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1. Bulk of CRs  
Energy density ~1 eV/cm3 

10% of SNR total explosion  
energy

3. Magnetic field amplification

E-2.72. Slope E-2.7 

Diffusive shock acceleration

E�(2.4..2.1) ⇥ E�(0.3..0.6) = E�2.7
<latexit sha1_base64="FCwKEAmh5nqDBD+Y35qlhtPKsyk="></latexit>

Injection Propagation

Why supernova remnants? 

KNEE ~3 PeV

E-3
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Reviews: Blasi (2013,2019) 
Tatischeff & Gabici (2018) 

Gabici et al. (2019) 
 



Galactic supernova remnants

TeVCat (2022)3

12 Shells
58 sources associated to SNRs

RXJ1713-3946 (H.E.S.S.)
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MeerKAT picture of the day Feb. 2nd 2022
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What is wrong with supernova remnants? 

1. Diffusive shock acceleration 
predicts E-2 at SNRs 

2.       Non-thermal emission from 
radio to gamma  

4.       SNR Pevatron (magnetic 
field amplification) 

3.       Energy budget (~5-10% total 
explosion energy)

GOOD NOT GOOD B/C / E��
<latexit sha1_base64="qTUa+3FCCtcJgZZeLPgOIB+8ic8="></latexit>

How much precisely? For how long?
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VHE domain steep spectra? 
Particle content: protons/electrons?

NO SNR pevatron

E�(2.4..2.1) ⇥ E�(0.3..0.6) = E�2.7
<latexit sha1_base64="FCwKEAmh5nqDBD+Y35qlhtPKsyk=">AAAC+nicjVLLSsNAFD2N7/qqunQzWARdOKT1uRGKIrisYKvgiySOOpgXyUSQ2i9x507c+gNu9QPEP9C/8M6Ygg9EJyQ5c849J3Nn4sa+TJVtvxSsru6e3r7+geLg0PDIaGlsvJlGWeKJhhf5UbLrOqnwZSgaSipf7MaJcALXFzvu+brWdy5Eksoo3FaXsTgInNNQnkjPUUQdlRY3DltzM1W+wDhnVV6ZbbN9JQORMiPYfF4LNl8iYdVwVb7cPiqVbW6bwX6CSg7KyEc9Kj1jH8eI4CFDAIEQirAPBylde6jARkzcAVrEJYSk0QXaKJI3 oypBFQ6x5/Q8pdlezoY015mpcXv0FZ/uhJwM0+SJqC4hrL/GjJ6ZZM3+lt0ymXptl/R286yAWIUzYv/ydSr/69O9KJxgxfQgqafYMLo7L0/JzK7olbNPXSlKiInT+Jj0hLBnnJ19ZsaTmt713jpGfzWVmtVzL6/N8KZXSQdc+X6cP0GTfph5Xt1aKNfW8qPuxySmMEPnuYwaNlFHg7Kv8YBHPFlX1o11a919lFqF3DOBL8O6fweP0p6Q</latexit>

Injection Propagation
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The low rate of supernova 
remnant pevatrons



How to reach PeV energies at a SNR? 

Resonant  
streaming of CRs 

Skiling (1975) 

Instability  
density fluctuations 

Giacolone & Jokipii (2007)

Acoustic instability 
Drury & Falle (1983) 

Non-resonant streaming  
Bell (2004) ….
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The low rate of supernova 
remnant pevatrons

Reviews: Drury (1994) 
Blasi (2013,2019)  

Gabici et al. (2019) 
 



Non-resonant streaming of CRs
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Growth rate of the non-resonant 
 streaming instability  

Different for different SNRs/SNe

Type Ia Type II

RSG Low density  
bubble MS

ISM
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Bell (2004), Bell et al. (2013), Schure et al. (2014)



Type Ia Type II

RSG Low density  
bubble MS
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Ostriker & McKee (1988)
Thin shell approximation

ISM
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Mej = 1.4M�

ESN = 1051erg
<latexit sha1_base64="OMRf4tTwA8cSRDJjkVMn+Ip+D9M="></latexit>

ṀRSG, uRSG, ESN

ṀMS, uMS, n0,Mej,
<latexit sha1_base64="E57+q0+k5OqEDYecCzmR9N/q0HQ="></latexit>
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Non-resonant streaming of CRs

pmax(t) ⇡
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Growth rate of the non-resonant 
 streaming instability  
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Bell (2004), Bell et al. (2013), Schure et al. 

(2014), PC, Blasi & Amato (2020)
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Let’s compute the protons! 

