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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
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
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
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
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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Cosmic ray sources: why is it so difficult?

CR

CR source you

...magnetic field...

We cannot do CR Astronomy. 

Need for indirect identification of CR sources.
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Why is it so difficult 
to study PeVatrons?
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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⇡%
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Maxwell equations

= 0 —> plasma quasi-neutrality

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

Faraday law
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~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

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>



Hillas criterion
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

E ⇡ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>



Hillas criterion
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

E ⇡ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>

Emax
t ⇡

⇣q
c

⌘
B U L

<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

electric charge velocity

B-field
size



Hillas criterion
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

E ⇡ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>

Emax
t ⇡

⇣q
c

⌘
B U L

<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

electric charge velocity

B-field
size

Emax
t ⇡ 3⇥ 1012Z

✓
B

µG

◆✓
U

1000 km/s

◆✓
L

pc

◆
eV

<latexit sha1_base64="06joVyS1Oc32LiDsF4GR8YbbddA="></latexit>



Hillas criterion
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

E ⇡ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>

Emax
t ⇡

⇣q
c

⌘
B U L

<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

electric charge velocity

B-field
size

Emax
t ⇡ 3⇥ 1012Z

✓
B

µG

◆✓
U

1000 km/s

◆✓
L

pc

◆
eV

<latexit sha1_base64="06joVyS1Oc32LiDsF4GR8YbbddA="></latexit>

very general, we didn’t assume anything about the nature of the accelerator!



Hillas criterion
Let’s go back to the results obtained for the electrostatic accelerator

Emax
t = qEL

<latexit sha1_base64="vOT0sXrjPd+tnB5Vu625cifKB2s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIoC6EohRcuKhgH9COQybNtKFJZkwyahn7KW5cKOLWL3Hn35i2s9DWAxcO59zLvfcEMaNKO863lVtYXFpeya8W1tY3Nrfs4nZDRYnEpI4jFslWgBRhVJC6ppqRViwJ4gEjzWBwMfab90QqGokbPYyJx1FP0JBipI3k28Wqr29Tjh5H8AzewSq88u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOKlVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkclt2j8un1UalynsWRB7tgDxwAFxyDCrgENVAHGDyAZ/AK3qwn68V6tz6mrTkrm9kBf2B9/gBvZZLU</latexit>

E ⇡ U

c
B

<latexit sha1_base64="m0q6cHI6yJCQ17KoiayXlRLXFFI=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoiBfVWKoLHCqYtNKFstpt26WY37G7EEuLFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuaFCaNKO863tbS8srq2Xtoob25t7+zae/stJVKJiYcFE7ITIkUY5cTTVDPSSSRBcchIOxxdTfz2PZGKCn6nxwkJYjTgNKIYaSP17MNr6KMkkeIBQj+SCGdenuEcNnp2xak6U8BF4hakAgo0e/aX3xc4jQnXmCGluq6T6CBDUlPMSF72U0UShEdoQLqGchQTFWTTD3J4YpQ+jIQ0xTWcqr8nMhQrNY5D0xkjPVTz3kT8z+umOroIMsqTVBOOZ4uilEEt4CQO2KeSYM3GhiAsqbkV4iEyOWgTWtmE4M6/vEhaZ1W3Vr28rVXqjSKOEjgCx+AUuOAc1MENaAIPYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wdvPZZE</latexit>

Emax
t ⇡

⇣q
c

⌘
B U L

<latexit sha1_base64="XQAXeGtKnUFTi4neEwXoBSb+/kE="></latexit>

electric charge velocity

B-field
size

Emax
t ⇡ 3⇥ 1012Z

✓
B

µG

◆✓
U

1000 km/s

◆✓
L

pc

◆
eV

<latexit sha1_base64="06joVyS1Oc32LiDsF4GR8YbbddA="></latexit>

very general, we didn’t assume anything about the nature of the accelerator!



Why is it so difficult 
to study PeVatrons?



Gamma-ray spectra are steep!

F�(E�) / E�↵
�

<latexit sha1_base64="x7/Y4J9UiqgYjc2d0UkqzHF8HUk=">AAACHHicbVDLSgMxFM3UV62vqks3wSLUhWVGC+quKIrLCrYKnVrupGkbmsyEJCOUoR/ixl9x40IRNy4E/8b0gY/WA4HDOfdyc04gOdPGdT+d1Mzs3PxCejGztLyyupZd36jqKFaEVkjEI3UTgKachbRimOH0RioKIuD0OuieDvzrO6o0i8Ir05O0LqAdshYjYKzUyB6cNxK/DUJAP3/2TXexL1UkTYR/tNtkzwcuO9BvZHNuwR0CTxNvTHJojHIj++43IxILGhrCQeua50pTT0AZRjjtZ/xYUwmkC21aszQEQXU9GYbr4x2rNHErUvaFBg/V3xsJCK17IrCTAkxHT3oD8T+vFpvWUT1hoYwNDcnoUCvm2KYeNIWbTFFieM8SIIrZv2LSAQXE2D4ztgRvMvI0qe4XvGLh+LKYK52M60ijLbSN8shDh6iELlAZVRBB9+gRPaMX58F5cl6dt9FoyhnvbKI/cD6+ADkIoh0=</latexit>



Gamma-ray spectra are steep!
Galactic plane survey performed by HESS above ~100 GeV

