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The (local) Cosmic Ray spectrum

~GeVmean energy -> tens of Joules!
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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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FIG. 3. H&He spectrum by the hybrid experiment with ARGO-
YBJ and the imaging Cherenkov telescope. A clear knee structure is
observed. The dashed line represents the fit to the data. The single-
index spectrum below 700 TeV and its extrapolation up to 3160 TeV
(solid line) has been used as an a priori assumption. The H&He
spectra by CREAM5, ARGO-YBJ13 and the hybrid experiment15 be-
low the knee, the spectra by Tibet ASγ 7 and KASCADE8 above the
knee are shown for comparison. The shaded areas represent the sys-
tematic uncertainty.
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Fig. 13. Different extrapolations of the lg Ne-distribution for 0.5 PeV proton induced
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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
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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
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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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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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In recent years many other spectral features “appeared” in 

the spectrum so this is an (intendedly) brutal simplification 

(see ICRC rapporteur proceeding for something more updated)
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[2] The “sizes” of cosmic rays



The MeV domain

the Sun

Solar modulation

CR spectrum known with very large 
uncertainties in the MeV range 

-> but see recent Voyager results

RL(100 MeV) ∼ 1011 cm



The MeV domain

the Sun

Solar modulation

CR spectrum known with very large 
uncertainties in the MeV range 

-> but see recent Voyager results

RL(100 MeV) ∼ 1011 cm *

* in an interstellar B field, 10 times smaller at the Earth’s locations
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Solar modulation

Gabici 2022 (adapted from Vos & Potgieter 2015)

Solar activity

maximum

minimum

intermediateSolar wind

the local interstellar spectrum of CRs is very well measured from 
Earth at high energies, but is modulated at low energyes (< 20 GeV)



The GeV domain

1 A.U.

Galactic cosmic rays

bulk of the energy

RL(10 GeV) ∼ 1013 cm



The PeV domain (100 TeV-10 PeV)

still Galactic…  

RL(3 PeV) ∼ 1 pc



The PeV domain (100 TeV-10 PeV)

still Galactic…  

RL(3 PeV) ∼ 1 pc

same order of the size of Galactic objects —> difficult to reach PeV!



The EeV domain (1016 eV-1019 eV)

Milky Way

Transition from Galactic to 
extra-galactic Cosmic Rays

RL(1019 eV) ∼ 4 kpc



The EeV domain (1016 eV-1019 eV)

iron

Milky Way

Transition from Galactic to 
extra-galactic Cosmic Rays

RL(1019 eV) ∼ 4 kpc



The ZeV domain (> 1019 eV)

Milky Way

extragalactic CRs?

RL(1020 eV) ∼ 40 kpc



[3] The “orthodoxy”



The orthodoxy (1)

The bulk of the energy of cosmic rays originates 

from supernova explosions in the Galactic disk

follow the energy…
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Figure 1

Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
tendency of an
element to be found
in its gaseous state,
rather than
condensed into dust
grains. Elements
with low (high)
condensation
temperature are
called volatiles
(refractory).

Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):

Ci ⌘
fi(E/ZISM

i )
�ifp(E)

⇠ (Ai/Z
ISM
i )2 . 3.

Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i
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for a review see e.g. Gabici, Evoli, Gaggero, Lipari, Mertsch, Orlando, Strong, Vittino, IJMPD (2019)
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mass A alone could be the physical parameter regulating the acceleration e�ciency of
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is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles
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is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):

Ci ⌘
fi(E/ZISM

i )
�ifp(E)

⇠ (Ai/Z
ISM
i )2 . 3.

Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i

8 Tatische↵, Gabici

Ta
ti

sc
he

ff
 &

 S
G 

20
18

The bulk of the energy of CRs originates from SN explosions in the Galactic disk

The orthodoxy (1)

spallation

energy/nucleon is conserved in 
spallation reactions 
Boron (secondary) is produced 
mainly in spallation reactions 
involving Carbon (primary)

for a review see e.g. Gabici, Evoli, Gaggero, Lipari, Mertsch, Orlando, Strong, Vittino, IJMPD (2019)
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balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
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energy/nucleon is conserved in 
spallation reactions 
Boron (secondary) is produced 
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involving Carbon (primary)
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Figure 1

Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
tendency of an
element to be found
in its gaseous state,
rather than
condensed into dust
grains. Elements
with low (high)
condensation
temperature are
called volatiles
(refractory).

Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):

Ci ⌘
fi(E/ZISM

i )
�ifp(E)

⇠ (Ai/Z
ISM
i )2 . 3.

Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i
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Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.
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dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the
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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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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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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
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* this is not true! but “almost” true…
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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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[3] Follow the energy 
Is there space left 
for other sources?
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Bonus: Wolf-Rayet wind material enriched in 22Ne —> composition (with dilution)
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Bonus: Wolf-Rayet wind material enriched in 22Ne —> composition (with dilution)
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Then nobody cared for few decades…

citation counts for 
Cesarsky & 

Montmerle review

CR physicists thinking 
about star clusters winds 
between 1983 and 2019



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>
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[4] Follow the physics 
Where does acceleration end? 

