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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. 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).

21

KA
SC

A
D

E 
co

ll.
 2

00
5

5

Energy (GeV)
410 510 610 710

1.
65

(G
eV

)
-1

.s
.s

r)
2

 (m
2.

65
E×

Fl
ux

310

410
H+He

This work
Ref. [15]
ARGO-YBJ [13]
CREAM [5]
KASCADE P+He QGSJET 01
KASCADE P+He SIBYLL
KASCADE P+He QGSJET-II 02
Tibet-Phase I EC P+He QGSJET
Tibet-Phase I BD P+He QGSJET
Tibet-Phase II P+He QGSJET
Tibet-Phase II P+He SIBYLL
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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-
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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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the knee —> maximum(?) energy of protons accelerated at Galactic sources

Why are PeV cosmic rays important?

see Gabici et al. 2019 for a review on Galactic CRs



Z-dependent knee

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

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

Fig. 14. Unfolded energy spectra for H, He, C (left panel) and Si, Fe (right panel)
based on QGSJet simulations. The shaded bands are an estimate of the systematic
uncertainties due to the used parametrizations and the applied unfolding method
(Gold algorithm).
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index of !2 and weighted to E!3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJet-
II and, therefore, the ratio of Nch to N! is smaller for a

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

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

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

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

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

dI

dE
ðEÞ ¼ I0 & E"1 &

!
1 þ

"
E

Eb

#
#
$ð"1!"2Þ=#

;

I0: normalization factor;

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

Eb: energy of the break position;

#: smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
"1 ¼ !3 :25# 0:05 to "2 ¼ !2:79# 0:08 at an energy of
1017:08#0:08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. The measured number of events above
the bending isNmeas ¼ 595. Without the bending wewould
expect Nexp¼ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events

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

P1
k¼Nmeas

ðN
k
exp

k! eð!NexpÞÞ ) 7:23 * 10!09. This cor-

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

here are PeV particles

6 orders of magnitude

SNR must inject in the ISM a spectrum E-s with s ≳ 2



When did the word PeVatron appeared?

ADS search for “pevatron” or “pevatrons” (full text)

602 results

exponential 
growth



When did the word PeVatron appeared?

ADS search for “pevatron” or “pevatrons” (full text)

ADS can’t search properly 
into old scanned papers



When did the word PeVatron appeared?

Tom Gaisser (1940-2022)
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When did the word PeVatron appeared?

ADS search for “pevatron” or “pevatrons” (full text)

Array of Cherenkov telescopes 
to explore the multi-TeV sky



The Crab is a PeVatron

ADS search for “pevatron” or “pevatrons” (full text)

“The Crab is likely the first 
source established as a 

cosmic [leptonic] PeVatron”
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When did the word PeVatron appeared?

ADS search for “pevatron” or “pevatrons” (full text)several proposals for future multi-TeV instruments

—> HAWC



When did the word PeVatron appeared?

ADS search for “pevatron” or “pevatrons” (full text)Early attempts to identify PeVatrons (photons)



Neutrinos!

ADS search for “pevatron” or “pevatrons” (full text)

link *hadronic* PeVatrons <—> neutrinos



The importance of escaping particles

ADS search for “pevatron” or “pevatrons” (full text)the importance of escaping particles: 1) detection of delayed emission
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The importance of escaping particles

ADS search for “pevatron” or “pevatrons” (full text)

BAD NEWS!

the importance of escaping particles: 2) magnetic field amplification



The 1st hadronic PeVatron is not a SNR

identified thanks to the gamma-ray emission of escaping CRs

first hadronic PeVatron!



many alternatives to SNRs! (star clusters got a lot of attention)



ADS search for “pevatron” or “pevatrons” (full text)
many recent exciting observational results in the multi-TeV domain 

 —> PeV studies are data driven

Tibet

2021 only!



