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bulk of CRs

E-2.7

E-3.1

The local CR spectrum

Energy density
• which are the CR sources?

• how can we identify them?


       photon and ν astronomy

Spectral shape
• which acceleration mechanism?

• what are the effects of the CR 

propagation?


Other observables
• Chemical composition

• Sky distribution

Accelerators that can produce 
particles up to the knee (~1 PeV)

with no cut-off are PeVatrons!



Outline of the talk

The Supernova Remnant (SNR) paradigm for the origin of 
Galactic cosmic rays:

• the issue with maximum energy;

• radiative signatures of SNR PeV activity.


Alternative hadronic PeVatron candidate sources:

• Young massive stellar clusters (YMSCs).


Opening the ultra-high-energy gamma-ray domain: recent 
detections by LHAASO.
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The SNR paradigm for the origin of 
Galactic CRs

<latexit sha1_base64="KhAosnR3TfQWxI8kINwo+lr/OQE="></latexit>

UCR = 0.5 eV/cm3

V = 4000 kpc3

⌧res = 15⇥ 106 yr

PCR =
UCRV

⌧res
⇠ 3⇥ 1040 erg/s
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The SNR paradigm for the origin of 
Galactic CRs

ESN = 1051 erg

RSN = 0.03 yr�1

PSN = RSNESN ' 3⇥ 1041 erg/s

�! ⇠CR ' 10%

<latexit sha1_base64="KhAosnR3TfQWxI8kINwo+lr/OQE="></latexit>

UCR = 0.5 eV/cm3

V = 4000 kpc3

⌧res = 15⇥ 106 yr

PCR =
UCRV

⌧res
⇠ 3⇥ 1040 erg/s



Enough power in SN explosions to explain CRs

SNR shocks        acceleration sites

Diffusive Shock Acceleration

pp interaction       γ rays and ν

The SNR paradigm for the origin of 
Galactic CRs

Baade & Zwicky, PNAS 20 (1934) 259

Axford et al., ICRC1977, 11 132 Krymskii, AKSSRD 234 (1977) 1306

Bell, MNRAS 182 (1978) 147 Blandford & Ostriker, ApJ 221 (1978)
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Ginzburg & Syrovatsky, PTPS 20 (1961) 1

Aharonian et al., A&A 285 (1994) 645A

f0(p) / p�4

<latexit sha1_base64="AaDt39dEFp0Cc839s4lAeMIlsfQ=">AAACEHicbVC7TsNAEDzzDOEVoITiRIREQ2QjBJQIhESFQCIkUmyi9WUDp5zt090aKbLc8Al8BS1UdIiWP6DgX3BCCl5TjWZ2NbsTaiUtue67MzY+MTk1XZopz87NLyxWlpYvbZIagXWRqMQ0Q7CoZIx1kqSwqQ1CFCpshL2jgd+4RWNlEl9QX2MQwXUsu1IAFVK7suZ3DYisc5pnneOc+9okmhJ+fJVtbeftStWtuUPwv8QbkSob4axd+fA7iUgjjEkosLbluZqCDAxJoTAv+6lFDaIH19gqaAwR2iAbfpHzjdRCEa3RcKn4UMTvGxlE1vajsJiMgG7sb28g/ue1UuruB5mMdUoYi0EQSYXDICuMLOpB3pEGiWBwOXIZcwEGiNBIDkIUYlr0VS768H5//5dcbte83Zp3vlM9OBw1U2KrbJ1tMo/tsQN2ws5YnQl2xx7YI3ty7p1n58V5/Rodc0Y7K+wHnLdPHWecyw==</latexit>
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/ E�2
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Proton-proton collisions

p+ p �! N⇡ +X

target gasaccelerated 

proton

Kafexhiu et al., PRD 90 (2014) 12

π0
p p �

�

π+

p
n

μ+

νμ

e+

νe

νμ

E� ' Ep/10

E⌫ ' Ee ' Ep/20

7

1 PeV proton  ~100 TeV gamma rays, ~50 TeV neutrinos/electrons 
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Middle-aged SNRs
(20000 yrs)

hadronic emission

steep spectra 

Emax < 1 TeV

Young SNRs
(2000 yrs)

hadronic/leptonic ?

