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Cosmic ray observables

1. Local interstellar spectrum 2, Anisotropies
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The Local Interstellar Spectrum
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Reviews: Allard+ 2005, Berezinsky 2007, Aloisio+ 2012, Parizot 2014, Kachelrie3 2019 Evoli 2021



Cosmic ray composition

Measurements B/C

Boron: secondary product of
spallation 12C—I—p%11 B+p+p
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The Local Interstellar Spectrum

Bulk of CR energy
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NASA'’s Fermi telescope reveals best-ever view of the gamma-ray sky
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The Local Interstellar Spectrum
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« (Galactic sources must
reach the knee »

Supernova remnants?

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

Something not connected with
supernovae (massive stars,
microguasars)?



Supernovae

COSMIC RAYS FROM SUPER-NOVAE

By W. BAADE AND F. ZWICKY

MoOUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

A. Introduction.—Two important facts support the view that cosmic
rays are of extragalactic origin, if, for the moment, we disregard the
possibility that the earth may possess a very high and self-renewing
electrostatic potential with respect to interstellar space.

Galactic supernovae - Ter Haar 19507



Supernovae

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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NASA’s Fermi telescope reveals best-ever view of the gamma-ray sky
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Supernovae (SNe) _’Supernova remnants
(SNRs)

More than the SN explosion, the shock wave expanding after the SN explosion
Observations of non-thermal particles at SNR shells (Radio -> electrons)

Ryle& Smith 1948 (Radio, Cassiopea A)
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Records of galactic radiation using the spaced aerial system (units of iIntensity are 5 x 107 watts/m.?(¢./8.)).
May 28, aerials parallel; (2) May 29, aerials mutually perpendicular; (8) May 30, aerials parailel; (4) May 31,
aerials mutually perpendicular
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Fig. 4. Profiles of Cassiopeia 4 as presented by the automatic curve-plotter

Ryle et al. 1965 (Cas A)
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Radio observations of SNRs
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MeerKAT 1.3 Ghz
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SARAO, Heywood et al. (2022) / J. C. Muhoz-Mateos

MeerKAT 2023
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"H.E.S.S. (2016) RX J1713.7-3946, E > 2 TeV
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Thermonuclear (Type la) & Core collapse supernovae

TyPE IA (THERMONUCLEAR) SUPERNOVA

Birth of a Neutron Star and Supernova Remnant

e ey Any other Type

M > 8M,

"y

- R rsutron star 8 MeJ Y ]. — ].OM@
' “ Esn ~ 0.5 — 5 10°erg

Core Implosion === Supernova Explosion === Supernova Remnant

https://chandra.harvard.edu



Strong shock waves
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Small perturbation in a fluid = /_\\
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- Material piles up into a very thin compression front

Strong perturbation: a discontinuity appears!

U
At SNRs: M = — > 1
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Strong shock waves
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Strong shock waves

1. Moderate compression of the gas

2
_ U P2U v—1~=5/31
2. Makes the downstream gas subsonic: M: = 022 = P; = =
s,2

3. Heats significantly the gas (downstream)
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--.. Theory: diffusive shock acceleration (DSA)

s Lecture by Martin Lemoine

\‘ Well documented since the 1970s: Axford 1977,
. Krymskii 1977, Bell 1978, Blandford&Ostriker1978
U ve=0 U
Shock ,
Uuq ' —
- ' nmouq nni P |
g U2 ,' QO (p) - 47Tp2 5(]? - pinj) fO (p) — S47Tp?nj (pinj)
? 11}
¢" 3T
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The 1D test-particle theory at strong colisionless shocks is well known

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 sourc

Reviews: Blasi 2013, Gabici 2C



Theory: diffusive shock acceleration (DSA)

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

For any acceleration mechanism:

f(p) ;)exp )

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

Reviews: Blasi 2013, Gabici 2C



Acceleration mechanisms

Fermi 2

Fermil non-relat.
Fermil Relativistic

Magnetic
reconnection

Gaps

Shear

Spectrum

Efficiency

Emax



Acceleration mechanisms

Fermi 2 ~ pmlesc —1 7
Fermi1 non-relat. -+ ?
4.2 + ?

Fermi1 Relativistic X P

Magnetic Supposed to be « universal » (test-particle)
reconnecti  and we easily get deviation from power-
law + harder/steeper spectra!

7

Gaps

Shear



Diffusive shock reacceleration

Bell (1978, MNRAS, II.)

