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Introduction: CR propagation

* SNR paradigm

(i) Acceleration at SNR shocks
(i) Escape from SNR

(ii) Propagation in Galaxy

2k CR motion
Diffuse thru. scattering with B-field
—Characterized by diffusion
coefficient (D)

1028 P : 2
D(p) = 10 D28(10 GeV/c) cm®/s
OSNR  ™SNR
shock | vicinity  Calaxy
accelerated escapin
CRs CRs ° GCRs
a =~1? ~0.3-06 ~0.3-0.6
Dogst ~102? ~102-17? ~1
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Constrain the D(E)xE® from
X/y-ray observations

1. Bohm diffusion (a=1)
2. Arbitrary diffusion (a=0, 1/3, 1)
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Bohm diffusion: SNR shocksS (ziakashvii & Aharonian 2007; ZAO7)

Bohm diffusion Electron spectrum X-ray spectrum

C 513 2 0.6111/4.8
D E)= —pB 'EdN. ., £ EYV V= o (i) [_ o
Bohm( ) 3q77 ~E ) 1+O,66(E—0 exp | — E_o Ie g |1+0.46 o exp o
T’ ” _1 _1 -1 2
(nz1: “Bohm factor”) Ey o« n 2B 2y, Eo0Cn U
Model Observation
Electron: loss (=synch. cooling) limited (ejg{) ?X J1 713i71_3k94\r/6 NW
X-ray: synchrotron radiation Jtotrenergy. 1.1 ke
" Y | y e Shock speed: ~3900 km/s (NT & Uchiyama 16)
N, Sy rakashvil & Anaronian 2007): —Bohm factor: n~1 (Bohm limit)
Al g | 0.5-20 keV (Chandra+NuSTAR)
E CUtOﬂ: ..‘,. \\ E
“iiElectron: Ey | Y E
' X-ray: €0 \ :
0.001 ; M \\ _§ (2)_
" Electron— L P/ wleo A 1 NuSTAR image <l — - —
e gy N 3720 keV (NT+ in prep.) e
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Bohm diffusion: young SNR (X-ray)

SNR Age (yr) ul (km/s) |SNR Age (yr) lul (km/s)
RX J1713 -NW [1600 3900 SN1006 -NE |1000 4500
Vela Jr. -NW  |2000-5000 [1500-2500 |Tycho -NW 440 4000
G1.9+0.3 190 14000 Cassiopea A |335 4700

107 —£A07 synch model (x=1.0)
vG1.940.3 | |
- Youngest in Galaxy —~> L,YRX J1713

- N~20: one factor slower 10}

than Bohm limit
- (Aharonian+ 17)

v Cassiopeia A

- n~1 @forward shock
- n>3 Qreflection shock

- (Sato+ 18)

~SN1006 NE

| - n~1: effective

acceleration

- Strong TeV gamma-ray

: L] []
l emission
100 | - (Tanaka+ 08; this work)
f Tycho NW j
: 1 & Rxj1713-Largel
: 1 & G1.9-whole
‘ 1 & Velajr.-regl
; Vela Jr. NW SN1006-fIL(NE)
: i Tycho-fill
10_1 Ll L1y CasA-whole
102 10° 104
Age (yr)
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Bohm diffusion: X/y-ray (Zirakashvili & Aharonian 2007)
¥-Assuming leptonic model, T=2.7 K (CMB)

Bohm diffusion Electron

1 1 _ _ _
Eooc 2B 2u; & o u? sbocnlu?B T
Model Observation
Electron: loss (synch. cooling) limited e.g.) RX J1713.7-3946 whole remnant
Gamma-ray: Inverse Compton scattering Cutoff energy: 0.43 TeV
10 — Shock speed: ~3900 km/s (NT & Uchiyama 16)
(@), Ja(w)w, J(w)w(Zirakashvili&Aharonian 2007) 1 —Bohm factor: n~1(B/1 00 uG)-1

8 <y-ray _; NW (Region09)

E ' "'- ] H.E.S.S. (2015), preliminar 10’10

0.1E s | )
=N \\\ Ng -

0.01 ‘ - g
0.001 ;— CUtOﬂ: - % 1012

= | y-ray: ep " N
10"

0 o 1000 (HESS COII 2016)

Ll
1
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Bohm diffusion: X/y-ray

¥-Assuming leptonic model, T=2.7 K (CMB)

SNR o (keV) b (TeV) us (km/s)
RX J1713 -whole [0.67 + 0.02 (Tanaka+ 08) 0.43 + 0.02 [|3600—-4200
RXJ1713 -NW |0.83 + 0.05 0.38 + 0.06 36004200
Vela Jr. -whole |0.57 £ 0.02 (Fukuyama+ in prep) |0.39 = 0.04 [1500-2500
4.0 | ZA07 moqel (xk=1.0) | B=10 UG
WL\ emxuizeNw | Bogo.a
2 B | B=100 uG
_‘_'__u' 3.0 N NG _ (B 100 uG)
> Nx=nNy \D~
o 2.5}
-§.2 ob NS NN /
< Bohm factor with
=15 \/ T
< X-ray and
S 10l T 11 ] gamma-ray spectrum
0.5 . oRXJ1713 -whole _ ! ;
O Particle acceleration

