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Equivalent c.m. energy\s, [GeV]
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Physical processes In a supernova remnant Dencs cleide

Eraﬂ H R O);E—ﬁ(*‘_\‘i_&) ﬁﬁ; ﬂtig (e g., molecular clouds, > 102 cm™)

Stellar wind shell

l/wnth an expansion velocity of a few km s~
Low-density bubble '

(~0.01-1 cm™)

Stellar winds
- i? - .

High-mass star




Physical processes in a supernova remnant Netia tleiiti

Erai ﬁ Z @3; ﬁ (ﬁ"k) ﬁﬁ ﬁ‘i; (e.g., molecular clouds, > 10° cm™)

Forward shock Stellar wind shell

with an expansion velocity of a few km s

4

COJ = 2:113-24:3 ﬂ
1C443C)

Partually heatmg of gas/dust with line broadening
+ chemical evolution of the ISM

+ thermal plasma production

sSynehretion

Shock
upstream downstream

=

B-field & synchrotron X-ray / RC
amplifications via velocity shear

......

AR

Exploded star

Turbulence Cosmlc-ray B-field
W electron
ULF waves AR o -
Jg\ . ; Heverse shock ER SV N ChEotion
Cosmic-ray acceleration - L aciation

Diffusive acceleration via DSA

Thermal radiation

Network of Expanding Shells

GMC
Colhision

Gamma-rays
_ The total energy of cosmic-ray protons

Cosmic-ray , Gamma-rays
proton ® it (Neutral pion decay)
Molecular filament formation \\ P T

by multiple shock compressions N ISM proton > 70 B,
:

(e.g., molecular clouds)

w
Molecular

__Cloud | Jnutsuka et al. (2015)
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B-field & synchrotron X-ray / RC
amplifications via velocity shear
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. The total energy of cosmic-ray protons I
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Cosmic-ray

Gamma-rays | ||
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GeV gamma-ray = . -
fromSNRW4 . -~

: ,Te\.l Gamma-rays from
- SNR RX J1713.7-3946

TeV Gamma-rays from
SNR HESS J1731-347

| RX J1713.7-3946 (H.E.S.S. Collaboration et al. 2018a)
HESS J1731-347 (H.E.S.S. Collaboration et al. 2011)
W44 (Giuliani et al. 2011)




PTFiciR vs. EBFiciR

CR pr.otons - ggmm%;rdaeg) CR electrons
& \ / @

U0 zﬁfiz %%
photon

(e.g., CMB, IR) Gamma-rays
(inverse Compton scattering)

ISM protons \

(e.g., molecular clouds)

107"
Pion decay
mﬁ 1™
S Bremsstrahlung
N N\;\Nﬂ
()
S | 7 Gamma-rays
- 10
£ S5 (Bremsstrahlung)
17
g Nucleus
5 10728 (positive charge)
AN
LL
5 . Yang, Kafexhiu & Aharonian (2018)
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0.01 0.1 1 10 100 Energy(GeV)
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CR protons
i

N

&
ISM protons

(e.g., molecular clouds)

~+ Gamma-rays CR electrons

(Neutral pion decay) ®

‘O A q/"\/h

\\_/’I ’\fv\/‘% 18
photon

(e.g., CMB, IR) Gamma-rays
(inverse Compton scattering)

\N

"radio" r—e—i
"Fermi—-LAT"™ '
"AGILE" ey
"UL _TeV"™ .

Giuliani et al. (2011), W44

SoOurce A" 10°

'-
] i\
‘ L
‘ r
Neutral pion decay

T

5 . \ " Gamma-rays
$ % (Bremsstrahlung)
Nucleus
1072 (positive charge)
Bremsstrahiung
IQ o
12 Subsequent Fermi observations confirmed the pion-decay bump

AGILE gamma-rays (+ dlo contours) 10° 10'° (W44 & IC 443, Ackermann et al. 2013, Science, 339, 807)

photon energy [eV]
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CR pr otons x+ Gamma-rays

\ (Neutral pion decay)

& -
ISM protons Ly N“\”‘Niz

(e.g., molecular clouds)

\N o
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Q Hadronic

> Leptonic T NG 1 Had.ron
[T o Femiat \»1 dominant
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10° 10"’ 102 10" E [eV]

Gamma-ray spectra from RCW 86 (H.E.S.S. Collaboration et al. 2018b)

CR electrons
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photon %%"
(e.g., CMB, IR) Gamma-rays

(inverse Compton scattering)
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CR protons

&
\\

ISM protons \

(e.g., molecular clouds)

nt Gamma-rays M) W : total energy in
O — F of — Lt L accelerated protons

% n: gas density

2
d d: distance to the SNR

o Gamma-ray flux o« ISM proton density

; Hadronic l
v e remnar | dggﬁ a%':\t = Ho
e ] TR - —E#{bk3R CO 2.6 mm IR
. - ZBE > 1000cm-3, 7, ~10 K
o RFHRAH
10° , L | - HI 21 cm #&
10° 10° 10 102 10" E[eV] - ZBE ~1-100 cm-3, 7, ~40-100 K