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

« 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. »

(...)
Pohl et. al (2015, A&A)

Reacceleration of electrons in SNRs

Blasi (2017, MNRAS), Bresci et al. (2019, MNRAS)

The role of reacceleration on secondary nuclei.
-> Anti-proton-to-proton and Boron-to-Carbon ratios

28
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Reacceleration of Galactic CRs
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SN 1006
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Reaccelerated particles at SN 1006
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Gamma rays from SN 1006
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RXJ1713 and Vela Jr
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Reacceleration over the SNR lifetime
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Reacceleration over the SNR lifetime

Protons Gamma—rays
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E? Intensity [GeV m 2 s ! sr™!]

Diffusive shock acceleration

—4
Test-particle limit, spectrum of particles accelerated / (p) X P
at a strong shock (compression factor 4)
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Problem faced by the SNR hypothesis

e N
1. Diffusive shock acceleration

predicts E-2at SNRs
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Particles accelerated at the shock #
Particles injected in the ISM
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Particles accelerated at the shock #
Particles injected in the ISM
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The evolution of supernova remnants

Free expansion phase

.......... Mejecta > Mswept—up
tend ~ 0.3 kyl‘

Sedov-Taylor (adiabatic) phase

Mejecta f, Mswept—up

tend ~ 20 kyr

article
acceleration



accelerated # injected
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The particle content

'H.E.S.S. (2016) RX |1713.7-3946, E > 2 TeV
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The particle content
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The example of RXJ1713: Hadronic or Leptonic?

20 years of discussion on the nature of the emission hadronic/leptonic/mix?

'H.E.S.S. (2016) RX J1713.7-3946, E > 2 TeV
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Muraishi et al. 2000, Aharonian et al. 2004, Aharonian et al. 2006, Aharonian et al. 2007, Uchiyama et al.
2007, Berezhko & Vo6lk 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,
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The hunt fortrons

1015 eV
1. Not easy to achieve

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

The « knee »
N ~3-4 1015 eV
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Pevatrons in the last 10 years

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

ﬁ'n.u.'

2. Galactic center Sgr. A* J1745-290
(H.E.S.S. 2016)
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Figure 1: VHE ~-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02° x0.02° pixel.
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Pevatrons in the last 10 years

« Science with CTA 2017 »

Key Science project: detection of pevatrons
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« Science with CTA 2017 »

Key Science project: detection of pevatrons

[100 TeV gamma rays 4= PeV/ protonsj

Hadronic interactions :

Pion decay Leptonic interactions :
Inverse Compton scattering

CR ISM P
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T Y+
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Pevatrons in the last 10 years

« Science with CTA 2017 »

Key Science project: detection of pevatrons

[100 TeV gamma rays 4= PeV/ protonsj

Hadronic interactions :

Pion decay Leptonic interactions :
Inverse Compton scattering
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Pevatrons in the last 10 years

« Science with CTA 2017 »

Key Science project: detection of pevatrons

[100 TeV gamma rays 4= PeV/ protons]

Hadronic interactions :

Pion decay Leptonic interactions :
Inverse Compton scattering
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"H.E.S.S. (2016) RX J1713.7-3946, E > 2 TeV
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Pevatrons in the last 10 years

« Science with CTA 2017 »

Key Science project: detection of pevatrons
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Pevatrons in the last 10 years

« Science with CTA 2017 »

Key Science project: detection of pevatrons

[100 TeV gamma ray PeV protons]
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Pevatrons in the last 10 years

« Science with CTA 2017 »

Key Science project: detection of pe
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Pevatrons in the last 10 years
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~25-30 associated with
pulsars

Key Science project: detection of pe

Almost no supernova remnant |
Case of SNR G106.3 .
PC et al. 2026

100 TeV gamma ray

b(’)

10

1-10 TeV

b(]

Significan

1

~ Klein-Nishina : 2 : : >25 TeV
EW ~ p — o :
- < 10 suppression:
Inefficient

/ 2 above >50 TeV
[
: 100 TeV

LHAASO catalog Cao et al. 2024
43 sources >100 TeV



Pevatrons in the last 10 years

« Science with CTA 2017 » T e
Key Science project: detection of pe ~25-30 associated with
pulsars
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‘ & Almost no supernova remnant §
100 TeV gamma rays 4= Electrons Case of SNR G106.3
Hard spectra for electron with radiation § (PC et al. 2026)
dominated environment
N
1-10 TeV s
B 7 ~ L @ Kiein-Nishina |
@8 ' 10 " suppression: :
B i gkl W Inefficient
i MR _above >50 TeV