hard spectra 

Emax = 10 - 100 TeV

Very young SNRs
(300 yrs)

hadronic ?

steep spectra E-2.3 

Emax = 10 - 100 TeV

Gamma rays from SNRs

Funk et al., ARNPS 65 (2015) 245F

Tsuguya & Fumio, J. Phys. G 20 (1994) 477 

Drury et al., A&A 287 (1994) 959



9

Hillas criterion

shock speed magnetic fieldradius

3 3 10

Emax ' vsRB

Emax ' 100TeV

Emax ' 1

✓
vs

103Km/s

◆✓
R

pc

◆✓
B

µG

◆
TeV

Are SNRs proton PeVatrons?

B-field amplification is
required to achieve 

PeV energies
Cesarsky et al., SSRev 36 (1983) 173C



Cristofari et al., Astropart. Phys. 69 (2020) 102492

Remnants of type II Remnants of type Ia

The problem of maximum energy in 
young  SNRs

• Type Ia (e.g. Tycho)  expanding in constant density medium

• Core Collapse (e.g. CasA, RXJ1713.7-3946)  expanding in the dense slow wind 

of the progenitor star

With NRSI, only special explosions can achieve the knee

MFA 
by NRSI

Cardillo et al., Astropart. Phys. 69 (2015) 1

Schure & Bell, MNRAS 435 (2013) 2

10
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The role of particle escape or
how do accelerated particles become CRs?

Acceleration at
 the shock: f0(p)

Propagation inside
 the Galaxy: fprop(p)

f0(p) 6= fesc(p) 6= fprop(p)

Escape from
 the shock: fesc(p)

Observation
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The role of particle escape or
how do accelerated particles become CRs?

Acceleration at
 the shock: f0(p)

Escape from
 the shock: fesc(p)

Bell & Shure, MNRAS 437 (2014) 2802

Cardillo, Amato & Blasi, APh 69 (2015) 1

Gabici, Aharonian & Casanova, MNRAS (2009)

Ptuskin & Zirakashvili, A&A 429 (2005) 755

Ohira, Murase & Yamakazi, A&A (2010) 513

Defines Emax and spectral slope of both particles and radiation

Celli et al., MNRAS 490 (2019) 3

A phenomenological model to investigate the particle 
escape through spectral and morphological features 


of evolved SNRs in the HE and VHE domain.
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A population study of evolved SNRs



vs

The hydrodinamical evolution of an SNR
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FS

contact discontinuity

RS
Mej �

4

3
⇡⇢R3

s(t)

Mej ⇠
4

3
⇡⇢R3

s(t)

free expansion

momentum conservation

pressure comparable to ISM

energy conservation

I. Ejecta-dominated (ED) stage

II. Sedov-Taylor (ST) stage

III. Radiative stage

IV. Merging phase

Vink, A&A Rev 20 (2012) 1



vs

Rs

Rs(t) / t

Rs(t) / t2/5

Rs(t) / t1/4

The hydrodinamical evolution of an SNR

tSed ' 1.6⇥ 103 yr

✓
ESN

1051 erg

◆�1/2 ✓ Mej

10M�

◆5/6 ✓ ⇢0
1mp/cm3

◆�1/3

Vink, A&A Rev 20 (2012) 1



Maximum energy in SNRs

Rs

vs
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• At Sedov time, particles at maximum 
energy EM are still confined:

<latexit sha1_base64="Yf4hIobZxeWJ5XR2RIXHr+VXgxo="></latexit>

�d(EM, tSed) ' Rs(tSed)