Gamma-ray spectra from RCW 86 (H.E.S.S. Collaboration et al. 2018b)
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RX J1713.7-3946 Vela Jr. RCW 86 HESS J1731-347
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Image: ISM protons Np(Hz + Hi), Contours: H.E.S.S. TeV gamma-rays
Fukui, Sano et al. 2012 ApJ, 746, 82; Fukui, Sano et al. 2017, ApJ, 850, 71; Sano et al. 2019, ApJ, 876, 37; Fukuda, Sano et al. 2014, ApJ, 788, 94
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Gamma-ray Excess N, Interstellar Gas Density N, Synchrotron X-rays N,
o i ' 4

15 light years

Fukui, Sano et al. 2021, ApJ, 915, 84

N g_leptonic

NCR proton - CR proton density neywgp - density of CMB photons K, K, K : constant

Ner decron - CR €lectron density B : magnetic field
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10.0

F o

W, total energy in
accelerated protons

n: gas density

d: distance to the SNR

an

d2

—

-
P
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HESS J1731-347

N132D (

(G346.6-0.2

.

Puppis A (This work)

Bl RCW 86
RX J0852.0-4622

RX J1713/7/-3946

O
—h

FHEROELR)ILF— Wh [10* erg]

Sano et al. 2021c, ApJ, 919, 123
Sano et al. 2021d, ApJ, 923, 15

Sano et al. 2022a, ApJ, 933, 157
Aruga, Sano et al. 2022, ApJ, 938, 94

* SN 1006

1,000

0.01

10,000
BATEROF R [F]

Conventional 7
W, ~10°° erg / i3 2185 1 [

i 6 kyr 215 (CRIFRN 1L

B Fifp < 60005F: Fiv&E EBIC W, (X LF
= FEHIRDIIAEZEPADRE ?

B s > 6 kyr: T & EB(C W, (LR
= FEHIROTAT—THRNTNS

SNR 1 {&l3p7Z D DCRIAFI=(SE

W, ~10% erg EB X TFETRLN
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Fukui et al. (2003)

e

Image: RX J1713.7-3946 ROSAT X-rays
Contours: NANTEN 2CO(J = 1-0)

\'

21

RX J1713.7-3946 (G347.3-0.5)

Shell-type SNR discovered by ROSAT

(Pfeffermann & Aschenbach 1996)

Distance / Diameters : ~1 kpc / ~18 pc (~1°)
(e.qg., Fukui et al. 2003; Cassam-Chenal et al. 2004, Leike et al. 2021)

Age : ~1600 yr (SN 393)

(Wang et al. 1997; Fukui et al. 2003; Tsuji & Uchiyama 2016)

Associated with molecular/atomic clouds

= shock-cloud interaction with B amplification

(e.qg., Fukui et al. 2003, 2012, 2021, Moriguchi et al. 2005; Inoue et al. 2009, 2012;
Sano et al. 2010, 2013, 2015, 2020; Maxted et al. 2012, 2013)

TeV / GeV Gamma-rays

= Steep vFv spectrum + Hadron dominant

(e.qg., Muraishi et al. 2000; Aharonian et al. 2004, 2006, 2007, Zirakashvili & Aharonian
2010; Abdo et al. 2011; Inoue et al. 2012; Gabici & Aharonian 2014, H.E.S.S.
Collaboration 2018; Celli et al. 2019; Inoue 2019; Fukui et al. 2021)

Synchrotron X-rays = Time variation

(e.g., Koyama et al. 1997, Slane et al. 1999, Hiraga et al. 2005; Uchiyama et al. 2007;

Takahashi et al. 2008; Tanaka et al. 2008, 2020; Acero et al. 2009; Sano et al. 2015;
Okuno et al. 2018; Tsuji et al. 2019; Kuznetsova et al. 2019, Higurashi et al. 2020)
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Sano et al. (2010, 2013)
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Fukui et al. (2003) N

.

, a0 Kovama et al 1997 Siane et al 1999 Hiraga et al. 2005; Uchiyaaetal. 2007;
Image: RX J1713.7-3946 ROSAT X-rays Image: Suzaku X-rays (E: 5—-10 keV) pcero et al. 2009; Sano et al. 2015;
Contours: NANTEN 2CO(J = 1-0) Contours: NANTEN2 12CO(J = 2—1)  [t@- 2019; Higurashi et al. 2020)
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Fukui et al. (2003) = - V Photon index
4

) ( 7 )18 225 270 315 3.36
- &>/ <
/\;,ft“\‘#l ) N .
6 S SN
‘ 7

@3N
4/

L
,‘
'(rr\\\\‘..