The Hillas criterion



variations around a leg
The cosmic-ray spectrum 70 years later...

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

Energy, energy, energy…



variations around a leg
The cosmic-ray spectrum 70 years later...

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

Energy, energy, energy…

most of the 
energy is here —>



variations around a leg
The cosmic-ray spectrum 70 years later...

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

Energy, energy, energy…

most of the 
energy is here —>

th
er
e i

s n
ot 

mu
ch
 en

er
gy
 he

re
 —

>



variations around a leg
The cosmic-ray spectrum 70 years later...

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

Energy, energy, energy…

most of the 
energy is here —>

th
er
e i

s n
ot 

mu
ch
 en

er
gy
 he

re
 —

>

if we want to explain PeV particles 

only, the energy constrain is relaxed



variations around a leg
The cosmic-ray spectrum 70 years later...

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

Energy, energy, energy…

most of the 
energy is here —>

th
er
e i

s n
ot 

mu
ch
 en

er
gy
 he

re
 —

>

if we want to explain PeV particles 

only, the energy constrain is relaxed

so… can stellar winds 

accelerate up to PeV energies?
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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…



Charged particles and electromagnetic fields
cosmic rays are charged particles —> they are affected by electromagnetic fields

~E(~r, t) ~B(~r, t)



Charged particles and electromagnetic fields
cosmic rays are charged particles —> they are affected by electromagnetic fields

~E(~r, t) ~B(~r, t)

Simplifying assumption —> consider only constant fields

✘✘



Charged particles and electromagnetic fields
cosmic rays are charged particles —> they are affected by electromagnetic fields

~E(~r, t) ~B(~r, t)

Simplifying assumption —> consider only constant fields

✘✘
A particle of charge q moving at a velocity u fill experience a force: 

~F =
d~p

dt
= q

✓
~E +

~u

c
⇥ ~B

◆

~p = �m~urelativistic momentum



Charged particles and electromagnetic fields
cosmic rays are charged particles —> they are affected by electromagnetic fields

~E(~r, t) ~B(~r, t)

Simplifying assumption —> consider only constant fields

✘✘
A particle of charge q moving at a velocity u fill experience a force: 

~F =
d~p

dt
= q

✓
~E +

~u

c
⇥ ~B

◆

~p = �m~urelativistic momentum

Lorentz force 
⏊ to velocity —> 
doesn’t change  

the particle energy!
✘
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Can we keep a static and uniform electric 
field in an astrophysical plasma?

unfortunately, that’s quite difficult…

“…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”)

An excess of electrical charge is needed to maintain a static electric field. However we 
should remember…

So, the answer is no… …but there is still maybe some hope?
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Way-out: time varying B

We DO need electric fields to accelerate particles!

r ~E = 4⇡%

r⇥ ~E = �1

c

@ ~B

@t

r ~B = 0

r⇥ ~B =
4⇡

c
~j +

1

c

@ ~E

@t

Maxwell equations

= 0 —> plasma quasi-neutrality

A time varying magnetic field 
acts as a source of electric field!

Faraday law



An equivalent way: change rest frame

~u

<latexit sha1_base64="3lV+sdKVCwYtKtQTK7gQN5A2aYg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlqWzfrniVt0FyDrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLcGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/Hcy4AqZEVNLKFPc3krYiCrKjE2oZEPwVl9eJ62rqler3j7WKvW7PI4inME5XIIH11CHB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AGxNI/T</latexit>

Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

~B0

<latexit sha1_base64="aZKltJ9x+gr1I8f3JPqyWGxNE/0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN5KvXisYD+giWWznbRLd5OwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjopTSaFNYx7LXkAUcBZBWzPNoZdIICLg0A0md3O/OwWpWBw96lkCviCjiIWMEm2kgW17U6BZM3/KvEQyAfnArjo1ZwG8TtyCVFGB1sD+8oYxTQVEmnKiVN91Eu1nRGpGOeQVL1WQEDohI+gbGhEBys8Wl+f4wihDHMbSVKTxQv09kRGh1EwEplMQPVar3lz8z+unOrzxMxYlqYaILheFKcc6xvMY8JBJoJrPDCFUMnMrpmMiCdUmrIoJwV19eZ10rmpuvXb7UK82mkUcZXSGztElctE1aqB71EJtRNEUPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AEW0JP6</latexit>

