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Cosmic ray observables
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The Local Interstellar Spectrum



Tatischeff & Gabici  2018

Cosmic ray composition 
Measurements B/C

Stefano Gabici’s lectures

Boron: secondary product of 
spallation

<latexit sha1_base64="DnNsQ6PbdnYZnuKLmzU67Kh52NI="></latexit>

12C+ p →11 B+ p + p

<latexit sha1_base64="u9wdQwVa75wHbxntQv3ULciJx6s="></latexit>qB → nCωn0c

<latexit sha1_base64="wHCv5vpJ86/L3aZvKUnEScH0WvI="></latexit>nB → qBωdisk

<latexit sha1_base64="ir7HZlciGNgol+kp+mWWxHuhfT8="></latexit>nB

nC
→ ωn0cεdisk → ω

µmp
!

<latexit sha1_base64="eyGrKe9yalGTorj9fSyooAOzd+I="></latexit>

! → 40
nB

nC
g/cm2

10Be/9Be <latexit sha1_base64="jHDsU1JrO+wQv6qXziIdgvImWdQ="></latexit>

ω(10Be) → 1.4 Myr
<latexit sha1_base64="wdVuNJZQdHPJSmtOdp3IlL8zIbc="></latexit>

10Be

Be
→ ω(10Be)

ωesc

q(10Be)

q(Be)

<latexit sha1_base64="0hzqTgvT8xAPG1y4NLDHEstS3Xk="></latexit>

ωesc → 10↑ 20 Myr

CRs injected in Disk and propagate in Halo 
Multiple crossing of Disk 
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Surface density of disk
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Fermi-LAT: CRs fill 
the disk 
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The Local Interstellar Spectrum
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→ E→2.7

« Galactic sources must 
reach the knee » 

« Finding the pevatrons » = 
finding the sources of CRs
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The Local Interstellar Spectrum

Supernova remnants?

Something connected with 
supernovae (SNe in specific 
environments, superbubles)? 

Something not connected with 
supernovae (massive stars, 

microquasars)?



Supernovae 

Galactic supernovae - Ter Haar 1950?



Supernovae
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If you convert a fraction of the total explosion energy of SNe into CRs, you can 
explain the CR energy density

Modern version of the estimate (not Baade&Zwicky)
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Supernovae (SNe)

More than the SN explosion, the shock wave expanding after the SN explosion 

Supernova remnants 
(SNRs)

Observations of non-thermal particles at SNR shells (Radio -> electrons) 

Ryle& Smith 1948 (Radio, Cassiopea  A)



Ryle et al. 1965 (Cas A)



Ryle et al. 1965 (Cas A)



Cotton et al. 2023

Radio observations of SNRs

MeerKAT 1.3 Ghz



MeerKAT 1.3 Ghz

G6.4+4.0

Goedhart et al. 2023, Cotton et al. 2023



MeerKAT 1.3 Ghz

G7.7-3.7

Goedhart et al. 2023, Cotton et al. 2023



Goedhart et al. 2023, Cotton et al. 2023

MeerKAT 1.3 Ghz

G53.6-2.2



MeerKAT 1.3 Ghz

G15.1-1.6

Goedhart et al. 2023, Cotton et al. 2023
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SNR  
G0.9+0.1

SNR  
Sgr D

SNR  
G359.1-0.5

MeerKAT 2023



HESS Aharonian et al. 2004



HESS Aharonian et al. 2016



Thermonuclear (Type Ia) & Core collapse supernovae

https://chandra.harvard.edu
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Strong shock waves
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Small perturbation in a fluid 
can form sound waves

If some part of the gas moves faster than sound, the 
gas ahead cannot “know” what is coming

Material piles up into a very thin compression front
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Strong perturbation: a discontinuity appears! 
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Strong shock waves

Mass: 

Momentum:

Energy:
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Strong shock waves
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1. Moderate compression of the gas 

2. Makes the downstream gas subsonic: 
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Theory: diffusive shock acceleration (DSA)
Lecture by Martin Lemoine

Well documented since the 1970s: Axford 1977, 
Krymskii 1977, Bell 1978, Blandford&Ostriker1978 

x = 0
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The 1D test-particle theory at strong colisionless shocks is well known 
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Reviews: 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? 