• Later in the evolution, particles 
diffusion length increases faster than 

SNR shock size:
<latexit sha1_base64="j0e0nKJU06IMWhIUldm3uXf2V5c="></latexit>

�d ' D(EM)/vs / t3/5
<latexit sha1_base64="GH0WtLhu6J3vGiLa7F44BqLE6HY=">AAACB3icbVC7TsNAEDyHVwgvQ0qaExESVbAjXmUEDWVA5CElITpfNuGUs326WyNFVj6Ar6CFig7R8hkU/AvnkAICU41mdjW7EygpDHreh5NbWFxaXsmvFtbWNza33O2dhokTzaHOYxnrVsAMSBFBHQVKaCkNLAwkNIPRReY370EbEUc3OFbQDdkwEgPBGVqp5xave4Z2lI4VxhRv08rh8aTnlryyNwX9S/wZKZEZaj33s9OPeRJChFwyY9q+p7CbMo2CS5gUOokBxfiIDaFtacRCMN10evyE7ieG2WwFmgpJpyL83EhZaMw4DOxkyPDOzHuZ+J/XTnBw1k1FpBKEiGdBKCRMgwzXwrYCtC80ILLscqAiopxphghaUMa5FRNbU8H24c9//5c0KmX/pOxfHZWq57Nm8mSX7JED4pNTUiWXpEbqhJMxeSRP5Nl5cF6cV+ftezTnzHaK5Bec9y+rpZi4</latexit>

Rs / t2/5

Particles previously confined will now violate Hillas criterion

 escape is expected to occur on shorter timescales 
for the highest energy particles, but it is not an 

instantaneous process



Maximum energy in SNRs

Rs

vs

ST stage:

pmax,0 / F(t) v2s(t) t

tacc = tage

D(pmax)

v2s(t)
= t

pmax

B0 F(t)
= v2s(t) t

ED stage:
vs(t) 'const

pmax,0(t) / F(t) t

vs(t) ' t�3/5

pmax,0(t) / F(t) t�1/5 / t��
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✓
�B(x, t)

B0

◆2

=

Z
F(k,x, t)d ln k

acceleration

limited by


remnant age

Celli et al., MNRAS 490 (2019) 3



In the scenario where the maximum momentum of particles 
confined by the shock is a decreasing function of time, i.e.

Ptuskin & Zirakashvili, A&A 429 (2005) 755 : high-energy particles escape earlier� > 0
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Maximum energy in SNRs

pmax,0(t) = pM

✓
t

tSed

◆��

tesc(p) = tSed

✓
p

pM

◆�1/�

pmax,0(t) / t�2

• Magnetic field not amplified


• Magnetic field amplification driven by resonant waves


• Magnetic field amplification driven by non-resonant waves

pmax,0(t) / t�7/5

pmax,0(t) / t�1/5
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�GeV = 2.56

�TeV = 3.10
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Dk(10 GeV/c) = 1x1027 cm2/s, nup = 10 cm-3, TSNR = 1.5x104 yr

IC443 Fermi-LAT
IC443 Agile
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δ = 3, pM = 1 PeV/c
δ = 2, pM = 100 TeV/c

preliminary

IC 443

�GeV ' 2.52
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W28N Fermi-LAT
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δ = 3, pM = 1 PeV/c

f0(p) /p�4

TSNR = 1.5⇥ 104 yr, nup = 10 cm�3

d = 1.5 kpc, ⇠CR = 2%

D(10 GeV/c) =1027 cm2s�1

f0(p) /p�(4+1/3)

TSNR = 3⇥ 104 yr, nup = 10 cm�3

d = 5.4 kpc, ⇠CR = 12%� 15%

D(10 GeV/c) =3⇥ 1026 cm2s�1

f0(p) /p�4

TSNR = 4⇥ 104 yr, nup = 10 cm�3

d = 2.0 kpc, ⇠CR = 15%

D(10 GeV/c) =3⇥ 1027 cm2s�1
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The CR spectrum injected into the Galaxy