=100 TeV

LHAASO catalog Cao et al. 2024
43 sources >100 TeV



Pevatrons in the last 10 years

« Science with CTA 2017 »
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Supernova remnant pevatrons




Supernova remnant pevatrons
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Supernova remnant pevatrons
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Supernova remnant pevatrons
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Supernova remnant pevatrons
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Supernova remnant pevatrons
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Supernova remnant pevatrons
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Supernova remnant pevatrons

non-resonant streaming instabillity rsn(t) Een/Amp(t) [ ush(t) °
Pmax(t) =
10 A C
o J
R Several parameters impact
this structure :
_ai Mej7ESN7MwauwaMM87UM87tRSG

T I T [7
vpe la vpe I \ %
o

Low density ISM

/ RSG bubble MS
ISM Type II*

[

~

Typical SNRs : not pevatrons
Young and peculiar SNRs:

pevatrons

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

L]
[]
......
L ]
[

L Type I

Type la

I | |
107!
Time [kyr]



The case of supernova remnants

Consensus: Protons are injected in the disk and diffusively propagate
IN a magnetized halo
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Morrison, Olbert & Rossi 1954, Ginzburg & Syrovatskii 1964, Evoli et al. 2018, 2019



The case of supernova remnants B

Protons after propagation:
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The case of supernova remnants B

Protons after propagation:
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Protons after propagation:
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The case of supernova remnants B

Protons after propagation:
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The case of supernova remnants 2

Protons after propagation:
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The case of supernova remnants 2

Protons after propagation:

B | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| 1T T T 111 ]
X KASCADE — SIBYLL2.1 DAMPE |
100 KASCADE — QGJset B CALETLE
il - ARGO (p + He) M CALET HE N}OHH X gCR X VSN
:cB I ARGO p fit *  AMS — 1
109 V¥ Tibet -
Cl\lm 10 E e g Fmax o gCR
= - .
~ i i
S 10'8 -
=~ F . [I/H — 2/Centur}a
[x] IR A )
w03 v =
= F \ i
102 | | IIIIII-'[:. | IIIIII| \‘l | IIIII| | IIIIII| | IIIIII|
102 103 10 10° 100 107

E|Ge

Protons trapped
inside SNR Protons continuously escaping PC, Blasi& Amato (2020)



The case of supernova remnants 2
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The case of supernova remnants

Protons after propagation:
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The case of supernova remnants 2

Protons after propagation:
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Protons after propagation:
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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)7?)
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The case of Cas A
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The case of Cassiopea A
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The case of Cassiopea A
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The case of G106.3+2.7

MAGIC Collaboration et al.: MAGIC observations in the vicinity of SNR G106.3+2.7
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The case of G106.3+2.7
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Recent LHAASO observations:
gamma Cygni (G78.2+2.1) and G150.3+4.5

Ultra-high-energy y-ray imprints from PeV particles

accelerated by supernova remnants

Authors and affiliations appear at the end of the paper.

The quest for the origin of cosmic ray (CRs) is a fundamental issue in astro-
physics (1, 2). Shocks of supernova remnants (SNRs) have been considered as the
dominant contributors to Galactic CRs below the spectral knee near ~ 3 petaelec-
tronvolt (PeV). Whether SNRs are efficient accelerators of particles beyond PeV
energies has long been debated (3, 4). Here we report observations of very-high-
energy y-ray emission up to hundreds of TeV from two middle age shell-type SNRs,
G150.3+4.5 and y-Cygni, with the Large High Altitude Air Shower Observatory
(LHAASO). Two (or three) distinct morpholegical/spectral components with con-
vex spectral shapes are observed in both sources, with the low-energy one being
more extended than the high-energy one. The likely association of the high-energy
component with molecular clouds at similar distances, and the weakness/absence
of pulsar wind nebulae (PWNe) inside these SNRs (5, 6) clearly indicate for the
first time that the highest ekﬂ.rgy emission is produced by collision of hadronic
CRs up to PeV energies with the clouds. These results are compatible with the
classic model prediction that PeV particles accelerated near the end of the free

arXiv:2604.22621v1 [astro-ph.HE] 24 Apr 2026

expansion phase of SNR evolution can illuminate nearby molecular clouds (MCs)

to produce strong y-ray emission (7, 8).



