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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
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Partlally heatmg of gas/dust wuth line broadening S ardeleiSHE W
+ chemical evolution of the ISM \\&»
+ Cl chemistry in the vicinity of SNRs
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Molecular filament formation

/ 55 — by multiple shock compressions
/ * .

d:zn;c]l P * " Molecular

_HI Shell . Cloud | |nutsuka et al. (2015)

Thermal radiation

adlatlo

Dense clouds
(e.g., molecular clouds, > 10° cm™)

Stellar wind shell
with an expansion velocity of a few km s

/

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

Cosmic-ray B-field
electron
L, SYERRE

Craciation

*® Gamma-rays
N The total energy of cosmic-ray protons

Gamma-rays
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it (Neutral pion decay)

proton e

ISM proton 4 L RQP“C:Z
a

(e.g., molecular clouds)
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Shock- and/or CR induced chemistry & astrophysics

HLEESA: LMC N157B

Whlte(1994)00 =43 ”'~

COJ=2-113-2/4 3 | J

IC443C1
-~ T ." ‘ C'Q’_?ZJ

Partially heatmg of gas/dust with line broaf
+ chemical evolution of the ISM

% + Cl chemistmin the vicinity of SNRs

Sup NN SN

- Sakemi et al. (2023), PASJ, 75, 338

- Sano, Furuya et al. (2023), ApJ, 958, 53
- Liu, Hu et al. (2022), MNRAS,510, 4952

- Sano & Fukui, (2021), Ap&SS, 366, 58

- Yamane, Sano et al. (2021), ApJ, 918, 36
- Tanaka et al. (2021), ApdJ, 915, 79

- Sano, Yamane et al. (2018), ApJ, 867, 7
- Yamane, Sano et al. (2021), ApJ, 863, 55
- Yamada, Oka et al. (2017), ApJL, 834, 3

SRS A: LMC N63A

' (ICI] CR/FUV chemistry)

ASTE Z A ULf=Fi (2017F LLEE) D SNR §fiXC

- Yamagishi, Sano et al. (2023), PASJ 75, 883 - NRO45 (W51)

- Sano, Plucinsky et al. (2020), ApJ, 902, 53 -> ALMA (LMC N132D)
- Sano, Matsumura et al. (2019), ApJ, 881, 85 - Mopra (SMC RXJ0046)
- Sano, Matsumura et al. (2019), ApJ, 873, 40 > ALMA (LMC N63A)

The orlgln of CRs

(ALMA synergy)

]
B-field & synchrotron X-ray / RC i
amplifications via velocity shear 0
> NRO4S5 (W50) Cosmicray __» Bfield |
- ALMA (LMC N49) mn :
> Archival data (W44) i |
- ALMA (Invited review) |
- ALMA (LMC 30 Dor C) B mma-rays q
- NRO45 (Sgr A East) : :
: | proton LA G"""H

> ALMA (LMC N103B) : N\ | eaSMetoton, S

- ALMA (LMC N49) \ |

> NRO45 (W44)
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ASTE / ALMA ZRVWCEMERBDIRR

ASTE 10-m

- B¥RD 10-m BROUYTZURRBRDPT,
HAEADME—P O A iB/8H—REiRR! !
- CO(3-2) [46 ~22"]
CO(4-3), [CI](1-0) [A6 ~17"]
CO(7-6), [CI](2-1) [A6 ~ 8"]

ALMA Band 10 TP BMERENTWVWRWED,
ASTE Band 10 TP B'S®XB(CIRDOTL BH!1?

\ & - .”. > P 3 - -~ .' \'.. ..
- — P - e 4 - ’ ‘ o - -
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ALMA ACA (7m-array + TP) ALMA ACA

- ACA stand-alone mode TRX 31tR (I,
ASTE &DHEMELI\WYI >0
- Band 3 CO(1-0) [46 ~12“]
Band 6 CO(2-1) [46 ~ 6"]
Band 7 CO(3-2) [46 ~ 4"]
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- 7w iM% LDD, ASTE + ALAM ACA T
S e GEENRTREEDHITEFTEBRT..N

= : ~ ~‘.\' P"“h

B ‘\‘.
. _



Supernova Remnants in the Magellanic Clouds

Kawamura et al. (2009) . e v I Epi L A O NS R TNR 50 £ 1.3 kpc for the LMC (Pietrzynski et al. 2013)

BRSHDRET eSS e ~ 60 kpc for the SMC (Hilditch et al. 2005)

S "—- ‘o B 2. Low ISM metallicity

e S "'""‘"{;_“_‘E ‘ AT Sl SE phli e ~0.3-0.5 Z, for the LMC (Westerlund 1997)

R T e e e R N ~0.05-0.2 Z, for the SMC, (Russell & Dopita 1992; Rolleston et al. 1999)
T TR et b T A ke
R e 3. Smaller contamination along the line of sight

o X-ray bright SNRs ’u" ;'."g,.f,,:. -
Contours: NANTEN CO = - "= . @ .



