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Why do we care?

1. It is very difficult to explain acceleration up to 1015 eV (Galaxy)

2. Origin of CRs 

3. Now is the time: we can find them! 

1015 eV

The search for 
Galactic pevatrons 



5

Emax ⇡ ⇠

✓
Rsh

pc

◆✓
ush

1000km/s

◆✓
B

µ G

◆
TeV

<latexit sha1_base64="9KlZYIqwQo5amKH2D95euZVg9HM="></latexit>

Hillas criterion 

IceCube collaboration, 2017

<latexit sha1_base64="dY+P4uyfJ6MHZrdj0JvhYCuJoq4="></latexit>

⇠ 3⇥ 1015eV
<latexit sha1_base64="Ou/FIIr3zSDHX6jW7p4qQaMUQrA="></latexit>

⇠ 5⇥ 1018eV

1. It is difficult to explain acceleration up to 1015 eV (Galaxy)
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What is the energy of the knee? 

For protons:

ARGO-YBJ
~700 TeV 

Bartoli et al. 2015

KASCADE

Antoni et al. 2015
~3 PeV 

For heavier nuclei : Z dependent knees!  

Source of Galactic CRs must accelerate protons up to the knee!  

2. Origin of CRs 
Blasi 2013, 2019 (reviews)
Gabici et al. 2019 (review)

Reaching the « knee » 



2. Origin of CRs 

Source of Galactic CRs must accelerate up to AT LEAST the knee!  

MORE PRECISELY  

Parizot (Review) 2014

~100 PeV 

H

Fe



2. Origin of CRs 

Source of Galactic CRs must accelerate up to AT LEAST the knee!  

MORE PRECISELY  

Parizot (Review) 2014

~100 PeV 

H

Fe
Smooth transition from Galactic to extraGalactic
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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

KNEE ~3 PeV

E-3

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

Gabici et al. (2019) 
 

Why supernova remnants (=shock expanding in 
the ISM after SN) ? 



RXJ1713-3946 (H.E.S.S.)

 Detection of SNRs in the gamma-ray domain 

Hadronic interactions:  
Pion decay

p+ p ! p+ p+ ⇡0

<latexit sha1_base64="YGvtj9tc+BcrR36QyoboahxkrO8="></latexit>

⇡0 ! � + �

<latexit sha1_base64="9Vb+juiY6unyWmdODxwl2W6My8E="></latexit>

CR

ISM

Leptonic interactions: 
Inverse Compton scattering

�i

�f
10

228 sources listed 

58 « SNRs »

12 Shells
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SNR  
G0.9+0.1

SNR  
Sgr D

SNR  
G359.1-0.5

MeerKAT picture of the day Feb. 2nd 2022



CTA paper: Extensive discussion on 
the detectability of SNR pevatrons

Bruno Khelifi, Gaia Verna, Cyril Trichard (2017) + many more  

Started 2016-2017, under collaboration review  
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Tensions with the « Supernova remnants »  hypothesis

1. Diffusive shock acceleration 
predicts E-2 at SNRs 

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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And… other pevatrons!
LHAASO 12 Galactic pevatrons Cao et al. 2021

HESS J1745-290

HESS collab. 2016

HESS J1702-420

HESS collab. 2021



And… other pevatrons!

Crab: leptonic pevatron

Numerous candidates (HAWC, TibetAsgamma)

Reviews: 
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So what’s wrong then?

1. Diffusive shock acceleration 
predicts E-2 at SNRs 

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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12 years data Fermi-LAT : Hard GeV-TeV spectrum : protons! 

2022+ Celli, Aharonian, Gabici 2020



So far, all SNRs seem to not be pevatrons 



So far, all SNRs seem to not be pevatrons 
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E� ⇡ Ep

10



How to reach PeV energies at a SNR? 
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20
Possible for young and « energetic » SNRs!

