
Who accelerates 
Galactic cosmic rays? 

Stefano Gabici 
APC, Paris 



Disclaimer

This talk will be (intendedly) quite critical towards the supernova remnant 

paradigm for the origin of Galactic cosmic rays (the orthodoxy). Most of the 

stuff that will follow has been discussed in these review articles (where you’ll find 

plenty of references): 

SG, Low energy cosmic rays, A&A Rev (2022) -> Low energy CRs (< GeV) 

SG, Evoli, Gaggero, Lipari, Mertsch, Orlando, Strong, Vittino, The origin of 

Galactic cosmic rays: Challenges to the standard paradigm, Int. J. Mod. Phys. D 

(2019) -> high energy CRs (> GeV) 

Tatischeff & SG, Particle Acceleration by Supernova Shocks and Spallogenic 

Nucleosynthesis of Light Elements, Ann. Rev. Nucl. Part. Sci. (2018) -> LiBeB



[1] Which classes of sources contribute to the CR flux in different energy ranges? 

How many types of sources provide a significant contribution to the overall CR flux?  

[2] Are CR nuclei and electrons accelerated by the same sources?  

[3] Which sources are capable of reaching the highest particle energies and how?  

[4] Which are the processes responsible for CR confinement in the Galaxy?  

[5] Where is the transition between Galactic and extra-Galactic CRs and how can 

we explain the well-known features such as knee, second knee, ankle?  

[6] What is the origin of the difference between the chemical composition of CRs  

and the solar one? 

A classic set of questions 
on Galactic cosmic rays
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I will not discuss a (growing) number of 
issues emerging from recent observations

 breaks in the spectrum 

 H and He spectra are different! 

 small spatial gradient of CRs 

 spectral hardening towards the Gal centre 

 very low level of anisotropy, phase points away from GC(<100 TeV) 

 origin of small scale anisotropies 

 etc etc etc…

explaining all these things is problematic for ANY scenario



The orthodoxy (1)

The bulk of the energy of cosmic rays originates 

from supernova explosions in the Galactic disk
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The cosmic-ray spectrum 70 years later...

C. Evoli (GSSI) Phenomenology and Theory of GCP 13/06/2019 3 / 37

this is why SNRs 
were proposed

here are PeV particles

6 orders of magnitude

SNR must inject in the ISM the “right” spectrum E-s

there is little 
energy here!



The orthodoxy (2)

Cosmic rays are diffusively confined within an 

extended and magnetised Galactic halo
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FIG. 1. The B/C ratio computed with DRAGON for the three
propagation setups considered in this paper and modulated
in the force-field approximation (Φ = 0.5 GV) are compared
with PAMELA [19] and AMS-02 [20] preliminary experimen-
tal data.
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FIG. 2. The proton and helium spectra computed with
DRAGON for the three propagation setups considered in this
paper and modulated in the force-field approximation are
compared with PAMELA and AMS-02 experimental data.
The local interstellar spectrum (LIS) is also shown. The
PAMELA data reported in this and the following figures
of this paper are extracted from the cosmic-ray database
(CRDB) (http://lpsc.in2p3.fr/cosmic-rays-db/) [23].

spectrum measured by PAMELA (see Refs. [18] and [24]).
As discussed in the introduction, the positron fraction
data above 10 GeV require the presence of an e− + e+

extra component with a hard spectrum. We assume
the extra component to be charge symmetric and tune
its source spectral index γ(e±) against the PAMELA
positron fraction data. We consider two reference values

FIG. 3. The face-on view of the primary electron density at
100 GeV on the Galactic plane as computed with DRAGON

is represented (arbitrary units).

of the extra component source spectrum cutoff energy:
Ecut = 1 and 10 TeV. The former is more suitable for
pair production in pulsar wind nebulae (mechanism A
mentioned in the introduction) while the latter is more
natural for secondary production in SNRs (mechanism
B).
Similarly to what was done in Refs. [17] and [24], in

this section we assume that the sources of this compo-
nent have the same spiral-arm spatial distribution as that
adopted for CR nuclei and for the electron background;
this is consistent with both production mechanisms A
and B mentioned above since both the pulsar and SNR
populations are expected to be highly correlated with
the spiral-arm structure. The spatial distribution of the
propagated high-energy electrons originated from a spi-
ral source term is shown for illustrative purposes in Fig.
3.
As first shown in Ref. [17], we notice the importance

of this structured source term to reproduce the data us-
ing a more realistic primary injection spectrum: the en-
hanced energy losses due to the Sun being located in an
interarm region, hence far from most sources, provide a
further steepening which helps accommodate the extra
component. We remark, however, that in order to match
consistently all PAMELA data sets we need an injec-
tion spectrum [γ(e−) = −2.5], which is still quite steeper
than that expected from Fermi acceleration theory and
inferred form radio observations of SNRs. A detailed
investigation of the escape mechanism of the electrons
from the sources should then be invoked to explain this
discrepancy.
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CRs are diffusively confined within an extended and magnetised halo
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pair production in pulsar wind nebulae (mechanism A
mentioned in the introduction) while the latter is more
natural for secondary production in SNRs (mechanism
B).
Similarly to what was done in Refs. [17] and [24], in