HESS Collaboration 2018F�(E�) / E�↵
�

<latexit sha1_base64="x7/Y4J9UiqgYjc2d0UkqzHF8HUk=">AAACHHicbVDLSgMxFM3UV62vqks3wSLUhWVGC+quKIrLCrYKnVrupGkbmsyEJCOUoR/ixl9x40IRNy4E/8b0gY/WA4HDOfdyc04gOdPGdT+d1Mzs3PxCejGztLyyupZd36jqKFaEVkjEI3UTgKachbRimOH0RioKIuD0OuieDvzrO6o0i8Ir05O0LqAdshYjYKzUyB6cNxK/DUJAP3/2TXexL1UkTYR/tNtkzwcuO9BvZHNuwR0CTxNvTHJojHIj++43IxILGhrCQeua50pTT0AZRjjtZ/xYUwmkC21aszQEQXU9GYbr4x2rNHErUvaFBg/V3xsJCK17IrCTAkxHT3oD8T+vFpvWUT1hoYwNDcnoUCvm2KYeNIWbTFFieM8SIIrZv2LSAQXE2D4ztgRvMvI0qe4XvGLh+LKYK52M60ijLbSN8shDh6iELlAZVRBB9+gRPaMX58F5cl6dt9FoyhnvbKI/cD6+ADkIoh0=</latexit>
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Gamma-ray detectors
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Supernova remnants



SNRs are spherical —> CR escape!

e.g. Drury 2011

SNR shock

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



SNRs are spherical —> CR escape!

e.g. Drury 2011

SNR shock CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



SNRs are spherical —> CR escape!

e.g. Drury 2011

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



SNRs are spherical —> CR escape!

e.g. Drury 2011

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

RCR / t1/2 = t0.5

<latexit sha1_base64="HacDwLrMeUcZzJ+1Ypcxj5gE4QM=">AAACCXicbVC7SgNBFJ2Nrxhfq4KNzWAQrNbdoKiFEJLGMgnmAcm6zE4myZDZBzOzQli2tfFXtLBQxFa/wM7Gb3E2SaGJBwYO59zLnXPckFEhTfNLyywsLi2vZFdza+sbm1v69k5DBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN1hOfWbt4QLGvjXchQS20N9n/YoRlJJjg5rTlyuJbAT8iCUAZQ3sXVcSOBlykzjNHH0vGmYY8B5Yk1JvrhX/aaPpY+Ko392ugGOPOJLzJAQbcsMpR0jLilmJMl1IkFChIeoT9qK+sgjwo7HSRJ4qJQu7AVcPV/Csfp7I0aeECPPVZMekgMx66Xif147kr1zO6Z+GEni48mhXsRgGlnVAruUEyzZSBGEOVV/hXiAOMJSlZdTJVizkedJo2BYJ8ZFVbVRAhNkwT44AEfAAmegCK5ABdQBBnfgATyDF+1ee9JetbfJaEab7uyCP9DefwDwUpxI</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>



SNRs are spherical —> CR escape!

e.g. Drury 2011

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

RCR / t1/2 = t0.5

<latexit sha1_base64="HacDwLrMeUcZzJ+1Ypcxj5gE4QM=">AAACCXicbVC7SgNBFJ2Nrxhfq4KNzWAQrNbdoKiFEJLGMgnmAcm6zE4myZDZBzOzQli2tfFXtLBQxFa/wM7Gb3E2SaGJBwYO59zLnXPckFEhTfNLyywsLi2vZFdza+sbm1v69k5DBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN1hOfWbt4QLGvjXchQS20N9n/YoRlJJjg5rTlyuJbAT8iCUAZQ3sXVcSOBlykzjNHH0vGmYY8B5Yk1JvrhX/aaPpY+Ko392ugGOPOJLzJAQbcsMpR0jLilmJMl1IkFChIeoT9qK+sgjwo7HSRJ4qJQu7AVcPV/Csfp7I0aeECPPVZMekgMx66Xif147kr1zO6Z+GEni48mhXsRgGlnVAruUEyzZSBGEOVV/hXiAOMJSlZdTJVizkedJo2BYJ8ZFVbVRAhNkwT44AEfAAmegCK5ABdQBBnfgATyDF+1ee9JetbfJaEab7uyCP9DefwDwUpxI</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

faster!



SNRs are spherical —> CR escape!

e.g. Drury 2011

SNR shock

Rsh / t2/5 = t0.4

<latexit sha1_base64="Ftw1r8sjcmnd6L5TSiO1YpOiR7g=">AAACCXicbVDLSsNAFJ34rPUVFdy4GSyCq5iUiroQSt24bMU+oI1hMp20QycPZiZCCdm68Vd04UIRt/oF7tz4LU7aLrT1wMDhnHu5c44bMSqkaX5pc/MLi0vLuZX86tr6xqa+td0QYcwxqeOQhbzlIkEYDUhdUslIK+IE+S4jTXdwkfnNW8IFDYNrOYyI7aNeQD2KkVSSo8MrJxH9FHYiHkYyhPImKR4dp/A8Y6ZRSh29YBrmCH CWWBNSKO/Wvulj5aPq6J+dbohjnwQSMyRE2zIjaSeIS4oZSfOdWJAI4QHqkbaiAfKJsJNRkhQeKKULvZCrF0g4Un9vJMgXYui7atJHsi+mvUz8z2vH0ju1ExpEsSQBHh/yYgazyKoW2KWcYMmGiiDMqforxH3EEZaqvLwqwZqOPEsaRcMqGWc11UYFjJEDe2AfHAILnIAyuARVUAcY3IEH8AxetHvtSXvV3sajc9pkZwf8gfb+A2bEnJE=</latexit>

