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SNR as Cosmic-ray Accelerator

m SNRIZFHIF+5 Cosmic-Rays (CRs) DILEIE, [ZIFESETHEWOE DI (e.g., Fermi results)
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Four TeV Gamma-ray SNRs 3/21

n  FE2000FEFEEDNIDDTeVH > T H#ESNRs
— EDXIKREHISM (Interstellar Medium) & DB /ERHHERD

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

’ .\
////// 7/
7 B
/ \

’\R JO355-4644

Tmmme

Aharonian+07 Arribas+11 E]Abramowski+1 1 E] Aharonian+09

RERZ: ~1 deg. ~2 deg. ~0.5 deg. ~0.5 deg.

F#5: ~1600 yr ~1700-4300 yr ~3600—7200 yr ~1800 yr
ISM: rich CO + cold Hi  rich Hi + little CO rich CO + Hi cavity rich Hi + little CO
X-rays: pure synchrotron  pure synchrotron ? pure synchrotron thermal + non-thermal

B CNHDEIRILF—HREHEREOIEDRLY CRs IE L, ISMAZFEIZER %



Four TeV Gamma-ray SNRs

Galactic Latitude [degree]

m RXJ1713, Vela Jr. HESSJ1731 D TeV v#& & ISM®D4EE
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1 e.g., RXJ1713 (Fukui, Sano et al. 2012) & E [ZIE—HTISMHD
CRs proton M ALEZNZF(E ~0.1 % (~10* erg)
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Shock-cloud interaction 5/21

m  SNR shock waves & ISM DFHEYER (Shock-cloud interaction)
= ISM clump &8 TELIREIE + fI51E1E
= SURIRIZIE clump FDDXHRIBEN E L THRETED

ISMZR & Wi na R .
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RXJ1713: Morphology (pc scale correlation)

Declination (J2000)

m TeVAUTRSNROFTHLHRVEELGZI—S Y FD 1D
= Rich CO + Cold Hi1 & M#E {E A, Pure Synchrotron X-rays, fRIE % ~1 deg.

NANTEN2 CO ......... HPBW ~1.5-3 arcmin
Suzaku X-rays .......... HPD ~2 arcmin

ATCA & Parkes Hi ..... HPBW ~2.2 arcmin Sano+13a arXiv: 1304.7722

Visr: =20.2—-9.1 km s~
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images: Suzaku 1-5 keV mosaics, contours: 2CO(J=2-1) integrated intensity (two velocity ranges)
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RXJ1713: Morphology (sub pc scale anti-correlation) 1/21

m 17 clumps £ TT, CO & X-ray M anti-correlation 1A & TULVS
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RXJ1713: Schematic image
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X-ray Spectroscopy: Regions and Models

Declination (J2000)

XIS 0+1+2+3 (1-5 keV)

- 39015

- 39945

- 40015’

17h1gm 17h12m
Right Ascension (J2000)

1 Image: Suzaku XIS (1—35 keV) mosaic
Solid boxes: source regions
Dashed boxes: background regions

Typical X-ray spectra ./
and best fit parameters —

28.0

21.0

14.0

10~ counts s™' pixel™

0.0

normalized counts s' keV-!

0.01 |
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—+— North

—+— South

T

Center |

10

2 Energy (keV) °
Region Ny (X-ray) r
North 0.602 x1022 cm2 2.140.1
Center 0.50 005 x1022 cm2 2.7+0.1
South 0.89:0.09 x 102 cm 2.740.1

Source grid size 2'—8’, 31558 M 5 AR kL ZHH (FI CCDs only).

— Absorbing column density Ny (X-ray) 0 relativistic error <30 % & %5 & 5 IR,
Absorbed power-low model T fitting (at least ~100 counts / bin).

Sano+13b in prep.