this section we assume that the sources of this compo-
nent have the same spiral-arm spatial distribution as that
adopted for CR nuclei and for the electron background;
this is consistent with both production mechanisms A
and B mentioned above since both the pulsar and SNR
populations are expected to be highly correlated with
the spiral-arm structure. The spatial distribution of the
propagated high-energy electrons originated from a spi-
ral source term is shown for illustrative purposes in Fig.
3.
As first shown in Ref. [17], we notice the importance

of this structured source term to reproduce the data us-
ing a more realistic primary injection spectrum: the en-
hanced energy losses due to the Sun being located in an
interarm region, hence far from most sources, provide a
further steepening which helps accommodate the extra
component. We remark, however, that in order to match
consistently all PAMELA data sets we need an injec-
tion spectrum [γ(e−) = −2.5], which is still quite steeper
than that expected from Fermi acceleration theory and
inferred form radio observations of SNRs. A detailed
investigation of the escape mechanism of the electrons
from the sources should then be invoked to explain this
discrepancy.
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of the extra component source spectrum cutoff energy:
Ecut = 1 and 10 TeV. The former is more suitable for
pair production in pulsar wind nebulae (mechanism A
mentioned in the introduction) while the latter is more
natural for secondary production in SNRs (mechanism
B).
Similarly to what was done in Refs. [17] and [24], in

this section we assume that the sources of this compo-
nent have the same spiral-arm spatial distribution as that
adopted for CR nuclei and for the electron background;
this is consistent with both production mechanisms A
and B mentioned above since both the pulsar and SNR
populations are expected to be highly correlated with
the spiral-arm structure. The spatial distribution of the
propagated high-energy electrons originated from a spi-
ral source term is shown for illustrative purposes in Fig.
3.
As first shown in Ref. [17], we notice the importance

of this structured source term to reproduce the data us-
ing a more realistic primary injection spectrum: the en-
hanced energy losses due to the Sun being located in an
interarm region, hence far from most sources, provide a
further steepening which helps accommodate the extra
component. We remark, however, that in order to match
consistently all PAMELA data sets we need an injec-
tion spectrum [γ(e−) = −2.5], which is still quite steeper
than that expected from Fermi acceleration theory and
inferred form radio observations of SNRs. A detailed
investigation of the escape mechanism of the electrons
from the sources should then be invoked to explain this
discrepancy.
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FIG. 1. The B/C ratio computed with DRAGON for the three
propagation setups considered in this paper and modulated
in the force-field approximation (Φ = 0.5 GV) are compared
with PAMELA [19] and AMS-02 [20] preliminary experimen-
tal data.

10−1 100 101 102 103

Ek [GeV/nuc]

100

101

102

103

104

E
2
J(
E
)[
G
eV

m
−
2
s−

1
sr
−
1
]

KRA model

PD model

KOL model

p PAMELA 09-10

p AMS-02 (preliminary data)

He PAMELA 06-08

FIG. 2. The proton and helium spectra computed with
DRAGON for the three propagation setups considered in this
paper and modulated in the force-field approximation are
compared with PAMELA and AMS-02 experimental data.
The local interstellar spectrum (LIS) is also shown. The
PAMELA data reported in this and the following figures
of this paper are extracted from the cosmic-ray database
(CRDB) (http://lpsc.in2p3.fr/cosmic-rays-db/) [23].

spectrum measured by PAMELA (see Refs. [18] and [24]).
As discussed in the introduction, the positron fraction
data above 10 GeV require the presence of an e− + e+

extra component with a hard spectrum. We assume
the extra component to be charge symmetric and tune
its source spectral index γ(e±) against the PAMELA
positron fraction data. We consider two reference values

FIG. 3. The face-on view of the primary electron density at
100 GeV on the Galactic plane as computed with DRAGON

is represented (arbitrary units).

of the extra component source spectrum cutoff energy:
Ecut = 1 and 10 TeV. The former is more suitable for
pair production in pulsar wind nebulae (mechanism A
mentioned in the introduction) while the latter is more
natural for secondary production in SNRs (mechanism
B).
Similarly to what was done in Refs. [17] and [24], in

this section we assume that the sources of this compo-
nent have the same spiral-arm spatial distribution as that
adopted for CR nuclei and for the electron background;
this is consistent with both production mechanisms A
and B mentioned above since both the pulsar and SNR
populations are expected to be highly correlated with
the spiral-arm structure. The spatial distribution of the
propagated high-energy electrons originated from a spi-
ral source term is shown for illustrative purposes in Fig.
3.
As first shown in Ref. [17], we notice the importance