Images: X-ray images obtained
using Chandra or XMM-Newton

X-ray views of the Magellanic SNRs

LMC N63A LMC N49 SMC RX J0046.5-7308

" — ™ '_:- » ] ; T
Lareen: U.6o-=1.1 Kevy

Blue: 1.1-6.0 keV 10 pc (~40") 10 pc (~40") 15pc (~30°) @ Chandra

LMC N132D LMC 30 Doradus C LMC N103B
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Image: ASTE 2CO(J = 3-2)
Contours: Chandra X-rays

ASTE CO results toward the Magellanic SNRs

Sano et al. (2019a) ApJ, 873, 40 Yamane, Sano et al. (2018) ApJ, 864, 12 Sano et al. (2019b) ApJ, 881, 85

v L U ~4 '

Sano et al. (2020) ApdJ, 902, 53 Yamane, Sano et al. (2021) ApJ, 916, 36 Sano et al. (2018) ApJ, 867, 7




ALMA CO results toward the Magellanic SNRs

Sano et al. (2019a) ApJ, 873, 40 Yamane, Sano et al. (2018) ApJ, 864, 12 From archival data using ACA Band 6
LMC N63A LMC N49 SMC RX J0046.5-7308

ALMA CO

Bive: Chandra X-ray
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Image: ALMA CO | Image: ALMA CO
Contours: ATCA radio continuum Contours: Chandra X-ray

LMC N132D _ 'LMC N103B ¥

10 p(;

| ’ &ih : a%?gﬁgu)\xlﬁ%ew(on X-ray g g‘O?\?gUlgU\CAﬁd%(d)(d X-ray -~ (' : !
Sano et al. (2020) ApdJ, 902, 53 Yamane, Sano et al. (2021) ApJ, 916, 36 Sano et al. (2018) ApJ, 867, 7




Magellanic SNR N132D

= -

o s @) .

Red: HS T Ha Mage"anlc SNR N132D
LMC N1 32[) Green: ALM;\ 0 .

Blue: Chandra X-ray ~ * Core-collapse
(e.g., e.g., Yamaguchi et al. 2014; Sharda et al. 2020)

* Diameter: ~25 pc (114" X 90")

(e.g., Bozzetto et al. 2017)

» Age: ~2500 £

(e.g., Vogt & Dopita 2011; Law et al. 2020)

* O-rich ejecta
(e.g., Lasker 1978; Blair et al. 2000)

* Bright in Thermal X-rays & GeV gamma-rays

(e.g., Acero et al. 2020)

 TeV Gamma-ray detected
non-thermal X-ray F, gy < 2.0 X 103 erg s-1

— Likely hadronic gamma-rays
(H.E.S.S. Collaboration 2015, 2021; Bamba et al. 2018)

 Recombining plasma
(Bamba et al. 2018; Hitomi Collaboration 2018)

* Molecular cloud interactions
(Banas et al. 1997, Sano et al. 2015, 2017, 2020)

Sano et al. (2020) ApJ, 902, 53



Magellanic SNR N132D

- -
LMC N132D Red: HSTHa @ 4

Green: ALMA CO
Blue: Chandra X-ray

"~

Image: ASTE CO(3-2) / ALMA CO(1-0) ratio
Contours: Chandra X-rays

Sano et al. (2020) ApJ, 902, 53



X-ray spectroscopy toward the shocked cloud & intercloud region

l

(B o ) Cloud F

vner |
— VTIC) 2
— bkp

Green: 0.85-1.6 keV

Blue: 1.6-6.0 keV Cloud C

Cloud B

Intercloud region

e \pshock
vnel |
vner 2

X—ray fllamen a

"l

!
'

b m' M M W\'ﬂ i

0.5

Energy

B Cloud F: CIE + NEI
B [ntercloud: CIE + NEI + vpshock

Forward shock has been terminated in Cloud F

= The ISM-based X-ray spectroscopy is needed

|Japanese KAKENHI grant has been accepted (Pl: Sano)]
|Chandra Large proposal has been accepted (Pl: Plucinsky, Co-l: Sano)]

“ ’ ‘ e IS
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B
. ,

‘ ‘ Cloud |
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X-ray spectroscopy toward the shocked cloud & intercloud region

Cloud F

Green: 0.85—-1.6 keV
Blue: 1.6-6.0 keV Cloud C

Intercloud region

— ypshock
vnel |
mei )

oud D

x-ray filament :,

oI

P

; ’ Cloud |

- v
s -
-

0.5

it ill ' *hih N “1' W’W My

ud%\

Ene

- v = Cloud F: CIE + NEI
B [ntercloud: CIE + NEI + vpshock

g Forward shock has been terminated in Cloud F
o N ALMA ACA CO(3—2) = The ISM-based X-ray spectroscopy is needed
. [Japanese KAKENHI grant has been accepted (Pl: Sano)]

