
Cosmic rays & gamma 
rays: from supernova 
remnants (SNRs) to 

clusters of galaxies (GCs) 

Stefano Gabici 
APC, Paris 



not visible! 

Galaxy 
Cluster

SuperNova 
Remnant R ≈ 1 MpcR ≈ 10 pc

Why it is difficult to talk about SNRs 
and GCs in the same talk



Why it is difficult to talk about SNRs 
and GCs in the same talk

because the reason why these objects are bound by a spherical non-
relativistic shock is completely different…

massive star



Why it is difficult to talk about SNRs 
and GCs in the same talk

because the reason why these objects are bound by a spherical non-
relativistic shock is completely different…

supernova explosion



Why it is difficult to talk about SNRs 
and GCs in the same talk

because the reason why these objects are bound by a spherical non-
relativistic shock is completely different…

supernova remnant



Why it is difficult to talk about SNRs 
and GCs in the same talk

because the reason why these objects are bound by a spherical non-
relativistic shock is completely different…

supernova remnant

gas
 at

 re
st

shock expands quickly



Why it is difficult to talk about SNRs 
and GCs in the same talk

because the reason why these objects are bound by a spherical non-
relativistic shock is completely different…

supernova remnant
massive virialised 

object

gas
 at

 re
st

shock expands quickly



Why it is difficult to talk about SNRs 
and GCs in the same talk

because the reason why these objects are bound by a spherical non-
relativistic shock is completely different…

supernova remnant
massive virialised 

object

gas
 at

 re
st

shock expands quickly

fre
e f

allin
g g

as

shock expands mildly



Why it does make sense to talk about 
SNRs and GCs in the same talk

Both are cosmic ray (CR) accelerators and, in both cases, particles can be 
accelerated at non-relativistic shock waves —> same acceleration mechanism 



galactic extra-galactic

Why it does make sense to talk about 
SNRs and GCs in the same talk

Both are cosmic ray (CR) accelerators and, in both cases, particles can be 
accelerated at non-relativistic shock waves —> same acceleration mechanism 



galactic extra-galactic

Why it does make sense to talk about 
SNRs and GCs in the same talk

Both are cosmic ray (CR) accelerators and, in both cases, particles can be 
accelerated at non-relativistic shock waves —> same acceleration mechanism 

SuperNova Remnants



galactic extra-galactic

Why it does make sense to talk about 
SNRs and GCs in the same talk

Both are cosmic ray (CR) accelerators and, in both cases, particles can be 
accelerated at non-relativistic shock waves —> same acceleration mechanism 

SuperNova Remnants

Clusters of 
galaxies



galactic extra-galactic

Why it does make sense to talk about 
SNRs and GCs in the same talk

Both are cosmic ray (CR) accelerators and, in both cases, particles can be 
accelerated at non-relativistic shock waves —> same acceleration mechanism 

SuperNova Remnants

Clusters of 
galaxies

simplest scenario would 
be based on 2 classes 

of sources only



Transition from galactic 
to extra-galactic CRs

knee second knee ankle



Transition from galactic 
to extra-galactic CRs

knee second knee ankle

most natural transition -> ankle 
steep+hard component



Transition from galactic 
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index of !2 and weighted to E!3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJet-
II and, therefore, the ratio of Nch to N! is smaller for a

given number of charged particles resulting in a larger k
value. Especially helium events migrate (by calibrating
with QGSJet-II) to the heavy mass group. This effect might
be slightly compensated by the higher reconstructed
energy of the events [18]. Using an EPOS calibration, the
measured showers appear to originate from lighter primar-
ies and of lower energy compared to the QGSJet-II cali-
bration. Figure 3 also demonstrates that the selection of
events according to the k parameter does not induce any
artificial structures in the spectra of light primaries. If the
data are well described by QGSJet-II, then the spectrum of
light primaries with the separation between He and CNO
should consist mainly of protons and helium, maybe with
some additional, less abundant elements between helium
and carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II is
in good agreement with the reconstructed spectrum of light
elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then
the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum for
EPOS is similar to the reconstructed spectrum of light
primaries, which have been derived from EPOS generated
events using again the QGSJet-II based reconstruction and
selection criteria. According to QGSJet-II, the spectrum of
heavy elements for the same separation would contain
carbon and primaries heavier than that. For EPOS it should
also contain most of the helium component.