RCR / t1/2 = t0.5

<latexit sha1_base64="HacDwLrMeUcZzJ+1Ypcxj5gE4QM=">AAACCXicbVC7SgNBFJ2Nrxhfq4KNzWAQrNbdoKiFEJLGMgnmAcm6zE4myZDZBzOzQli2tfFXtLBQxFa/wM7Gb3E2SaGJBwYO59zLnXPckFEhTfNLyywsLi2vZFdza+sbm1v69k5DBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN1hOfWbt4QLGvjXchQS20N9n/YoRlJJjg5rTlyuJbAT8iCUAZQ3sXVcSOBlykzjNHH0vGmYY8B5Yk1JvrhX/aaPpY+Ko392ugGOPOJLzJAQbcsMpR0jLilmJMl1IkFChIeoT9qK+sgjwo7HSRJ4qJQu7AVcPV/Csfp7I0aeECPPVZMekgMx66Xif147kr1zO6Z+GEni48mhXsRgGlnVAruUEyzZSBGEOVV/hXiAOMJSlZdTJVizkedJo2BYJ8ZFVbVRAhNkwT44AEfAAmegCK5ABdQBBnfgATyDF+1ee9JetbfJaEab7uyCP9DefwDwUpxI</latexit>

CR cloud

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

faster!

particle escape from SNRs?



SNRs are spherical —> CR escape!

Drury 2011

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

for simplicity let’s take the shock to be at rest



SNRs are spherical —> CR escape!

Drury 2011

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

for simplicity let’s take the shock to be at rest

return 
probability*

escape 
probability

Pret =
Rsh

R̂

<latexit sha1_base64="sB334sPxIIhd1regz0FvRPdWujM=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSBYhV1R1EIJ2lgmwTwgCcvsZDYZMvtg5q4Qhq0EGwt/xMZCEVv/wE7wY5w8Co0euHA4517uvceLBVdg259WZm5+YXEpu5xbWV1b38hvbtVVlEjKajQSkWx6RDHBQ1YDDoI1Y8lI4AnW8AaXI79xw6TiUXgNw5h1AtILuc8pASO5eVx2tWSQ4jPc9iWhuupq1U9T3e4T0NU0dfMFu2iPgf8SZ0oKpfPK123h6KHs5j/a3YgmAQuBCqJUy7Fj6GgigVPB0lw7USwmdEB6rGVoSAKmOnr8SYr3jNLFfiRNhYDH6s8JTQKlhoFnOgMCfTXrjcT/vFYC/klH8zBOgIV0sshPBIYIj2LBXS4ZBTE0hFDJza2Y9okJBEx4OROCM/vyX1I/KDqHxdOKSeMCTZBFO2gX7SMHHaMSukJlVEMU3aFH9IxerHvryXq13iatGWs6s41+wXr/Blt4ncY=</latexit>

P1 = 1� Rsh

R̂

<latexit sha1_base64="m749vLh/QePHA9Exy/btJOliPBI=">AAACDnicbVA9SwNBEN3z2/gVtbRZDIKN4U4UtVBEG8soJhFy4djb7Jkle3vH7pwQlqssLfSv2FgoYmttJ/hj3CQWmvhg4PHeDDPzwlRwDa776YyNT0xOTc/MFubmFxaXissrNZ1kirIqTUSirkKimeCSVYGDYFepYiQOBauHndOeX79hSvNEXkI3Zc2YXEsecUrASkFxoxIYn8sIujk+xN6WHylCzUVgdDvPjd8mYC7yPCiW3LLbBx4l3g8pHR+df92Wdu8rQfHDbyU0i5kEKojWDc9NoWmIAk4Fywt+pllKaIdcs4alksRMN03/nRxvWKWFo0TZkoD76u8JQ2Ktu3FoO2MCbT3s9cT/vEYG0X7TcJlmwCQdLIoygSHBvWxwiytGQXQtIVRxeyumbWIDAZtgwYbgDb88SmrbZW+nfHBu0zhBA8ygNbSONpGH9tAxOkMVVEUU3aFH9IxenAfnyXl13gatY87PzCr6A+f9G7uon5E=</latexit>

particles have a non-vanishing probability to return 
to the shock even if they are quite far from it

* this probability is a bit 
larger than that due to 
the motion of the shock



SNRs are spherical —> CR escape!

Drury 2011

Rsh

<latexit sha1_base64="1nLR3ngIBbCvJmsGp0B3xZ07uxI=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZiHlAsoTZyWwyZnZmmZkVwpJ/sLFQxNbKv/AL7Gz8FiePQhMPXDiccy/33hPEnGnjul9OZml5ZXUtu57b2Nza3snv7tW1TBShNSK5VM0Aa8qZoDXDDKfNWFEcBZw2gsHV2G/cU6WZFLdmGFM/wj3BQkawsVL9ppPq/qiTL7hFdwK0SLwZKZQOqt/svfxR6eQ/211JkogKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpQJHVPvp5NoROrZKF4VS2RIGTdTfEymOtB5Gge2MsOnreW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShnQ/DmX14k9dOid1a8rNo0yjBFFg7hCE7Ag3MowTVUoAYE7uABnuDZkc6j8+K8TlszzmxmH/7AefsBoYqS4w==</latexit>

R̂

<latexit sha1_base64="k7RrWpmg94Angc7psqJAY6PXNxs=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoq9QDuUTJppQzOZkJwRytCHcONCERdufBP3bsS3Mb0stPWHwMf/n0POOaES3IDnfTu5hcWl5ZX8qru2vrG5VdjeqZkk1ZRVaSIS3QiJYYJLVgUOgjWUZiQOBauH/atRXr9n2vBE3sFAsSAmXckjTglYq97qEchuh+1C0St5Y+F58KdQvPhwz9Xbl1tpFz5bnYSmMZNABTGm6XsKgoxo4FSwodtKDVOE9kmXNS1KEjMTZONxh/jAOh0cJdo+CXjs/u7ISGzMIA5tZUygZ2azkflf1kwhOg0yLlUKTNLJR1EqMCR4tDvucM0oiIEFQjW3s2LaI5pQsBdy7RH82ZXnoXZU8o9LZzdesXyJJsqjPbSPDpGPTlAZXaMKqiKK+ugBPaFnRzmPzovzOinNOdOeXfRHzvsP2eWS7A==</latexit>