10



Protons after propagation in the Galaxy

Advection 
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Ionisation losses 

1D Galactic transport 

Trapped
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Injection  
from SNRs

SNRs injecting particlesGalactic disk
z = 0

<latexit sha1_base64="Dhl+3QRaP1t0jQFA1QAuTENx4k0="></latexit>

Rd = 15kpc
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Galactic Halo H = 4 kpc
<latexit sha1_base64="pk2POiscLrACBYclof8qu+BxF2I="></latexit>

Diffusion 
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In agreement with AMS-02  
measurements 

Evoli (2019)
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List of parameters: 

Protons from type Ia

Injection  
from SNRs

Ṁwind, uwind, ESN,Mej

⇠CR, ⌫SN
<latexit sha1_base64="p12RauIahAH7LVs5ynvtHQhK3MI="></latexit>

Transport

H,Rd, h,D, n0
<latexit sha1_base64="QozCU5ddFvfhkM5EbYCv9VBSCTs="></latexit>

Galactic dimensions

Diffusion coef

Rate of SNe= 1/century (total 3/century)



Protons from type Ia
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Protons from type II
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Not reaching 
PeV

⇠SN = 0.06
<latexit sha1_base64="Pm4omJx0b4WW3qA00fBygNJcu04="></latexit>

⌫II = 2/century
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Protons from type II*

102 103 104 105 106 107

E[GeV]

102

103

104

105

106

I
(E

)
E
2
.7
[G
e
V
1
.7
m

°
2
s

°
1
s
r

°
1
]

Type II§

KASCADE ° SIBYLL2.1

KASCADE ° QGJset

ARGO (p + He)

ARGO p fit

Tibet

DAMPE

CALET LE

CALET HE

AMS ° 02

PAMELA

Ṁ = 10�4M�/yr

ESN = 5⇥ 1051erg

Mej = 1M�
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⇠SN = 0.1
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⌫SN = 1%⇥ 3/century
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No room for 
 other SNRs
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Assuming all SNRs are 
PeVatrons

PC, Gabici, Terrier, Humensky (2018)

⌫SN = 1%⇥ 3/century
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If only Type II* are Pevatrons

! 0
<latexit sha1_base64="Ztu8C7aKaY2N2J3Xdm1yUSfl0oo="></latexit>

PC, Blasi, Amato ( submitted 2020)
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What does this mean?
1. SNRs are OK but we won’t see any PeVatrons with CTA 

2. Another instability (not Bell) comes into play  
3. Strong temporal dependance on one/several parameters 

4. SNRs are not dominant sources of CRs up to the knee 
(role of other objects/stellar clusters/ massive stars/?) 

5. If PeV range with II* -> not much room for others! 
Efficiency< few percent (not 10-15% sim. /observations)  

Mimicking 
bump?

Reaching PeV

MAYBE: 

17
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What is wrong with supernova remnants? 

1. Diffusive shock acceleration 
predicts E-2 at SNRs 

2.       Non-thermal emission from 
radio to gamma  

4.       SNR Pevatron 

3.       Energy budget (~5/10% total 
explosion energy)

GOOD NOT GOOD B/C / E��
<latexit sha1_base64="qTUa+3FCCtcJgZZeLPgOIB+8ic8="></latexit>

How much precisely? For how long?
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VHE domain steep spectra? 
Particle content: protons/electrons?

NO SNR pevatron

E�(2.4..2.1) ⇥ E�(0.3..0.6) = E�2.7
<latexit sha1_base64="FCwKEAmh5nqDBD+Y35qlhtPKsyk=">AAAC+nicjVLLSsNAFD2N7/qqunQzWARdOKT1uRGKIrisYKvgiySOOpgXyUSQ2i9x507c+gNu9QPEP9C/8M6Ygg9EJyQ5c849J3Nn4sa+TJVtvxSsru6e3r7+geLg0PDIaGlsvJlGWeKJhhf5UbLrOqnwZSgaSipf7MaJcALXFzvu+brWdy5Eksoo3FaXsTgInNNQnkjPUUQdlRY3DltzM1W+wDhnVV6ZbbN9JQORMiPYfF4LNl8iYdVwVb7cPiqVbW6bwX6CSg7KyEc9Kj1jH8eI4CFDAIEQirAPBylde6jARkzcAVrEJYSk0QXaKJI3 oypBFQ6x5/Q8pdlezoY015mpcXv0FZ/uhJwM0+SJqC4hrL/GjJ6ZZM3+lt0ymXptl/R286yAWIUzYv/ydSr/69O9KJxgxfQgqafYMLo7L0/JzK7olbNPXSlKiInT+Jj0hLBnnJ19ZsaTmt713jpGfzWVmtVzL6/N8KZXSQdc+X6cP0GTfph5Xt1aKNfW8qPuxySmMEPnuYwaNlFHg7Kv8YBHPFlX1o11a919lFqF3DOBL8O6fweP0p6Q</latexit>
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The low rate of supernova 
remnant pevatrons
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The steep gamma-ray spectra 
(particle content)

Bell (1978, MNRAS, II.)