�! finj(p) /
p�↵

⇤(p)

finj(p) = 4⇡

Z Resc(p)

0
r2fconf (tesc(p), r, p) dr

�! finj(p) / v2esc(p)R
3
esc(p)

p�↵

⇤(p)

Exact balance
between v2esc and R3esc 

during the ST phase
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The CR spectrum injected into the Galaxy

�! finj(p) /
p�↵

⇤(p)

finj(p) = 4⇡

Z Resc(p)

0
r2fconf (tesc(p), r, p) dr

�! finj(p) / v2esc(p)R
3
esc(p)

p�↵

⇤(p)

Ultra-relativistic limit (                ):p � mpc

Bell & Shure, MNRAS 437 (2014) 2802

Cardillo, Amato & Blasi, APh 69 (2015) 1

finj(p) /
n p�↵ ↵ > 4

p�4 ↵ < 4

during the ST 
phase

Celli et al., MNRAS 490 (2019) 4317C



LHAASO Coll., Nature 594 (2021) 33



VHE gamma rays from 
massive stellar clusters

23
Aharonian et al., Nature Astr. 3 (2019) 561

radial profile spectra
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Particle acceleration in wind-blown bubbles

Morlino et al., MNRAS 504 
(2021) 4

Binns et al., New Astr. 
Rev. 52 (2008) 427

• Anomalous CR composition can’t be 
easily accommodated in the standard 
SNR scenario for the origin of GCRs


• In particular, the 22Ne/20Ne appears 5 
times larger in CRs than in solar wind  

 Heavy ejecta required

Cassè & Paul , ApJ 
258 (1982) 860

Weaver et al., ApJ 218 
(1977) 377

Gupta et al., MNRAS 493 (2020) 3

see Peretti’s talk



Stellar winds vs SNRs

25

forward shock

wind termination 

shock

hot diluted

bubble

shell of shocked

ISM

SNR shocks



Morlino et al., MNRAS 504 (2021) 4

 PeV energies can be 
reached in powerful 

compact clusters only if 
diffusion is close to Bohm

<latexit sha1_base64="bz3YEufDxA7mMMQTPpcNbUADl90="></latexit>

Ṁ = 10�4M�/yr, vw = 3000 km/s,

Lw = 3⇥ 1038 erg/s, ⇠CR = ⌘B = 0.1

Particle acceleration in wind-blown bubbles

Acceleration @ WTS

3 Myr

Badmaev et al., MNRAS 517 (2022) 1818B

Acceleration @ SNR shocks in WTS



Vieu & Reville, MNRAS 515 (2022) 2256

• Compelling fit to CR data 
(spectrum & composition)


• Contribution from clustered 
SNRs in compact MSCs 
takes over at few hundreds 
TeV, creating a knee-like 
feature

What about Galactic SuperPeVatrons?

27
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Conclusions
LHAASO observations have unveiled many PeVatrons the Milky Way:


• while spectral studies have allowed to locate accelerators, morphological 
studies are also needed to firmly identify them.


The role of SNRs as PeV-hadron accelerators is not yet established, the main 
difficulties being the maximum achievable energy and the composition of injected 
particles:


• isolated SNRs appear to be the main contributors of GCRs up to the knee; 

• none of VHE emitters shows ongoing PeV acceleration, still possibly PeV 

particles have escaped their shocks within the first 10-100 years;

• particle escape still nowadays poorly understood, mainly because of its 

dependence on the dynamics of the magnetic turbulence  MM signatures. 


Massive stellar clusters are promising PeVatrons: a rigorous treatment for 
acceleration in these systems is still lacking, as it works differently in young and old 
systems: 


• extreme WTSs might produce PeV particles; 

• SNRs occurring in the hot and turbulent medium within WTSs might accelerate 

up to 100 PeV;

• most likely, mixed scenarios at PeV.



Thanks for your kind 
attention!