CR particle

return probability to the shock for a particle located upstream

for simplicity let’s take the shock to be at rest

return 
probability*

escape 
probability

Pret =
Rsh

R̂

<latexit sha1_base64="sB334sPxIIhd1regz0FvRPdWujM=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSBYhV1R1EIJ2lgmwTwgCcvsZDYZMvtg5q4Qhq0EGwt/xMZCEVv/wE7wY5w8Co0euHA4517uvceLBVdg259WZm5+YXEpu5xbWV1b38hvbtVVlEjKajQSkWx6RDHBQ1YDDoI1Y8lI4AnW8AaXI79xw6TiUXgNw5h1AtILuc8pASO5eVx2tWSQ4jPc9iWhuupq1U9T3e4T0NU0dfMFu2iPgf8SZ0oKpfPK123h6KHs5j/a3YgmAQuBCqJUy7Fj6GgigVPB0lw7USwmdEB6rGVoSAKmOnr8SYr3jNLFfiRNhYDH6s8JTQKlhoFnOgMCfTXrjcT/vFYC/klH8zBOgIV0sshPBIYIj2LBXS4ZBTE0hFDJza2Y9okJBEx4OROCM/vyX1I/KDqHxdOKSeMCTZBFO2gX7SMHHaMSukJlVEMU3aFH9IxerHvryXq13iatGWs6s41+wXr/Blt4ncY=</latexit>

P1 = 1� Rsh

R̂

<latexit sha1_base64="m749vLh/QePHA9Exy/btJOliPBI=">AAACDnicbVA9SwNBEN3z2/gVtbRZDIKN4U4UtVBEG8soJhFy4djb7Jkle3vH7pwQlqssLfSv2FgoYmttJ/hj3CQWmvhg4PHeDDPzwlRwDa776YyNT0xOTc/MFubmFxaXissrNZ1kirIqTUSirkKimeCSVYGDYFepYiQOBauHndOeX79hSvNEXkI3Zc2YXEsecUrASkFxoxIYn8sIujk+xN6WHylCzUVgdDvPjd8mYC7yPCiW3LLbBx4l3g8pHR+df92Wdu8rQfHDbyU0i5kEKojWDc9NoWmIAk4Fywt+pllKaIdcs4alksRMN03/nRxvWKWFo0TZkoD76u8JQ2Ktu3FoO2MCbT3s9cT/vEYG0X7TcJlmwCQdLIoygSHBvWxwiytGQXQtIVRxeyumbWIDAZtgwYbgDb88SmrbZW+nfHBu0zhBA8ygNbSONpGH9tAxOkMVVEUU3aFH9IxenAfnyXl13gatY87PzCr6A+f9G7uon5E=</latexit>

particles have a non-vanishing probability to return 
to the shock even if they are quite far from it

* this probability is a bit 
larger than that due to 
the motion of the shock

& 0.97

<latexit sha1_base64="tB3Ivauh+UVQBZHHzz84vqQzd4s=">AAAB83icbVDLSgMxFM34rOOr6tJNsAiuhhkRahdi0Y3LCvYBnaFk0kwbmmRCkhHK0N9w40JRt36Hezfi35g+Ftp64MLhnHu5955YMqqN7387S8srq2vrhQ13c2t7Z7e4t9/QaaYwqeOUpaoVI00YFaRuqGGkJRVBPGakGQ+ux37znihNU3FnhpJEHPUETShGxkph2DPW49D3KuVOseR7/gRwkQQzUrr8cC/k65db6xQ/w26KM06EwQxp3Q58aaIcKUMxIyM3zDSRCA9Qj7QtFYgTHeWTm0fw2CpdmKTKljBwov6eyBHXeshj28mR6et5byz+57Uzk5xHORUyM0Tg6aIkY9CkcBwA7FJFsGFDSxBW1N4KcR8phI2NybUhBPMvL5LGqReceZVbv1S9AlMUwCE4AicgAGVQBTegBuoAAwkewBN4djLn0Xlx3qatS85s5gD8gfP+AyLxlBs=</latexit>

in order to maintain an effective acceleration, 
such probability should be very close to 1

Pret = 1� ush

c

<latexit sha1_base64="lLAk+SeG+KdWk5gPshTji3DCZSs=">AAACBXicbVC7SgNBFJ2NrxhfqxYiWgwGwcawK4KxEII2lhHMA5KwzE5mkyGzs8vMrBCGbWz8FRsLRWz9BbHTxtbPcPIoNPHAhcM593LvPX7MqFSO82FlZmbn5heyi7ml5ZXVNXt9oyqjRGBSwRGLRN1HkjDKSUVRxUg9FgSFPiM1v3cx8Gs3REga8WvVj0krRB1OA4qRMpJn75Y9LYhK4Rl0D5uBQFgnnpbdNNU49ey8U3CGgNPEHZN8qfj1tvX5vV327PdmO8JJSLjCDEnZcJ1YtTQSimJG0lwzkSRGuIc6pGEoRyGRLT38IoX7RmnDIBKmuIJD9feERqGU/dA3nSFSXTnpDcT/vEaigmJLUx4ninA8WhQkDKoIDiKBbSoIVqxvCMKCmlsh7iIThTLB5UwI7uTL06R6VHCPC6dXJo1zMEIW7IA9cABccAJK4BKUQQVgcAvuwSN4su6sB+vZehm1ZqzxzCb4A+v1B+ignKM=</latexit>

free 
expansion

Bell 1978



Only very young SNRs accelerate to PeV
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type II type Ia