- [Chandra Large proposal has been accepted (Pl: Plucinsky, Co-l: Sano)]
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Magellanic SNRs N63A and N49 seen by Chandra (PSF~0.5")

Green: middle-energy X-rays R -
Blue: high-energy X-rays e

’

LMC SNR N49

« Core-collapse SNR
 Diameter: ~14 pc
 Age: ~4800 yrs

LMC SNR N63A

« Core-collapse SNR
 Diameter: ~18 pcC —
« Age: 3500 + 1500 yrs S pPC




Magellanic SNRs N63A and N49 seen by ASTE (A6~24")

Yamane, Sano et al. (2023) ApJ, 863, 55

Sano et al. (2019a) ApJ, 873, 40



Magellanic SNRs N63A and N49 seen by ALMA (AB6~2")

Rad: HS T Ha
Gréen: ALMA CO
Blue: Chandra X-ray

O
E——— =} e
3 pC ALMA  3pcC

Sano et al. (2019a) ApJ, 873, 40 Sano et al. (2023) ApJ, 958, 53



Multiple-reflected shocks enhance high-temperature plasma

Southeast

C1E (ISM) + NEI (ejecta)

Réd: HST Ha CL(a)
Gréen: ALMA CO

Blue: Chandra X-ray % o [. + NEI (1SM2)
é 001
c
-
103
High-temperature ejecta
10 heated by reflected shocks
0.5 1 2 5
Energy (keV)
NEI (ISM2)

nt =10 X 10""cm=3s (n,=2.5 f9>cm™3)
= = 4.0 X 10" f-955 < 1,300 yrs

The shock elapsed time is much lower than the

maximum SNR age of ~5,000 yrs,

= The high-temperature plasma has been heated recently!!
(Similar to the Galactic SNR RCW 86 & LMC SNR N49)

P

&
” . ALMA  3pc
Sano et al. (2019a) ApJ, 873, 40




N49: DFEDRE - BELBMERRI 1 —R/I\VD

DFED H, EEFEE [x103 cm—3]

SR RERIEAFE ~50K @

0.0
10 20 30 40 50 B AERERTEDFEEInE LF+EEET

NFEOEE@E [K] B> 1)V FES, DI NMNImEN EF

Sano et al. 2023, ApJ, 958, 53




N49: DFEDEE - BELBMERBI—R/I\VD
‘ 12CO(J = 2-1) § @J N

«I'T' 1.9
-
O
e
v—_
X
=110
L
31
0
T | E =100 MeV, t,,, = 4800 yr, B =10 uG DIBS
5 | BTN —FEROEME L, &
N “; laitr = \/ 4INE) tyge ~ 6 PC
g; \‘; D(E) = 5x 10%6 (E/ 100 MeV)*>(B/ 10 pG) %> cm?st | ~®
0.0 ‘
10 2{0) 30 40 50 B AER TR FEERE LR +EEERT

NFEOEERE [K] B> T)VMIDDFES, DI NMNIREN EF

Sano et al. 2023, ApJ, 958, 53




N49: CR-induced UV [CKDDFEDIMER

Sano et al. 2023, ApJ, 958, 53

— (=1x10" g
— =3 % 102
100 — O] )RS
v s C=3 % 107'% 87
'_p(' — C=1x10"6g"
SE — =g QTS
9
' 30
S
Eil
M
R
10

m Furuya+22 @ PDR EF)L &R T B &
108 104 FHRICRDDFENMREZS I TFE LR
BITERFENSDORERRE €] = Solar value @ 400 BREEDOFEIREEEZR?
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Cosmic-rays and/or shock induced chemistry

—-------_—---N

S

i A review for the cosmic-ray ionization rate

i Caselli et al. (1998), ApJ, 499, 234

] Shingledecker et al. (2016), ApJ, 830, 151

‘ Gabici (2022), A&A Rev., 30, 4

Partially heating of gas/dust with line broadeu} Cosmic-ray ionization rate toward supernova remnants
\ :g’,'f,',';‘;f:,';:&’,':,";gg \‘,’,L}',:g;i","sms _s Indriolo et al. (2010), ApJ, 724, 1357 > H,* (1C443)
[ecombining PrasTh preHTT (g um Ceccarelli et al. (2011), ApJL, 740, 4 - [DCO*/[HCO*] (W51C)

