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宇宙线：2012年被《Science》列为8大
天文学之谜



Spectrum of CRs

• Above ‘ankle’：extragalactic
• Below ‘knee’：galactic origin 

(Gal.E.den. > SMC E.den)

Hillas diagram
Bauleo & Martino 2009 Nature 458, 847

Emax ~ ZBL



Two great ideas in a single short paper

Baade & Zwicky (1934) : 
SN  CRs & NS



Galactic acceleration sources
Supernova remnants Pulsar wind 

nebulae X-ray binaries

Galactic center

Super-bubbles

Fermi bubble



Map of TeV Sources 
by Apr. 2015

(Wakely+2008, 
http://tevcat.uchicago.edu/)

> 20 SNRs

mostly associated with molecular clouds





Fermi-LAT allsky map of the gamma-
ray sky (Knödlseder et al. 2010)

2FGL (2012):      
89 sources 
overlap with 
SNRs

Fermi gamma-
rays sources



total: 232+1809+992 = 3033

3FGL (2015)



Ø Identifications (12 extended sources):
2FGL (6): IC 443, W28, W30, W44, W51C, Cygnus Loop (W78)
new (6): S147, Puppis A, Vela Jr., RX J1713.7-3946, Gamma Cygni (W66), HB21

Ø Associations (12):
Tycho, Cas A, Kes 17, CTB 33 (G337.0-0.1), CTB 37A, 
G349.7+0.2, MSH 17-39, W41, 3C 391, W49B, CTB 109, SN1006

G296.5+10.0, G166.0+4.3, 
HB9 (G160.9+2.6) 

Araya, M. (2013, 2014, MNRAS)

Kes 79 Auchettl, K. et al., (2014, ApJ, 783, 32)

RCW 103, Kes 27, SN1006 Xing, Y.  et al. (2014, 2015, ApJ)

RCW 86 Yuan, Q. et al. (2014, ApJ, 785, L22)

Kes 41 Liu, B. et al. (2015, ApJ, 809, 102)

G338.3-00.0, G338.5+00.1 Lemoine-Goumard  et al. (2014, ApJ, 794, 16)

3C397 Clark, C.J. et al. (2015, ApJL, arxiv:1508.00779)

SNRs (>30, actually)



I. In situ interaction
    A. New CRs are produced in the SNRs
     Inoue et al. 2010;   Fang & Zhang 2010
     Malkov et al. 2011
    B. pre-exsiting CRs (compressed/reaccelerated) 
         with 'crushed' MCs
     Blandford & Cowie 1982 ;  Uchiyama et al. 2010
     Tang & Chevalier 2014; …

SNR

MCs near SNRs：a probe for 
accelerated CR protons

Tang & Chevalier 2014



II. Illumination by escaped protons
    Aharonian & Atoyan 1996 
    Gabici et al. 2009
    Li, H. & Chen, Y. 2010, 2012
    Ohira et al. 2011

SNR
MC

MCs near SNRs：a probe for 
accelerated CR protons



Criterions & list of SNR-MC association   
64 (Jiang, Chen+ 2010) + 6 (Jeong+ 2012) 

34 confirmed

Evidence:
1.1720MHz OH 
masers

2.Molecular line 
broadening (LB)

3.High line ratio, e.g. 
CO2-1/CO1-0

4.NIR [FeII], 
vibrational 
/rotational H2

5.Specific (Spitzer) 
IR colors

6.Morphology 
agreement (MA) of 
spatial features



Fermi (Ackermann, M. et al. 2013, Science): W44 & IC443
AGILE (Giuliani, A. et al. 2011, ApJ, 742, L30): W44

( W44,Abdo+ ’10, Science)

(IC443,Abdo+ ‘10)(CO, Seta+ ’98)

(CO, Seta+ ’98)



0 break后，还需大量的工作……

l  < GeV，其它更多的“interacting SNRs”都有
“0 break” 吗？

l  > GeV，伽玛射线谱的形态、走势（特别是
到10^14 eV）？决定性的辐射机制?

……
l Evidence for Pevatron?



W28

HESS TeV (Aharonian et al. 2008)

Fermi GeV (Abdo et al. 2010)

(Li & Chen 2010)



9 SNRs interacting with MCs
(Li & Chen 2012)

Depressed diffusion (coefficient  ~ 0.01) near 
SNRs



高能能谱截断？
l No energy cutoff at >10 TeV  for known TeV SNRs. 
Any higher? Sign of Emax? Are SNRs “Pevatrons”?!

l “Accumulative diffusion model” predicts for 4 SNRs:
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年轻SNR的质子能谱？Cas A

• GeV-TeV强子辐射  =2.3，黑线
• 射电同步  =2.6，绿线
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Leptonic + hadronic
hadronic; Ep,cut=3 PeV
hadronic; Ep,cut=300 TeV



年轻SNR的质子能谱？Tycho

• GeV-TeV强子辐射  =2.3，黑线
• 射电同步  =2.6，绿线

10-14

10-13

10-12

10-11

10-10

107 108 109 1010 1011 1012 1013 1014 1015

E2 dN
/d

E
 (e

rg
 c

m
-2

 s
-1

)

Photon energy (eV)

Fermi (2012)
VERITAS (2011)
VERITAS (2015)

CTA (50 hours)
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l北天SNR普测，特别对SNR-MC系统

l区分轻强子作用

l探索高能粒子高端能量截断、Pevatron

小结