<latexit sha1_base64="VYOtiwaM9j1q/G/I8UNRSOIByiA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUBJUHgtSBQtLpSLRh9SEyHHd1qrjRLaDFEX5ARZ+hYUBhFjZ2fgb3DYDFI50paNz7rXvPX7EqFSW9WUU5uYXFpeKy6WV1bX1DXNzqyXDWGDSxCELRcdHkjDKSVNRxUgnEgQFPiNtf3Q19tv3REga8luVRMQN0IDTPsVIackz95xeqNJ6Bi+gbd2lhycZrHupE2o1O0odEcBEZJ5ZtirWBPAvsXNSBjkanvmpn8VxQLjCDEnZta1IuSkSimJGspITSxIhPEID0tWUo4BIN51ck8F9rfRgPxS6uIIT9edEigIpk8DXnQFSQznrjcX/vG6s+uduSnkUK8Lx9KN+zKAK4Tga2KOCYMUSTRAWVO8K8RAJhJUOsKRDsGdP/ktaxxX7tFK9qZZrl3kcRbADdsEBsMEZqIFr0ABNgMEDeAIv4NV4NJ6NN+N92low8plt8AvGxzfo6Zrd</latexit>

Ṁ = 10�5M�/yr



Only very young SNRs accelerate to PeV
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type II type Ia

<latexit sha1_base64="VYOtiwaM9j1q/G/I8UNRSOIByiA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUBJUHgtSBQtLpSLRh9SEyHHd1qrjRLaDFEX5ARZ+hYUBhFjZ2fgb3DYDFI50paNz7rXvPX7EqFSW9WUU5uYXFpeKy6WV1bX1DXNzqyXDWGDSxCELRcdHkjDKSVNRxUgnEgQFPiNtf3Q19tv3REga8luVRMQN0IDTPsVIackz95xeqNJ6Bi+gbd2lhycZrHupE2o1O0odEcBEZJ5ZtirWBPAvsXNSBjkanvmpn8VxQLjCDEnZta1IuSkSimJGspITSxIhPEID0tWUo4BIN51ck8F9rfRgPxS6uIIT9edEigIpk8DXnQFSQznrjcX/vG6s+uduSnkUK8Lx9KN+zKAK4Tga2KOCYMUSTRAWVO8K8RAJhJUOsKRDsGdP/ktaxxX7tFK9qZZrl3kcRbADdsEBsMEZqIFr0ABNgMEDeAIv4NV4NJ6NN+N92low8plt8AvGxzfo6Zrd</latexit>

Ṁ = 10�5M�/yr

✘



Only very young SNRs accelerate to PeV
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type II type Ia

<latexit sha1_base64="VYOtiwaM9j1q/G/I8UNRSOIByiA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUBJUHgtSBQtLpSLRh9SEyHHd1qrjRLaDFEX5ARZ+hYUBhFjZ2fgb3DYDFI50paNz7rXvPX7EqFSW9WUU5uYXFpeKy6WV1bX1DXNzqyXDWGDSxCELRcdHkjDKSVNRxUgnEgQFPiNtf3Q19tv3REga8luVRMQN0IDTPsVIackz95xeqNJ6Bi+gbd2lhycZrHupE2o1O0odEcBEZJ5ZtirWBPAvsXNSBjkanvmpn8VxQLjCDEnZta1IuSkSimJGspITSxIhPEID0tWUo4BIN51ck8F9rfRgPxS6uIIT9edEigIpk8DXnQFSQznrjcX/vG6s+uduSnkUK8Lx9KN+zKAK4Tga2KOCYMUSTRAWVO8K8RAJhJUOsKRDsGdP/ktaxxX7tFK9qZZrl3kcRbADdsEBsMEZqIFr0ABNgMEDeAIv4NV4NJ6NN+N92low8plt8AvGxzfo6Zrd</latexit>

Ṁ = 10�5M�/yr

very young!

✘



Only very young SNRs accelerate to PeV
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type II type Ia

<latexit sha1_base64="VYOtiwaM9j1q/G/I8UNRSOIByiA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUBJUHgtSBQtLpSLRh9SEyHHd1qrjRLaDFEX5ARZ+hYUBhFjZ2fgb3DYDFI50paNz7rXvPX7EqFSW9WUU5uYXFpeKy6WV1bX1DXNzqyXDWGDSxCELRcdHkjDKSVNRxUgnEgQFPiNtf3Q19tv3REga8luVRMQN0IDTPsVIackz95xeqNJ6Bi+gbd2lhycZrHupE2o1O0odEcBEZJ5ZtirWBPAvsXNSBjkanvmpn8VxQLjCDEnZta1IuSkSimJGspITSxIhPEID0tWUo4BIN51ck8F9rfRgPxS6uIIT9edEigIpk8DXnQFSQznrjcX/vG6s+uduSnkUK8Lx9KN+zKAK4Tga2KOCYMUSTRAWVO8K8RAJhJUOsKRDsGdP/ktaxxX7tFK9qZZrl3kcRbADdsEBsMEZqIFr0ABNgMEDeAIv4NV4NJ6NN+N92low8plt8AvGxzfo6Zrd</latexit>

Ṁ = 10�5M�/yr

dense winds!

very young!

