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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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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.
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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:
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#: smoothness of the break:
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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
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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 &
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"
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Eb
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#
$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.
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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:
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ðEÞ ¼ I0 & E"1 &
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#
#
$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.
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to extra-galactic CRs

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. 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 

summarising: SNR shocks must accelerate protons up to the knee (few PeV) at “full 
efficiency” and even beyond, up to AT LEAST 1017 eV at a “reduced efficiency”
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Can SNRs explain this? —> see Pasquale’s talk

Hillas criterion —> B-field MUST be amplified in order to reach the knee

ejecta-dominated

Sedov

Bell 2004…now —> SNR shock slows down —> reduced confinement —> Emax CR escape 

—>

B-field amplification <— current

—
>

NCR(E)

E
EMAX~GeV

hard spectrum 
—> large current

soft spectrum 
—> small current
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[4] The role of stellar 
wind termination shocks

—> see Giovanni’s talk
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if we want to explain PeV particles 

only, the energy constrain is relaxed

Note on energetic

this is why SNRs 
were proposed

maybe another class of sources produces 

the highest energy Galactic CRs?
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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…



Stellar wind termination shocks
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983
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Originally proposed for  
completely different reasons!

[1] explain LOCAL cosmic rays only (and their related GeV gamma-ray emission)

Ref: Binns, Tatischeff

[2] explain the anomalous excess of the 22Ne/20Ne ratio in cosmic rays

Wolf-Rayet wind material enriched in 22Ne —> need DILUTION!
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Ṁwuw ⇡ ⌘
L⇤
c

stellar winds are 
radiation driven

momentum carried 
by the wind momentum carried 

by stellar photons



very steep 
mass-luminosity 

scaling
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/ M3
⇤ total wind power 

dominated by the 
most massive stars

Energy problem
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983

<latexit sha1_base64="DxJ9l1PORpBqSGBhcj3GvFo5pi4=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjFRUmkqMuiGxcKFewDmhIm00k7dPJg5kYtIb/gxl9x40IRt+7c+TdO2yy09cCFwzn33pl7vFhwBZb1bSwsLi2vrBbWiusbm1vb5s5uU0WJpKxBIxHJtkcUEzxkDeAgWDuWjASeYC1veDH2W3dMKh6FtzCKWTcg/ZD7nBLQkmuWnV4E6XXm3uNEl0PiWEYP2GFAsONLQtMr9yhLaeaaJatiTYDniZ2TEspRd80vvZomAQuBCqJUx7Zi6KZEAqeCZUUnUSwmdEj6rKNpSAKmuunkogwfaqWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsNxb/8zoJ+GfdlIdxAiyk04f8RGCI8Dge3OOSURAjTQiVXP8V0wHROYAOsahDsGdPnifN44p9UqneVEu18zyOAtpHB6iMbHSKaugS1VEDUfSIntErejOejBfj3fiYti4Y+cwe+gPj8weJsJ15</latexit>

Ṁwuw ⇡ ⌘
L⇤
c

stellar winds are 
radiation driven

momentum carried 
by the wind momentum carried 

by stellar photons



very steep 
mass-luminosity 

scaling

<latexit sha1_base64="d5l3xzE7UaCmfs11JmNxPBF3+Lg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBGkizKjRV0W3bhQqGAf0I5DJs20oZlJSDJqGfspblwo4tYvceffmLaz0NYDFw7n3Mu99wSCUaUd59taWFxaXlnNreXXNza3tu3CTkPxRGJSx5xx2QqQIozGpK6pZqQlJEFRwEgzGFyM/eY9kYry+FYPBfEi1ItpSDHSRvLtwpVfgh0khOSP8Nov3R37dtEpOxPAeeJmpAgy1Hz7q9PlOIlIrDFDSrVdR2gvRVJTzMgo30kUEQgPUI+0DY1RRJSXTk4fwQOjdGHIpalYw4n6eyJFkVLDKDCdEdJ9NeuNxf+8dqLDMy+lsUg0ifF0UZgwqDkc5wC7VBKs2dAQhCU1t0LcRxJhbdLKmxDc2ZfnSeOo7J6UKzeVYvU8iyMH9sA+OAQuOAVVcAlqoA4weADP4BW8WU/Wi/VufUxbF6xsZhf8gfX5A2frktA=</latexit>