of this structured source term to reproduce the data us-
ing a more realistic primary injection spectrum: the en-
hanced energy losses due to the Sun being located in an
interarm region, hence far from most sources, provide a
further steepening which helps accommodate the extra
component. We remark, however, that in order to match
consistently all PAMELA data sets we need an injec-
tion spectrum [γ(e−) = −2.5], which is still quite steeper
than that expected from Fermi acceleration theory and
inferred form radio observations of SNRs. A detailed
investigation of the escape mechanism of the electrons
from the sources should then be invoked to explain this
discrepancy.
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FIG. 1. The B/C ratio computed with DRAGON for the three
propagation setups considered in this paper and modulated
in the force-field approximation (Φ = 0.5 GV) are compared
with PAMELA [19] and AMS-02 [20] preliminary experimen-
tal data.
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FIG. 2. The proton and helium spectra computed with
DRAGON for the three propagation setups considered in this
paper and modulated in the force-field approximation are
compared with PAMELA and AMS-02 experimental data.
The local interstellar spectrum (LIS) is also shown. The
PAMELA data reported in this and the following figures
of this paper are extracted from the cosmic-ray database
(CRDB) (http://lpsc.in2p3.fr/cosmic-rays-db/) [23].

spectrum measured by PAMELA (see Refs. [18] and [24]).
As discussed in the introduction, the positron fraction
data above 10 GeV require the presence of an e− + e+

extra component with a hard spectrum. We assume
the extra component to be charge symmetric and tune
its source spectral index γ(e±) against the PAMELA
positron fraction data. We consider two reference values

FIG. 3. The face-on view of the primary electron density at
100 GeV on the Galactic plane as computed with DRAGON

is represented (arbitrary units).

of the extra component source spectrum cutoff energy:
Ecut = 1 and 10 TeV. The former is more suitable for
pair production in pulsar wind nebulae (mechanism A
mentioned in the introduction) while the latter is more
natural for secondary production in SNRs (mechanism
B).
Similarly to what was done in Refs. [17] and [24], in

this section we assume that the sources of this compo-
nent have the same spiral-arm spatial distribution as that
adopted for CR nuclei and for the electron background;
this is consistent with both production mechanisms A
and B mentioned above since both the pulsar and SNR
populations are expected to be highly correlated with
the spiral-arm structure. The spatial distribution of the
propagated high-energy electrons originated from a spi-
ral source term is shown for illustrative purposes in Fig.
3.
As first shown in Ref. [17], we notice the importance

of this structured source term to reproduce the data us-
ing a more realistic primary injection spectrum: the en-
hanced energy losses due to the Sun being located in an
interarm region, hence far from most sources, provide a
further steepening which helps accommodate the extra
component. We remark, however, that in order to match
consistently all PAMELA data sets we need an injec-
tion spectrum [γ(e−) = −2.5], which is still quite steeper
than that expected from Fermi acceleration theory and
inferred form radio observations of SNRs. A detailed
investigation of the escape mechanism of the electrons
from the sources should then be invoked to explain this
discrepancy.
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B-field amplification 
Bell 2004😐



Non-resonant “Bell” instability

Bell 2004 … Bell et al 2013

z

~B0

circularly polarised

wavelength << Larmor radius

~B1

escaping CRs barely deflected 
—> CR current j along B0  

—> return current in the opposite 
direction

�~j ⇥ ~B1 force acting on the plasma —> expands the helical perturbation of B

(until the size of the perturbation is of the order of 
the Larmor radius or magnetic tension balances it )

see also earlier works (space plasma community): Sentman+ 81, Winske & Leroy 84, Gary 93
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Ṁ = 10�5M�/yr

dense winds!

very young!

 3 consequences: 

 very dense winds (type IIb?) —> go to PeV or beyond! (Ptuskin+ 2010) 

 very rare events —> # of active PeV SNRs = 0 (Cristofari+ 2020) 

 “knee” in the spectrum from one SNR at transition to Sedov  (Cardillo+ 2015)
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Gamma-ray spectra are steep!
Galactic plane survey performed by HESS above ~100 GeV

HESS Collaboration 2018F�(E�) / E�↵
�
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…or allow for a different/modified acceleration mechanism (see later)
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The orthodoxy (3)
CRs are accelerated out of the (dusty) ISM through DSA in SNRs

No. 1, 1997 GALACTIC COSMIC RAYS FROM SNRs. II. 199

FIG. 1.ÈGalactic cosmic-ray source abundance relative to solar abundance vs. atomic mass number. All values are measured relative to cosmic-ray
hydrogen at a given energy per nucleon. The elements are divided, on the basis of condensation temperature, into refractory, semivolatile, volatile, and highly
volatile groups. The refractories are essentially completely locked in grains in the ISM, while the highly volatile elements are gaseous. The arrows on carbon
and oxygen indicate that these elements have an additional source from 22Ne-C-OÈenriched Wolf-Rayet wind material. Our estimate for the nonÈW-R
contribution of carbon is labeled. Our predictions for the abundances of volatile elements from a high Mach number shock model are shown with a dotted
line, and those for a lower Mach number model with a dot-dashed line. The horizontal solid lines on the right side of the plot are limits on our predicted
abundance of iron and other refractory elements. The label on the abscissa [D(A/Q)a, where a is some unspeciÐed constant] is a reminder that, for most
ionization models, A/Q is a roughly monotonically increasing function of mass. We note that the abundances of Kr, Xe, Mo, Ba, Ce, Pt, and Pb relative to Fe
may contain systematic errors that are difficult to evaluate (we indicate this with a question mark to the right of the point). For a complete discussion of the
observations, see Paper I.

major cosmic-ray components using a mixture of inter-
stellar gas and dust.