✘



Only very young SNRs accelerate to PeV
Sc

hu
re

 &
 B

el
l 2

01
3

type II type Ia

<latexit sha1_base64="VYOtiwaM9j1q/G/I8UNRSOIByiA=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUBJUHgtSBQtLpSLRh9SEyHHd1qrjRLaDFEX5ARZ+hYUBhFjZ2fgb3DYDFI50paNz7rXvPX7EqFSW9WUU5uYXFpeKy6WV1bX1DXNzqyXDWGDSxCELRcdHkjDKSVNRxUgnEgQFPiNtf3Q19tv3REga8luVRMQN0IDTPsVIackz95xeqNJ6Bi+gbd2lhycZrHupE2o1O0odEcBEZJ5ZtirWBPAvsXNSBjkanvmpn8VxQLjCDEnZta1IuSkSimJGspITSxIhPEID0tWUo4BIN51ck8F9rfRgPxS6uIIT9edEigIpk8DXnQFSQznrjcX/vG6s+uduSnkUK8Lx9KN+zKAK4Tga2KOCYMUSTRAWVO8K8RAJhJUOsKRDsGdP/ktaxxX7tFK9qZZrl3kcRbADdsEBsMEZqIFr0ABNgMEDeAIv4NV4NJ6NN+N92low8plt8AvGxzfo6Zrd</latexit>

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)

✘



Star clusters



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



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, Vieu+ 2022

<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 ONLY

<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, Vieu+ 2022

<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: 
implications for observations

Vieu+ 2022 gamma ray observations

moderate confinement good confinement

N* = 100 - d = 1,5 kpc



Particle acceleration in superbubbles: 
implications for observations

Vieu+ 2022 gamma ray observations

moderate confinement good confinement
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Particle acceleration in superbubbles: 
implications for observations

Vieu+ 2022 gamma ray observations

moderate confinement good confinement

N* = 100 - d = 1,5 kpc
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Particle acceleration in superbubbles: 
implications for observations

Vieu+ 2022 gamma ray observations

moderate confinement good confinement

N* = 100 - d = 1,5 kpc

this is not a fit

Orion-Eridani —> no gammas, Cygnus region —> gammas

grea
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 of 
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nd s
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ra



Particle acceleration in superbubbles: 
maximum energy

<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 in superbubbles: 
maximum energy

<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!



Particle acceleration in superbubbles: 
maximum energy

<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



Particle acceleration in superbubbles: 
maximum energy

<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?



Particle acceleration in superbubbles: 
maximum energy

<latexit sha1_base64="6MOCx/FGBMfsqqm5oMuKIPoIXQo=">AAACHXicbVBNS8NAEN34bf2KevSyWIR6KYkU9VgUwWMVq0ITwma7aRd3k7g7EUvIH/HiX/HiQREPXsR/47bNQasPBh7vzTAzL0wF1+A4X9bU9Mzs3PzCYmVpeWV1zV7fuNRJpihr00Qk6jokmgkeszZwEOw6VYzIULCr8OZ46F/dMaV5El/AIGW+JL2YR5wSMFJgN06CXJL7AnuaS+wJFkENe5EiNL8tclpg7Cne68MuPgo0zkydBzqwq07dGQH/JW5JqqhEK7A/vG5CM8lioIJo3XGdFPycKOBUsKLiZZqlhN6QHusYGhPJtJ+PvivwjlG6OEqUqRjwSP05kROp9UCGplMS6OtJbyj+53UyiA79nMdpBiym40VRJjAkeBgV7nLFKIiBIYQqbm7FtE9MNGACrZgQ3MmX/5LLvbq7X2+cNarNozKOBbSFtlENuegANdEpaqE2ougBPaEX9Go9Ws/Wm/U+bp2yyplN9AvW5zciNKFQ</latexit>
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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heat fluxes can be approximated by the following expression (e.g.
Orlando et al. 2008):

Lc =
�sat

�sat + |Lcl |
Lcl, (10)

where �sat is the saturated heat flux, that was calculated according to
the analysis of the solar wind by Bale et al. (2013), where they found
a collisionless saturation of the heat flux at the level of �sat ⇠ 0.3�fs,
where �fs stands for the so-called ’free streaming’ heat flux:

�fs = =e:B)e

r
2:B)e

c<e
. (11)

2.4 Initial and boundary conditions

We use a latitude-dependent stellar wind model based on the theory
of Bjorkman & Cassinelli (1993) in the limit of large distances. The
internal stellar wind boundaries follow the equations (3) � (5) from
Langer et al. (1999), yet the terminal wind speed is now a function
of the e�ective stellar temperature:

EA (\) = E1 (1 �⌦ sin \)W , (12)

E1 = Z ()) Eesc = Z ())
r

2⌧" (1 � �Edd)
'

, (13)

where Z = 2.6 for O/WR and Z = 0.5 for CSG wind (cf. Kudritzki &
Puls 2000), ⌦ =

p
2Erot/Eesc is the stellar rotation parameter, and \

is the polar angle. The wind rotation is included by considering the
following azimuthal velocity component

Eq (A, \) = Erot
'

A

sin \, (14)

where Erot = 'l is the star’s equatorial rotation velocity. The stellar
mass " , e�ective temperature ) , angular speed l, and Eddington
gamma �Edd = !/!Edd where derived from the evolutionary data of
the Geneva code group (see Ekström et al. 2012). The mass loss rates
§" for O/WR and CSG winds were chosen so that to comply both with

the Geneva code data and, roughly, with the empirical estimations
of Fenech et al. (2018) and Andrews et al. (2019) considering the
clumping factor of unity (see Table 2).

The magnetic field structure in the freely expanding wind is treated
as a Parker spiral (see e.g. Parker 1958; Chevalier & Luo 1994;
García-Segura et al. 1999; Meyer 2021):

⌫A (A) = ⌫s

✓
'

A

◆2
, (15)

⌫q (A) = ⌫s

✓
'

A

◆ 
Eq (A, \)
EA (\)

� ⇣
A

'

� 1
⌘
, (16)

where ⌫s is a magnetic field strength at the stellar surface. This
field has a split-monopole structure, which implies a sign flip when
crossing \ = c/2. Throughout all simulations we set ⌫s = 100 G for
O/WR type stars in the cluster (e.g. Schöller et al. 2017).