L⇤ ⇡ M3
⇤

<latexit sha1_base64="EQ+P1r50tMySk/xCW9U8ZTJJkUA=">AAAB9HicbVBNSwMxEJ31s9avqkcvi0UQD2VXi3osevEiVLAf0K4lm2bb0GwSk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXigZ1cbzvp2l5ZXVtfXcRn5za3tnt7C3X9ciUZjUsGBCNUOkCaOc1Aw1jDSlIigOGWmEg5uJ3xgSpangD2YkSRCjHqcRxchYKWhLJaQR7l3n9PG8Uyh6JW8Kd5H4GSlChmqn8NXuCpzEhBvMkNYt35MmSJEyFDMyzrcTTSTCA9QjLUs5iokO0unRY/fYKl03EsoWN+5U/T2RoljrURzazhiZvp73JuJ/Xisx0VWQUi4TQzieLYoS5to3Jwm4XaoINmxkCcKK2ltd3EcKYWNzytsQ/PmXF0n9rORflMr35WLlOosjB4dwBCfgwyVU4BaqUAMMT/AMr/DmDJ0X5935mLUuOdnMAfyB8/kD6fORjA==</latexit>

/ M3
⇤ total wind power 

dominated by the 
most massive stars

Energy problem
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983

<latexit sha1_base64="DxJ9l1PORpBqSGBhcj3GvFo5pi4=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjFRUmkqMuiGxcKFewDmhIm00k7dPJg5kYtIb/gxl9x40IRt+7c+TdO2yy09cCFwzn33pl7vFhwBZb1bSwsLi2vrBbWiusbm1vb5s5uU0WJpKxBIxHJtkcUEzxkDeAgWDuWjASeYC1veDH2W3dMKh6FtzCKWTcg/ZD7nBLQkmuWnV4E6XXm3uNEl0PiWEYP2GFAsONLQtMr9yhLaeaaJatiTYDniZ2TEspRd80vvZomAQuBCqJUx7Zi6KZEAqeCZUUnUSwmdEj6rKNpSAKmuunkogwfaqWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsNxb/8zoJ+GfdlIdxAiyk04f8RGCI8Dge3OOSURAjTQiVXP8V0wHROYAOsahDsGdPnifN44p9UqneVEu18zyOAtpHB6iMbHSKaugS1VEDUfSIntErejOejBfj3fiYti4Y+cwe+gPj8weJsJ15</latexit>

Ṁwuw ⇡ ⌘
L⇤
c

stellar winds are 
radiation driven

momentum carried 
by the wind momentum carried 

by stellar photons

<latexit sha1_base64="1TA5MQBh33aK4xSuzoa4Z/9CZaM="></latexit>Z
dt Pw ⇡ 1051erg ⇠ ESN

for the most massive stars:



very steep 
mass-luminosity 

scaling

<latexit sha1_base64="d5l3xzE7UaCmfs11JmNxPBF3+Lg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBGkizKjRV0W3bhQqGAf0I5DJs20oZlJSDJqGfspblwo4tYvceffmLaz0NYDFw7n3Mu99wSCUaUd59taWFxaXlnNreXXNza3tu3CTkPxRGJSx5xx2QqQIozGpK6pZqQlJEFRwEgzGFyM/eY9kYry+FYPBfEi1ItpSDHSRvLtwpVfgh0khOSP8Nov3R37dtEpOxPAeeJmpAgy1Hz7q9PlOIlIrDFDSrVdR2gvRVJTzMgo30kUEQgPUI+0DY1RRJSXTk4fwQOjdGHIpalYw4n6eyJFkVLDKDCdEdJ9NeuNxf+8dqLDMy+lsUg0ifF0UZgwqDkc5wC7VBKs2dAQhCU1t0LcRxJhbdLKmxDc2ZfnSeOo7J6UKzeVYvU8iyMH9sA+OAQuOAVVcAlqoA4weADP4BW8WU/Wi/VufUxbF6xsZhf8gfX5A2frktA=</latexit>

