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Background /&

Supernova remnants (SNRs) have been proposed as the dominant ***¢
contributors to galactic cosmic rays (Baade & Zwicky 1934).

1. SNRs have enough total power —3 SNRs per century with a 1e51erg

shock kinetic energy for each SNR, a 1(%0 efficiency leads to the
observed CR density (1ev/cm3); - [ sower law E-27 )
2. Direct evidence: )

solar modulation E [“CR knee")
Radio emission (1948) —] o /
— GeV electrons

ol - | power law E-3 '
Non-thermal X-ray emission
= \l "CR ankle” '

(1995)
— TeV electrons

110 bump (201 3 )W44,|C443,W51 C o B i e
— GeV protons
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Background .

dr(R,z) (%) exp [— B(RR_R('))] exp (—g) :
o) o ~E

Injection Power : q(p) { z::.:: Z ; zz‘f’ oo — 6 GeV

Proton ~ 3e48 erg/year 104 e e _ , ” —- r -

Electron ~ 4e46 erg/year | | | o = 180, ag = 2.52
10° proton(¢=650 MV) 27 ES 2 pe

3 SNRs/100 yrs with 102 GALPROP

1e50 erg protons and T ey

1e48 erg electrons Escape 2hd Energy Loss

electron(¢=400 MV) "

E 2Flux (GeV m?s™' sr')
8—.

For each SNR. 10° W 3 1
. 101 paal AT ETET TR | P 1 |
10% efficiency for type 10° 10’ 10 10°
: . " Ey (GeV
la SNRs with a kinetic k (GeV)
energy of 1351ergs FIG. 1.— The expected fluxes of CR protons and electrons at

the Earth, for the same spectral shape of the injected particles,
compared with the PAMELA observational data (Adriani et al.
2011a,b). We adopt two parameter settings to calculate the elec-
tron spectrum: for solid line the magnetic field 1s the canonical

one adopted in GALPROP and Kep & 1.3%; for dashed line the
magnetic field is two times larger and K.p ~ 1.9%.

Yuan et al. 2012
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Young SNRs
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Figure 2. Expected y-ray spectra for SNRs RX J1713.7—3946 (left) and RX J0852.0—4622 (right). The gas density is adopted to be n = 0.01 cm . References of the
observational data—RX J1713.7—3946: Fermi (Abdo et al. 2011), HESS (Aharonian et al. 2007b); RX J0852.0—4622: Fermi (Tanaka et al. 2011), HESS (Aharonian

et al. 2007a).
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Gamma-ray spectral evolutioh =__

Thousands of years
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-38ﬁ00, ) CTB 37B:

“ | ' I - CTB 378 ~5000 Years
Ebr~400GeV

Both IC and pp

e contribute to y-rays
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34 SNRs have been selected, 6 X-ray, 16 TeV data



We normalize the flux at100 GeV to 1 x 10-> MeV cm-2 s-1 by a power-law fit to the spectrum
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from 1 GeV to 300 GeV to better demonstrate the spectral evolution.
Break energy

1-20GeV:

W28 (Abdo et al. 2010a),

51C (Abdo et al. 2009; Aleksic et al.
2012), W49B (Abdo et al. 2010c;
Brun et al. 2011), IC 443(Acciari et al.

2009; Ackermann et al. 2013)
W41 (Aharonian et al. 2006b; Castro et
al. 2013) and so.

20-200GeV:
.7+0.2(Hess Collaboration et
TB 37B(Xin et al.2016),
Puppis A (Xin et al. 2017)

1TeV:
RX J1713.7-3946(Hess Collaboration
et al. 2017)



A model for broken power-laws In
SNRs
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One-zone model /&

T

1. The distribution of particles: ”1” represents e or p

o - p | pe it P <D,
N(P,) = Ny zexp( by 1 AL

Pi cut P; blP (a+1) it P> B, .