The ����� code solves the equations (1 � 4) in 3D Cartesian
coordinates (G, H, I). The computational domain was extended in
the intervals of [�2; 2] or [�1; 1] pc (’S’ models) in all directions.
In our simulations we used uniform grids of 1253 (’125:’ models),
2503 (’250:’ model), and 5003 (’500:’ model) cells that cover the
domain (see Table 1). At the domain borders we used a modified
’free outflow’ boundary condition that also prohibits any possible
’backflow’ of the gas. Firstly, in the entire domain we initialized a
magnetised ISM of constant temperature, density, and magnetisation:
) = 8.5 ⇥ 103 K, = = 0.5 cm�3, H = ⌫eH , where ⌫ = 3.5 `G (e.g.
Meyer et al. 2017). Then, we injected the winds of 60 stars as the

Figure 2. Density map of the central$GH-plane of the cluster simulated with
the single-fluid 3D MHD model.

Figure 3. Temperature map of the central $GH-plane of the cluster simulated
with the single-fluid 3D MHD model.

inner boundary conditions inside small spherical volumes of 5 cells
in radius that are randomly distributed in the domain (see Fig. 1).
The simulations were stopped at the integration time Cint = 104 yr,
which is well after the establishing of a quasi-stationary flow regime.

3 RESULTS

3.1 Structure of the flow and gas heating in the inner cluster

Here we present the cluster core maps of the YMSC simulated with
the 3D MHD model described above. Since we did not introduce any
specific spatial symmetries in the stellar distribution (it is uniformly
random) there is no any qualitative di�erence between choosing
various central plane maps of the simulation variables to make il-
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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heat fluxes can be approximated by the following expression (e.g.
Orlando et al. 2008):

Lc =
�sat

�sat + |Lcl |
Lcl, (10)

where �sat is the saturated heat flux, that was calculated according to
the analysis of the solar wind by Bale et al. (2013), where they found
a collisionless saturation of the heat flux at the level of �sat ⇠ 0.3�fs,
where �fs stands for the so-called ’free streaming’ heat flux:

�fs = =e:B)e

r
2:B)e

c<e
. (11)

2.4 Initial and boundary conditions

We use a latitude-dependent stellar wind model based on the theory
of Bjorkman & Cassinelli (1993) in the limit of large distances. The
internal stellar wind boundaries follow the equations (3) � (5) from
Langer et al. (1999), yet the terminal wind speed is now a function
of the e�ective stellar temperature:

EA (\) = E1 (1 �⌦ sin \)W , (12)

E1 = Z ()) Eesc = Z ())
r

2⌧" (1 � �Edd)
'

, (13)

where Z = 2.6 for O/WR and Z = 0.5 for CSG wind (cf. Kudritzki &
Puls 2000), ⌦ =

p
2Erot/Eesc is the stellar rotation parameter, and \

is the polar angle. The wind rotation is included by considering the
following azimuthal velocity component

Eq (A, \) = Erot
'

A

sin \, (14)

where Erot = 'l is the star’s equatorial rotation velocity. The stellar
mass " , e�ective temperature ) , angular speed l, and Eddington
gamma �Edd = !/!Edd where derived from the evolutionary data of
the Geneva code group (see Ekström et al. 2012). The mass loss rates
§" for O/WR and CSG winds were chosen so that to comply both with

the Geneva code data and, roughly, with the empirical estimations
of Fenech et al. (2018) and Andrews et al. (2019) considering the
clumping factor of unity (see Table 2).

The magnetic field structure in the freely expanding wind is treated
as a Parker spiral (see e.g. Parker 1958; Chevalier & Luo 1994;
García-Segura et al. 1999; Meyer 2021):

⌫A (A) = ⌫s

✓
'

A

◆2
, (15)

⌫q (A) = ⌫s

✓
'

A

◆ 
Eq (A, \)
EA (\)

� ⇣
A

'

� 1
⌘
, (16)

where ⌫s is a magnetic field strength at the stellar surface. This
field has a split-monopole structure, which implies a sign flip when
crossing \ = c/2. Throughout all simulations we set ⌫s = 100 G for
O/WR type stars in the cluster (e.g. Schöller et al. 2017).

The ����� code solves the equations (1 � 4) in 3D Cartesian
coordinates (G, H, I). The computational domain was extended in
the intervals of [�2; 2] or [�1; 1] pc (’S’ models) in all directions.
In our simulations we used uniform grids of 1253 (’125:’ models),
2503 (’250:’ model), and 5003 (’500:’ model) cells that cover the
domain (see Table 1). At the domain borders we used a modified
’free outflow’ boundary condition that also prohibits any possible
’backflow’ of the gas. Firstly, in the entire domain we initialized a
magnetised ISM of constant temperature, density, and magnetisation:
) = 8.5 ⇥ 103 K, = = 0.5 cm�3, H = ⌫eH , where ⌫ = 3.5 `G (e.g.
Meyer et al. 2017). Then, we injected the winds of 60 stars as the

Figure 2. Density map of the central$GH-plane of the cluster simulated with
the single-fluid 3D MHD model.

Figure 3. Temperature map of the central $GH-plane of the cluster simulated
with the single-fluid 3D MHD model.

inner boundary conditions inside small spherical volumes of 5 cells
in radius that are randomly distributed in the domain (see Fig. 1).
The simulations were stopped at the integration time Cint = 104 yr,
which is well after the establishing of a quasi-stationary flow regime.