In Fig. 4, the results of the present analysis are shown. To
cross-check the results from Ref. [8] the all-particle spec-
trum and the spectrum of light primaries for the former used
area and data are compared with the ones obtained with
higher statistics from the present studies. Both all-particle
spectra and spectra of light elements based on the separation
between CNO and Si are in good agreement. The spectra of
light and heavy particles with the separation between He and
CNO are obtained using the separation line shown in Fig. 2.
The spectrum of the heavy component, which now contains
also the medium mass component, exhibits a change of
index at E ¼ 1016:88#0:03 eV and it therefore agrees inside
the corresponding uncertainty with the previous result [8]

at Eheavy
knee ¼ 1016:92#0:04 eV. The hardening or ankle-like

feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the

CNO component. Although statistics gets quite low for the
spectrum of light elements with the separation on He
(obtained by a fit to the mean k values for He in Fig. 2), it
is obvious that it cannot be described by one single power
law only. Formula (4) [19] is used for fitting the spectra of
the light and heavy components:

dI

dE
ðEÞ ¼ I0 & E"1 &

!
1þ

"
E

Eb

#
#
$ð"1!"2Þ=#

;

I0: normalization factor;

"1=2: index before/after the bending;

Eb: energy of the break position;

#: smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
"1 ¼ !3:25# 0:05 to "2 ¼ !2:79# 0:08 at an energy of
1017:08#0:08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. The measured number of events above
the bending isNmeas ¼ 595. Without the bending wewould
expect Nexp ¼ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events

above the bending, if Nexp events are expected, is PðN (
NmeasÞ ¼

P1
k¼Nmeas

ðN
k
exp

k! eð!NexpÞÞ ) 7:23* 10!09. This cor-

responds to a significance of 5:8$ that in this energy range
the spectrum of light primaries cannot be described by a
single power law. If we shift the separation criteria in order
to obtain an even purer proton sample (sep. on He, Fig. 4)
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FIG. 4 (color online). The all-particle and electron-rich spectra
from the analysis [8] in comparison to the results of this analysis
with higher statistics. In addition to the light and heavy spectrum
based on the separation between He and CNO, the light spectrum
based on the separation on He is also shown. The error bars show
the statistical uncertainties.

W.D. APEL et al. PHYSICAL REVIEW D 87, 081101(R) (2013)

RAPID COMMUNICATIONS

081101-4

KA
SC

A
D

E-
Gr

an
de

 c
ol

l. 
20

13

light

heavy



Transition from galactic 
to extra-galactic CRs

index of !2 and weighted to E!3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJet-
II and, therefore, the ratio of Nch to N! is smaller for a

given number of charged particles resulting in a larger k
value. Especially helium events migrate (by calibrating
with QGSJet-II) to the heavy mass group. This effect might
be slightly compensated by the higher reconstructed
energy of the events [18]. Using an EPOS calibration, the
measured showers appear to originate from lighter primar-
ies and of lower energy compared to the QGSJet-II cali-
bration. Figure 3 also demonstrates that the selection of
events according to the k parameter does not induce any
artificial structures in the spectra of light primaries. If the
data are well described by QGSJet-II, then the spectrum of
light primaries with the separation between He and CNO
should consist mainly of protons and helium, maybe with
some additional, less abundant elements between helium
and carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II is
in good agreement with the reconstructed spectrum of light
elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then
the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum for
EPOS is similar to the reconstructed spectrum of light
primaries, which have been derived from EPOS generated
events using again the QGSJet-II based reconstruction and
selection criteria. According to QGSJet-II, the spectrum of
heavy elements for the same separation would contain
carbon and primaries heavier than that. For EPOS it should
also contain most of the helium component.