~E0

<latexit sha1_base64="nH5gbp73zdHOC7EcPI/wN29LjC8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN6KInisYD+giWWznbRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGtzO/MwGpWCwe9TQBPyJDwUJGiTZS37a9CdDsLn/KvESyCPK+XXVqzhx4lbgFqaICzb795Q1imkYgNOVEqZ7rJNrPiNSMcsgrXqogIXRMhtAzVJAIlJ/NL8/xmVEGOIylKaHxXP09kZFIqWkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcx4AGTQDWfGkKoZOZWTEdEEqpNWBUTgrv88ippX9Tceu36oV5t3BRxlNEJOkXnyEWXqIHuURO1EEUT9Ixe0ZuVWS/Wu/WxaC1Zxcwx+gPr8wcbepP9</latexit>

primed quantities —> cloud frame



An equivalent way: change rest frame

~u

<latexit sha1_base64="3lV+sdKVCwYtKtQTK7gQN5A2aYg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlqWzfrniVt0FyDrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLcGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/Hcy4AqZEVNLKFPc3krYiCrKjE2oZEPwVl9eJ62rqler3j7WKvW7PI4inME5XIIH11CHB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AGxNI/T</latexit>

Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

~B0

<latexit sha1_base64="aZKltJ9x+gr1I8f3JPqyWGxNE/0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN5KvXisYD+giWWznbRLd5OwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjopTSaFNYx7LXkAUcBZBWzPNoZdIICLg0A0md3O/OwWpWBw96lkCviCjiIWMEm2kgW17U6BZM3/KvEQyAfnArjo1ZwG8TtyCVFGB1sD+8oYxTQVEmnKiVN91Eu1nRGpGOeQVL1WQEDohI+gbGhEBys8Wl+f4wihDHMbSVKTxQv09kRGh1EwEplMQPVar3lz8z+unOrzxMxYlqYaILheFKcc6xvMY8JBJoJrPDCFUMnMrpmMiCdUmrIoJwV19eZ10rmpuvXb7UK82mkUcZXSGztElctE1aqB71EJtRNEUPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AEW0JP6</latexit>

~E0

<latexit sha1_base64="nH5gbp73zdHOC7EcPI/wN29LjC8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN6KInisYD+giWWznbRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGtzO/MwGpWCwe9TQBPyJDwUJGiTZS37a9CdDsLn/KvESyCPK+XXVqzhx4lbgFqaICzb795Q1imkYgNOVEqZ7rJNrPiNSMcsgrXqogIXRMhtAzVJAIlJ/NL8/xmVEGOIylKaHxXP09kZFIqWkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcx4AGTQDWfGkKoZOZWTEdEEqpNWBUTgrv88ippX9Tceu36oV5t3BRxlNEJOkXnyEWXqIHuURO1EEUT9Ixe0ZuVWS/Wu/WxaC1Zxcwx+gPr8wcbepP9</latexit>

primed quantities —> cloud frame

~E0 = ~E +
~u

c
⇥ ~B

<latexit sha1_base64="8GfEr8NjEJettlDj8UiwgbEHmsE=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0USkVwWcE+oIllMp20QyeTMDMplJCvceOvuHFREXHnpzhNs9DWAwPnnnsud+7xIkalsqwvo7C2vrG5Vdwu7ezu7R+Yh0dtGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjj23m/MyFC0pA/qmlE3AANOfUpRkpLfbPmTAhO7tKnxIkEDUgKazCX4AV0fIFwktVxmiY4hY7SJrmwNNK+WbYqVga4SuyclEGOZt+cOYMQxwHhCjMkZc+2IuUmSCiKGUlLTixJhPAYDUlPU470MjfJzkzhmVYG0A+FflzBTP09kaBAymngaWeA1Egu9+bif71erPxrN6E8ihXheLHIjxlUIZxnBgdUEKzYVBOEBdV/hXiEdDRKJ1vSIdjLJ6+S9mXFrlZuHqrleiOPowhOwCk4Bza4AnVwD5qgBTB4Bq9gBt6NF+PN+DA+F9aCkc8cgz8wvn8AaBGmYg==</latexit>

Lorentz transformation



An equivalent way: change rest frame

~u

<latexit sha1_base64="3lV+sdKVCwYtKtQTK7gQN5A2aYg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlqWzfrniVt0FyDrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLcGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/Hcy4AqZEVNLKFPc3krYiCrKjE2oZEPwVl9eJ62rqler3j7WKvW7PI4inME5XIIH11CHB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AGxNI/T</latexit>

Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

~B0

<latexit sha1_base64="aZKltJ9x+gr1I8f3JPqyWGxNE/0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN5KvXisYD+giWWznbRLd5OwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjopTSaFNYx7LXkAUcBZBWzPNoZdIICLg0A0md3O/OwWpWBw96lkCviCjiIWMEm2kgW17U6BZM3/KvEQyAfnArjo1ZwG8TtyCVFGB1sD+8oYxTQVEmnKiVN91Eu1nRGpGOeQVL1WQEDohI+gbGhEBys8Wl+f4wihDHMbSVKTxQv09kRGh1EwEplMQPVar3lz8z+unOrzxMxYlqYaILheFKcc6xvMY8JBJoJrPDCFUMnMrpmMiCdUmrIoJwV19eZ10rmpuvXb7UK82mkUcZXSGztElctE1aqB71EJtRNEUPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AEW0JP6</latexit>