Theory: diffusive shock acceleration (DSA)
Well documented since the 1970s: Axford 1977, 

Krymskii 1977, Bell 1978, Blandford&Ostriker1978 

Reviews: Blasi 2013, Gabici 2019
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For any acceleration mechanism: 

NB: deviations from power-laws (curvature) are predicted and 
expected, but on 1st order this is enough (given current 

observations, etc.)  



Fermi 2

Fermi1 non-relat.

Fermi1 Relativistic

Magnetic 
reconnection

Gaps

Shear

Spectrum Efficiency Emax

…

Acceleration mechanisms
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Supposed to be « universal » (test-particle) 
and we easily get deviation from power-

law + harder/steeper spectra!

Acceleration mechanisms



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

Blasi (2017, MNRAS), Bresci et al. (2019, MNRAS)
The role of reacceleration on secondary nuclei. 

-> Anti-proton-to-proton and Boron-to-Carbon ratios

Pohl et. al (2015, A&A)
Reacceleration of electrons in SNRs

(…)

28

Diffusive shock reacceleration 



Boudary condition -> 
upstream infinity of the 

shock 

g(p) = f(�1, p)
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A simple description 

Blasi (2004)
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Maximum energy of 
reaccelerated particles?
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H.E.S.S. (2010)

SN 1006
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Reaccelerated particles at SN 1006 
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reaccelerated electrons?
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Protons? 
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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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Reacceleration over the SNR lifetime 
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It is not easy to recognize reacceleration!



Diffusive shock acceleration 
(DSA)

Test-particle limit, spectrum of particles accelerated 
at a strong shock (compression factor 4) 
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1. Diffusive shock acceleration 
predicts E-2 at SNRs 

2.       Non-thermal emission from 
radio to gamma  

3.       SNR Pevatron? (magnetic 
field amplification) 
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VHE domain steep spectra? 
Particle content: protons/electrons?

NO SNR pevatron?
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Particles accelerated at the shock ≠ 
Particles injected in the ISM 

1. At the shock
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The evolution of supernova remnants

Free expansion phase
<latexit sha1_base64="vBueN97LDBcyYf8wkxKEffMAD8w="></latexit>

Mejecta → Mswept→up

Sedov-Taylor (adiabatic) phase
<latexit sha1_base64="JmNgKN+0LLsIC3u2hhEWyC5aufs="></latexit>

Mejecta ↭ Mswept→up

<latexit sha1_base64="ui4g/vxD84fXD5axdHVKjaTuVOM="></latexit>

tend → 100↑ 200 kyr

<latexit sha1_base64="NhQ2LCap+s4ZTrNWvkb/y4/QTWY="></latexit>

tend → 20 kyr

<latexit sha1_base64="komIQIh24PDpp7Q+QRLaHei+eek="></latexit>

tend → 0.3 kyr

<latexit sha1_base64="xl5sCgfkBzj9Gp3VD29u4/r4Yok="></latexit>

tend → 20↑ 300 kyr ????

Radiative phase

<latexit sha1_base64="CauBKYxD+DqsBcK0XKhxA2Tis7o="></latexit>

ωcooling ↭ tage

<latexit sha1_base64="6lHkWoYfNZErlynFlbNvxiHL5zw="></latexit>

Mej = 1.4M→
<latexit sha1_base64="f6UOnV1g1SukDisue8rJcqADZ18="></latexit>

ESN = 1051erg
<latexit sha1_base64="EO6nTKSVPO5HA8gbTqs+uyyyyFc="></latexit>

n0 = 1 cm→3

Particle 
acceleration ?



accelerated ≠ injected
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accelerated ≠ injected

PC 2025



The particle content

HESS Collab (2016)

Particles at the shock? 

Inside the SNR?
losses?

Accelerated/reaccelerated

44



The particle content

HESS Collab (2016)

Particles at the shock? 

Inside the SNR?

Accelerated/reaccelerated
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The example of RXJ1713: Hadronic or Leptonic? 