Image: RX J1713.7-3946 ROSAT X-rays
Contours: NANTEN 2CO(J = 1-0)

Image: Synchrotron X-ray photon index
Contours: NANTEN2 2CO(J = 2-1)
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CEy T 5 | ) [ lnoue et al. (2012)
Wﬁ( wind'Spell
4, o (
o=
i O \ %

o | Y
C ‘ synchrotron

= ‘\1 radiation

©§>

9 @ @ B amplification —"" L
1o\ 7 o { “
2
| s <<3 reflected shock
( exploded star & re-acceleration
) A ’
-
&)

.. nﬁ‘n\?(

: Hadronic T - f

yrays A o _
dense cloudy

# ,
: shocked gas *

Image: RX J1713.7-3946 ROSAT X-rays Schematic image of shock-cloud interaction
Contours: NANTEN 2CO(J = 1-0) Cloud density: ~10° cm-3, Intercloud density: ~0.01 cm-3
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Fukui et al. (2003) NS w » TS — Uchiyama et al. (2007) _

(A
o\
— 2 :

0.5
| keV) on)

e 0.5 V; —2
S i) 9
]l keV 3000 km s

X-ray hot spot shows B ~1 mG at 10 arcsec (~0.05 pc) scales
= Tiny clouds should be expected near the X-ray hot spots!?

Image: ROSAT X-rays
Contours: NANTEN 2CO(J = 1-0)
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[,4* penetration depth,

1/2 —1/2 1/2 I o factor,
pd ~ (Kd t)l/z O.l nl/z E B tage pc, %I%yfl{.prot.()n energy,
10 TeV 100 I,LG 103 yI B magnetic field,

t.oer SNR age
Inoue et al. (2012)

Sano et al. (2020c) «— ﬁ >7mo) Z ,\oa " )bggﬂ

N ApJL, 904, L24 - ==
T ETRILE—BFIT, DFERNFTTTRETCET,
EMIIRY —4y N ISM DEHES.

—A

ng: inter-cloud D%,

Radii of gas clouds 3 . n;: cloud DHFE

Synthetic vF spectra [relative]

// 0.08 pC 16 sh,c Vah T RORE
/ 0.16 pc " —4 Ush,d - fq
b, — 10 P e B T
0.1 / 833 gg 5 (3000km g1 ) (0.0l cm )
/) =1
. 1.60 pC x (5——)  keV.
/’ Y05 ====== 10° cm™ Inoue et al. (2012)
/ T #A X OHIE

0.1 1 10 102 10 10 105 10°¢ Cloud & inter-cloud OEEEMNKETU\E,
Photon energy [GeV] BZERORE N 2R URWY X FRZIHT TSR0,
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= — %
§ lcmagte: NA'I\_IiTEEg ;C?(\;/I 22—1) [10-20 km/s] g SN RiI)lfTIﬂﬁéhE?ﬁﬁl*s
§ oniours: n. . . . 1€ ama-rays ;60 £®$5(:nm(127_7) b\
e : * = — S %
A 10 pc (=18 arcmin) == 2 gNn W28
o - radi\o‘shell boundary SNR W28

. 89 ———

Intr.0- + Core-collapse / Mixed morphology
= (e.g., Manchester et al. 1985; Rho & Petre 1998)
e * Diameter : ~27 pc (or 48 arcmin)
N 60 (e.g., Dickel et al. 1993; Warren et al. 2003; Bozzetto et al. 2017)

. Age : 33,000-42000 %

(Kaspi et al. 1993; Velazquez et al. 2002; Li & Chen 2010)

* Distance : 1.9 kpc

(e.g., Velazquez et al. 2002)

 Thermal X-rays + RRC + Fe K

(e.g., Sawada & Koyama 2012; Pannuti et al. 2017; Okon et al. 2018)

m 20 « Hadronic GeV/TeV Gamma-rays
:: o s (Aharonian et al. 2008; Abdo et al. 2010; Giuliani et al. 2010)

40

- f « Shocked molecular clouds + OH maser

Aharonian et al. (2008) . (e.g., Wootten 1981; Frail et al. 1994, Claussen et al. 1997, Arikawa et al.

1999: Yusef-Zadeh et al. 2003:; Nicholas et al. 2011, 2012
18h03m 18h  RA J2000.0 (hrs) )
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Image: NANTEN “CO(J = 2-1) [10-20 km/s]
Contours: H.E.S.S. TeV Gamma-rays

= : = ~ \
10 pc (=18 arcmin) . g SNR W28
- radio shell boundary

Dec J2000.0 (deg)
14.6 arcmin (~ 8 pc)

b=-1.0" *. .°

' s et

18h03m 18h RA J2000.0 (hrS) 10.9 arcmin (... 6 pc)
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B{%&: ALMA 12C0O(3-2)
1> ~J77: Chandra X#x

(!

30 40 50
DFEOEF@E [K]

0.0 15 30 45 Sano et al. (2023) submitted to ApJ
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B[45k: ALMA 12CO(3—2) | — T %1045
1> ~J7: Chandra X#® —— 7=3x10"5s"
\J 1 00 — {=1x10"1s"

- {=3x10"g1

— (=1 x 10770 g1
—_— (=3 x 107" g

30
0
I Q\\
f’ I
N - @ "// 10
| 50 | O pC
10° 101 10°
CO(3-2) Intensity K] BETEIRTEN S OB [F]

00 15 30 45 Sano et al. (2023) submitted to ApJ
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