~E0

<latexit sha1_base64="nH5gbp73zdHOC7EcPI/wN29LjC8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN6KInisYD+giWWznbRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGtzO/MwGpWCwe9TQBPyJDwUJGiTZS37a9CdDsLn/KvESyCPK+XXVqzhx4lbgFqaICzb795Q1imkYgNOVEqZ7rJNrPiNSMcsgrXqogIXRMhtAzVJAIlJ/NL8/xmVEGOIylKaHxXP09kZFIqWkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcx4AGTQDWfGkKoZOZWTEdEEqpNWBUTgrv88ippX9Tceu36oV5t3BRxlNEJOkXnyEWXqIHuURO1EEUT9Ixe0ZuVWS/Wu/WxaC1Zxcwx+gPr8wcbepP9</latexit>

primed quantities —> cloud frame

~E0 = ~E +
~u

c
⇥ ~B

<latexit sha1_base64="8GfEr8NjEJettlDj8UiwgbEHmsE=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0USkVwWcE+oIllMp20QyeTMDMplJCvceOvuHFREXHnpzhNs9DWAwPnnnsud+7xIkalsqwvo7C2vrG5Vdwu7ezu7R+Yh0dtGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjj23m/MyFC0pA/qmlE3AANOfUpRkpLfbPmTAhO7tKnxIkEDUgKazCX4AV0fIFwktVxmiY4hY7SJrmwNNK+WbYqVga4SuyclEGOZt+cOYMQxwHhCjMkZc+2IuUmSCiKGUlLTixJhPAYDUlPU470MjfJzkzhmVYG0A+FflzBTP09kaBAymngaWeA1Egu9+bif71erPxrN6E8ihXheLHIjxlUIZxnBgdUEKzYVBOEBdV/hXiEdDRKJ1vSIdjLJ6+S9mXFrlZuHqrleiOPowhOwCk4Bza4AnVwD5qgBTB4Bq9gBt6NF+PN+DA+F9aCkc8cgz8wvn8AaBGmYg==</latexit>

Lorentz transformation

✘

0 = ~E +
~u

c
⇥ ~B �! ~E = �~u

c
⇥ ~B

<latexit sha1_base64="GhQdEKtgezRIxpFxcFh9W3KxtLo="></latexit>



An equivalent way: change rest frame

~u

<latexit sha1_base64="3lV+sdKVCwYtKtQTK7gQN5A2aYg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QhrLZTtqlm03Y3RRK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O/PUGleSyfzDRBP6JDyUPOqLFSuzdBlqWzfrniVt0FyDrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLcGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/Hcy4AqZEVNLKFPc3krYiCrKjE2oZEPwVl9eJ62rqler3j7WKvW7PI4inME5XIIH11CHB2hAExiM4Rle4c1JnBfn3flYthacfOYU/sD5/AGxNI/T</latexit>

Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u

~B0

<latexit sha1_base64="aZKltJ9x+gr1I8f3JPqyWGxNE/0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN5KvXisYD+giWWznbRLd5OwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjopTSaFNYx7LXkAUcBZBWzPNoZdIICLg0A0md3O/OwWpWBw96lkCviCjiIWMEm2kgW17U6BZM3/KvEQyAfnArjo1ZwG8TtyCVFGB1sD+8oYxTQVEmnKiVN91Eu1nRGpGOeQVL1WQEDohI+gbGhEBys8Wl+f4wihDHMbSVKTxQv09kRGh1EwEplMQPVar3lz8z+unOrzxMxYlqYaILheFKcc6xvMY8JBJoJrPDCFUMnMrpmMiCdUmrIoJwV19eZ10rmpuvXb7UK82mkUcZXSGztElctE1aqB71EJtRNEUPaNX9GZl1ov1bn0sW0tWMXOK/sD6/AEW0JP6</latexit>