Tycho with Chandra 
Warren et al. (2005) Vink (2012) 

B >> B_ISM



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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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

D
en

si
ty

ISM
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Bell (2004), Bell et al. (2013), Schure et al. (2014)
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Growth rate of the non-resonant 
 streaming instability  
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23
Bell (2004), Bell et al. (2013), Schure et al. (2014), 

Cardillo et al. (2016) PC, Blasi & Amato (2020)
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Using 1D semi-analytical model for transport

Cristofari, Blasi& Amato (2020)
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Using 1D semi-analytical model for transport

Cristofari, Blasi& Amato (2020)
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Using 1D semi-analytical model for transport

Cristofari, Blasi& Amato (2020)
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⇠SN = 0.1
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Protons after propagation in the Galaxy
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Using 1D semi-analytical model for transport

Cristofari, Blasi& Amato (2020)
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Protons after propagation in the Galaxy
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Using 1D semi-analytical model for transport
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⇠CR ⇠ 5� 10%

Protons after propagation in the Galaxy
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Using 1D semi-analytical model for transport
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⇠CR ⇠ 5� 10%

Reach PeV and not 
overproduce the CR 

spectrum:  

⌫SN = 1%⇥ 3/century
<latexit sha1_base64="WWBkBqpfeD06XJJ4hBCII/+2afs="></latexit>

Protons after propagation in the Galaxy
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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: 

31
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Uncertain 
nature of 
sources,  

Not many SNRs
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When instruments were  optimized in the 1-10 TeV range

Hadronic interactions :  
Pion decay

p+ p ! p+ p+ ⇡0

<latexit sha1_base64="YGvtj9tc+BcrR36QyoboahxkrO8="></latexit>

⇡0 ! � + �
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CR

ISM

Leptonic interactions : 
Inverse Compton scattering

�i

�f
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E�
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L�
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E� ⇡ 1

10
Ep

Klein-Nishina suppression: 
Inefficient above >50 TeV

100 TeV gamma rays probe the acceleration 
of PeV protons (hadronic)
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Very uncertain nature of these sources? 
Proton acceleration? Electron acceleration? 

Not many SNRs in this list!  

<latexit sha1_base64="x8BYLid8VcQyTCI3qk69oB1++vU="></latexit>

E�
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L�

<latexit sha1_base64="QWe/MypIuMIZCOge76MRw0u8UwY="></latexit>

E� ⇡ 1

10
Ep

Klein-Nishina suppression: 
Inefficient above >50 TeV

100 TeV gamma rays probe the 
acceleration of PeV protons (hadronic)



Hadronic vs. Leptonic 

Vannoni, Gabici &Aharonian 2007



And… other candidates!

‘Leptonic’ pevatrons also ‘hadronic’ sources?

Massive stars as sources of cosmic rays

2020

2019

+ Menchiari et al. (2022) 
+ Gupta et al. (2020)

2021



And… other candidates!
Superbubbles 

Parizot et al. 2004

Ferrand & Marcowith 2010


Vieu, Gabici, Tatischeff 2021,2022

Vieu, Reville, Aharonian 2022


2021

2022



And… other candidates!



Core collapse supernovae

And… other candidates!

�� ! e+e�
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Gamma rays in the first days after the 
SN explosion 
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The potential for detection with CTA (Consortium 
paper in preparation) 
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Summary

For a long time: 
 1.’detecting pevatrons’ ~ ‘finding supernova remnant 
pevatrons’ 
2. Detection in the 100 TeV gamma-ray range (relatively 
hard spectra)= hadronic pevatrons

Now:  
 1. many pevatron candidates (superbubbles, stellar clusters, leptonic 
sources, supernovae, SNRs) 
2. ‘Interpretation of 100 TeV gamma rays’ is tricky Improved angular/
spectral studies + multi-wavelength studies 
3. CTA paper on pevatrons: useful tools and discussion on how to identify 
pevatrons (on the example of SNR populations)

'The hunt for pevatrons: the role played by supernova remnants’ (short review, PC)
‘Theory and phenomenology of pevatrons’ (lecture/seminar CDY, Stefano Gabici) 


