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A multi-messenger search for the origin
of cosmic-rays
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Revealing the origin of cosmic rays 2

B Cosmic rays: relativistic protons (90%), He (10%), electrons + nuclei (<1%)
- They have a significant influence on the interstellar space

""" ~ © NSF/J.Yang

Heating the interstellar gas Earth environment
- Revealing the origin of cosmic-rays is essential to understand the universe

SNRs are thought to be the primary sources for the bulk of Galactic cosmic-rays
However, the acceleration site of protons is still being debated...
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Outstanding issues & solutions 3

[1] Origin of gamma-rays (hadronic and/or leptonic)
- © Spatial comparison between the ISM and gamma-rays

[2] Acceleration models including more realistic conditions
- © Shock-cloud interaction model
= O Other acceleration mechanisms ?
(non-liner, 2" order Fermi, magnetic reconnection etc...)

[3] Gamma-ray obs. with high sensitivity + angular resolution
- © Cherenkov Telescope Array (CTA)

[4] To reveal an universality
- © Extend to the distant sources including the LMC SNRs
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[1] Origin of gamma-rays (hadronic and/or leptonic) 4
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[1] Origin of gamma-rays (hadronic and/or leptonic) 5
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Evidence for the CR proton accelerations (Fukui+) 6
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[2] Acceleration models including more realistic conditions
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Image: Suzaku X-rays (RXJ1713)
Contours: NANTEN2 CO

HS+10, 13, 15a

B Synchrotron X-rays are enhanced around CO clumps 1n 0.1 pc scale




Shock cloud interaction model: schematic view 8

Belore shock front After shock front
Eddy (turbulence)
density n, Vtoud
shock speed v,
ISM 1 CIOUd X \/no / ncloud
clump
(density ncloud) V,.uq Will be decreased...

O Shock cloud interaction generates turbulence around the ISM clumps
[1] rotational current + dynamo effect > magnetic field amplification
[2] Synchrotron X-rays are enhanced around the ISM clumps
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Shock cloud interaction model: HMD simulation (Inoue+12) 90
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Shock cloud interaction model: HMD simulation (Inoue+12) 10

ISM density Magnetic field strength

Time = 10U8 yr Time = 10U8 yr

y [pe]

Inoue+12
Gas clumps are rim-brightened in synchrotron X-rays.
— strong turbulence + B field may accelerate the CRs (e.g., HS+15)
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Shock cloud interaction model: Gamma-ray spectrum 11
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[3] Gamma-ray obs. with high sensitivity + angular resolutions 12
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Current observations could not determine the spectra shape E > 100 TeV
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Cherenkov Telescope Array (CTA) 13
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We will be able to determine the spectral shape £> 100 TeV by using CTA!
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Cherenkov Telescope Array (CTA): imaging simulations

Leptonic origin Hadronic origin

(a) CTA leptonic dominant case (A2/A1=0.01) (b) CTA hadronic dominant case (A2/A1=100)
DEC (J2000) [degree] DEC (J2000) [degree]

RA (J2000) [degree] 405 Nakamori, Katagiri, HS+15 (ICRC)

259.0 258.5 258.0 257.5 2595 259.0 258.5 258.0 257.5

The origin of gamma-rays can be distinguished by morphological studies




[4] To reveal an universality 19

We are extending our comparative studies (ISM, X-rays, Gamma-rays)
for the distant SNRs by using high-angular resolution CO data (A6~20")

NRO 45-m Galactic plane survey (FUGIN): 2CO- 13CO, C'80 J = 1-0
Coverage: 10°< I'O;E'SO°, |b| < 1° + outer rim

\F

JCMT Galactic plane survey: *2CO J = 3-2
Coverage: 10°</<65°, |b| < 0.5°
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SNR distributions toward the survey area 16

30 20 PE4E [deg]

Image: NANTEN GPS (Mizuno & Fukui 2004), Red: SNR boundary, Green: FUGIN area

B 67 SNRs are located within the FUGIN survey area
- 40 % of SNRs are emitted by diffuse X-rays
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Preliminary results of 2CO J = 3-2

Preliminary Result... Preliminary Result...