2. MODEL ASSUMPTIONS

The hypothesis that we wish to test is that the bulk of the
GCRs at energies below the so-called ““ knee ÏÏ at D1015 eV
are accelerated by the forward shock waves associated with
supernova remnants. The main arguments in favor of an
SNR origin for the GCRs are that it is very hard to think of
any other possible acceleration sites with adequate power
(although stellar winds might be sufficient) (see, e.g., Axford

and that SNRs are known from their radio synchro-1981)
tron emission to accelerate electrons to cosmic-ray energies
(see, e.g., & Ellison We assume the forwardReynolds 1992).
shocks in the Sedov phase are mainly responsible for
producing cosmic rays. While inner reverse shocks exist in
the early remnant phases, the forward shocks are much
longer lived and contain more energy. In addition, cosmic
rays accelerated when the remnant is small su†er strong
adiabatic losses, making later stages more important (see,
e.g., & Keane The forward shocks accelerateDrury 1995).
mainly ambient interstellar material, although recent calcu-

Ellison, Drury, Meyer (1997) see also Caprioli+ 2017

why dusty?
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sputtering of 
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accelerated 
dust grains

A/Q ~ A —> warm ISM 
A/Q ~ 2 —> hot ISM

see also Caprioli+ 2017
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Stellar wind termination shocks
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983
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<latexit sha1_base64="2ISQ7LKiHAiWuO23lxIMen6I2b4=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjoi6LblxWsA9ohyGTZtrQTBLyUGvpl7hxoYhbP8Wdf2PazkJbD1w4nHMv996TSEa1CYJvr7Cyura+UdwsbW3v7Jb9vf2mFlZh0sCCCdVOkCaMctIw1DDSloqgLGGklQyvp37rnihNBb8zI0miDPU5TSlGxkmxX7axhl0kpRKP0MYPsV8JqsEMcJmEOamAHPXY/+r2BLYZ4QYzpHUnDKSJxkgZihmZlLpWE4nwEPVJx1GOMqKj8ezwCTx2Sg+mQrniBs7U3xNjlGk9yhLXmSEz0IveVPzP61iTXkZjyqU1hOP5otQyaAScpgB7VBFs2MgRhBV1t0I8QAph47IquRDCxZeXSfO0Gp5Xz27PKrWrPI4iOARH4ASE4ALUwA2ogwbAwIJn8ArevCfvxXv3PuatBS+fOQB/4H3+AJvdkxI=</latexit>us ⇡ uw

analogy with solar WTS (Parker, Jokipii…) + DSA (BOBALSKy…) 

Bonus: Wolf-Rayet WTR are enriched in 22Ne —> composition 😎(with dilution)



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



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

<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>
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Gamma rays around young star clusters
Aharonian+ 2019, plus several papers especially by Yang and collaborators

spectra

radial profile
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Gamma rays around young star clusters
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

what about older clusters?
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star’s lifetime
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Energy injection at star clusters
star’s lifetime

t < 3 Myr —> only stellar winds
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<latexit sha1_base64="4pJCBgcv0NGd/m1OrbHycNo3D/c="></latexit>

Lw ⇠ 3⇥ 1051
✓
N⇤
100

◆
erg/Myr



Interstellar bubbles around star clusters
Castor+ 75, Weaver+ 77, McCray&Kafatos 87, Mac Low&McCray 88, Koo&McKee 92…

<latexit sha1_base64="mapJuCqHNhTFJBSuQJivN5ASBX0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTSfdp76pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wd0JI3s</latexit>uw
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Interstellar bubbles around star clusters
Castor+ 75, Weaver+ 77, McCray&Kafatos 87, Mac Low&McCray 88, Koo&McKee 92…

<latexit sha1_base64="mapJuCqHNhTFJBSuQJivN5ASBX0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTSfdp76pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wd0JI3s</latexit>uw

wind termination 
shock

shell of 
shocked ISM

forward shock

hot, diluted, 
turbulent bubbleyoung compact old

SNR shocks
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Gupta+ 2020
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Particle acceleration at WTSs: spectrum
Gupta+ 2020

compact cluster loose cluster

WTS
NO WTS!

weak shock —> spectra slightly steeper than E-2 —> good to fit CR data

strong WTS: Volk&Forman 82, Webb+ 85, Morlino+ 21
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Particle acceleration at WTSs: Emax