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

Table 1: Fitting locations and 39% containment radii of multiple source components of the

two SNRs.
Source Component GL (*) GB (°) Ry (°) TS
A 150.41 £0.09 | 4.69 £0.10 | 1.26 £0.07 | 466
G150.3+4.5
B 150.96 £ 0.04 | 3.83 £0.04 | 0.22 £0.04 | 172
A 78.11 £0.07 | 2.23£0.05 | 0.59 £0.03 | 632
v-Cygni B 78.13£0.05 | 2.24 £0.03 | 0.26 £0.02 | 499
C 78.27 +0.10 | 2.66 + 0.05 | Point Source | 182
o5 AOVUSRRRVRPN
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Figure 2: Significance maps of gamma-ray emission components for G150.3+4.5 (top) and

v-Cygni (bottom). Panels (a, b) and (d, e) correspond to components A and B, respectively. Radio

continuum contours (white) (75, 20) or CO molecular gas contours (green) (/6, 26) are overlaid.

CO emission is integrated over velocities of —9 to —6 km s~ for G150.3+4.5 (16) and —17 to —11

km s~! for y-Cygni (26). Panels (c, f) present 1D latitude profiles of integrated fluxes (blue: A; red:
B) and molecular mass (0.25° belts) over longitudes 149.5°-151.5° (G150.3+4.5) and 77°-79°

(y-Cygni); fluxes of A are rescaled by 3 x 10~ and 1072, respectively.

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



Using clouds around sources

®

Clouds
nyg ~ 10% — 10% cm =3

nu ~ 10* — 10° cm ™3 (dense cores)

Source

| Target-> hadronlc gamma rays Clouds can be used to probe escape and dlffus.lon \.

(10GeV) R 1028 — 3 X 1028(:m g1
Case of W28: C DL ~10% - x107emZst |

CR driven turbulence reducing diffusion?

Aharonian& Atoyan 1996, Gabici& Aharonian 2007, Gabici et al. 2009, Celli et al. 2018
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Gamma rays from Molecular clouds illuminated by CRs
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Gamma rays from Molecular clouds illuminated by CRs
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Figure 1. Spectrum of CRs at the location of the molecular cloud. The cloud is located at 50 pc (left) and 100 pc (right panel) from
a SNR. The thin dot-dashed line shows the Galactic CR spectrum, while the thin solid (curve 1), dotted (2), short—dashed (3) and
long-dashed (4) lines represent the spectrum of CRs comifg from the SNR for 500, 2000, 8000 and 32000 years after the supernova
explosion, respectively. The thick lines show the total CR spectrum at the cloud location.



Gamma rays from Molecular clouds illuminated by CRs

Synchrotron

secondary electrons Sync. CR electrons

Pion decay
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Secondaries play a major role to shape the MWL signal!

Figure 3. Broad band spectrum for a molecular cloud of mass 10° Mg, radius 20 pc, density ~ 120 cm 2, magnetic field 20uG. The
molecular cloud is at 100 pc from a SNR that exploded 2000 yr ago. The distance of the cloud is 1 kpc. The dotted line shows the
emission from m’—decay (curve 3), the dot-dashed lines represent the synchrotron (curve 2) and Bremsstrahlung (curve 4) emission from
background CR electrons that penetrate the molecular cloud and the dashed lines the synchrotron (curve 1) and Bremsstrahlung (curve
5) emission from secondary electrons.



Looking for Pevatrons with secondary electrons?

B E |
oy ~ 20 keV |
| = (30 uG) (100 Tev> o

Detection of pevatrons in the X-ray domain?

Gabici et al. 2009



Gamma rays from Molecular clouds illuminated by CRs
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)r the same giant molecular cloud considered in Fig. 3! The solid, dotted,
a time 500, 2000, 8000 and 32000 years after the explosion. The dot—dashed
R in its proximity.

f the MWL signal!

Very elegant, but still senstitive
to the magnetic field

Gabici et al. 2009



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)7?)

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

3. Issues below the knee
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The proton « knee »
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The « knee »

Source of Galactic CRs must accelerate up to AT LEAST the knee!
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Figure 4: Sketch of the GCR/EGCR transition, with the proton and Fe
components indicated (respectively in green and in blue on the color
version of the figure). In ordinate, the CR flux is multiplied by E*,

where x is the logarithmic slope of the CR spectrum below the knee.
(See also Fig. 3).