2. Kep=0.01, and both leptonic (Synch, Brem and IC) and hadronic
(pp) emissions are considered in our fitting.

3. For comparison, the same background photon field is assumed for all
SNRs (CMB and IR) .

4. Distance, Age, Shock velocity, The gas density from literature

Pe cut 6/ Lage \—1 B —9
Ge\//tc 1.25 x 10 (Yeal) (100;1(})

5-6 free parameters

MCMC method is applied to constrain these model parameters.



The Sample

SNR Other Radiu Distance Age n Vahook The data of observations Referencas
Name Name pc Kpc kyr cm—3 Km/x Radio X-ray CaV TaV

C006.4-00.1 W28 ~ 13 ~ 2.0 40(23-150) ~ 100 60-80 v < [1-4)
CO0B.7Y—-00.1 Wao ~ 26 ~4.0 25(15-28) ~ 100 530-750 v |5](6)
C023.3-00.3 W41 ~ 19 ~ 4.2 ~ 100 ~ 10 110 < T v - [71(8]
C031.9-00.0 aC 291 -~ 7 ~ 7.2 ~ 4 ~ 300 620-730 < e (9-12)
C033.6400.1 Kas 70 ~ 9.6 ~ 7.0 ~ 4.4-6.7 ~ 3(1-3) 400+ 5 v ve [13-15)
C024.7-00.0 W44 ~ 125 ~ 3.0 ~ 20 ~ 200 100-150 < v [16-18)
C0432.3-00.2 wW49B ~ 5 ~ 10 ~ 5.7(5-6) ~ 700 ~ 400 < v < (19][20)
C049.2-00.7 '51C ~ 18 ~ 4.3 ~ 30 ~ 10 -~ 100 T v < [21-24)
CO73.9400.9 ~ 16/5.2 ~ 4.0/1.3 ~ 11-12 ~ 10 ~~ 200-300 < T v (25][26)
CO74.0-08.5 Cygnus loop ~ 16 ~ 0.54 ~ 14 ~ 5.0 240-330 < e [27-30)
CO89.0-04.7 HB21 ~ 26 ~ 1.7 ~ 40(36 or 435) ~ 15 ~ 125 < v [31-35)
C109.1-0.1 CTB109 ~ 16 ~ 3.1 ~ 9.0(9.0-9.2) ~ 1.1 ~ 230 4+ 5 < T ve (36][a7)
C120.1-01.4 Tycho ~ 3.3 ~ 3.0 ~ 0.44 ~ 10/0.3 4600-4800 < v v v (38][39)
C132.7-00.3 HB3 ~ 26.4 ~ 2.2 ~ 30.0 ~ 2.0 303-3%77 v ve [40-42)
C150.3404.5 ~ 9.4 ~ 0.40 ~ 1.5(0.5-5 ~ 1.0 ? < v |43]
C160.9-02.6 HBE9 ~ 15 ~ 0.8 5.3(4-7) ~ 0.1 ~ 740 < T e (44][45)
C166.0404.9 ~ 26 ~ 4.5 24.0 ~ 0.01 -~ 680 < e [46][47)
C180.0401.7 S147 ~ 38 ~ 1.3 30(20-10) 250(100-500) ~ 500 < v [48](49)
C189.1-03.0 IC 443 ~ 11 ~ 1.5 ~ 30 ~ 140 60-100 < v < [50-52)
C205.540.5 Monoceros ~ 63.36 ~ 1.08 ~ 30 ~ 3.6 ~ 50 v v [53-55)
C260.4-00.4 Puppis A ~ 15 -~ 2 4.45(3.75-5.20) ~ 4.0 T00-2500 v |56-59)
C266.2-01.2 RX J0852-4622 ~ 13 ~ 0.75 2.7(1.7-4.3) ~ 3.8 ~ 3000 v v <« (60][61)
C206.54-10.0 ~ 26 ~ 2.1 ~ 10.0 ~ 13.0 ~ =45 < v [62][63)
C304.6-00.1 Kas 17 ~ 10 ~ 10 4.2(2-5.2) ~ 10 150-200 < v (G4)[65)
C315.4-02.3 RCW 86 ~ 15 ~ 2.5 ~ 1.8 ~ 0.1-2.0 T00-2000 v v v v |66-68)
C326.3-01.8 MSH 15-56 ~ 22.2 ~ 4.1 ~ 10.0(10-16.5) ~ 0.1/1.0 500-860 < v [67]|69][70)
Ca2v.64146 SN 1006 (NE) ~ 9.0 ~ 2.2 ~ 1.0 ~ 0.085 3200-5800 < v v < (v1][72)
C332.4-00.4 RCW 103 ~ 5 ~ 3.3 ~ 2.0 ~ 10 ~ 1100 < v [73-75
C3aa7.0-00.1 CTB 33 ~ 2.55 ~ 11.0 ~ 5.0 ~ 60 ? < v [76-78)
Ca47.3-00.5 RX 1713.7-3946 ~ 10 ~ 1.0 ~ 1.6 ~ 0.01 ~ 5000 v v e v [82-84)
C348.5400.1 CTB ava ~ 10 ~ 7.9 -~ 30 ~ 100 75-100 v T v v [85-89)
C348.7400.3 CTEB arB ~ 20 ~ 13.2 ~ 5 ~ 10/0.5 -~ 800 v T v [88-91)
C349.7400.2 ~ 3.3 ~ 11.5 ~ 2.8 ~ 35.0 700-900 v T ve [92-95)
Ca53.6-00.7 Hoss J1731-347 ~ 14.0 ~ 3.2 ~ 2-6 ~ 0.01 ~ 2100 < v v - (96][97)
Ca59.1-00.5 Homs J1745-303 ~ 16.0 ~ 4.6 ~ 70 ~ 100 ~ 300 T v [98-101)