<latexit sha1_base64="6MOCx/FGBMfsqqm5oMuKIPoIXQo=">AAACHXicbVBNS8NAEN34bf2KevSyWIR6KYkU9VgUwWMVq0ITwma7aRd3k7g7EUvIH/HiX/HiQREPXsR/47bNQasPBh7vzTAzL0wF1+A4X9bU9Mzs3PzCYmVpeWV1zV7fuNRJpihr00Qk6jokmgkeszZwEOw6VYzIULCr8OZ46F/dMaV5El/AIGW+JL2YR5wSMFJgN06CXJL7AnuaS+wJFkENe5EiNL8tclpg7Cne68MuPgo0zkydBzqwq07dGQH/JW5JqqhEK7A/vG5CM8lioIJo3XGdFPycKOBUsKLiZZqlhN6QHusYGhPJtJ+PvivwjlG6OEqUqRjwSP05kROp9UCGplMS6OtJbyj+53UyiA79nMdpBiym40VRJjAkeBgV7nLFKIiBIYQqbm7FtE9MNGACrZgQ3MmX/5LLvbq7X2+cNarNozKOBbSFtlENuegANdEpaqE2ougBPaEX9Go9Ws/Wm/U+bp2yyplN9AvW5zciNKFQ</latexit>

Emax ⇠
⇣q
c

⌘
BsusRsHillas criterium —>



Particle acceleration at WTSs: Emax

<latexit sha1_base64="6MOCx/FGBMfsqqm5oMuKIPoIXQo=">AAACHXicbVBNS8NAEN34bf2KevSyWIR6KYkU9VgUwWMVq0ITwma7aRd3k7g7EUvIH/HiX/HiQREPXsR/47bNQasPBh7vzTAzL0wF1+A4X9bU9Mzs3PzCYmVpeWV1zV7fuNRJpihr00Qk6jokmgkeszZwEOw6VYzIULCr8OZ46F/dMaV5El/AIGW+JL2YR5wSMFJgN06CXJL7AnuaS+wJFkENe5EiNL8tclpg7Cne68MuPgo0zkydBzqwq07dGQH/JW5JqqhEK7A/vG5CM8lioIJo3XGdFPycKOBUsKLiZZqlhN6QHusYGhPJtJ+PvivwjlG6OEqUqRjwSP05kROp9UCGplMS6OtJbyj+53UyiA79nMdpBiym40VRJjAkeBgV7nLFKIiBIYQqbm7FtE9MNGACrZgQ3MmX/5LLvbq7X2+cNarNozKOBbSFtlENuegANdEpaqE2ougBPaEX9Go9Ws/Wm/U+bp2yyplN9AvW5zciNKFQ</latexit>

Emax ⇠
⇣q
c

⌘
BsusRsHillas criterium —>

<latexit sha1_base64="aP67+7yAIEObwPrbX3rjaNa3aFE=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiKgmtoAtSBQsDQ5HoQ2pC5Lhua9V2ItsBVVFXFn6FhQGEWPkDNv4Gt80AhSNd6eice3XvPWHMqNKO82XlFhaXllfyq4W19Y3NLXt7p6miRGLSwBGLZDtEijAqSENTzUg7lgTxkJFWOLyY+K07IhWNxI0excTnqC9oj2KkjRTY8Cq4h2ewDD1NOVHQdW7TcnUMPckhkf0jFdhFp+RMAf8SNyNFkKEe2J9eN8IJJ0JjhpTquE6s/RRJTTEj44KXKBIjPER90jFUILPWT6efjOGBUbqwF0lTQsOp+nMiRVypEQ9NJ0d6oOa9ifif10l0r+qnVMSJJgLPFvUSBnUEJ7HALpUEazYyBGFJza0QD5BEWJvwCiYEd/7lv6R5XHJPSpXrSrF2nsWRB3tgHxwCF5yCGrgEddAAGDyAJ/ACXq1H69l6s95nrTkrm9kFv2B9fAP6WpgB</latexit>

Lw = 3⇥ 1038erg/s

<latexit sha1_base64="XUCfGZj5amXNa8x9VQxh/b/4FXA=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVzWjRd0IRTcuK9gHtMOQSTNtaJIZkoxShoq/4saFIm79Dnf+jeljoa0HLhzOuZd77wkTzrRB6NvJLSwuLa/kVwtr6xubW+72Tl3HqSK0RmIeq2aINeVM0pphhtNmoigWIaeNsH898hv3VGkWyzszSKgvcFeyiBFsrBS4e2nwAC/hKUIIPsK2ErAvjnXgFlEJjQHniTclRTBFNXC/2p2YpIJKQzjWuuWhxPgZVoYRToeFdqppgkkfd2nLUokF1X42Pn8ID63SgVGsbEkDx+rviQwLrQcitJ0Cm56e9Ubif14rNdGFnzGZpIZKMlkUpRyaGI6ygB2mKDF8YAkmitlbIelhhYmxiRVsCN7sy/OkflLyzkrl23KxcjWNIw/2wQE4Ah44BxVwA6qgBgjIwDN4BW/Ok/PivDsfk9acM53ZBX/gfP4AD++TpA==</latexit>