In Fig. 4, the results of the present analysis are shown. To
cross-check the results from Ref. [8] the all-particle spec-
trum and the spectrum of light primaries for the former used
area and data are compared with the ones obtained with
higher statistics from the present studies. Both all-particle
spectra and spectra of light elements based on the separation
between CNO and Si are in good agreement. The spectra of
light and heavy particles with the separation between He and
CNO are obtained using the separation line shown in Fig. 2.
The spectrum of the heavy component, which now contains
also the medium mass component, exhibits a change of
index at E ¼ 1016:88#0:03 eV and it therefore agrees inside
the corresponding uncertainty with the previous result [8]

at Eheavy
knee ¼ 1016:92#0:04 eV. The hardening or ankle-like

feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the

CNO component. Although statistics gets quite low for the
spectrum of light elements with the separation on He
(obtained by a fit to the mean k values for He in Fig. 2), it
is obvious that it cannot be described by one single power
law only. Formula (4) [19] is used for fitting the spectra of
the light and heavy components:

dI

dE
ðEÞ ¼ I0 & E"1 &
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;

I0: normalization factor;

"1=2: index before/after the bending;

Eb: energy of the break position;

#: smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
"1 ¼ !3:25# 0:05 to "2 ¼ !2:79# 0:08 at an energy of
1017:08#0:08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. The measured number of events above
the bending isNmeas ¼ 595. Without the bending wewould
expect Nexp ¼ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events

above the bending, if Nexp events are expected, is PðN (
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k! eð!NexpÞÞ ) 7:23* 10!09. This cor-

responds to a significance of 5:8$ that in this energy range
the spectrum of light primaries cannot be described by a
single power law. If we shift the separation criteria in order
to obtain an even purer proton sample (sep. on He, Fig. 4)
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based on the separation between He and CNO, the light spectrum
based on the separation on He is also shown. The error bars show
the statistical uncertainties.
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index of !2 and weighted to E!3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJet-
II and, therefore, the ratio of Nch to N! is smaller for a

given number of charged particles resulting in a larger k
value. Especially helium events migrate (by calibrating
with QGSJet-II) to the heavy mass group. This effect might
be slightly compensated by the higher reconstructed
energy of the events [18]. Using an EPOS calibration, the
measured showers appear to originate from lighter primar-
ies and of lower energy compared to the QGSJet-II cali-
bration. Figure 3 also demonstrates that the selection of
events according to the k parameter does not induce any
artificial structures in the spectra of light primaries. If the
data are well described by QGSJet-II, then the spectrum of
light primaries with the separation between He and CNO
should consist mainly of protons and helium, maybe with
some additional, less abundant elements between helium
and carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II is
in good agreement with the reconstructed spectrum of light
elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then
the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum for
EPOS is similar to the reconstructed spectrum of light
primaries, which have been derived from EPOS generated
events using again the QGSJet-II based reconstruction and
selection criteria. According to QGSJet-II, the spectrum of
heavy elements for the same separation would contain
carbon and primaries heavier than that. For EPOS it should
also contain most of the helium component.

In Fig. 4, the results of the present analysis are shown. To
cross-check the results from Ref. [8] the all-particle spec-
trum and the spectrum of light primaries for the former used
area and data are compared with the ones obtained with
higher statistics from the present studies. Both all-particle
spectra and spectra of light elements based on the separation
between CNO and Si are in good agreement. The spectra of
light and heavy particles with the separation between He and
CNO are obtained using the separation line shown in Fig. 2.
The spectrum of the heavy component, which now contains
also the medium mass component, exhibits a change of
index at E ¼ 1016:88#0:03 eV and it therefore agrees inside
the corresponding uncertainty with the previous result [8]

at Eheavy
knee ¼ 1016:92#0:04 eV. The hardening or ankle-like

feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the

CNO component. Although statistics gets quite low for the
spectrum of light elements with the separation on He
(obtained by a fit to the mean k values for He in Fig. 2), it
is obvious that it cannot be described by one single power
law only. Formula (4) [19] is used for fitting the spectra of
the light and heavy components:

dI
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ðEÞ ¼ I0 & E"1 &
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"
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;