~E0

<latexit sha1_base64="nH5gbp73zdHOC7EcPI/wN29LjC8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkoN6KInisYD+giWWznbRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGtzO/MwGpWCwe9TQBPyJDwUJGiTZS37a9CdDsLn/KvESyCPK+XXVqzhx4lbgFqaICzb795Q1imkYgNOVEqZ7rJNrPiNSMcsgrXqogIXRMhtAzVJAIlJ/NL8/xmVEGOIylKaHxXP09kZFIqWkUmM6I6JFa9mbif14v1eGVnzGRpBoEXSwKU451jGcx4AGTQDWfGkKoZOZWTEdEEqpNWBUTgrv88ippX9Tceu36oV5t3BRxlNEJOkXnyEWXqIHuURO1EEUT9Ixe0ZuVWS/Wu/WxaC1Zxcwx+gPr8wcbepP9</latexit>

primed quantities —> cloud frame

~E0 = ~E +
~u

c
⇥ ~B

<latexit sha1_base64="8GfEr8NjEJettlDj8UiwgbEHmsE=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0USkVwWcE+oIllMp20QyeTMDMplJCvceOvuHFREXHnpzhNs9DWAwPnnnsud+7xIkalsqwvo7C2vrG5Vdwu7ezu7R+Yh0dtGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjj23m/MyFC0pA/qmlE3AANOfUpRkpLfbPmTAhO7tKnxIkEDUgKazCX4AV0fIFwktVxmiY4hY7SJrmwNNK+WbYqVga4SuyclEGOZt+cOYMQxwHhCjMkZc+2IuUmSCiKGUlLTixJhPAYDUlPU470MjfJzkzhmVYG0A+FflzBTP09kaBAymngaWeA1Egu9+bif71erPxrN6E8ihXheLHIjxlUIZxnBgdUEKzYVBOEBdV/hXiEdDRKJ1vSIdjLJ6+S9mXFrlZuHqrleiOPowhOwCk4Bza4AnVwD5qgBTB4Bq9gBt6NF+PN+DA+F9aCkc8cgz8wvn8AaBGmYg==</latexit>

Lorentz transformation

✘

0 = ~E +
~u

c
⇥ ~B �! ~E = �~u

c
⇥ ~B

<latexit sha1_base64="GhQdEKtgezRIxpFxcFh9W3KxtLo="></latexit>

an observer in the lab frame sees an electric field!



Order of magnitude estimates 
of the induced electric field

time-varying B-field r⇥ ~E = �1

c

@ ~B

@t

<latexit sha1_base64="878WXQEaDDw8rmtgOflZaN1tKU0="></latexit>



Order of magnitude estimates 
of the induced electric field

time-varying B-field r⇥ ~E = �1

c

@ ~B

@t

<latexit sha1_base64="878WXQEaDDw8rmtgOflZaN1tKU0="></latexit>

r⇥ ! 1

L
@

@t
! 1

T

<latexit sha1_base64="6g5yrvl3B3uoDhDFcdmGIJrJ7sM="></latexit>

characteristic length

characteristic time



Order of magnitude estimates 
of the induced electric field

time-varying B-field r⇥ ~E = �1

c

@ ~B

@t

<latexit sha1_base64="878WXQEaDDw8rmtgOflZaN1tKU0="></latexit>

r⇥ ! 1

L
@

@t
! 1

T

<latexit sha1_base64="6g5yrvl3B3uoDhDFcdmGIJrJ7sM="></latexit>

characteristic length

characteristic time

E ⇡ L

T

B

c
⇡ U

c
B

<latexit sha1_base64="JGdfyEF3qV1n2UeJ31tzfcjAdYU=">AAACIHicbZDNSsNAFIUn9a/Wv6hLN4NFcFUSEaq7UhFcuKjQtIUmlMl00g6dTMLMRCwhj+LGV3HjQhHd6dM4TbPQ1gsDH+fcy517/JhRqSzryyitrK6tb5Q3K1vbO7t75v5BR0aJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/uZr53XsiJI14W01j4oVoxGlAMVJaGpj1a+iiOBbRA3QDgXB6m6XtrOBmluJswXdyrTkwq1bNygsug11AFRTVGpif7jDCSUi4wgxJ2betWHkpEopiRrKKm0gSIzxBI9LXyFFIpJfmB2bwRCtDGERCP65grv6eSFEo5TT0dWeI1FguejPxP6+fqODCSymPE0U4ni8KEgZVBGdpwSEVBCs21YCwoPqvEI+RzkHpTCs6BHvx5GXonNXs89rl3Xm10SziKIMjcAxOgQ3qoAFuQAs4AINH8AxewZvxZLwY78bHvLVkFDOH4E8Z3z9lraPF</latexit>