uw = 3000 km/s
<latexit sha1_base64="91vdAQhD5jRudi/imaYb+vG/9jg=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCG8uMFnUjFN3oQqhoH9COQybNtKFJZkgyQhmqG3/FjQtF3PoV7vwb03YW2nrgwuGce7n3Hj9iVGnb/rYyM7Nz8wvZxdzS8srqWn59o6bCWGJSxSELZcNHijAqSFVTzUgjkgRxn5G63zsf+vV7IhUNxa3uR8TlqCNoQDHSRvLyW8JLLm+uBvAUOvABtiSHmN8l+4cDL1+wi/YIcJo4KSmAFBUv/9VqhzjmRGjMkFJNx460myCpKWZkkGvFikQI91CHNA0ViBPlJqMXBnDXKG0YhNKU0HCk/p5IEFeqz33TyZHuqklvKP7nNWMdnLgJFVGsicDjRUHMoA7hMA/YppJgzfqGICypuRXiLpIIa5NazoTgTL48TWoHReeoWLouFcpnaRxZsA12wB5wwDEogwtQAVWAwSN4Bq/gzXqyXqx362PcmrHSmU3wB9bnD5yslak=</latexit>

nISM = 1 cm�3

Morlino+ 2021

<latexit sha1_base64="G9DRauVh8hsfJDs2i6PxkU0/Vr4=">AAACBnicbVDLSgMxFM34rPU16lKEYBHcWGZqUZdFEVxWsA/oDEMmTdvQZCYkGWkZ6saNv+LGhSJu/QZ3/o1pOwttPXDhcM693HtPKBhV2nG+rYXFpeWV1dxafn1jc2vb3tmtqziRmNRwzGLZDJEijEakpqlmpCkkQTxkpBH2r8Z+455IRePoTg8F8TnqRrRDMdJGCuyD6yDlaDCCHhJCxgNYOjmFD9CTHFZJPbALTtGZAM4TNyMFkKEa2F9eO8YJJ5HGDCnVch2h/RRJTTEjo7yXKCIQ7qMuaRkaIU6Un07eGMEjo7RhJ5amIg0n6u+JFHGlhjw0nRzpnpr1xuJ/XivRnQs/pZFINInwdFEnYVDHcJwJbFNJsGZDQxCW1NwKcQ9JhLVJLm9CcGdfnif1UtE9K5Zvy4XKZRZHDuyDQ3AMXHAOKuAGVEENYPAInsEreLOerBfr3fqYti5Y2cwe+APr8wcnHJek</latexit>

Emax ⇡ 2� 3 PeV

<latexit sha1_base64="pkAn8mJVzZN7RZ8qIkUJ+k4o0vM=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgadkVUS9CiBePEcwDskuYnfQmQ2YfzPQKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3BakUGh3n2yqtrW9sbpW3Kzu7e/sH1cOjtk4yxaHFE5mobsA0SBFDCwVK6KYKWBRI6ATju5nfeQKlRRI/4iQFP2LDWISCMzSS5wGyfoPeUsd2+9WaYztz0FXiFqRGCjT71S9vkPAsghi5ZFr3XCdFP2cKBZcwrXiZhpTxMRtCz9CYRaD9fH7zlJ4ZZUDDRJmKkc7V3xM5i7SeRIHpjBiO9LI3E//zehmGN34u4jRDiPliUZhJigmdBUAHQgFHOTGEcSXMrZSPmGIcTUwVE4K7/PIqaV/Y7pV9+XBZqzeKOMrkhJySc+KSa1In96RJWoSTlDyTV/JmZdaL9W59LFpLVjFzTP7A+vwB0RCQPg==</latexit>

⌘B = 0.1



Particle acceleration at WTSs: Emax

<latexit sha1_base64="6MOCx/FGBMfsqqm5oMuKIPoIXQo=">AAACHXicbVBNS8NAEN34bf2KevSyWIR6KYkU9VgUwWMVq0ITwma7aRd3k7g7EUvIH/HiX/HiQREPXsR/47bNQasPBh7vzTAzL0wF1+A4X9bU9Mzs3PzCYmVpeWV1zV7fuNRJpihr00Qk6jokmgkeszZwEOw6VYzIULCr8OZ46F/dMaV5El/AIGW+JL2YR5wSMFJgN06CXJL7AnuaS+wJFkENe5EiNL8tclpg7Cne68MuPgo0zkydBzqwq07dGQH/JW5JqqhEK7A/vG5CM8lioIJo3XGdFPycKOBUsKLiZZqlhN6QHusYGhPJtJ+PvivwjlG6OEqUqRjwSP05kROp9UCGplMS6OtJbyj+53UyiA79nMdpBiym40VRJjAkeBgV7nLFKIiBIYQqbm7FtE9MNGACrZgQ3MmX/5LLvbq7X2+cNarNozKOBbSFtlENuegANdEpaqE2ougBPaEX9Go9Ws/Wm/U+bp2yyplN9AvW5zciNKFQ</latexit>