Image: JCMT 12CO J = 3-2 integrated intensity, Contours: Chandra broad band X-rays

B These SNRs are ~10 times smaller than RX J1713 (size ~ 60 arcmin),
while we could identify the interacting molecular clouds
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ASTROPHYSICS
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fil: SNR J0525.1-6938 (N132D) SNR J0453.6-6829 (B0453-685) SNR 0454.4-6713 (N9) SNR J0459.9-7008 (N186D) SNR J0505.7-6752 (DEM L71) SNR J0535.7-6602 (N63A)

Chandra X-ray ——
3 color Images

SNR J0509.0-6843 (N103B) SN&;%%%Q_E;SS;:H SNR J0519.5-6902 (B0519— SNR J0523.0-6753 (N44) SNR J0537.8-6910 (N157B)

SNR J0534.2—-7033 (DEM SNR J0536.1-7038 (DEM

SNR J0525.4-6559 (N49B) SNR J0526.0-6604 (N49) SNR J0531.9-7100 (N206) SNR J0534.0-6955 (B0534-69.9) L238) 1249)

SNR 10540.1-6919 SNR J0535.7-6918 (Honeycomb) ~ SNR J0536.0-6912 (N157C)  SNR J0535.9-6733 (DEM L241 ) SNR-J0537.8=7024

7.0-694
(B0546-704) SNR 10547.0-6943 (DEM L316B)




Preliminary Results...

fil: SNR J0525.1-6938 (N132D) SNR ]0453.6—6829 (B0453-685) SNR 0454.4-6713 (N9) SNR ]0459.9-7008 (N186D) SNR ]0505.7—-6752 (DEM L71)

Images:
Mopra CO 1-0

Contours:
Chandra X-ray

SNR 10509.0—-6843 (N103B) SN;!B(J)(;SO(;Q-E; 65;31 SNR J0519.5-6902 (B0519— SNR ]0523.0-6753 (N44) SNR J0537.8-6910 (N157B)

SNR J0525.4-6559 (N49B) SNR J0526.0-6604 (N49) SNR J0531.9-7100 (N206)  SNR J0534.0-6955 (B0534-60.9)  °NR J°53‘;'_'223;;°33 (DEM SNR J°53|6_'21;9;°33 (DEM

SNR 10535.9-6733 (DEM L241 ) SNR10547:8-7024 SNR J0547.0-6943 (DEM L316B)

SNR J0540.1-6919 SNR J0535.7-6918 (Honeycomb) SNR J0536.0-6912 (N157C) (B0548-704)




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

(b) Mopra COE=]-) ——m—
7 1

(a) Chandra X-rays

DEC. (J2000)

—69°37' Green ... 1.2-2.0 keV
2.0-7.0 keV

Northeast cloud

g Sano+15b

05h 25m 208 05h25m Qs RA. (J2000)

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



(a) Chandra X-rays

DEC (J2000) [deg.]
Green ...

- Superbubble in 30 Dor
- Non-thermal X-rays

- TeV Gamma-rays

- Containing young SNR
(Age: 2.2-4.9 kyr, Kavanagh+14)

MCSNR J0536-6913 HS+16 in prep.
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(b) Mopra CO(J=1-0)

- Superbubble in 30 Dor
- Non-thermal X-rays
- TeV Gamma-rays

- Containing young SNR
(Age: 2.2-4.9 kyr, Kavanagh+14)

HS+16 in prep.

Image: CO
Contours : X-rays (0.5-7.0 keV)




- Superbubble in 30 Dor
- Non-thermal X-rays

- TeV Gamma-rays

- Containing young SNR
(Age: 2.2-4.9 kyr, Kavanagh+14)

HS+16 in prep.

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




ISM associated superbubbles

Preliminary Result... Preliminary Result...




Summary: outstanding issues & solutions 26

[1] Origin of gamma-rays (hadronic and/or leptonic)
- © Spatial comparison between the ISM and gamma-rays

[2] Acceleration models including more realistic conditions
- © Shock-cloud interaction model
- QO Other acceleration mechanisms ?
(non-liner, 2" order Fermi, magnetic reconnection etc...)

[3] Gamma-ray obs. with high sensitivity + angular resolutions
- © Cherenkov Telescope Array (CTA)

[4] To reveal an universality
- © Extend to the distant sources including the LMC SNRs

Multi-messenger search plays an essential role in

understanding the origin of galactic cosmic-rays!