characteristic velocity



Order of magnitude estimates 
of the induced electric field

time-varying B-field r⇥ ~E = �1

c

@ ~B

@t

<latexit sha1_base64="878WXQEaDDw8rmtgOflZaN1tKU0="></latexit>

r⇥ ! 1

L
@

@t
! 1

T

<latexit sha1_base64="6g5yrvl3B3uoDhDFcdmGIJrJ7sM="></latexit>

characteristic length

characteristic time

E ⇡ L

T

B

c
⇡ U

c
B

<latexit sha1_base64="JGdfyEF3qV1n2UeJ31tzfcjAdYU=">AAACIHicbZDNSsNAFIUn9a/Wv6hLN4NFcFUSEaq7UhFcuKjQtIUmlMl00g6dTMLMRCwhj+LGV3HjQhHd6dM4TbPQ1gsDH+fcy517/JhRqSzryyitrK6tb5Q3K1vbO7t75v5BR0aJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/uZr53XsiJI14W01j4oVoxGlAMVJaGpj1a+iiOBbRA3QDgXB6m6XtrOBmluJswXdyrTkwq1bNygsug11AFRTVGpif7jDCSUi4wgxJ2betWHkpEopiRrKKm0gSIzxBI9LXyFFIpJfmB2bwRCtDGERCP65grv6eSFEo5TT0dWeI1FguejPxP6+fqODCSymPE0U4ni8KEgZVBGdpwSEVBCs21YCwoPqvEI+RzkHpTCs6BHvx5GXonNXs89rl3Xm10SziKIMjcAxOgQ3qoAFuQAs4AINH8AxewZvxZLwY78bHvLVkFDOH4E8Z3z9lraPF</latexit>

characteristic velocity

Lorentz 
transformation

~E = �~u

c
⇥ ~B

<latexit sha1_base64="PIN4ek6Lb+z8G97pVda+3CkBrC0=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCCy2JFNSFUCqCywr2Ak0pk+lJO3RyYWZSKCEv4cZXceNCEbeCO9/GaZqFtv4w8POdczhzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWFBo0JCHou0SCZwF0FBMcWhHAojvcmi5o5tpvTUGIVkYPKhJBF2fDALmMUqURj3z1BkDTW5TfI3PsOMJQpOMxGma0BQ7ivkgcYZqac8sWWUrE140dm5KKFe9Z345/ZDGPgSKciJlx7Yi1U2IUIxySItOLCEidEQG0NE2IHpZN8muSvGxJn3shUK/QOGM/p5IiC/lxHd1p0/UUM7XpvC/WidW3mU3YUEUKwjobJEXc6xCPI0I95kAqvhEG0IF03/FdEh0NEoHWdQh2PMnL5rmedmulK/uK6VqLY+jgA7RETpBNrpAVXSH6qiBKHpEz+gVvRlPxovxbnzMWpeMfOYA/ZHx+QNL7J70</latexit>

E ⇡ U

c
B
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Let’s go back to the results obtained for the electrostatic accelerator
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Let’s go back to the results obtained for the electrostatic accelerator
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very general, we didn’t assume anything about the nature of the accelerator!
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very general, we didn’t assume anything about the nature of the accelerator!



Interstellar bubbles around star clusters
Castor+ 75, Weaver+ 77, McCray&Kafatos 87, Mac Low&McCray 88, Koo&McKee 92…
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Particle acceleration at WTSs: Emax
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Particle acceleration at WTSs: Emax
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<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

quite small

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



[5] Follow the mass 
Isotopic anomalies 

Stellar winds: polluters or 
accelerators?



Isotopic anomalies: 
the 22Ne/20Ne ratio



Ref: Binns, Tatischeff

composition

Isotopic anomalies: 
the 22Ne/20Ne ratio



Ref: Binns, Tatischeff

composition

Isotopic anomalies: 
the 22Ne/20Ne ratio

…a factor of ~4 larger in cosmic rays 

than in solar/interstellar matter…



Can supernova remnants explain all CRs?

 WR stars pollute of 22Ne the interior of the bubble —> mixing with 

ambient ISM —> supernovae explode —> supernova remnants accelerate 

the polluted/mixed material (see papers by Lingenfelter+, Parizot+ … ) 

 WTSs of WR stars accelerate wind material enriched in 22Ne 

(Tatischeff+ 2021)

YES! —>

NO! —>



Can supernova remnants explain all CRs?

 WR stars pollute of 22Ne the interior of the bubble —> mixing with 

ambient ISM —> supernovae explode —> supernova remnants accelerate 

the polluted/mixed material (see papers by Lingenfelter+, Parizot+ … ) 

 WTSs of WR stars accelerate wind material enriched in 22Ne 

(Tatischeff+ 2021)

YES! —>

NO! —>

Questions:  Do WTSs accelerate CRs? 

 If so, how many of them? 

 Can star clusters (WTS plus SNR inside superbubbles) explain all CRs? 



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 bubble

young compact old

SNR shocks



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 bubble

young compact old

SNR shocks



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 bubble

young compact old

SNR shocks

YOUNGER THAN FEW Myr

OLDER THAN FEW Myr



Yes, wind termination shocks 
do accelerate cosmic rays

Peron+, Nature Astronomy

grey —> gas

 —> gammacolor

green/purple —> HII regions

Vela molecular 
ridge



Yes, wind termination shocks 
do accelerate cosmic rays

Peron+, Nature Astronomy

grey —> gas

 —> gammacolor

green/purple —> HII regions

Vela molecular 
ridge



Yes, wind termination shocks 
do accelerate cosmic rays

Peron+, Nature Astronomy

grey —> gas

 —> gammacolor

green/purple —> HII regions

clusters younger than ~ 1 Myr —> too young to explode SNae!