Emax ⇠
⇣q
c

⌘
BsusRsHillas criterium —>

quite large

possible for powerful clusters

<latexit sha1_base64="aP67+7yAIEObwPrbX3rjaNa3aFE=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiKgmtoAtSBQsDQ5HoQ2pC5Lhua9V2ItsBVVFXFn6FhQGEWPkDNv4Gt80AhSNd6eice3XvPWHMqNKO82XlFhaXllfyq4W19Y3NLXt7p6miRGLSwBGLZDtEijAqSENTzUg7lgTxkJFWOLyY+K07IhWNxI0excTnqC9oj2KkjRTY8Cq4h2ewDD1NOVHQdW7TcnUMPckhkf0jFdhFp+RMAf8SNyNFkKEe2J9eN8IJJ0JjhpTquE6s/RRJTTEj44KXKBIjPER90jFUILPWT6efjOGBUbqwF0lTQsOp+nMiRVypEQ9NJ0d6oOa9ifif10l0r+qnVMSJJgLPFvUSBnUEJ7HALpUEazYyBGFJza0QD5BEWJvwCiYEd/7lv6R5XHJPSpXrSrF2nsWRB3tgHxwCF5yCGrgEddAAGDyAJ/ACXq1H69l6s95nrTkrm9kFv2B9fAP6WpgB</latexit>

Lw = 3⇥ 1038erg/s

<latexit sha1_base64="XUCfGZj5amXNa8x9VQxh/b/4FXA=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVzWjRd0IRTcuK9gHtMOQSTNtaJIZkoxShoq/4saFIm79Dnf+jeljoa0HLhzOuZd77wkTzrRB6NvJLSwuLa/kVwtr6xubW+72Tl3HqSK0RmIeq2aINeVM0pphhtNmoigWIaeNsH898hv3VGkWyzszSKgvcFeyiBFsrBS4e2nwAC/hKUIIPsK2ErAvjnXgFlEJjQHniTclRTBFNXC/2p2YpIJKQzjWuuWhxPgZVoYRToeFdqppgkkfd2nLUokF1X42Pn8ID63SgVGsbEkDx+rviQwLrQcitJ0Cm56e9Ubif14rNdGFnzGZpIZKMlkUpRyaGI6ygB2mKDF8YAkmitlbIelhhYmxiRVsCN7sy/OkflLyzkrl23KxcjWNIw/2wQE4Ah44BxVwA6qgBgjIwDN4BW/Ok/PivDsfk9acM53ZBX/gfP4AD++TpA==</latexit>

uw = 3000 km/s
<latexit sha1_base64="91vdAQhD5jRudi/imaYb+vG/9jg=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCG8uMFnUjFN3oQqhoH9COQybNtKFJZkgyQhmqG3/FjQtF3PoV7vwb03YW2nrgwuGce7n3Hj9iVGnb/rYyM7Nz8wvZxdzS8srqWn59o6bCWGJSxSELZcNHijAqSFVTzUgjkgRxn5G63zsf+vV7IhUNxa3uR8TlqCNoQDHSRvLyW8JLLm+uBvAUOvABtiSHmN8l+4cDL1+wi/YIcJo4KSmAFBUv/9VqhzjmRGjMkFJNx460myCpKWZkkGvFikQI91CHNA0ViBPlJqMXBnDXKG0YhNKU0HCk/p5IEFeqz33TyZHuqklvKP7nNWMdnLgJFVGsicDjRUHMoA7hMA/YppJgzfqGICypuRXiLpIIa5NazoTgTL48TWoHReeoWLouFcpnaRxZsA12wB5wwDEogwtQAVWAwSN4Bq/gzXqyXqx362PcmrHSmU3wB9bnD5yslak=</latexit>

nISM = 1 cm�3

Morlino+ 2021

<latexit sha1_base64="G9DRauVh8hsfJDs2i6PxkU0/Vr4=">AAACBnicbVDLSgMxFM34rPU16lKEYBHcWGZqUZdFEVxWsA/oDEMmTdvQZCYkGWkZ6saNv+LGhSJu/QZ3/o1pOwttPXDhcM693HtPKBhV2nG+rYXFpeWV1dxafn1jc2vb3tmtqziRmNRwzGLZDJEijEakpqlmpCkkQTxkpBH2r8Z+455IRePoTg8F8TnqRrRDMdJGCuyD6yDlaDCCHhJCxgNYOjmFD9CTHFZJPbALTtGZAM4TNyMFkKEa2F9eO8YJJ5HGDCnVch2h/RRJTTEjo7yXKCIQ7qMuaRkaIU6Un07eGMEjo7RhJ5amIg0n6u+JFHGlhjw0nRzpnpr1xuJ/XivRnQs/pZFINInwdFEnYVDHcJwJbFNJsGZDQxCW1NwKcQ9JhLVJLm9CcGdfnif1UtE9K5Zvy4XKZRZHDuyDQ3AMXHAOKuAGVEENYPAInsEreLOerBfr3fqYti5Y2cwe+APr8wcnHJek</latexit>