DSA depends on
rigidity



The « knee »

Source of Galactic CRs must accelerate up to AT LEAST the knee!
~100 PeV
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The proton and Helium « knee »
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And ... below the knee?
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With only one object?
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And ... below the knee?
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And ... below the knee?
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And ... below the knee?
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And ... below the knee? ”
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Spectrum at the shock?

Until now: fixed slope at the shock produced steeper
summed injected spectrum.

_ —a(t
f(p) ocp™® f(p) ocp™ a4 g
Non-linear effects: efficient particle acceleration /"
acting on the shock structure Re
€ :

Drury& Volk (1980,1981), Bell (1987)
Jones & Ellison (1991), Ellison, Mdbius & Paschamnn (1990), Ellison, Baring & Jones (1995, 1995) Kang & Jone:!
(1997, 2005) Kang, Jones & Gieseler (2002), Malkov (1997), Malkov, Diamond & Vélk (2000)
Blasi (2002), Amato & Blasi (2005,2006)



Spectrum at the shock?

Until now: fixed slope at the shock produced steeper
summed injected spectrum.

f(p) oxp™® f(p) ocxp™@¥) a#4 _
Non-linear effects: drift of Rl
scattering centers downstream '/

VA1 '
”4— 12 =0

Tow . v w
Shock VA2
Uyp = U] — VA1 ' _>

| |

Eudown = U2 + UA,Z}

.

~

~
~.

Zirakashvili & Ptuskin (2008)

Drury (1983), Caprioli, Haggerty & Blasi (2020), Diesing & Caprioli (2021), PC, Blasi & Caprioli (submitted 2022)
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Spectrum at the shock?

VA 2 — Riot
Bell: current from all particles \/ 47T,0

(maximum value B)

50 Case A

2 | | 1 11 |||| | | L 11 |||| | | L 111 ||| | | L 1111 | | |
19y 102 1071 100 10!
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.
[Consequences on pmax!
/

Drury (1983), Caprioli, Haggerty & Blasi (2020), Diesing & Caprioli (2021), PC, Blasi & Caprioli (submitted 2022)
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Radiative supernova remnants

Free expansion phase

.......... Mejecta > Mswept—up
tend ~ 0.3 kyl‘

Sedov-Taylor (adiabatic) phase

Mejecta f, Mswept—up

tend ~ 20 kyr

article
acceleration



The Green catalog (from Dave A. Green)

since 2019 mostly reclassifying HIl regions)

(a) all SNRs
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Figure 3. Distribution of SNRs with Galactic latitude and longitude: (top) all remnants; (bottom) the 66 ‘bright’ remnants.
Note that the latitude and longitude scales are different.

Naive estimate: vsn X Tung &~ 3/century x 50 ky1

Green 2025 A&A
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Cumulative proton spectrum
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RS Ophiuchi in gamma rays: radiative nova shocks

Figure S2: Schematic of external shock model. The explosion originates near the surface of the white dwarf
(WD). Within one day, the shock is expanding as a bipolar blast wave moving orthogonal to the accretion disk,
into the wind of the red giant (RG). The colour gradient of the shock indicates the expansion velocity, whilst the

red gradient of the surrounding medium indicates the density of the RG wind. Material internal to the shock is
shown in blue. Figure is not to scale.

Aharonian et al. 2022

Artist view, wiki



Direct imaging V1674 Her
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RS Ophiuchi in gamma rays: radiative nova shocks
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RS Ophiuchi in gamma rays: radiative nova shocks
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Radiative shocks
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Problem faced by the SNR hypothesis

e N
1. Diffusive shock acceleration

predicts E-2at SNRs
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Supernova remnants: Three issues

— -
2. Accelerated spectra
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Energy density downstream

BOCUSh

— - ‘l‘;_‘
T s mmmE Bell o = 4 ,‘, ]
3 Bell a = 4.3 E
E === tresonant modified E
_ == resonant _
i 3/2 B
- B« Us}{ . ]
— , ‘0‘ 1/2 _
- B Ush .3
- - _
i e §
i o _
= ‘/_/
= . - —
| ‘x‘ :
C t ' L
10° T
Ven |km/s]

137 Vink 2012



Conclusions: need to answer these questions

|
1. How are particles injected in the accelerator? All connected !

2. What is the efficiency of particle acceleration?

3. What is the spectrum of accelerated particles at the shock?
4. Protons? Electrons? Ratio?

5. What is the effect of losses on the trapped particles”
-

6. How long does the acceleration phase last?

/. How do particles escape the SNR?

8. How is the magnetic field amplified?

9. What is the maximum energy of accelerated
particles?

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