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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 10% efficiency leads to the 
observed CR density (1ev/cm3)； 

2、 Direct evidence: 

Radio emission (1948) 
— GeV electrons 

Non-thermal X-ray emission 
 (1995) 
— TeV  electrons 

 π0 bump (2013 )W44,IC443,W51C 
— GeV protons



Background
standard theory of shock predicts p=2.0

Relation?



Background



Young SNRs

Old SNRs 

and typical CR propagation parameters in the Galaxy

V H Dkpc , 0.1 kpc, 10 cm s , 14G
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G 0
29 2 1~ ~ ~ - ( )

inserting St given in Table 1 into Equation (12), we can derive
κ and Q0, and the results are shown in Table 2. We see that the
diffusion coefficient uL0.01 Sk ~ and uL D GVS ~ ( ), which
are quite reasonable. Compared to the case 11 2k k = , slightly
lower values of diffusion coefficients are inferred for

161 2k k = to compensate for the lower level of turbulence
assumed in the upstream.

The density of particles injected for acceleration can be
estimated by Q nv 40 0 p~ ( ), which turns out to be

n n10 cm , 10 cm . 15p
E 5 3

p
A 6 3~ ~- - - - ( )

Both values are several orders of magnitude lower than
densities of the background plasmas. Since the relativistic
particle distribution is very soft with an index greater than 2.3
and non-relativistic particle momentum distribution approaches
the steady state with an index of 2, the total energy of CRs
injected into the Galaxy by an SNR is estimated as
E Q qR L T4 20 0 p S

2
Sp~ ( ) , which is on the order of 1048 erg

and 1050 erg for the early and advanced stages, respectively,
justifying the linear treatment of diffusive shock acceleration.
The bulk of CRs is therefore accelerated in dense medium by
relatively slower shocks.

4. Conclusion and Discussion

Since the discovery of anomalous fine structures in the
energy spectra of CRs, there have been extensive investigations
focusing on CR acceleration and propagation processes. Here,
we show that, considering time evolution of the linear diffusive
shock acceleration process, the observed rigidity dependence of
the proton-to-helium flux ratio may just suggest that the particle
diffusion process near the shock front of CR accelerators is
dominated by the turbulence convection giving rise to a

diffusion coefficient weakly dependent on the particle rigidity.
Recent TeV observations of SNR RX J1713.7-3946 do
support such a scenario (H.E.S.S. Collaboration et al. 2016).
In this Letter, we only consider cases with 0a = . For

1 301 2a a= = with 11 2k k = , we can get spectra similar
to the second model. For even higher values of α, the time-
dependent particle distribution approaches the steady-state
spectrum at low energies and cuts off too sharply at the energy
where the acceleration timescale is comparable to the shock age
to explain the CR spectra near the “knee.” The proton-to-
helium flux ratio will be constant at low energies, similar to the
two-component model proposed by Tomassetti (2015), and
the rigidity dependence of D needs to be adjusted to fit the
observed CR spectra below the “knee.”
The observed CR spectral hardenings near ∼200 GV may be

attributed to two stages of the SNR evolution. In the early free
expansion and Sedov-Taylor stage, the shock speed and
background metallicity are high, and the acceleration dom-
inates the CR fluxes above ∼200 GV. In the advanced radiative
stage, the shock is propagating in dense medium slowly, giving
rise to a softer spectrum and higher proton-to-helium ratio.
These two stages of SNRs are actually commonly seen in
multi-wavelength observations (Helder et al. 2012; Zeng et al.
2017). Our model therefore links the observed CR spectral
anomalies to multi-wavelength observations of SNRs, implying
the dominance of Galactic CR acceleration by SNRs. In this
Letter, we adopt characteristic parameters for isolated SNRs.
The model can also be applied to CR acceleration in super-
bubbles (Ohira et al. 2016).
The model has a soft spectrum (with an index of ∼2.4) of

energetic particles injected into the Galaxy by SNRs, which
will produce a lower level of CR anisotropy than steady-state
diffusive shock models (usually with an injection index of ∼2).
It also predicts a gradual softening of the spectra at high
energies, which may be responsible for the “knee” of CR
spectra. Future observations of the spectra by, e.g., LHAASO
may be useful in testing this model prediction.