X-ray Spectroscopy: Spatial and spectral characterization

Declination (J2000)

Declination (J2000)

1.50
Iy (a) Absorbing Column Nk(X-ray) (1022 cm
1.12
- 39045 0.75
0.38
- 40015’
0.0
17h16m 17h12m
Right Ascension (J2000)
2.0
-39015'
1.5
-39045' 1.0
05
- 40015' '
0.0

17h12m
Right Ascension (J2000)

17h1eMm

Declination (J2000)

3.60
pYerd- (b) Photon Index I

3.15
- 39945 2.70
2.25

40015'

1.80

17h1om
Right Ascension (J2000)

Sano+13b in prep.

o Maps of the Best-fit parameters
(a) absorbing column Ny(X-ray)
(b) photon index I
(c) absorption-corrected X-ray flux (3—10 keV)

(contours indicate the smoothed XIS 1-5 keV image)

o Relative error (90% confidence level)
Ny(X-ray)... ~14 % (max 30%)
| I ~6 % (max 13%)
Flux.......... ~7 % (max 23%)



Absorbing column & Visual extinction 11/21

Declination (J2000)

-39015'

- 39045

Visual Extinction Av (mag)

(a) Absorbing Column Au(X-ray) (102 cm

PR S [ ST ST S T ST S S T S S S SN T S
0.6 0.8 1.0 1.2
Absorbing Column Ni(X-ray) (102 cm?)
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Y- (b) Visual Extinction Av (mag)
3.3
8
<]
S
S -39045' 26
g
s
o
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40015
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17116M 17012m
Right Ascension (J2000)
Sano+13b in prep.

N\TMaps of Ny(X-ray) and visual extinction
(Dobashi+05)

«— Correlation plot
- correlation coefficient: ~0.83
- Ny(X-rays) (cm2) = 3.0x102! - 4v (mag.)

cf. Ny (em™2) = 2.5x10%!- 4v (mag.) (Jenkins & Savage+74)

Ny(X-rays) ~0.4—1.4x102 cm? QEBHETEIE
— Cassam-Chenai+04 M {E[A] & consistent

Ny(X-rays) & Visual Extinction D IEE [Z B L AHEE



Absorbing column — Foreground component 12/21

1.10 1.10

Iy (a) Absorbing Column Nk(X-ray) (102 cm

It (D) Nhjoca(H2+HI) (102 cm2)

0.83 0.83
é - 39045 0.55 é - 39045’ 0.55
0.28 0.28
@ @
-40015' TR NANTEN ATCA&Parkes
0.0 | Boo
17h16m 17h12m 17h16M 17h12m
Right Ascension (J2000) Right Ascension (J2000)
o Foreground component Ny .., (H,+Hi) is identified - (C) Nu(X-ray) — Nhjoca(Hz+Hi) (102 cm?) e
by Moriguchi+05 with NANTEN and ROSAT data.

: L 0.83

o ISM proton column density estimation -

0 Ny (H,+Hi) = 2xN(H,) + Ny(Hi). S
O N(HZ) (Cm_z) = XCO (Cm_z (K km S_l)_l) g - 39045 0.55

xW(CO) (Kkms™). E

0 Xeo =2 % 102 (cm™2 (K km s71)!) (Bertsch+93). 2
0.28

m  Foreground (local) ISM 2 & SR E Z HETE,
Ny(X-ray) Mo Z=LEIK (=SNREDHEEBEERD). .i0015
0.0

— X-ray shell [Zi@ o= &ML M7=

Right Ascension (J2000)

Sano+13b in prep.



X-ray Flux & ISM proton column density

Declination (J2000)

Proton Column Density Mi(H2+H1) (102 cm?)

Frequency

13/21

«— Image: absorption-corrected X-ray flux (3—10 keV)

Contours: ISM proton column density Ny(H,+Hi)

I
%a
-~

o

o | Correlation plot between the Flux and Ny(H,+Hi)
§ (a) whole, (b) East and (c¢) West region.
2 Correlation coefficient: ~0.54 (whole region)
A ¢ m  ISMIZFERIT clumpy, BAEITIE diffuse (257
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Sano+13b in prep.



Photon index & ISM proton column density 14/21

3.60 « Image: Photon index I'
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Sano+13b in prep.



Discussion: Efficient cosmic-ray acceleration 15/21

m  We interpret the photon index variation as difference of cut-off energy ¢,,.
— The cutoff-energy become large (small) when the value of photon index is small (large).

The cutoff-energy ¢, 1s expressed as (Zirakashvili & Aharonian 07),
-1\2 . -1
g, =055x (v, /3000 km s )"~ keV.

where v, is shock velocity, # 1s the degree of magnetic field fluctuations (gyro-factor).