I0: normalization factor;

"1=2: index before/after the bending;

Eb: energy of the break position;

#: smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
"1 ¼ !3:25# 0:05 to "2 ¼ !2:79# 0:08 at an energy of
1017:08#0:08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. The measured number of events above
the bending isNmeas ¼ 595. Without the bending wewould
expect Nexp ¼ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events

above the bending, if Nexp events are expected, is PðN (
NmeasÞ ¼

P1
k¼Nmeas

ðN
k
exp

k! eð!NexpÞÞ ) 7:23* 10!09. This cor-

responds to a significance of 5:8$ that in this energy range
the spectrum of light primaries cannot be described by a
single power law. If we shift the separation criteria in order
to obtain an even purer proton sample (sep. on He, Fig. 4)
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FIG. 4 (color online). The all-particle and electron-rich spectra
from the analysis [8] in comparison to the results of this analysis
with higher statistics. In addition to the light and heavy spectrum
based on the separation between He and CNO, the light spectrum
based on the separation on He is also shown. The error bars show
the statistical uncertainties.
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index of !2 and weighted to E!3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJet-
II and, therefore, the ratio of Nch to N! is smaller for a

given number of charged particles resulting in a larger k
value. Especially helium events migrate (by calibrating
with QGSJet-II) to the heavy mass group. This effect might
be slightly compensated by the higher reconstructed
energy of the events [18]. Using an EPOS calibration, the
measured showers appear to originate from lighter primar-
ies and of lower energy compared to the QGSJet-II cali-
bration. Figure 3 also demonstrates that the selection of
events according to the k parameter does not induce any
artificial structures in the spectra of light primaries. If the
data are well described by QGSJet-II, then the spectrum of
light primaries with the separation between He and CNO
should consist mainly of protons and helium, maybe with
some additional, less abundant elements between helium
and carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II is
in good agreement with the reconstructed spectrum of light
elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then
the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum for
EPOS is similar to the reconstructed spectrum of light
primaries, which have been derived from EPOS generated
events using again the QGSJet-II based reconstruction and
selection criteria. According to QGSJet-II, the spectrum of
heavy elements for the same separation would contain
carbon and primaries heavier than that. For EPOS it should
also contain most of the helium component.

In Fig. 4, the results of the present analysis are shown. To
cross-check the results from Ref. [8] the all-particle spec-
trum and the spectrum of light primaries for the former used
area and data are compared with the ones obtained with
higher statistics from the present studies. Both all-particle
spectra and spectra of light elements based on the separation
between CNO and Si are in good agreement. The spectra of
light and heavy particles with the separation between He and
CNO are obtained using the separation line shown in Fig. 2.
The spectrum of the heavy component, which now contains
also the medium mass component, exhibits a change of
index at E ¼ 1016:88#0:03 eV and it therefore agrees inside
the corresponding uncertainty with the previous result [8]

at Eheavy
knee ¼ 1016:92#0:04 eV. The hardening or ankle-like

feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the

CNO component. Although statistics gets quite low for the
spectrum of light elements with the separation on He
(obtained by a fit to the mean k values for He in Fig. 2), it
is obvious that it cannot be described by one single power
law only. Formula (4) [19] is used for fitting the spectra of
the light and heavy components:

dI
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ðEÞ ¼ I0 & E"1 &

!
1þ

"
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Eb

#
#
$ð"1!"2Þ=#

;

I0: normalization factor;

"1=2: index before/after the bending;