Figure 2. Same as Figure 1, but using Equation (11), and corresponding model parameters are given in the second row of Table 1.

Table 2
Derived Diffusion Coefficients and Injection Rates
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n=0.01 

n=1.0 n=100 

Background



Gamma-ray spectral evolution

Hundreds of years 

More than one thousand years 

Thousands of years

Tens of thousands of years



The evolution  
of SNRs' SEDs

RX J1713.7-3946 
1600 Years Ebr~1TeV 
IC dominates γ-rays

CTB 37B: 
~5000 Years 
Ebr~400GeV 

Both IC and pp 
contribute to γ-rays 

CTB 37A: 
>10000 Years 

Ebr~2GeV 
pp dominates γ-rays 

Zeng, H. et al. 2017, ApJ, 834, 153



34 SNRs have been selected,  6 X-ray, 16 TeV data 



We normalize the flux at100 GeV to 1 x 10-5 MeV cm-2 s-1 by a power-law fit to the spectrum 
from 1 GeV to 300 GeV  to better demonstrate the spectral evolution.

Break energy 1-20GeV: 
W28 (Abdo et al. 2010a),  

W51C (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: 
G349.7+0.2(Hess Collaboration et 
al. 2015), CTB 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



Hα observations
Tycho  

Young with wider  
precursor  for higher  
energy acceleration

Cygnus loop old



One-zone model
1.  The distribution of particles:      ”i” represents  e or p

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

MCMC method is applied to constrain these model parameters.

5-6 free parameters 



The Sample



Examples of spectral fits



Parameters



Results

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)



Results

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).

Energy loss timescale  <  
Age implying continuous 
particle  acceleration at 

the cutoff energy of SNRs

Energy loss timescale  >  Age 
may suggest escape of highest 

energy particles from SNRs.



G150.3+4.5 

A good LHAASO target?



PWN

Gamma ray index does not change significantly: Implying energy-independent escape





Cosmic ray injection

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).

Energy loss timescale  <  Age 
 implying continuous particle  

acceleration in the interior of SNRs

Energy loss timescale  >  Age 
may suggest escape of highest 

energy particles from SNRs.



Cosmic ray electron & positron



Cosmic ray electron & positron



Modeling electron & positron 
spectra

• Solar Modulation

• Propagated Fluxes of Electrons & Positrons



Modeling CR Electron & 
Positron Spectra



1D Propagation Model

Credit: Ptuskin (2001)

• 1D Steady-state Transport Equation



1D Propagation Model
• Propagated spectral index (z = 0) for a power-law injection



Injection Spectra of Electrons & 
Positrons

• Kolmogorov’s Spectrum

• Best-fit Propagation Parameters

• Electron Injection Spectrum is double power-law

• Electron-Positron Excess



Spectra of Electron & Positron

LHAASO Target?



结论

银河系宇宙线起源问题的核心是把宇宙线的观测特征和银河系高能源的观测特征联系起来。

1：如果银河系宇宙线主要来自于超新星遗迹，有迹象表明能量较高的宇宙线主要在遗迹激
波演化的早期被加速，而大部分的且能量相对较低的宇宙线在超新星遗迹演化的晚期被加
速。 

2：年轻超新星遗迹中高能粒子的逃逸概率似乎不依赖于粒子的能量，而在年老遗迹中能谱
的高能部分可能从遗迹中完全逃逸。 

3：宇宙线正电子很可能主要来源于和脉冲星有关的过程。 

4：超新星遗迹中的粒子加速和逃逸模型需要进一步完善以解决银河系宇宙线的起源问题。 

5：10TeV以上电子谱测量以及超新星遗迹G150.3+4.5是重要的LHAASO观测对象。



Thanks For Your Attention



n=100 



Gamma-ray spectral variation of SNRs may be due to variation in density of 
the surrounding environment. 

These results can be considered as evidence for the SNR  
origin of Galactic cosmic rays.



Results

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.



Results

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.



Results and discussion



Results
Escape sources

(i)



Discussion 
(Possible relation between Particles and CRs spectrum)

For young SNRs:  

For old SNRs:  

 propagation effect 0.3-0.6

2.7