3 RESULTS

3.1 Structure of the flow and gas heating in the inner cluster

Here we present the cluster core maps of the YMSC simulated with
the 3D MHD model described above. Since we did not introduce any
specific spatial symmetries in the stellar distribution (it is uniformly
random) there is no any qualitative di�erence between choosing
various central plane maps of the simulation variables to make il-
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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heat fluxes can be approximated by the following expression (e.g.
Orlando et al. 2008):

Lc =
�sat

�sat + |Lcl |
Lcl, (10)

where �sat is the saturated heat flux, that was calculated according to
the analysis of the solar wind by Bale et al. (2013), where they found
a collisionless saturation of the heat flux at the level of �sat ⇠ 0.3�fs,
where �fs stands for the so-called ’free streaming’ heat flux:

�fs = =e:B)e

r
2:B)e

c<e
. (11)

2.4 Initial and boundary conditions

We use a latitude-dependent stellar wind model based on the theory
of Bjorkman & Cassinelli (1993) in the limit of large distances. The
internal stellar wind boundaries follow the equations (3) � (5) from
Langer et al. (1999), yet the terminal wind speed is now a function
of the e�ective stellar temperature:

EA (\) = E1 (1 �⌦ sin \)W , (12)

E1 = Z ()) Eesc = Z ())
r

2⌧" (1 � �Edd)
'

, (13)

where Z = 2.6 for O/WR and Z = 0.5 for CSG wind (cf. Kudritzki &
Puls 2000), ⌦ =

p
2Erot/Eesc is the stellar rotation parameter, and \

is the polar angle. The wind rotation is included by considering the
following azimuthal velocity component

Eq (A, \) = Erot
'

A

sin \, (14)

where Erot = 'l is the star’s equatorial rotation velocity. The stellar
mass " , e�ective temperature ) , angular speed l, and Eddington
gamma �Edd = !/!Edd where derived from the evolutionary data of
the Geneva code group (see Ekström et al. 2012). The mass loss rates
§" for O/WR and CSG winds were chosen so that to comply both with

the Geneva code data and, roughly, with the empirical estimations
of Fenech et al. (2018) and Andrews et al. (2019) considering the
clumping factor of unity (see Table 2).

The magnetic field structure in the freely expanding wind is treated
as a Parker spiral (see e.g. Parker 1958; Chevalier & Luo 1994;
García-Segura et al. 1999; Meyer 2021):

⌫A (A) = ⌫s

✓
'

A

◆2
, (15)

⌫q (A) = ⌫s

✓
'

A

◆ 
Eq (A, \)
EA (\)

� ⇣
A

'

� 1
⌘
, (16)

where ⌫s is a magnetic field strength at the stellar surface. This
field has a split-monopole structure, which implies a sign flip when
crossing \ = c/2. Throughout all simulations we set ⌫s = 100 G for
O/WR type stars in the cluster (e.g. Schöller et al. 2017).

The ����� code solves the equations (1 � 4) in 3D Cartesian
coordinates (G, H, I). The computational domain was extended in
the intervals of [�2; 2] or [�1; 1] pc (’S’ models) in all directions.
In our simulations we used uniform grids of 1253 (’125:’ models),
2503 (’250:’ model), and 5003 (’500:’ model) cells that cover the
domain (see Table 1). At the domain borders we used a modified
’free outflow’ boundary condition that also prohibits any possible
’backflow’ of the gas. Firstly, in the entire domain we initialized a
magnetised ISM of constant temperature, density, and magnetisation:
) = 8.5 ⇥ 103 K, = = 0.5 cm�3, H = ⌫eH , where ⌫ = 3.5 `G (e.g.
Meyer et al. 2017). Then, we injected the winds of 60 stars as the

Figure 2. Density map of the central$GH-plane of the cluster simulated with
the single-fluid 3D MHD model.

Figure 3. Temperature map of the central $GH-plane of the cluster simulated
with the single-fluid 3D MHD model.

inner boundary conditions inside small spherical volumes of 5 cells
in radius that are randomly distributed in the domain (see Fig. 1).
The simulations were stopped at the integration time Cint = 104 yr,
which is well after the establishing of a quasi-stationary flow regime.

3 RESULTS

3.1 Structure of the flow and gas heating in the inner cluster

Here we present the cluster core maps of the YMSC simulated with
the 3D MHD model described above. Since we did not introduce any
specific spatial symmetries in the stellar distribution (it is uniformly
random) there is no any qualitative di�erence between choosing
various central plane maps of the simulation variables to make il-
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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fast SNR shock in star clusters might accelerate >> PeV!



Conclusions, open questions, perspectives

Direct measurements 

 Where is the knee? (KASCADE —> few PeV, ARGO —> 0.7 PeV) 

 Both values are a challenge for theoreticians 

 To answer this questions we need a detector able to obtain high 

statistics and good energy resolution (we need to measure accurately 

the spectrum) and able to measure CR composition 

 Who can do that? —> LHAASO … ? (complementary to other space 

and ground based instruments to connect to lower energies)



Conclusions, open questions, perspectives
Indirect measurements: gamma rays 

Where are PeVatrons?  

 TIBET/LHAASO diffuse —> PeV CRs everywhere  

To answer this question we need detectors with superior collecting 

surface in the multi TeV (100 TeV and beyond) domain 

LHAASO: + best sensitivity at 100 TeV, broad energy domain, 

wide field of view; - northern hemisphere (no MW) 

CTA: + southern site, excellent angular resolution; - capabilities 

beyond 100 TeV? 

SWGO: + southern site, wide field of view (complementary to 

CTA), MW diffuse emission; - capabilities beyond 100 TeV?