989 05 1.0 T's 5o /0 Leptonic/hadronic?

n with X-ray observations
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Arbitrary diffusion: Model (Electron)

Diffusion Arbitrary diffusion
EY Do (E) = n——E
Coefficient: D(E) Dgonm(E.) E_C Bohm — 773qB
b€ a+1]
Electron: 3 E E £\ EYV
E 1 + — —| — 3114066 — exp|—[—
dNe/dE “( Eo) P ( Eo) J” (2] | el ()
%Loss-limited electrons 10" ———r — T
around SNR shock : § ]
In arbitrary diffusion regime. i Bohm
10° A .. .l~ S——
Electron ;
a a b 2 101
0 Constant 028 11
1/3 Kolmogorov 0.40 1.6 e A N H S
1 _________________ BOhm ___________________________________ O -66 ___________ 2-5 __________ El.-full p=1.0 (a,b:0.28,%1.13) l".‘ ]
note: b*c = 4.5 e e O
a=1 from ZA07; a=0, 1/3 from Blasi10 10” 10” " 10° 10°
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Arbitrary diffusion: Model (X-ray)

Diffusion Arbitrary diffusion
EY Deop(E) = n——E
icient: D E)|— Boh =N—F
Coefficient: D(E) Bohm (E¢) E. ohm 73 7B
S hrot X € di F € "3
- . 0.6711/4.8 1/2
ynchrotron X-ray:( -2 4 . [ £ exp |2 . 1+o.46(£) ] exp[_(i) /]
d Nsynch/dS 80 80 €0 €0
10% T
Observation: : ‘
RX J1713.7-3946 NW (0.5-20 keV)
Bohm NuSTAR
SynCh. X-ray 100?"“"""’“‘"""'_'ﬂi'-'-"-"--'-i-',.'.'.;' B s T
----------------------------------------------- [ | -'ll-*;
a a b A : ) ‘-«_._
0  Constant 025 0.37 | <[ Chandra__ x,
------------------------------------------------------------------------------------------------------------------------ 101 , , , 5
1/3 Kolmogorov  0.33  0.45 ;
1 ----------------- BOhm ___________________________________ O -46 ___________ 0-60 ______ X-full p=1.0 (a,b=0.25,8.37)
nOte: b*C — (a+10)/2(a+3) 10_2 - x:lfzn E.;ZIQ(:.:b.;O.:‘:ﬁ.: :eo; o “”. o, --L:.
a=1 from ZA07:; a=0, 1/3 from Blasi10 10” 10° e 10° 10°
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Arbitrary diffusion: Result

e.g.) RX J1713-NW T
-Energy band: 0.5-7 keV (Chandra) + 3-20 keV (NuSTAR) & o i
-Model : wabs * loss-limited synch. S |
Diffusion (@) Ny (102cm?) & (keV)  x2 (o) §
Constant (0) 0.8+0.01 0.08++0.01 1.556(752) % of Kolmogorov
Kolmogorov (1/3)  0.79+0.01 0.26£0.01 1.531(752) 5 ;
Bohm (1) 0.78+0.01 0809 1519(752) 2  Const.
% Hard X-ray (NuUSTAR) observation is responsible for a - @ -
Constant Kolmogorov Bohm
SNR NuSTAR (ks
(ks) (a=0) (a=1/3) (a=1)
________ RXJ1713-NW 50 X v 4
__________ G1.9-whole 30 x  x v
__________ VelaJr-NW 170 x ¥V
SN1006-NE 200 x v X
O Constant diffusion is excluded at 3o for all SNRs
O Bohm diffusion is not valid for SN1006-NE?
O Deeper observation will determine a-parameter
9 Naomi Tsuji (Rikkyo University)
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Arbitrary diffusion: Result (RXJ1713-NW)

- Diffusion type (a-parameter) cannot be significantly constrained.
- How about the absolute value of diffusion coefficient at Eq?

1'0 T T T T T T Ll T T T T T T T T T
| B RXJ1713—[argelI(Observation) ! I
- Bohm
uo) 0.8 - +
@ L
CIL) 0.6}
c s
) s
th:) 0.4} -
= Kolmogorov
° £
o2 Const.
I |
0.0 1 L 1 1 I 1 L 1 1 I L 1 1 1
X N
(,o‘\e‘a(\ \(\0\«\0()0(0 °

e.g.) Kolmogorov (a=1/3)
: €0~0.3 keV

X-ray cutoff

l

B=100 uG

Electron cutoff : Eo~10 TeV
Diffusion coeff : D(Eo)~102° cm?/s
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1027: a:o_o' T T \ D(E) oC EG ] T T T 1 lE
e T — Z
E.. D(E,) :
~102° cm?/s
26 | (% depends on B)
Electrbn Cutoff
~7-20 TeV
LAV,
spoonst.(a=0) _____ _RNITINW

Kolmogorov (a=1/3)

Bohm(a= 1)

E (eV)
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Arbitrary diffusion: Result (RXJ1713-NW)

- Diffusion type (a-parameter) cannot be significantly constrained.
- How about the absolute value of diffusion coefficient at Eq?