Vaupreé et al. (2014), A&A, 568, 50 -2 [DCO*/[HCO*] (W44)
Tanaka et al. (2021), ApJ, 915, 79 -2 [Cl] (Sgr A East)
Yamagishi, Sano et al. (2023), PASJ 75, 883 - [Cl] (W51)
Indriolo (2023), ApJ, 950, 64 -2 H;* (Vela & W28)

Sano, Furuya et al. (2023), ApJ, 958, 53 - CO multi-J LVG (LMC N49)

Shock chemistry in supernova remnants
e.g., Mazumdar et al. (2022), A&A, 668, 180

-> Detections of many molecules CH,OH, H,CO, SO, SiO, CN, CCH,
NO, CS, HCO+*, HCN, HNC, N,H*, and CO toward the SNR W28F



CR ionization rate of molecular clouds

H, + CR — H, + e + CR. H,* is the best tracer of ionization rate Z,
4 n because of its simple chemical reaction.
Hz -+ H2 1 H

=» However, observations are not easy...
_+_ —
Hy +¢ — H+H+H or Hp + 1 * High-sensitivity & -spectral resolution

* Bright background sources

H; + CO — HCO™ + H, 05 S
=24 K ny=104 cm-3 o~
H;— + HD < H2D+ + HZ ' - 104 b o]
H,D™ + CO —|DCO™ |+ H; or|[HCO™ 4+ HD. 2
o 102
DCO*/HCO* is an alternative method to measure { O e
o _ n(HCO®) 3( n(H?) ) _% i ko n(CO) + ky,p+—e n(e) + kyp n(HD) Depending on ortho/péara ratio of H, |=0.
’ 7 pCcot) T \nH,DY)) kss n(HD) 100 - Sep——
10-18 10-17 10-16 10-15 10-14

See also Caselli et al. (1998), Shingledecker et al. (2016), and Gabici (2022) for a review C (s71)




Measurement of the CR ionization rate in W28

H °C0%(1-0)] DCO™(2—1)

X190 1 x30

«,.,..\..v.--;a«fL«..ﬁ,,m..--f-- L w'tm,,;w,'(}»w.w.,ww\ ) C > 40 X 10"1 / 3-1

SReEE SRR LNl > 260 X 10-17 g

g A "_Jl“*v‘«;'/m‘t‘."é' R PO ‘q". o "““4'}(%“ k‘;\}ﬁ-‘”{‘{.&‘*\‘fﬂ‘)’ww&’lﬂ '- |

S P W e (> 130 %1017 s

X19: i

RRCLANIANTIRIN ,H.ﬁy,, M ..451&..*;.‘ :-,. AN W g
|
ot ‘wJ""‘\fv-‘fﬂ‘th{zk“’““ﬂ C — 130—400 X 10_17 5—1

B ISRl { = 130—330 X 1017 g~

] r
i S v ki o (>13 X107 s~

1 [ |
N '
O O

o IR DD
o N O S5 o

|
o)
N O
Gl - =

Green: VLA 20 cm

Blue: VLA 90 cm Velocity (km/s)
Contours: NANTEN2 CO

Vaupre et al. (2014)




Atomic carbon [CI] as an alternative tracer of CRs

1e19¢cm -

B Sub-millimeter lines

[Cl] °P,—3P,: 492.161 GHz
[Cl] 3 P,—3P,: 809.344 GHz

B Critical density
Cl(1-0): ~ 500 cm™3
Cl(2-1): ~ 3000 cm—

(Zmuidzinas et al. 1988)

1€19¢cm °

B Characteristics

- PDR tracer

- Similar distribution to 13CO
(e.q., lkeda+02; Plume+00; Shimajiri+13) -5

- Alternative H, tracer e
5 10 1-10

(e.g., Papadopoulous+04; lachihara+18) -10 -5 [0 ] '
X |pC

- Indicator of CRs !? . Wi S RO S S 65 DTSN
. { ~10-400 in the vicinity of SNRs ;
(e.g., Bisbas+15, 17) (Ceccarell et al. 2011; Vaupré et al. 2014) Bisbas et al. (2015, 2017)

[%)
20
>




[CI] observation in W51C (Yamagishi et al. 2023)

SNR W51C (age: 30,000 yr)
Yamagishi, Furuya, Sano et al. (2023)

| (a) [CI]

X 102 enhancement of ¢ found by DCO+
/HCO* observations (Ceccarelli+11)

Galactic Latitude

- Image: °CO(3-2) Contours: X<ray. (0.5-2.0 keV)

Kkm s 1

T
0 30 60 90 120

-0°10'|

20" §

Galactic Latitude

Galactic Latitude

40'}

N -
0 20 40 60 80 100

49°30'  15' T 000 48°45' 49015 100 ' 05 00' | 48°55"
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Kkms 1t

. e
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[CI] observation iIn W51C (Yamagishi et al. 2023)
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Physical processes in a supernova remnant
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