DERZRRSLEAXE
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xamples of spectral fits

- RX J1713.7-3048 . ; ;
1 I
Acarc o W (0N o] ! g ! Exs
T g Tasbaatd (2008) 5 ! ] ! \
n Abcdboatd (20W) = i t i N
o) Abddb et (20MW) 1 & - -
g IO’:' 175 18 185 3 31 32
i o "'9..; (E,r.';o'u
=, 10° F e 1
B z i £ i
= 107 g i g l
- 1 - £ :
- 10 480 49 4 5 £ 7
kg, [E_,, 1CeV) =5 'Eu; KSaV)
10 .
3 - dh 2 |
=] o I o i
e o | I B i
x 2 & i x '
4 = . l :
- ' ‘ ! 404 40 45 405 40 55 128 122 1.3
1 o' o 1e® 17 10¢ 1 gt 10t 10t 1ef 107 1ef 0 4o (W, Em 8 40 B/xC)
E [MeV) )
RX J1713.7-3946
107 -
- -~ ’ : . ‘A'~_ D
G34.7-00 = Castellett et al. (2007) £ l & A
w'E Waa & Ackermann etal (2013) 5 N f E 3 i
— . O 224 4 2 I
- Giullanl et al. (2011) S I a -
".\F ‘0; - 1.5% 18 185 17 oS 0.8 1 1.2
S a 05 o (€ fGaV)
=
2 10 H '
LAY ~T
e £ & z g
w E - 3
8 o .. I 3 |
7z £ : 2 I
5 - - H i ) - ! .
':u o 14 18 18 ) ..' 2.2 a4 av a2 4 A4 40 &2
':9': Itu“.\u'v, 0% . ,'ﬂ".tlm
10, & &
3 3 3 :
8 0 ® I .
n 2z a ! e
$ 4 ‘ ‘
. 22 235 P <3
10 05,y (BIAG)