Emax ⇡ 2� 3 PeV

<latexit sha1_base64="pkAn8mJVzZN7RZ8qIkUJ+k4o0vM=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgadkVUS9CiBePEcwDskuYnfQmQ2YfzPQKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3BakUGh3n2yqtrW9sbpW3Kzu7e/sH1cOjtk4yxaHFE5mobsA0SBFDCwVK6KYKWBRI6ATju5nfeQKlRRI/4iQFP2LDWISCMzSS5wGyfoPeUsd2+9WaYztz0FXiFqRGCjT71S9vkPAsghi5ZFr3XCdFP2cKBZcwrXiZhpTxMRtCz9CYRaD9fH7zlJ4ZZUDDRJmKkc7V3xM5i7SeRIHpjBiO9LI3E//zehmGN34u4jRDiPliUZhJigmdBUAHQgFHOTGEcSXMrZSPmGIcTUwVE4K7/PIqaV/Y7pV9+XBZqzeKOMrkhJySc+KSa1In96RJWoSTlDyTV/JmZdaL9W59LFpLVjFzTP7A+vwB0RCQPg==</latexit>

⌘B = 0.1



Particle acceleration in superbubbles
many papers by Bykov+, Parizot+, Ferrand&Marcowith, Vieu… 

Vieu+ 2022

A universal spectrum is not expected…



Particle acceleration in superbubbles
many papers by Bykov+, Parizot+, Ferrand&Marcowith, Vieu… 

Vieu+ 2022

A universal spectrum is not expected…

<latexit sha1_base64="6MOCx/FGBMfsqqm5oMuKIPoIXQo=">AAACHXicbVBNS8NAEN34bf2KevSyWIR6KYkU9VgUwWMVq0ITwma7aRd3k7g7EUvIH/HiX/HiQREPXsR/47bNQasPBh7vzTAzL0wF1+A4X9bU9Mzs3PzCYmVpeWV1zV7fuNRJpihr00Qk6jokmgkeszZwEOw6VYzIULCr8OZ46F/dMaV5El/AIGW+JL2YR5wSMFJgN06CXJL7AnuaS+wJFkENe5EiNL8tclpg7Cne68MuPgo0zkydBzqwq07dGQH/JW5JqqhEK7A/vG5CM8lioIJo3XGdFPycKOBUsKLiZZqlhN6QHusYGhPJtJ+PvivwjlG6OEqUqRjwSP05kROp9UCGplMS6OtJbyj+53UyiA79nMdpBiym40VRJjAkeBgV7nLFKIiBIYQqbm7FtE9MNGACrZgQ3MmX/5LLvbq7X2+cNarNozKOBbSFtlENuegANdEpaqE2ougBPaEX9Go9Ws/Wm/U+bp2yyplN9AvW5zciNKFQ</latexit>

Emax ⇠
⇣q
c

⌘
BsusRsHillas criterium —>

bubbles are 
large!

efficiency kinetic—> magnetic

which velocity? 
—> turbulent motions? 

—> forward shock? 
—> SN shocks?

possible to go to PeV 
and possibly beyond



You can’t always get what you want…

power spectrum Emax 22Ne/20Ne

SNR 😋

WTS 🤬

SB 😋

—> 10% of SN power



You can’t always get what you want…

power spectrum Emax 22Ne/20Ne

SNR 😋 😋

WTS 🤬 😋

SB 😋 😋

—> non-linear DSA

—> weak WTS

—> non universal



You can’t always get what you want…

power spectrum Emax 22Ne/20Ne

SNR 😋 😋 🤔

WTS 🤬 😋 🤔

SB 😋 😋 😋

can SNRs accelerate 
ENOUGH PeV CRs?

only very luminous 
star clusters 

large, messy and 
contain many shocks!



You can’t always get what you want…

power spectrum Emax 22Ne/20Ne

SNR 😋 😋 🤔 🤬

WTS 🤬 😋 🤔 🤬

SB 😋 😋 🤔 🤬

not enough

not enough

too much



…but if you try sometimes, 
well, you might find…

CR abundances (Voyager/AMS/superTIGER) wrt Solar

Tatischeff+ 2021



…but if you try sometimes, 
well, you might find…

CR abundances (Voyager/AMS/superTIGER) wrt Solar

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



…but if you try sometimes, 
well, you might find…

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



…you get what you need!
Tatischeff+ 2021 (see also Gupta+ 2020)



…you get what you need!
Tatischeff+ 2021 (see also Gupta+ 2020)

mixed scenario 
most CRs come from SNRs in SBs + ~5% of CRs come from stellar cluster WTSs



Conclusions

 orthodoxy (DSA @SNR shocks) faces problems 

 energetic is ok 

 spectra can be fixed (non-linearities) 

 Emax problematic (can we go up to the transition, >> PeV?) 

 composition is very problematic (mainly 22Ne/20Ne ratio) 

 star clusters do accelerate CRs (WTS or in superbubbles) 

 source of energy: WTSs ~10%, SNae ~90% 

 the acceleration proceeds in a different way in young and old clusters 

 PeVatrons? Extreme WTS might do, doable for SBs  

 mixed scenarios (acceleration at SNR+WTS) fit both CR spectra and 

abundances