L⇤ ⇡ M3
⇤

<latexit sha1_base64="EQ+P1r50tMySk/xCW9U8ZTJJkUA=">AAAB9HicbVBNSwMxEJ31s9avqkcvi0UQD2VXi3osevEiVLAf0K4lm2bb0GwSk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXigZ1cbzvp2l5ZXVtfXcRn5za3tnt7C3X9ciUZjUsGBCNUOkCaOc1Aw1jDSlIigOGWmEg5uJ3xgSpangD2YkSRCjHqcRxchYKWhLJaQR7l3n9PG8Uyh6JW8Kd5H4GSlChmqn8NXuCpzEhBvMkNYt35MmSJEyFDMyzrcTTSTCA9QjLUs5iokO0unRY/fYKl03EsoWN+5U/T2RoljrURzazhiZvp73JuJ/Xisx0VWQUi4TQzieLYoS5to3Jwm4XaoINmxkCcKK2ltd3EcKYWNzytsQ/PmXF0n9rORflMr35WLlOosjB4dwBCfgwyVU4BaqUAMMT/AMr/DmDJ0X5935mLUuOdnMAfyB8/kD6fORjA==</latexit>

/ M3
⇤ total wind power 

dominated by the 
most massive stars

Energy problem
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983

<latexit sha1_base64="DxJ9l1PORpBqSGBhcj3GvFo5pi4=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjFRUmkqMuiGxcKFewDmhIm00k7dPJg5kYtIb/gxl9x40IRt+7c+TdO2yy09cCFwzn33pl7vFhwBZb1bSwsLi2vrBbWiusbm1vb5s5uU0WJpKxBIxHJtkcUEzxkDeAgWDuWjASeYC1veDH2W3dMKh6FtzCKWTcg/ZD7nBLQkmuWnV4E6XXm3uNEl0PiWEYP2GFAsONLQtMr9yhLaeaaJatiTYDniZ2TEspRd80vvZomAQuBCqJUx7Zi6KZEAqeCZUUnUSwmdEj6rKNpSAKmuunkogwfaqWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsNxb/8zoJ+GfdlIdxAiyk04f8RGCI8Dge3OOSURAjTQiVXP8V0wHROYAOsahDsGdPnifN44p9UqneVEu18zyOAtpHB6iMbHSKaugS1VEDUfSIntErejOejBfj3fiYti4Y+cwe+gPj8weJsJ15</latexit>

Ṁwuw ⇡ ⌘
L⇤
c

stellar winds are 
radiation driven

momentum carried 
by the wind momentum carried 

by stellar photons

<latexit sha1_base64="1TA5MQBh33aK4xSuzoa4Z/9CZaM="></latexit>Z
dt Pw ⇡ 1051erg ⇠ ESN

for the most massive stars:

<latexit sha1_base64="ewB/uFpi7T9x9LFL243J4+bVF3Y=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWQVzUGSnqsujGjVLBXqAdhkwm04YmmSHJCGUo+CpuXCji1udw59uYtiNo6w+Bj/+cwzn5g4RRpR3nyyosLC4trxRXS2vrG5tb9vZOU8WpxKSBYxbLdoAUYVSQhqaakXYiCeIBI61gcDWutx6IVDQW93qYEI+jnqARxUgby7f3sq7kMBzB25MfuvGPfbvsVJyJ4Dy4OZRBrrpvf3bDGKecCI0ZUqrjOon2MiQ1xYyMSt1UkQThAeqRjkGBOFFeNjl/BA+NE8IoluYJDSfu74kMcaWGPDCdHOm+mq2Nzf9qnVRHF15GRZJqIvB0UZQyqGM4zgKGVBKs2dAAwpKaWyHuI4mwNomVTAju7JfnoXlacc8q1btquXaZx1EE++AAHAEXnIMauAZ10AAYZOAJvIBX69F6tt6s92lrwcpndsEfWR/fd56Uhw==</latexit> d
N
/d