HESS Collab (2016) 46

20 years of discussion on the nature of the emission hadronic/leptonic/mix? 
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2007, Berezhko & Völk 2008, Tanaka et al. 2008, Ellison & Vladimirov 2008, Morlino et al. 2009, Stefano 
Gabici et al. 2009, Fang et al. 2009, Acero et al. 2009, Zirakashvili & Aharonian 2010, Ellison et al. 2010, 
Casanova et. 2010, Abdo et al. 2011, Yuan et al. 2011, Gabici et al. 2011, Finke & Dermer 2012, Ellison et al. 
2012, Fukui et al. 2012, Yang & Liu 2013, Sano et al. 2013, Cristofari et al. 2013, Gabici et al. 2014, H.E.S.S. 
Collaboration et al. 2016, Acero et al. 2016, Tsuji et al. 2019, Tanaka et al. 2020, Sano et al. 2020, Celli et al. 
2018, Pais & Pfrommer 2020, Tateishi et al. 2021, Tang & Liu 2021, Fukui et al. 2021, Cristofari et al. 2021, 
Fujita et al. 2022, Picquenot et al. 2024



The hunt for PeVatrons

1015 eV

1.  Not easy to achieve

2. The origin of Galactic cosmic rays 
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The Local Interstellar spectrum



1 103 106 109 1012

Energy [GeV]

10°7

10°5

10°3

10°1

101

103

E2
In

te
ns

ity
[G

eV
m

°
2

s°
1

sr
°

1 ]

AMS-02
AUGER
BESS
CALET
CREAM
DAMPE
FERMI
HAWC
HESS
ICECUBE
ICETOP+ICECUBE
KASCADE
KASCADE-Grande
NUCLEON
PAMELA
Telescope Array
Tibet-III
TUNKA
VERITAS

LHC

Knee

Ankle

1/
m

2 /s

1/
m

2 /yr

1/
km

2 /yr

e°+e+
e+

p̄

p

n + n̄

g

g IGRB
github.com

/carm
eloevoli/The

C
R

Spectrum

10°10 10°8 10°6 10°4 10°2 1 102
Energy [J]

Galactic Consensus: Protons are injected 
in the disk and  diffusively 

propagate in a magnetized halo 
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Pevatrons in the last 10 years

2. Galactic center Sgr. A* J1745-290 
(H.E.S.S. 2016)

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



Pevatrons in the last 10 years
« Science with CTA 2017 »

Key Science project: detection of pevatrons 

CTAO



Pevatrons in the last 10 years
« Science with CTA 2017 »

Hadronic interactions :  
Pion decay

p+ p ! p+ p+ ⇡0
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CR ISM

100 TeV gamma rays PeV protons

CTAO

Key Science project: detection of pevatrons 



Pevatrons in the last 10 years
« Science with CTA 2017 »

Hadronic interactions :  
Pion decay

p+ p ! p+ p+ ⇡0
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Supernova remnant RXJ1713 

Preferred candidates for 
bulk of CR protons

LHAASO catalog Cao et al. 2024

43 sources >100 TeV

100 TeV gamma rays PeV protons
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non-resonant streaming instability  

Bell (2004), Bell et al. (2013), Schure et al. (2014)
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Several parameters impact 
this structure : 
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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 

Secondary-to-primary ratio: 
properties of transport
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Injection  
from SNRsIonisation losses Advection Diffusion 

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



The case of supernova remnants

Protons after propagation: 

PC, Blasi& Amato (2020)
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spectrum:  
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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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The case of Cas A

The case of G106.3+2.7 



The case of Cassiopea A

Ush= 3000-9000 km/s

Vink et al. 2022

Type IIb

~350 yr old



The case of Cassiopea A

Cao et al. 2025



The case of Cassiopea A

Blasi 2025
Cao et al. 2025

Maximum distance PeV 
particle diffusing and 

escaping around SNR: 
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dist → 100pc

LHAASO probed 2° 
(120pc)

All particle content 
accelerated in the past and 
escaped already probed by 

LHAASO



The case of G106.3+2.7 



The case of G106.3+2.7 



The case of G106.3+2.7 

MAGIC 2022



The case of G106.3+2.7 

MAGIC 2022

TeV emission -> ok with SNR 

100 TeV emission -> need for very 
usual SNR 



Recent LHAASO observations:  
gamma Cygni (G78.2+2.1) and G150.3+4.5 



Recent LHAASO observations:  
gamma Cygni (G78.2+2.1) and G150.3+4.5 

Hints for hadronic gamma rays up to PeV from clouds around middle age SNRs 



Using clouds around sources

Aharonian& Atoyan 1996, Gabici& Aharonian 2007, Gabici et al. 2009, Celli et al. 2018

Source Clouds
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nH → 104 ↑ 106 cm→3(dense cores)

Target-> hadronic gamma rays. Clouds can be used to probe escape and diffusion
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D(10GeV) → 1028 ↑ 3↓ 1028cm2s→1
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Dlocal → 1026 ↑↓1027cm2s→1

