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Pevatrons in the last 10 years

1. Crab electron pevatron (Fermi-LAT 2010): 
Flares 100 MeV due to PeV electrons

2. Galactic center Sgr. A* J1745-290 
(H.E.S.S. 2016)
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The case of supernova remnants

Morrison, Olbert & Rossi 1954, Ginzburg & Syrovatskii 1964, Evoli et al. 2018, 2019

Consensus: Protons are injected in the disk and  diffusively propagate 
in a magnetized halo 
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The case of supernova remnants

Protons after propagation: 

PC, Blasi& Amato (2020)
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The case of supernova remnants
1. Possible to account for PeV protons with rare unusual SNRs (1-5% 3/

century, hard to catch!) - specific environments and diversity of SNe 
investigated in   several works  (Gabici et al. 2019, Kamijina& Ohira 2024, Das et al. 2024, Vieu et al. 2023, 

Bykov et al. 2024 + many more, (Sushsch et al. 2025), SNe close to stellar clusters (Vieu&Reville 2024)?)
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~700 TeV 
ARGO-YBJ

Bartoli et al. 2015

KASCADE

Antoni et al. 2005
~3-4 PeV 

LHAASO Cao et al. 2025

The proton « knee »

~3 PeV 

Hints for rigidity-dependent knee 
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Source of Galactic CRs must accelerate up to AT LEAST the knee!  

Hillas 2006, Parizot 2014

~100 PeV 

H

Fe

Z dependent knee DSA depends on 
rigidity

4The « knee »



H
Fe

Smooth transition from Galactic to extraGalactic

Source of Galactic CRs must accelerate up to AT LEAST the knee!  
~100 PeV 

Hillas 2006, Parizot 2014

4The « knee »



The proton and Helium « knee »

Interpretation: Several sources of Galactic cosmic rays (not only one) 
Complex behavior (not like the smooth all-particle spectrum)

LHAASO Cao et al. 2026
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Attempt to reach the knee + 
account for the bump?
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Escaping 
particles

Naive 
calculation

Trapped particles 
+losses

Major problem: no room for other SNRs/ other accelerators

19With only one object?
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With several ‘components’
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Ok with several 
populations of 

sources 

And … below the knee? 



Massive stars and stellar clusters

1/R profile as 
expected in 
continuous 

injection from 
sources  

Aharonian et al. 2019, Yang et al. 2021

LHAASO Cao et al. 2024

PeV photons!



CRs from stellar clusters and interstellar bubbles

Forward shock

<latexit sha1_base64="VCVVZ6fWwS2lganpiP5CfJ/SoyQ="></latexit>uw

SNR shocks

Hot diluted turbulent bubble

YOUNG OLD
+shell of 

shocked ISM

Wind termination shock

Castor et al. 1975, Weaver et al. 1977, MacCray&Kafatos 1987, MacLow&McCray 1988, Koo&McKee 1992

Cassé & Paul 1980,1982;  Volk& Forman 1982, Cesarsky & Montmerle 1983; Webb 
et al. 1985, Bykov et al. 2001 ++,  Parizot et al. 2004, Ferrand & Marcowith 2010, 

Morlino et al. 2021, Vieu et al. 2022, 2023, 2024, Härer et al. 2025 ..
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CR abundances relative to solar composition (Voyager/AMS/SuperTIGER)

Injection from hot medium (superbubbles?)

Tatischeff et al. 2021

Volatiles: Flat abundance/solar 
ratio, A/Q ~2 for all elements

26Explaining the CR composition
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CR abundances relative to solar composition (Voyager/AMS/SuperTIGER)

Injection from hot medium (superbubbles?)

Tatischeff et al. 2021

Volatiles: Flat abundance/solar 
ratio, A/Q ~2 for all elements

26

Mixed scenario 
Most CRs come from SNRs in superbubbles + ~5% 

from wind termination shocks of young stellar 
clusters

Explaining the CR composition



Microquasars: the case of SS433

HAWC 2018

HAWC/H.E.S.S: electrons?  
TeV flux modulated with orbital period (very fast cooling due to intense stellar 
radiation field) 

Binary system with black hole, accretion disk, jets

Bosch-Ramon 2006, 2011, Orelanna et al. 2007, Vila&Romero 2010, Khangulyan et al. 2024, 
Bykov et al. 2024, Peretti et al. 2025, Fujita et al. 2026 +  many more



Microquasars: the case of SS433

HAWC 2018
HESS 2024 LHAASO 2025

LHAASO: electrons + protons 

Binary system with black hole, accretion disk, jets

Particle acceleration: DSA? At which shocks (internal, forward, recollimation 
shocks?)? Fermi II? Shear acceleration? Magnetic reconnection?

Bosch-Ramon 2006, 2011, Orelanna et al. 2007, Vila&Romero 2010, Khangulyan et al. 2024, 
Bykov et al. 2024, Peretti et al. 2025, Fujita et al. 2026 +  many more

+3 others

HAWC/H.E.S.S: electrons?  
TeV flux modulated with orbital period (very fast cooling due to intense stellar 
radiation field) 



Mixed contribution?

Kaci et al. 2025



Mixed contribution?

Kaci et al. 2025

10 Powerful 
microquasars

Massive stars, SNRs?



The 22Ne/20Ne ratio
Local ISM (today + 4.5 Gyr ago) 

Massive stars, star clusters, winds 

Consensual pictures

must play a role in producing Galactic of CRs, but face issues (exact spectrum 
accelerated and injected, efficiency)

could be pevatrons (rare and unusual events, or specific environments?)

Supernova remnants

play a role in producing Galactic of CRs

pevatrons, but efficient enough?
needed to account for CR composition

Binns et al. 2005, Prantzos 2012, 
Tatischeff et al. 2018

Stellar winds termination shocks
Wolf-Rayet winds (22Ne enriched)

Microquasars
definitely pevatrons 
contribution lower energy? 
superpevatrons?



Summary
Supernova remnants, massive stars, star clusters, 

superbubbles, wind termination shocks, unusual objects
Several open problems (spectrum? Efficiency? Escape around 

sources?) for all of these candidates: interesting even if not pevatrons! 
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Supernova remnants, massive stars, star clusters, 
superbubbles, wind termination shocks, unusual objects

What does it mean to be a pevatron? 

Several open problems (spectrum? Efficiency? Escape around 
sources?) for all of these candidates: interesting even if not pevatrons! 

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

<latexit sha1_base64="z8ZfF8G6Sb5xtUA7/fD9Y3xpi+A="></latexit>

Norm / ⇠CR ⇥ ⌫SN

<latexit sha1_base64="29O65EzBxCoCgVNJiDUJTJUpvfU="></latexit>

Emax / ⇠CR

Cygnus cocoon LHAASO 2024

Very sensitive instruments can detect very few PeV particles  
important for CR: Efficient pevatrons-superpevatrons

Summary



THE END