Source Name o loglog‘l_‘?é- logu)%‘ivﬁli‘l 1081028-3‘7‘}‘& 1031071% loglogg- -vr‘;lg- :ﬂ% ﬁ;’?
W28 176003 | 0.asHD-1d 1.63 > 5.72 1.9430-0%4 | 49964002 | 5.0 x 10° 100 243 o
W30 1.60+0-17 | 0244032 2.06 > 4.29 1867012 | 4960307 736 100 £0 _ose
w1 1224004 | < 0.0 1.97 4.52+0-20 1.87+0-11 | z0.2143-08 464 10 128 - q0s
30391 1004005 | 11sH0-14 1.86 > 9.81 291004 | 49.0a+303 619 300 3T _ 195
Kas79 2114098 | oy 10-18 2.89 > 4.92 1.7a¥ 004 | 49.47+3-04 28.9 100.0 86 — 2.54
w44 1.60+0-24 | o0.yatP-00 1.23 1.87+0-11 2284009 | 49434001 | 1.48 x 10° 200 4.4 _ 0.0 93@3“&?“529
W49B 1.4730-0% | _0.21#0-23 1.55 s.70}0-13 2.40%0-08 | 49.43+0-02 235 700 189 _ 100
Ws51C 1563302 | o0.a14D-0% 1.64 4.30+0-30 2.08+0-03 | 49.80+3:01 708 100 227 _ 2.06
ws1ch 1.6410-92 | 0924008 1.57 > 5.78 2.0240-03 | 40794001 201 100 A3 120
€79.940.9° 0.78+0-1% | 0061002 0.96+0-0% 0.96+0-09 1.57+0-05 | 49.94+0-04 309 10 224 1
Cygnus Loop 2.01+0-9% | 0.g9t0-00 2.85 > 4.00 1.4730-02 | 4g.v2tD-02 232 5 219 _1.15
HB21 1204010 | 061008 0.ya+D-07 0.77+0-0% 1.74+0-02 | 49.42+3-01 562 15 364 _ 179
CTB109 1.04+0-00 | 2.66+0-2% 9.28 > 4.82 147017 | 49.8440-12 19.6 1.1 209 _ 961
Tycho 2.15+0-92 | s.0710-12 4.14+0-08 > 5.04 2.1530-0% | 40014308 23.5 0.9 88 — 157
Tycho 2.16+0-92 | a.36+0-11 4.06+3-07 > 4.93 2.20+0-04 | 48.7s+0-07 92.2 10.0 44 _ 19
HB3 2.0v+0-10 | o.vetD-14 3.50 > 4.57 107303 | s0.09+3-03 7.49 2.0 L5 0.0
C150.844.5 1.7940-22 | 26:+0-38 6.04 > 6.97 0.45*0-13 | 4893400 1.42 1.0 o~ 0.96
HE9 2.2040-0% | 0.s040-12 5.07 > 5.68 0.67+0-04 | s0.10+308 0.16 0.1 122 g0
C166.044.9° 1.92+0-17 187 1.87 1.87+0-14 057024 | 50924028 0.12 0.01 €92 _ 498
€166.044.9° 1.26+0-17 1.18 1.18 1.1840-18 1.6230-19 | 49.18+0-07 1y 10.0 TI0 _ 154
S147 1.9640-98 | _0.14+0-12 0.09 > 9.86 2773009 | arm1 4008 | 2.7 x 108 250 173 _1.02 Pa ra m ete rs
S147 1.5030-11 | 0514012 9.57 > 4.65 1.09+0-05 | 49 94+0-04 91.6 1.0 198 _ 1.16
IC 443 1.08+0-03 | 0.1240.07 1.95 3.22+0-10 2.14+0-02 | 48.06+0-01 | 2.28 x 107 140 220 - 144
Monocercs Loop 169092 | oratl-ll 2.97 > 5.77 1.91#0-09 | z0.20+3-03 224 3.6 425 qe
Puppis A 2.0840-02 | 5.2940-48 2.50 > 4.57 1.97+0-02 | 49.59+0-04 500 4.0 A58 a6
RX J0852-46229 2.21+0-94 4.30+0-08 > 5.15 1.00+0-04 | 49.61+3-0% 2.79 001 | THE 1w
RX J0852-4622 1.09+0-98 | 4 19+0-18 4.98+0-08 > 5.13 1.04+0-04 | 49704304 2.6 0.01 | 156 _ 124
©296.5410.0 186008 > 8.75 0.59 > 9.99 2704013 | 8sst e | tas <107 | 130 43 _o.86
Kaos 17 2.01+0-13 > 8.52 9.09 > 4.20 179+ 017 | 50.9a+3-11 7.0 10.0 1.96 _ o.53
RCW 86 2.26+0-92 | 2.02+0-08 4.42+3-04 > 5.23 1.44+0-02 | 49.82+0.03 15.9 001 | 353 _ 143
MSH 15-5 1494014 | 2494017 2.40 > 9.06 1.8130-09 | 51054313 84.9 0.1 101 144
MSH 15-5 16104012 1 4 49 #0-98 3.02 > 9.89 1.60+0-10 | s0.vs+3-0¢ 9.7 1.0 50 114
SN 1006 2.00+0-04 > 4.84 a.s6+-10 > 4.92 1774008 | asyatd-07 240 0.085 | 420 140
RCW 103 2.11 4908 > 9.86 3.90 > 4.87 1.4530-9% | 50.00+0-0¢ 0.44 10 10 _ 0.7
CTB 33 2004038 | 1411038 4.67 > 5.43 0.87+0-0% | 50474007 0.001 60 906 _ 481
RX J1713.7-3046% | 1.8130-02 | 9.10#0-05 | 4.8047-004 > 5.57 1.29+0-004 | 49.46+0-03 6.0 0.01 45 _ 185
CTB 37A 147092 | 0964012 1.0 > 5.96 2.4040-12 | 49.82+2-02 607 100 | 234 146
CTB 7B 1.4040-11 | 2.404+0-32 0.81 > 5.94 2.84+0-15 | s051+0-04 | 1.04 x 10° 10 Z 1.11
CTB 37B 1.58H0-97 | 9.06+0-10 2.47 > 5.92 197096 | 51.60+0-04 28.9 0.5 Ll o0
€949.740.2 2.06+0-13 | 2.8210-3% 2.70 > 5.00 2.0040-12 | s0.00+004 1.80 as 22 0m2
Hoss 11731-947 1.86+0-94 | 9.6s+0-10 4.9v+0-02 > 5.19 1464002 | 49.42+3-04 45.1 0.01 | 2L oss
Hoss 11745-309 1.64+0-04 | 0524070 2.09 > 5.97 1.66+0-0% | 49.59+3-08 167 100 | 282 _o0.4s
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Figure (a) show there is an inverse correlation between the low-energy spectra index and age,