M
⇤

<latexit sha1_base64="QzKaGd2uflqxOLbuvTuCA98BvPE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsKuBPUY9OJFiGgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpYe77lm3WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/5adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7L3kW5cl8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A8JxjXc=</latexit>

M⇤
<latexit sha1_base64="CcCPI7khODfmURy5vOefmYVgKnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoj0WvXgRKtgPaJeSzaZtaDZZk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN3M/NaYKs2keDCTmPoRHgjWZwQbK/lV9ITuemlXhtJMe8WSW3bnQKvEy0gJMtR7xa9uKEkSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP50fPUVnVglRXypbwqC5+nsixZHWkyiwnRE2Q73szcT/vE5i+lU/ZSJODBVksaifcGQkmiWAQqYoMXxiCSaK2VsRGWKFibE5FWwI3vLLq6R5UfYuy5X7Sql2ncWRhxM4hXPw4ApqcAt1aACBR3iGV3hzxs6L8+58LFpzTjZzDH/gfP4AG6eRsQ==</latexit>

8 M�



very steep 
mass-luminosity 

scaling

<latexit sha1_base64="d5l3xzE7UaCmfs11JmNxPBF3+Lg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBGkizKjRV0W3bhQqGAf0I5DJs20oZlJSDJqGfspblwo4tYvceffmLaz0NYDFw7n3Mu99wSCUaUd59taWFxaXlnNreXXNza3tu3CTkPxRGJSx5xx2QqQIozGpK6pZqQlJEFRwEgzGFyM/eY9kYry+FYPBfEi1ItpSDHSRvLtwpVfgh0khOSP8Nov3R37dtEpOxPAeeJmpAgy1Hz7q9PlOIlIrDFDSrVdR2gvRVJTzMgo30kUEQgPUI+0DY1RRJSXTk4fwQOjdGHIpalYw4n6eyJFkVLDKDCdEdJ9NeuNxf+8dqLDMy+lsUg0ifF0UZgwqDkc5wC7VBKs2dAQhCU1t0LcRxJhbdLKmxDc2ZfnSeOo7J6UKzeVYvU8iyMH9sA+OAQuOAVVcAlqoA4weADP4BW8WU/Wi/VufUxbF6xsZhf8gfX5A2frktA=</latexit>

L⇤ ⇡ M3
⇤

<latexit sha1_base64="EQ+P1r50tMySk/xCW9U8ZTJJkUA=">AAAB9HicbVBNSwMxEJ31s9avqkcvi0UQD2VXi3osevEiVLAf0K4lm2bb0GwSk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXigZ1cbzvp2l5ZXVtfXcRn5za3tnt7C3X9ciUZjUsGBCNUOkCaOc1Aw1jDSlIigOGWmEg5uJ3xgSpangD2YkSRCjHqcRxchYKWhLJaQR7l3n9PG8Uyh6JW8Kd5H4GSlChmqn8NXuCpzEhBvMkNYt35MmSJEyFDMyzrcTTSTCA9QjLUs5iokO0unRY/fYKl03EsoWN+5U/T2RoljrURzazhiZvp73JuJ/Xisx0VWQUi4TQzieLYoS5to3Jwm4XaoINmxkCcKK2ltd3EcKYWNzytsQ/PmXF0n9rORflMr35WLlOosjB4dwBCfgwyVU4BaqUAMMT/AMr/DmDJ0X5935mLUuOdnMAfyB8/kD6fORjA==</latexit>

/ M3
⇤ total wind power 

dominated by the 
most massive stars

Energy problem
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983

<latexit sha1_base64="DxJ9l1PORpBqSGBhcj3GvFo5pi4=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjFRUmkqMuiGxcKFewDmhIm00k7dPJg5kYtIb/gxl9x40IRt+7c+TdO2yy09cCFwzn33pl7vFhwBZb1bSwsLi2vrBbWiusbm1vb5s5uU0WJpKxBIxHJtkcUEzxkDeAgWDuWjASeYC1veDH2W3dMKh6FtzCKWTcg/ZD7nBLQkmuWnV4E6XXm3uNEl0PiWEYP2GFAsONLQtMr9yhLaeaaJatiTYDniZ2TEspRd80vvZomAQuBCqJUx7Zi6KZEAqeCZUUnUSwmdEj6rKNpSAKmuunkogwfaqWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsNxb/8zoJ+GfdlIdxAiyk04f8RGCI8Dge3OOSURAjTQiVXP8V0wHROYAOsahDsGdPnifN44p9UqneVEu18zyOAtpHB6iMbHSKaugS1VEDUfSIntErejOejBfj3fiYti4Y+cwe+gPj8weJsJ15</latexit>