Eb: energy of the break position;

#: smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
"1 ¼ !3:25# 0:05 to "2 ¼ !2:79# 0:08 at an energy of
1017:08#0:08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. The measured number of events above
the bending isNmeas ¼ 595. Without the bending wewould
expect Nexp ¼ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events

above the bending, if Nexp events are expected, is PðN (
NmeasÞ ¼

P1
k¼Nmeas

ðN
k
exp

k! eð!NexpÞÞ ) 7:23* 10!09. This cor-

responds to a significance of 5:8$ that in this energy range
the spectrum of light primaries cannot be described by a
single power law. If we shift the separation criteria in order
to obtain an even purer proton sample (sep. on He, Fig. 4)
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from the analysis [8] in comparison to the results of this analysis
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based on the separation between He and CNO, the light spectrum
based on the separation on He is also shown. The error bars show
the statistical uncertainties.
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Z-dependent knee

Fig. 13. Different extrapolations of the lg Ne-distribution for 0.5 PeV proton induced
showers (QGSJet 01).

Second, the form of the tails of the shower size distributions is not known.
Fig. 13 shows an example of the lg Ne–distribution for showers induced by
0.5 PeV protons. Besides the parameterization used, two different extrap-
olations are displayed, the first one with sharp cutoffs at the edges of the
distribution, the second one with an exponential decrease up to higher and
lower values of lg Ne. Within the statistics of the simulations each of these
functions describes the distribution equally well. The influence of these tails
on the shower size spectra and the unfolding result may be quite important
because of the steeply falling primary energy spectra. The displayed parame-
terizations in Fig. 13 can be regarded as extreme assumptions and it has been

Fig. 14. Unfolded energy spectra for H, He, C (left panel) and Si, Fe (right panel)
based on QGSJet simulations. The shaded bands are an estimate of the systematic
uncertainties due to the used parametrizations and the applied unfolding method
(Gold algorithm).
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Fig. 13. Different extrapolations of the lg Ne-distribution for 0.5 PeV proton induced
showers (QGSJet 01).

Second, the form of the tails of the shower size distributions is not known.
Fig. 13 shows an example of the lg Ne–distribution for showers induced by
0.5 PeV protons. Besides the parameterization used, two different extrap-
olations are displayed, the first one with sharp cutoffs at the edges of the
distribution, the second one with an exponential decrease up to higher and
lower values of lg Ne. Within the statistics of the simulations each of these
functions describes the distribution equally well. The influence of these tails
on the shower size spectra and the unfolding result may be quite important
because of the steeply falling primary energy spectra. The displayed parame-
terizations in Fig. 13 can be regarded as extreme assumptions and it has been

Fig. 14. Unfolded energy spectra for H, He, C (left panel) and Si, Fe (right panel)
based on QGSJet simulations. The shaded bands are an estimate of the systematic
uncertainties due to the used parametrizations and the applied unfolding method
(Gold algorithm).
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this is a break and NOT a cutoff 
-> SNR must accelerate protons 

up to 1017 eV 



The Hillas criterion
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q

this is the best possible accelerator
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“…a basic property of plasma, its tendency towards electrical neutrality. If over a large volume 
the number of electrons per cubic centimeter deviates appreciably from the corresponding 
number of positive ions, the electrostatic forces resulting yield a potential energy per particle 
that is enormously greater than the mean thermal energy. Unless very special mechanisms are 
involved to support such large potentials, the charged particles will rapidly move in such a way as 
to reduce these potential difference, i.e., to restore electrical neutrality.” 

