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Diffusive shock acceleration (DSA)

r =
u1

u2
<latexit sha1_base64="A3fH5b+4MHQe6rSEy3milimA0dw="></latexit>

x = 0
<latexit sha1_base64="f180Zrlaxm1wnGGJ3IbvADOQ7aw="></latexit>

�1
<latexit sha1_base64="9DNc5kR5u8PRFQWPAU1sAoGQnag="></latexit>

Shock

u1
<latexit sha1_base64="8QbFpNytTyib3Y4NDxMXkNbO/A8="></latexit>

u2
<latexit sha1_base64="WM9mRk+gYg/jsB+YAdI6HPyXrT0="></latexit>

f0(p) =
<latexit sha1_base64="oIvXleQnornvGBehAYPR2E28Kjg="></latexit>

s
⌘n1

4⇡p3inj

✓
p

pinj

◆�s

+
<latexit sha1_base64="uvIJ5xHwh5tJKMC2WziQq0MSJ6w="></latexit>

Q0(p) =
⌘n0u1

4⇡p2inj
�(p� pinj)

<latexit sha1_base64="njpk/ZdrcTrs7JD+YgKa38dllD0="></latexit>

@

@x


D

@

@x
f(x, p)

�
� u

@f(x, p)

@x
+

1

3

du

dx
p
@f(x, p)

@p
= �Q(x, p)

<latexit sha1_base64="GabQ0XdlKV76vXlJ0zUKBmSBnDg="></latexit>

8

Axford 1977, Krymskii 1977, Bell 1978, Blandford 1987 

The 1D test-particle theory at strong colisionless shocks is well known 
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Axford 1977, Krymskii 1977, Bell 1978, Blandford 1987 

The 1D test-particle theory at strong colisionless shocks is well known 
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Reviews: Drury 2012, Blasi 2013, Schure 2014, Gabici 2019, Ferrand 2020

Open questions:
1. Which particles (electrons/protons)? 
2. Maximum energy of accelerated particles?  
3. Efficiency of particle acceleration? How do particles get injected in 
the process? 
4. Spectrum of accelerated particles at the shock?  
5. Total spectrum released in the ISM? Escape of particles, diffusion 
around sources? 
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The contribution of supernova remnants to 
protons below the knee

Minimal requirements on proton sources:  

★Sustain the total CR power 

★Inject a spectrum that can account for proton spectrum

★Reach the knee (be pevatrons) ~?
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The contribution of supernova remnants to 
protons below the knee

Minimal requirements on proton sources:  

★Sustain the total CR power 

★Inject a spectrum that can account for proton spectrum

★Reach the knee (be pevatrons) ~?
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The contribution of supernova remnants to 
protons below the knee



★ What sources can be (super)pevatrons? 1016 1017 eV 

The case of supernova remnants
Minimal requirements on proton sources:  

★Sustain the total CR power 

★Inject a spectrum that can account for proton spectrum

★Reach the knee (be pevatrons) ~?
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Hillas criterion 
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19Proton spectrum with only one object?
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LHAASO catalog and SNRs

Cao et al. 2024

90 sources, 43 above 100 
TeV, almost no direct 

association with a SNR 
shock
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LHAASO catalog and SNRs

Cao et al. 2024

The case of G106.3+2.7?

Very complex region, role 
SNR unclear

MAGIC 2023

90 sources, 43 above 100 
TeV, almost no direct 

association with a SNR 
shock
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The 1D test-particle theory at strong colisionless shocks is well known 
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28Reviews: Blasi 2013, Gabici 2019

Open questions:
1. Which particles (electrons/protons)? 
2. Maximum energy of accelerated particles?  
3. Efficiency of particle acceleration? How do particles get injected in 
the process? 
4. Spectrum of accelerated particles at the shock?  
5. Total spectrum released in the ISM? Escape of particles, diffusion 
around sources? 
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The particle spectrum at SNRs 
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We report the X-ray polarization distribution in the northeastern shell of SN1006 from a 1 Ms observation with the 
Imaging X-ray Polarimetry Explorer (IXPE). We found an average polarization degree of 22.4 ± 3.5% and an average 
polarization angle of −45.4 ± 4.5◦ (measured on the plane of the sky from north to east). The X-ray polarization angle 
distribution reveals that the magnetic fields immediately behind the shock in the northeastern shell of SN 1006 are 
nearly parallel to the shock normal or radially distributed, similar to that in the radio observations, and 
consistent with the quasi-parallel CR acceleration scenario. 

The X-ray polarization degree of SN 1006 ..  favoring that CR-induced instabilities set the turbulence in SN 1006 
and CR acceleration is environment-dependent.



Slane et al. 2024







« the polarization degree is quite small, indicating high levels of turbulence in 
the immediate post-shock regions, as expected from models for diffusive shock 
acceleration with magnetic field amplification. » 

Ability to study small (sub) regions, orientation of the magnetic fields  



JWST NIRcam observations of SN1987A

Decomposition of overlapping emission from Equatorial ring, 
forward shock (CSM), reverse shock (SN ejecta)

Arendt et al. 2020 Arendt et al. 2023
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VHE emission from young extragalactic SNRs

So far no detection in GeV/ TeV for any extraGalactic CCSNe
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Goal: model particle acceleration + gamma-ray emission for typical 
CCSNe   (detectability with CTAO)

Issues:  
- diversity of CCSNe (types) 
- environments 
- variation of mass-loss rate of the winds in the years before the explosion 
- clumps 
- types of shocks (radiative, radiation mediated, colisionless)  
- our « limited » understanding of particle acceleration at SNR shocks
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Horizon of detectability 

14

Type IIp analytical

Type IIp numerical

Type IIn numerical

Type IIn analytical

40 hours total time. Starting from Tpeak and 8 nights
Detectability with the Cherenkov Telescope 

Array Observatory (CTAO) 50 hours

Preliminary 



Summary: Particle acceleration at supernova 
remnants

LHAASO: almost zero, or zero SNR pevatron 
MeerKAT, SKA: incredible resolution 
JWST: (incredible resolution) emission from CSM, SN ejecta, 1987A 
IXPE: structure of magnetic fields at SNR shocks (parallel/oblique) 
Various theoretical works taking into account the SNR environment  
(clumps/clouds, massive star bubbles, etc.) 

CTAO Spain Oct. 2024