CR driven turbulence reducing diffusion?
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HESS: clouds in W28 field MAGIC: IC443 (see Torres2008) 



Gamma rays from Molecular clouds illuminated by CRs 



Gamma rays from Molecular clouds illuminated by CRs 

Pion decaySynchrotron 
secondary electrons

Brem secondary 
electrons

Sync. CR electrons

Brems. CR electrons

Secondaries play a major role to shape the MWL signal!
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p+ p → ω0 + ω+ + ω→ + · · ·
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ω± → µ± + ϑµ

µ± → e± + ϑe + ϑµ

Looking for Pevatrons with secondary electrons?
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Detection of pevatrons in the X-ray domain?

Gabici et al. 2009



Gamma rays from Molecular clouds illuminated by CRs 

Time evolution of the MWL signal! 

Gabici et al. 2009

Very elegant, but still senstitive 
to the magnetic field



The case of supernova remnants

2. Issues above the knee: Exponential cut-off (expected from escape of protons)

3. Issues below the knee
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~700 TeV 
ARGO-YBJ

Bartoli et al. 2015

KASCADE

Antoni et al. 2005
~3-4 PeV 

The proton « knee »



~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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And … below the knee? 
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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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⇠ = 5%
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Ṁ = 10�4M�/yr



Ptuskin, Zirakashvili & Seo 2010

With several ‘components’

Bump 

PeV 

Extension 
above PeV 

18
And … below the knee? 
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Ok with several 
populations of 

sources 

And … below the knee? 
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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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↵ 6= 4

Non-linear effects: drift of 
scattering centers downstream
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Drury (1983), Caprioli, Haggerty & Blasi (2020), Diesing & Caprioli (2021), PC, Blasi & Caprioli (submitted 2022)
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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!



Radiative supernova remnants

Free expansion phase
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Mejecta → Mswept→up

Sedov-Taylor (adiabatic) phase
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Mejecta ↭ Mswept→up
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tend → 100↑ 200 kyr
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tend → 20 kyr
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tend → 20↑ 300 kyr ????

Radiative phase
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ωcooling ↭ tage
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<latexit sha1_base64="f6UOnV1g1SukDisue8rJcqADZ18="></latexit>

ESN = 1051erg
<latexit sha1_base64="EO6nTKSVPO5HA8gbTqs+uyyyyFc="></latexit>

n0 = 1 cm→3

Particle 
acceleration ?
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ωSN → Tend ↑ 3/century→ 50 kyr = 1500

The Green catalog (from Dave A. Green) 

Green 2025 A&A 

310 SNRs (+21 since 2019 mostly reclassifying HII regions)

Naïve estimate: 
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pmax?
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rL ↭ Lcool



Type Ia SNR



Cumulative proton spectrum 

Unknown:  
duration of radiative phase 
Pmax (ion-neutral damping, 

cooling?) 
efficiency of injection


Slope of accelerated particles

… 



Artist view, wiki

RS Ophiuchi in gamma rays: radiative nova shocks  

Aharonian et al. 2022



Direct imaging V1674 Her

Aydi et al. 2025



RS Ophiuchi in gamma rays: radiative nova shocks  



RS Ophiuchi in gamma rays: radiative nova shocks  
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vsh → 100↑ 3000 km/s

SNRs:

Novae:

Metzger et al. 2015
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tacc ↭ tcool
To allow particle acceleration: high 
energy probe fresh acceleration 
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1 Year
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Radiative shocks  
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1. Diffusive shock acceleration 
predicts E-2 at SNRs 

2.       Non-thermal emission from 
radio to gamma  

3.       SNR Pevatron? (magnetic 
field amplification) 

B/C / E��
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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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3. Injected spectra steeper 
than E-2 (DSA test-particle)

    2. Accelerated spectra 
steeper than E-2  

       1. No SNR Pevatron 
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1. How are particles injected in the accelerator?  

7. How do particles escape the SNR?

6. How long does the acceleration phase last?

2. What is the efficiency of particle acceleration?

3. What is the spectrum of accelerated particles at the shock? 

4. Protons? Electrons? Ratio?

8. How is the magnetic field amplified?

5. What is the effect of losses on the trapped particles?

10. What is the role of pre-existing CRs (reacceleration?)

9. What is the maximum energy of accelerated 
particles?

Conclusions: need to answer these questions 
All connected ! 
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