1'0 T T T T I Ll T T T l T T T T I Ll T T T
| @ RXJ1713-largel’(Observation)
# Gl.9-whole (Observation)
[ @ Velajr-reg1(NW) (Observation) BO h m
- SN1006-filL(NE) (Observation)
o 08} . IR, ) ) *
w I
5 |
X 06} N
Q
o | ]
% 0.4 R -
= Kolmogorov
© m =
0.2 . L
Const i =5

G1.9-whole
SN1006-NE
RX J1713-NW
Vela Jr.-NW

Eo
(TeV)
8-20

D(Eo)
(cm?/s)
~1028
~2x10% 4-15

~1025 7-20
~3x10%* 3-20

27
10E T T |\ D(E)mEa ]llllllE
T — ]
(3% B=100 uG) |
G1 9 I + G1.9,whole
1026__ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,, - . -
+ SN1006,fil1
________ RXJ1713-NW — e
-+
' ) <+ Velajr,regl
Vela Jr.-NW T
—— E., D(E,) l
1024012 1 1 1 L1 1 |;L013 1 1 1 L1 11 ;l y

O(eo, a) — (Eo, D(Eo) )
O Eo ~4-20 TeV for all (B=100 uG)
OD(Eo) is larger in younger SNR?
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Arbitrary diffusion: Model (y-ray)

Diffusion Arbitrary diffusion
Coefficient: D(E) Dgonm(Ee) £ ) Dgonm(E) = nLE
. onm C EC 3qB
C [ atl
Inverse Compton - e\’ e\ | s e
y-ray: e | l+al—]| | exp|—-|— |03 () ] e"p[‘(a) ]
dNic/de €b €b
101: |
Observation: :
RX J1713.7-3946 NW (0.25-40 TeV)
Bohm | \
IC v_ray 100:__;______;__;.".;_ - ,*___‘.!*"* e
----------------------------------------------- ; [ w00t
a a b z | ]l e +*++
0 Constant 018 040 P,
1/3 Kolmogorov 024 049 1
1 Bohm 0.36 070 | ool |
note: b*c = (2a+13)/2(a+3), Thomson limit S 1i§31iEl,iii,iii,i??-’;i?;i?ii T T |
a=1 from ZA07; a=0, 1/3 from Blasi10 10" 10° e 10" 10°
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Arbitrary diffusion: Result

e.g.) RX J1713-NW ok
-Energy band: 0.25-40 TeV (HESS) @ !
. At >
-Model : loss-limited IC B o Bohm
Model Diffusion (@) &p (TeV) Xigg (dof) & o=
Loss-limited IC Constant (0) 0.04++0.01 34.88 (23) = o Kolmogorov
Loss-limited IC Kolmogorov (1/3) 0.14+0.02 33.04 (23) ..g 015} +
Loss-limited IC Bohm (1) 0.38+0.06 32502 (23) O oo Const.
0.05; - T - |
% Hard X-ray (NUSTAR) observation is responsible for a
Constant Kolmogorov Bohm
SNR HESS (hr
(hn) (a=0) (a=1/3) (a=1)
RXJ1713-NW 120 v (74 v
RXJ1713-whole 120 X v v/
Vela Jr.-whole 20 X v v

aONo constraint on a-parameter (a = 0 is excluded for entire remnants)
ODeeper observation or CTA will determine a-parameter
ONecessary to include Klein-Nishina effect
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Arbitrary diffusion: Xly

- Compare cutoff shape of synchrotron X-ray and IC gamma-ray.

———— A SN
e.g) RXJ1713-NW w4
2F 1.2

-:1.OA

| £

408 R
Cutoff energy J0.4
normalized by 15
Bohm-diffusion value 1
+10.0

(B=110 uG)

Olf B~100 uG, same degeneracy of cutoff shape parameters (o, Q)

for Xand y — supportive for leptonic?
O X/y flux ratio is not explained when B~100 uG (leptonic issue)
O New method to test leptonic/hadronic: using only cutoff shape

Naomi Tsuji (Rikkyo University)
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Summary

- Estimated the diffusion coefficient on SNR shock in RX J1713.7-3946 and Vela
Jr. (using X/y-ray observations) and in G1.9 and SN1006 (using X-ray
observations only).

2> Bohm diffusion

- Bohm factor (n) obtained by X-ray and gamma-ray are comparable for B~100
uG.
<% Arbitrary diffusion

- Obtained the spectral model of synchrotron and IC radiation from loss (synch.

cooling)-limited electrons in arbitrary diffusion regime (Zirakashvili & Aharonian
2007; Blasi 2010)

- Constrained on the diffusion coefficient for electrons with the maximum energy
(4—30 TeV for B=100 u@), irrespective of diffusion regime (a-parameter).

- Revealed compatible cutoff shape for the nonthermal X-ray and TeV y-ray
spectra.

2« Future work

- Deeper observations with NuSTAR and/or CTA can determine with higher
accuracy the cutoff shape of X/y-ray spectra and the diffusion regime.
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