                      (Lyman Spitzer “Physics of fully ionised gases”)
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The Hillas criterion applied to SNRs
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SNR shocks in one slide

stellar explosion of energy ESN = 1051 erg ejecting Mej solar masses 
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Bd ≈ 100 × BISM

NON LINEAR! 
CR acceleration 
—> CR escape 

—> electric current 
—> plasma instability 

—> B is amplified
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GCs shocks in one slide

ϱU

ϱ ∼ 200 × ϱUmassive virialised object —>

M =
4π
3

R3ϱ ⟶ R ≈ 2 ( M
1015M⊙ )

1/3

Mpc

v =
2GM

R
≈ 2000 ( M

1015M⊙ )
1/3

km/s

ϱ

same order as SNR shocks! 
(of course this is just a 

coincidence)
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radio synchrotron 
emission from 

shocks around the 
GC A3376 

—> CR e- + B field

Beq ≈ 0.5 − 3 μGequipartition B (Ue- ~ UB) —>
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CR protons: Emax —> equilibrium between acceleration rate and energy loss rate 

                          —> photopair production w. CMB —> O(1019) eV

CR iron: Emax        —> photodisintegration w. CMB —> O(1020) eV 

(Norman, Melrose & Achterberg 1995 … Allard & Protheroe 2009 … Vannoni+ 2011)
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possible to accelerate UHECRs! —> GZK cutoff or Emax of the accelerator?

other possible sources of UHECRs (AGN, GRBs…)

CR protons: Emax —> equilibrium between acceleration rate and energy loss rate 

                          —> photopair production w. CMB —> O(1019) eV

CR iron: Emax        —> photodisintegration w. CMB —> O(1020) eV 

(Norman, Melrose & Achterberg 1995 … Allard & Protheroe 2009 … Vannoni+ 2011)
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The Hillas criterion applied to GCs

few 106
~2~126 (Fe)3 x 1020 eV

Hillas criterion does not include energy losses!

possible to accelerate UHECRs! —> GZK cutoff or Emax of the accelerator?

other possible sources of UHECRs (AGN, GRBs…)

CR protons: Emax —> equilibrium between acceleration rate and energy loss rate 

                          —> photopair production w. CMB —> O(1019) eV

CR iron: Emax        —> photodisintegration w. CMB —> O(1020) eV 

(Norman, Melrose & Achterberg 1995 … Allard & Protheroe 2009 … Vannoni+ 2011)

recent claims of a detection in GeV of Coma 
(Remi+ 2021, Baghmanyan+2022) 

GeV particles CANNOT escape clusters —> they will NEVER reach us 

TeV band —> might probe CRs that will reach us! 
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p + γ ⟶ p + e+ + e−

photopion production

they cool quickly due to 
inverse Compton scattering 

and 
synchrotron radiation
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search for TeV gamma-rays! 
optimistic case: 1% 

gravitational energy into CRs, 
Coma-like cluster @100 Mpc 
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Blanford+, ICRC, 2023



Stellar wind termination shocks
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983
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analogy with solar WTS (Parker, Jokipii…) + DSA (BOBALSKy…) 

Bonus: Wolf-Rayet wind material enriched in 22Ne —> composition (with dilution)

Ref: Binns, Tatischeff

composition
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Stars or star clusters? Gamma rays…
Aharonian+ 2019, plus several papers especially by Yang and collaborators

spectra

radial profile

very similar 
spectra

characteristic 1/R scaling: CR 
diffusive escape from a point source

cannot constrain acceleration efficiency of WTSs 

—> some SNae already exploded, other potential 

CR source along the line of sight…



Interstellar bubbles around star clusters
Castor+ 75, Weaver+ 77, McCray&Kafatos 87, Mac Low&McCray 88, Koo&McKee 92…
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Conclusions
 The SNR paradigm for the origin of CRs suffers some major problems 

 Most notably, can they accelerate up to the knee (and beyond)? 

 Galaxy cluster accretion shocks might accelerate up to the maximum 

energies observed 

 Emerging (?) evidence —> need for a third component 

 Wind termination shocks? Galactic wind? Stellar cluster winds? 

 Stellar matter is needed to explain CRs! Stellar wind would fix the problem 

with 22Ne/20Ne ratio. 

 All cosmic rays from non-relativistic shocks?