Vela molecular 
ridge



Yes, wind termination shocks 
do accelerate cosmic rays

Peron+, Nature Astronomy

grey —> gas

 —> gammacolor

green/purple —> HII regions

clusters younger than ~ 1 Myr —> too young to explode SNae!

<latexit sha1_base64="GTp3UyEKbkpp3J/LVD+hhmkBHP8=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g6XgqiTiayXFblxWsQ9oQphMb9uhk0mYmRRK6J+4caGIW//EnX/jtM1CWw9cOJxzL/feEyacKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipOJYUmjXksOyFRwJmApmaaQyeRQKKQQzsc1Wd+ewxSsVg86UkCfkQGgvUZJdpIgW17oEmQ1R+n+Ba72KsEdtmpOnPgVeLmpIxyNAL7y+vFNI1AaMqJUl3XSbSfEakZ5TAteamChNARGUDXUEEiUH42v3yKK0bp4X4sTQmN5+rviYxESk2i0HRGRA/VsjcT//O6qe7f+BkTSapB0MWifsqxjvEsBtxjEqjmE0MIlczciumQSEK1CatkQnCXX14lrfOqe1W9fLgo1+7yOIroBJ2iM+Sia1RD96iBmoiiMXpGr+jNyqwX6936WLQWrHzmGP2B9fkDTrGSJw==</latexit>

⌘CR > 1%

strict lower bound on the CR 
acceleration efficiency (energy)

Vela molecular 
ridge



Yes, wind termination shocks 
do accelerate cosmic rays

Peron+, Nature Astronomy

grey —> gas

 —> gammacolor

green/purple —> HII regions

clusters younger than ~ 1 Myr —> too young to explode SNae!

<latexit sha1_base64="GTp3UyEKbkpp3J/LVD+hhmkBHP8=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g6XgqiTiayXFblxWsQ9oQphMb9uhk0mYmRRK6J+4caGIW//EnX/jtM1CWw9cOJxzL/feEyacKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipOJYUmjXksOyFRwJmApmaaQyeRQKKQQzsc1Wd+ewxSsVg86UkCfkQGgvUZJdpIgW17oEmQ1R+n+Ba72KsEdtmpOnPgVeLmpIxyNAL7y+vFNI1AaMqJUl3XSbSfEakZ5TAteamChNARGUDXUEEiUH42v3yKK0bp4X4sTQmN5+rviYxESk2i0HRGRA/VsjcT//O6qe7f+BkTSapB0MWifsqxjvEsBtxjEqjmE0MIlczciumQSEK1CatkQnCXX14lrfOqe1W9fLgo1+7yOIroBJ2iM+Sia1RD96iBmoiiMXpGr+jNyqwX6936WLQWrHzmGP2B9fkDTrGSJw==</latexit>

⌘CR > 1%

strict lower bound on the CR 
acceleration efficiency (energy)

Vela molecular 
ridge

fraction of CRs 
coming from 
stellar winds 



The X = 22Ne/20Ne ratio 
can be explained!

<latexit sha1_base64="rR4TfoIrFqXu4ZQ6cRdZN95lS1w=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0WoiCURtbqRYjcu66MPaEOYTCft0MmDmYlSQj/Fjb/ixoUiutOvcdJkoa0XLpx7zrnM3OOEjAppGF9abm5+YXEpv1xYWV1b39A3t5oiiDgmDRywgLcdJAijPmlIKhlph5wgz2Gk5Qxrid66J1zQwL+To5BYHur71KUYSUXZeqVtx7WbMewK6sEukch+gG3VB7BkHqbzviJuU4NRNs7hRTLbelENk4KzwMxAEWRVt/XPbi/AkUd8iRkSomMaobRixCXFjIwL3UiQEOEh6pOOgj7yiLDiyYFjuKeYHnQDrtqXcML+3oiRJ8TIc5TTQ3IgprWE/E/rRNI9s2Lqh5EkPk4fciMGZQCTtGCPcoIlGymAMKfqrxAPEEdYqkwLKgRz+uRZ0Dwqm6flk+vjYvUyiyMPdsAuKAETVEAVXIE6aAAMHsEzeAVv2pP2or1rH6k1p2U72+BPad8/1aafog==</latexit>

XCR ⇠ ⌘wXw + (1� ⌘w)XS ⇠ 0.09 > XS



The X = 22Ne/20Ne ratio 
can be explained!