« In previous sections the injection of particles into the acceleration 
mechanism has been considered as taking place at low energy […] An 

alternative source for the injection of particles is the cosmic ray 
population which already exists in the upstream gas. »

6. Effect of a shock front on pre-existing cosmic rays

Diffusive shock reacceleration

Stochastic 
reacceleration 

(2nd order Fermi)

DSReacceleration 
(1st order Fermi)



Boudary condition -> 
upstream infinity of the 

shock 

g(p) = f(�1, p)
<latexit sha1_base64="fTf2gpOx5Npk8UP88a0OjcEp7Mg="></latexit>

A simple description 

Blasi (2004)
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« Classic » 
diffusive shock 

acceleration 

s
⌘n1

4⇡p3inj

✓
p

pinj

◆�s

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

Reacceleration 

s

Z p

p0

dp0

p0

✓
p0

p

◆s

g(p0)
<latexit sha1_base64="k8vMZclFjScHVdS6mtI2BgK+wAE="></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>

20



The particle content

HESS Collab (2016)

Particles at the shock? 

Inside the SNR?

Accelerated/reaccelerated
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H.E.S.S. (2010)

SN 1006

Condon et al. (2017)n0 ⇠ 10�2 � 10�1 cm�3
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Gamma rays from SN 1006
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Future observations can probe reacceleration 
 and constrain the diffusion coefficient 
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1 kyr 
10 kyr 
40 kyr

1 kyr 
10 kyr 
40 kyr

It is not easy to recognize reacceleration!
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What is wrong with supernova remnants? 

1. Diffusive shock acceleration 
predicts E-2 at SNRs 

2.       Non-thermal emission from 
radio to gamma  

4.       SNR Pevatron 

3.       Energy budget (~5/10% total 
explosion energy)

GOOD NOT GOOD B/C / E��
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How much precisely? For how long?
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VHE domain steep spectra? 
Particle content: protons/electrons?

NO SNR pevatron

E�(2.4..2.1) ⇥ E�(0.3..0.6) = E�2.7
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Particle content: accelerated vs. injected?
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Important for losses! 
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The importance of the magnetic field 
in shaping the spectra (losses) 
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Difference total spectrum electron vs. proton

PC, Blasi, Caprioli (2021)

101 102 103

P[mc]

°0.4

°0.2

0.0

0.2

0.4

0.6

0.8

1.0
¢
q
(P

)

Bell

Modified resonant

Bell + resonant

TSN = 20 kyr



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>

30

Spectrum at the shock?

<latexit sha1_base64="SgI2VKnWgp3fLEcJe0XdVS9uYE4="></latexit>

f(p) / p�↵

Until now: fixed slope at the shock produced steeper 
summed injected spectrum. 
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↵ 6= 4

Non-linear effects: efficient particle acceleration 
acting on the shock structure

Drury& Völk (1980,1981), Bell (1987)

Jones & Ellison (1991), Ellison, Möbius & Paschamnn (1990), Ellison, Baring & Jones (1995, 1995) Kang & Jones 

(1997, 2005) Kang, Jones & Gieseler (2002), Malkov (1997), Malkov, Diamond & Völk (2000)

Blasi (2002), Amato & Blasi (2005,2006)
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Spectrum at the shock?
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f(p) / p�↵

Until now: fixed slope at the shock produced steeper 
summed injected spectrum. 
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Non-linear effects: drift of 
scattering centers downstream
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Spectrum at the shock?

Drury (1983), Caprioli, Haggerty & Blasi (2020), Diesing & Caprioli (2021), PC, Blasi & Caprioli (submitted 2022)
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Consequences on pmax!
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What is wrong with supernova remnants? 

1. Diffusive shock acceleration 
predicts E-2 at SNRs 

2.       Non-thermal emission from 
radio to gamma  

4.       SNR Pevatron 

3.       Energy budget (~5/10% total 
explosion energy)

How much precisely? For how long?

NO SNR pevatron

E�(2.4..2.1) ⇥ E�(0.3..0.6) = E�2.7
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Injection Propagation

Non-linear effects, drift 
scattering centers

Cumulative effects including 
losses (B?)

Diffusive shock 
Reacceleration?

Time evolution? Duration 
phases? Acceleration at late 

times?

Maybe very few SNRs + 
short phase
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Summary

Pevatrons Maybe few SNRs, 
maybe that’s ok
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↵(t)

Not overproduce CR 
local spectrum; room for 
other sources of CRs?

Particles released 
in the ISM

Radio-to-gamma 
observations
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1. What is pmax(t)? Pevatrons?

2. Magnetic field (time)?

3. Content accelerated/reaccelerated?

4. Efficiency (time)?

5. Slope (precursor/postcursor)?

6. Spectrum released in the ISM?


What’s wrong unclear with supernova 
remnants?

pierre.cristofari@ijclab.in2p3.fr

mailto:pierre.cristofari@ijclab.in2p3.fr
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