Ṁwuw ⇡ ⌘
L⇤
c

stellar winds are 
radiation driven

momentum carried 
by the wind momentum carried 

by stellar photons

<latexit sha1_base64="1TA5MQBh33aK4xSuzoa4Z/9CZaM="></latexit>Z
dt Pw ⇡ 1051erg ⇠ ESN

for the most massive stars:

<latexit sha1_base64="ewB/uFpi7T9x9LFL243J4+bVF3Y=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWQVzUGSnqsujGjVLBXqAdhkwm04YmmSHJCGUo+CpuXCji1udw59uYtiNo6w+Bj/+cwzn5g4RRpR3nyyosLC4trxRXS2vrG5tb9vZOU8WpxKSBYxbLdoAUYVSQhqaakXYiCeIBI61gcDWutx6IVDQW93qYEI+jnqARxUgby7f3sq7kMBzB25MfuvGPfbvsVJyJ4Dy4OZRBrrpvf3bDGKecCI0ZUqrjOon2MiQ1xYyMSt1UkQThAeqRjkGBOFFeNjl/BA+NE8IoluYJDSfu74kMcaWGPDCdHOm+mq2Nzf9qnVRHF15GRZJqIvB0UZQyqGM4zgKGVBKs2dAAwpKaWyHuI4mwNomVTAju7JfnoXlacc8q1btquXaZx1EE++AAHAEXnIMauAZ10AAYZOAJvIBX69F6tt6s92lrwcpndsEfWR/fd56Uhw==</latexit> d
N
/d

M
⇤

<latexit sha1_base64="QzKaGd2uflqxOLbuvTuCA98BvPE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsKuBPUY9OJFiGgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpYe77lm3WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/5adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7L3kW5cl8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A8JxjXc=</latexit>

M⇤
<latexit sha1_base64="CcCPI7khODfmURy5vOefmYVgKnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoj0WvXgRKtgPaJeSzaZtaDZZk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN3M/NaYKs2keDCTmPoRHgjWZwQbK/lV9ITuemlXhtJMe8WSW3bnQKvEy0gJMtR7xa9uKEkSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP50fPUVnVglRXypbwqC5+nsixZHWkyiwnRE2Q73szcT/vE5i+lU/ZSJODBVksaifcGQkmiWAQqYoMXxiCSaK2VsRGWKFibE5FWwI3vLLq6R5UfYuy5X7Sql2ncWRhxM4hXPw4ApqcAt1aACBR3iGV3hzxs6L8+58LFpzTjZzDH/gfP4AG6eRsQ==</latexit>

8 M�

<latexit sha1_base64="dAQVx/6qHYefRBrhJHmh6m/BhfE=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiB4ijMSl2PQi8cIZoFkDD2dnqRJd8/Q3SPEIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1woQzbTzv21lYXFpeWc2t5dc3Nre23Z3dmo5TRWiVxDxWjRBrypmkVcMMp41EUSxCTuth/3rk1x+o0iyWd2aQ0EDgrmQRI9hYqe3u+959duYPUUsJRFX3RBus2m7BK3pjoHniT0kBpqi03a9WJyapoNIQjrVu+l5iggwrwwinw3wr1TTBpI+7tGmpxILqIBtfP0RHVumgKFa2pEFj9fdEhoXWAxHaToFNT896I/E/r5ma6DLImExSQyWZLIpSjkyMRlGgDlOUGD6wBBPF7K2I9LDCxNjA8jYEf/bleVI7LfrnxdJtqVC+msaRgwM4hGPw4QLKcAMVqAKBR3iGV3hznpwX5935mLQuONOZPfgD5/MH3riUOw==</latexit>