<latexit sha1_base64="rR4TfoIrFqXu4ZQ6cRdZN95lS1w=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0WoiCURtbqRYjcu66MPaEOYTCft0MmDmYlSQj/Fjb/ixoUiutOvcdJkoa0XLpx7zrnM3OOEjAppGF9abm5+YXEpv1xYWV1b39A3t5oiiDgmDRywgLcdJAijPmlIKhlph5wgz2Gk5Qxrid66J1zQwL+To5BYHur71KUYSUXZeqVtx7WbMewK6sEukch+gG3VB7BkHqbzviJuU4NRNs7hRTLbelENk4KzwMxAEWRVt/XPbi/AkUd8iRkSomMaobRixCXFjIwL3UiQEOEh6pOOgj7yiLDiyYFjuKeYHnQDrtqXcML+3oiRJ8TIc5TTQ3IgprWE/E/rRNI9s2Lqh5EkPk4fciMGZQCTtGCPcoIlGymAMKfqrxAPEEdYqkwLKgRz+uRZ0Dwqm6flk+vjYvUyiyMPdsAuKAETVEAVXIE6aAAMHsEzeAVv2pP2or1rH6k1p2U72+BPad8/1aafog==</latexit>

XCR ⇠ ⌘wXw + (1� ⌘w)XS ⇠ 0.09 > XS

isotopic ratio 
in CRs



The X = 22Ne/20Ne ratio 
can be explained!

<latexit sha1_base64="rR4TfoIrFqXu4ZQ6cRdZN95lS1w=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0WoiCURtbqRYjcu66MPaEOYTCft0MmDmYlSQj/Fjb/ixoUiutOvcdJkoa0XLpx7zrnM3OOEjAppGF9abm5+YXEpv1xYWV1b39A3t5oiiDgmDRywgLcdJAijPmlIKhlph5wgz2Gk5Qxrid66J1zQwL+To5BYHur71KUYSUXZeqVtx7WbMewK6sEukch+gG3VB7BkHqbzviJuU4NRNs7hRTLbelENk4KzwMxAEWRVt/XPbi/AkUd8iRkSomMaobRixCXFjIwL3UiQEOEh6pOOgj7yiLDiyYFjuKeYHnQDrtqXcML+3oiRJ8TIc5TTQ3IgprWE/E/rRNI9s2Lqh5EkPk4fciMGZQCTtGCPcoIlGymAMKfqrxAPEEdYqkwLKgRz+uRZ0Dwqm6flk+vjYvUyiyMPdsAuKAETVEAVXIE6aAAMHsEzeAVv2pP2or1rH6k1p2U72+BPad8/1aafog==</latexit>

XCR ⇠ ⌘wXw + (1� ⌘w)XS ⇠ 0.09 > XS

isotopic ratio 
in CRs

isotopic ratio in winds 
(corrected for CR efficiency)



The X = 22Ne/20Ne ratio 
can be explained!

<latexit sha1_base64="rR4TfoIrFqXu4ZQ6cRdZN95lS1w=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0WoiCURtbqRYjcu66MPaEOYTCft0MmDmYlSQj/Fjb/ixoUiutOvcdJkoa0XLpx7zrnM3OOEjAppGF9abm5+YXEpv1xYWV1b39A3t5oiiDgmDRywgLcdJAijPmlIKhlph5wgz2Gk5Qxrid66J1zQwL+To5BYHur71KUYSUXZeqVtx7WbMewK6sEukch+gG3VB7BkHqbzviJuU4NRNs7hRTLbelENk4KzwMxAEWRVt/XPbi/AkUd8iRkSomMaobRixCXFjIwL3UiQEOEh6pOOgj7yiLDiyYFjuKeYHnQDrtqXcML+3oiRJ8TIc5TTQ3IgprWE/E/rRNI9s2Lqh5EkPk4fciMGZQCTtGCPcoIlGymAMKfqrxAPEEdYqkwLKgRz+uRZ0Dwqm6flk+vjYvUyiyMPdsAuKAETVEAVXIE6aAAMHsEzeAVv2pP2or1rH6k1p2U72+BPad8/1aafog==</latexit>

XCR ⇠ ⌘wXw + (1� ⌘w)XS ⇠ 0.09 > XS

isotopic ratio 
in CRs

isotopic ratio in winds 
(corrected for CR efficiency)

fraction of CRs 
coming from winds



The X = 22Ne/20Ne ratio 
can be explained!
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accurate analysis of CR abundances (Tatischeff+ 2021) —> ~6%



Conclusions: mixed origin fro CRs?
 Supernova remnants most likely provide most CRs —> follow the energy! 

 Star clusters accelerate CRs (we see gamma rays!) 

 YOUNG star clusters accelerate CRs —> WTSs! 

 Stellar winds must play a role (22Ne) —> follow the mass! 

 Passive (polluters) and/or active (accelerators) role? 

 All CRs from star clusters? —> follow the physics! 

 Most of them from SNR inside super bubbles (abundance of CR volatiles) 

 Provided dust grains are present inside super bubbles (CR refractories) 

 Some of them from WTSs (22Ne)


