HI cavity

X-rays: pure synchrotron pure synchrotron ? thermal + non-thermalpure synchrotron 

Abramowski+11



NANTEN & NANTEN2
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RX J1713.7-3946: 12CO(J=1-0) with X-rays

Fukui et al. 2003

-11 km/s < VLSR < -3 km/s

D

A

B

C
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SNR G347.3-0.5 (RXJ1713.7-3946)

- Shell-like structure: similar with X-rays
- No significant variation of spectrum index 
across the regions

- spatial correlation with surrounding molecular gas

Aharonian et al. 2005
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RX J1713.7-3946

Fukui et al. 2012, ApJ, 746, 82

17



Dark HI SE Cloud (Self-Absorption)
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HI becomes dark at higher density

Goldsmith et al. 2007
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ISM protons in RX J1713.7-3946

Fukui et al. 2012HI + 2H2
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ISM protons in RX J1713.7-3946
Support hadronic scenario 

Fukui et al. 2012HI + 2H2
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Shock propagation into dense gas 

n : density of clump
n0 : ambient density (=1 cm-3)

10^4 cm-3,  t〜1000yrs
Penetrating Depth = 0.03 pc

  

Vsh ~ 3000 km s-1 n n0

Sano et al. 2010
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Inoue, Yamazaki, Inutsuka, Fukui 2012, ApJ, 744, 71

23



MHD simulations of shock-cloud interaction

density          vs.     magnetic field

Inoue+ 2010
24



density         vs.     magnetic field
[sub-pc scale]
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SNR RXJ1713 summary

Gamma-rays corresponds well with interstellar H 
nuclei, CO+HI, allowing detailed identification of 
target protons in a density range from 100 to 103 cm-

3. The gas is highly clumpy.
Wp ~ 1048erg for 100cm-3: gamma rays ~ Wp x ISM

• Hadronic origin is consistent with the spatial 
correspondence

• Careful analysis of dense atomic and molecular gas, 
HI and CO, yields total ISM protons

• Shock-cloud interaction causes gas turbulence and 
strong B field up to mG
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TeV gamma-ray SNR RX J0852.0-4622

Color TeV gamma rays     contour X rays
s27



RX J0852: CO distribution (interact with the SNR)

image: CO(1-0) I.I.

(Vlsr: 24-33 km/s)

contours: X-ray (1-5 keV)

 CO vs. X-rays

good spatial corresp-

ondence between the 

CO and X-rays 

Interacting with the 

SNR
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RX J0852: HI distribution (interact with the SNR)

Image: HI I. I.

(Vlsr: 28-34 km/s)

contours: X-ray (1-5 keV)

 HI vs. X-rays

HI wind bubble at 

same velocity in CO

ISM cavity created 

by the progenitor 
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TeV gamma-ray SNR RX J0852 
ISM Proton Column Density Distributions

Fukui et al. 2013, in prep.

Color: HI+2H2

Contour : TeV g rays
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Vela Jr. total ISM protons & TeV γ-rays

(optically thick HI corrected)

(left) Image: Total interstellar proton column density, contours: TeV γ-rays (Aharonian+07)
(Right) Azimuthal plots

Fukui, Sano+15 in prep.31



RCW 86: γ-ray and ISM (preliminary)

Images: (left) ATCA HI integrated intensity, (middle) XMM-Newton X-ray three color, (right) H.E.S.S. TeV Gamma-rays
Contours: H.E.S.S. TeV Gamma-rays (lowest: 75 excess counts, interval: 10 excess counts)

- TeV Gamma-ray intensity  increases around the inner wall of the HI cavity.

- Diffuse HI gas (green) is well correlated with the TeV gamma-ray peaks.

- In the northeast region, the peak of synchrotron X-ray is anti-correlated with the TeV
gamma-ray peak.

32
Sano+16b in prep.



Sano+15b 

Image: (a) Chandra X-rays, (b) Mopra CO 1-0 (MAGMA: Wong+11)
Contours: Chandra X-rays (0.5-7.0 keV)

Magellanic SNR N132D （Mopra CO1-0, Sano+15b）



30 Dor C

• - Superbubble in 30 
Dor

• - Non-thermal X-rays

• - TeV Gamma-rays

• - Containing young 
SNR

(Age: 2.2−4.9 kyr, 
Kavanagh+14)



30 Dor C

• - Superbubble in 30 
Dor

• - Non-thermal X-rays

• - TeV Gamma-rays

• - Containing young 
SNR

(Age: 2.2−4.9 kyr, 
Kavanagh+14)

Image: HI (Kim+03)
Contours : X-rays (0.5-7.0 keV)



Comparison of young SNRs
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If the γ -rays are produced predominantly by the hadronic process, 

- Total CR protons energy      1048 – 1049 erg
- CR acceleration efficiency  0.1% - 1%



W44 Fermi/AGILE results
pion bump, but low resolution, for lower energy CRs
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W44
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Radio conti.
X ray

AGILE Fermi

Yoshiike+ 2017



W44 CO and HI Yoshiike et al. 2017
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IC443 CO and HI Yoshiike et al. 2017

40



IC443      Wp~8e47 erg

41

Image VERITAS
Contour CO

Escaping CR
Uchiyama et al. 2012

W44



Summary

• TeV gamma ray SNRs:
hadonic dominant, target both H2 and HI 

• GeV gamma ray SNRs:
hadronic with target H2

• Target should be directly identified, HI plus CO
---for high density, shock-cloud interaction 
B field amplified ー
CR electrons decrease by  synchrotron loss
then, hadronic dominates

• CR energies 10^48-10^49 erg, secure lower limits
• Escaping, low filling factor of target ISM
• SNRs are the most important CR source in the Galaxy

CTA will provide excellent images to demonstrate the 
correspondence soon
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