and the spectral become harder with aging of SNRs. This result agrees with the observational
fact that the radio spectrum harden with aging of SNRs (e.g. Dubner & Giacani (2015))..

Figure (b): The break energy of particle distribution decreases with the age of SNRs,
which may be related to the gradual weakening of shock waves with aging in SNRs and agree
with the particle acceleration model with proposed by Ohira et al. (see also Zhang et al.2017)
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For most middle-age SNRs, the energy loss timescale of electrons at the high-energy
cutoff is approximately equal to the age of SNRs, implying quenching of high-energy
electron acceleration (Ohira et al).
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For most middle-age SNRs, the energy loss timescale of electrons at the high-energy
cutoff is approximately equal to the age of SNRs, implying quenching of high-energy
electron acceleration (Ohira et al).
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Modeling electron & positron
spectra
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1D Propagation Model
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1D Propagation Model

al index (z = 0) for a power-law injection
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Injection Spectra of Electrons &
Positrons

« Kolmogorov’s Spectrum §=1/3
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Figure 4. Same as Figure 2, but for SNR-MC interacting systems. The gas density is adopted to be n = 100cm—. References of the observational data—W28:
Fermi (Abdo et al. 2010a), HESS (Aharonian et al. 2008c): W41: Fermi (Mehault et al. 2011), HESS (Mehault et al. 2011); W49B: Fermi (Abdo et al. 2010c), HESS
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These results can be considered as evidence for the SNR
origin of Galactic cosmic rays.
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The total energy of particles for most of SNRs are greater than
erg which can be regarded as the lower limit of the cosmic rays produced by SNRs,
and also supports that SNRs are the sources of Galactic cosmic rays.
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These two figures respectively show that the relationship between the magnetic field, the gas

density and the age of SNRs. The results show there are no correlation between them, but an

anti-correlation may be existence for several young shell-type SNRs, consistent with evolution
In wind bubbles.
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