1051erg/star

SNae

WTSs



very steep 
mass-luminosity 

scaling

<latexit sha1_base64="d5l3xzE7UaCmfs11JmNxPBF3+Lg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBGkizKjRV0W3bhQqGAf0I5DJs20oZlJSDJqGfspblwo4tYvceffmLaz0NYDFw7n3Mu99wSCUaUd59taWFxaXlnNreXXNza3tu3CTkPxRGJSx5xx2QqQIozGpK6pZqQlJEFRwEgzGFyM/eY9kYry+FYPBfEi1ItpSDHSRvLtwpVfgh0khOSP8Nov3R37dtEpOxPAeeJmpAgy1Hz7q9PlOIlIrDFDSrVdR2gvRVJTzMgo30kUEQgPUI+0DY1RRJSXTk4fwQOjdGHIpalYw4n6eyJFkVLDKDCdEdJ9NeuNxf+8dqLDMy+lsUg0ifF0UZgwqDkc5wC7VBKs2dAQhCU1t0LcRxJhbdLKmxDc2ZfnSeOo7J6UKzeVYvU8iyMH9sA+OAQuOAVVcAlqoA4weADP4BW8WU/Wi/VufUxbF6xsZhf8gfX5A2frktA=</latexit>

L⇤ ⇡ M3
⇤

<latexit sha1_base64="EQ+P1r50tMySk/xCW9U8ZTJJkUA=">AAAB9HicbVBNSwMxEJ31s9avqkcvi0UQD2VXi3osevEiVLAf0K4lm2bb0GwSk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXigZ1cbzvp2l5ZXVtfXcRn5za3tnt7C3X9ciUZjUsGBCNUOkCaOc1Aw1jDSlIigOGWmEg5uJ3xgSpangD2YkSRCjHqcRxchYKWhLJaQR7l3n9PG8Uyh6JW8Kd5H4GSlChmqn8NXuCpzEhBvMkNYt35MmSJEyFDMyzrcTTSTCA9QjLUs5iokO0unRY/fYKl03EsoWN+5U/T2RoljrURzazhiZvp73JuJ/Xisx0VWQUi4TQzieLYoS5to3Jwm4XaoINmxkCcKK2ltd3EcKYWNzytsQ/PmXF0n9rORflMr35WLlOosjB4dwBCfgwyVU4BaqUAMMT/AMr/DmDJ0X5935mLUuOdnMAfyB8/kD6fORjA==</latexit>

/ M3
⇤ total wind power 

dominated by the 
most massive stars

Energy problem
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983
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[6] CRs from star clusters: 
observational evidences 

(obtained following matter)
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refractories are more abundant than volatiles

DUST must play a role in CR acceleration, and this is 
known since Meyer, Drury, Ellison 1998
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CR composition points towards the hot 
phase of the ISM (super bubbles)

CR abundances (Voyager/AMS/superTIGER) wrt Solar

Tatischeff+ 2021
DSA —> preferential injection of high A/Q ions (Meyer, Drury, Ellison 1998)

injection from HOT MEDIUM 
—> superbubbles?

SBs are hot —> A/Q ~2 for all elements —> flat abundance/solar ratio
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What we know:

 The energy reservoir is dominated by SN explosions* 

 Overabundance refractories —> dust must play a role 

 Volatiles.vs.(A/Z) —> probably from hot ISM (superbubbles) 

 22Ne/20Ne —> WR stellar winds MUST play a role 

 Fermi/HII —> YOUNG star clusters (WTS) contribute to CRs 

 60Fe —> local (Sco-Cen?) clustered SNae accelerate Cos

We still don’t know who accelerates PeV and multi-PeV cosmic rays! —> physics
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Perspective: PeV CRs from stellar WTS?

Peron+, 2024a

GeV spectra are steep!

intrinsically steep —> bad PeVatrons (even if the accelerate to the PeV domain)

steep because of CR escape —> search for multi-TeV signal from runaway CRs!
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Puzzle: the SN rate in the Galaxy