Here, the shock velocity in the dense clump became v, 0= Vs ambient PambientPetump)”>
where the ambient gas density »n,,....= 1 cm™ and clump density n ., = 10>—10° cm>.

clump

m In the west region: clumpy and rich ISM
(shock waves will be stalled + strong turbulence)
= small shock speed and small # (#~1; Uchiyama+07)

In the east region: diffuse and poor ISM
(shock waves will be little decelerated)
= large shock speed and large 7

Photon Index I’

Therefore, photon index I'" can be small in both regions. ST I
However, the flux excess cannot describe only this scenario. i ox
L ™ W ‘




Discussion: Efficient cosmic-ray acceleration 16/21

T ey nols Region | [

Fs-1okev (102 erg cm?2s™)
Fa1okev (1072 erg cm?2s™)

L !
100 10 10'1

100F T T T 3 T - - e T A T 13 Frequency
g- 10%‘
c 22 24 26 28 30 22 24 26 28 30 22 24 26 28 30
Photon Index I Photon Index I Photon Index I
m In the west region: clumpy and rich ISM o\ O m e
(shock waves will be stalled + strong turbulence)
= small shock speed and small # (y~1; Uchiyama+07) 3.15
In the east region: diffuse and poor ISM x
(shock waves will be little decelerated) 270 £
= large shock speed and large 7 é
Therefore, photon index I'" can be small in both regions. 225

However, the flux excess cannot describe only this scenario. .
— Perhaps the additional particle acceleration mechanism ( CGAACAN ‘ 180
is working in the ISM rich and clumpy region (e.g., Hosh1no+12)




Summary 17/21

m  X-ray spectroscopy for the young TeV y-ray SNR RXJ1713
— We reveal the Ny(X-ray), I' and flux maps (+comparing with the ISM)

m Efficient cosmic-ray acceleration
— We can describe the photon index variation as difference of the cut-off energy.
— The additional particle acceleration mechanism is working in the ISM rich and clumpy region.
— The interacting ISM with SNR is crucial play a role to understanding the efficient CR acceleration.
(NANTEN/NANTEN2 CO and Suzaku X-ray datasets make a very strong combination!)

m  CTA will provide more detail information (high angular resolution images, photon index distribution,
etc...) and reveal the relationship between the efficient CR acceleration and the ISM distribution.

w

.15

2.70

Photon Index I

2.25

Image courtesy G. Perez, SMM, IAC.

1.80



Future work (1) 18/21

m RXJ1713 @ X-ray filamentary structure & ISM

— MHD & DHI51EME scale [, ~0.05 pc (Inoue+12).
—RXJ1713 THERINTULVAXFEED short time variability (~0.05 pc: Uchiyama+07)

4 arcmin

[~ 4
& arcsec

Uchiyama+07

o COIZDUVTIE, 3 TIZ ~0.15 pc DO fREETT —2IE
= ALMAT ~0.05 pc N85 ” CO image with Mopra
(Sano in prep.)



Future work (2)

Galactic Latitude [degree]

DA TH SNR & ISM DB {EH

- RXJ1713 DEERDEEEZEHES (HESS J1731, RCWS6 etc..)
— Thermal X-rays 4> Hard X-rays & ISM DBE8{&IE ? (ASTRO-H SXS, HXI IZH#i%F)
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x10* counts s™! pixel
s .
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Contours: CO 1-0 (Fukuda+13 submitted to ApJ)
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2CO(J=2-1) Mopra I
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.............

RCW86 X-ray image
+NANTEN?2 CO contours



Future work (3) 20/21

m Interacting ISM ELTHO HH D EE

— RXJ1713 SE-rim @ cold Hi %>, Vela Jr. ) HIVTJLEEEL ISM BRLE R
— SNR BRI S ISMOKREZEHT=Y, 100 BH/cc ZHRBZHEDEHFE

Wisr: ~20.0—11.0 km 7'

s
X
Q
»
2
S
8
=
Suzaku ATCA&Parkes
RXJ1713 East (Sano+13b in prep.) Vela Jr. (Sano+13c in prep.)
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NANTEN

Submillimeter Observatory