Hadronic PeVatrons:  
the importance of the 

escape of particles from 
supernova remnant



SuperNova Remnant evolution 
interstellar medium
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Rs

<latexit sha1_base64="gquD6HjvMGj8zZ5Ib9Vfem0fAjg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ1v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBuFI3o</latexit>us

swept-up mass

<latexit sha1_base64="vYn/K0ic7XVT6Sz9NeQGBDb5kJo=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRJb1I1QdONGqGIf0NQwmU7aoZNMmJlUSsgfuPFX3LhQxK1bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5hcWl5ZX8amFtfWNzy9zeaUgeC0zqmDMuWh6ShNGQ1BVVjLQiQVDgMdL0BpdjvzkkQlIe3qlRRDoB6oXUpxgpLbnm4bWbyIcUnkPHFwgnFehENE3KKbx15X0ZOkMkRJ+7ZtEqWRPAeWJnpAgy1Fzzy+lyHAckVJghKdu2FalOgoSimJG04MSSRAgPUI+0NQ1RQGQnmfyTwgOtdKHPha5QwYn6eyJBgZSjwNOdAVJ9OeuNxf+8dqz8s05CwyhWJMTTRX7MoOJwHA7sUkGwYiNNEBZU3wpxH+lclI6woEOwZ1+eJ43jkn1SqtxUitWLLI482AP74AjY4BRUwRWogTrA4BE8g1fwZjwZL8a78TFtzRnZzC74A+PzB5Nmm8I=</latexit>

Msw =
4⇡

3
R3

s%



SuperNova Remnant evolution 
interstellar medium

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

supernova remnant

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

explosion energy

mass of the ejecta

shock

<latexit sha1_base64="8qD5qn3LR7w4mmqE9M8EHDT2fxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/c90ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w84wo3F</latexit>

Rs

<latexit sha1_base64="gquD6HjvMGj8zZ5Ib9Vfem0fAjg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ1v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBuFI3o</latexit>us

swept-up mass

<latexit sha1_base64="vYn/K0ic7XVT6Sz9NeQGBDb5kJo=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRJb1I1QdONGqGIf0NQwmU7aoZNMmJlUSsgfuPFX3LhQxK1bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5hcWl5ZX8amFtfWNzy9zeaUgeC0zqmDMuWh6ShNGQ1BVVjLQiQVDgMdL0BpdjvzkkQlIe3qlRRDoB6oXUpxgpLbnm4bWbyIcUnkPHFwgnFehENE3KKbx15X0ZOkMkRJ+7ZtEqWRPAeWJnpAgy1Fzzy+lyHAckVJghKdu2FalOgoSimJG04MSSRAgPUI+0NQ1RQGQnmfyTwgOtdKHPha5QwYn6eyJBgZSjwNOdAVJ9OeuNxf+8dqz8s05CwyhWJMTTRX7MoOJwHA7sUkGwYiNNEBZU3wpxH+lclI6woEOwZ1+eJ43jkn1SqtxUitWLLI482AP74AjY4BRUwRWogTrA4BE8g1fwZjwZL8a78TFtzRnZzC74A+PzB5Nmm8I=</latexit>

Msw =
4⇡

3
R3

s%

free expansion

Sedov

<latexit sha1_base64="qRWndeFtPJI64CWjv+fzFaQ+O4E=">AAAB9XicbZBNSwMxEIZn61etX1WPXoJF8FR2pajHohePVewHtGvJpmkbms0uyaxSlv4PLx4U8ep/8ea/MW33oK0vBB7emWEmbxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRtfTevORayMidY/jmPshHSjRF4yitR7uuoZ0jAhJYgG7xZJbdmciy+BlUIJMtW7xq9OLWBJyhUxSY9qeG6OfUo2CST4pdBLDY8pGdMDbFhUNufHT2dUTcmKdHulH2j6FZOb+nkhpaMw4DGxnSHFoFmtT879aO8H+pZ8KFSfIFZsv6ieSYESmEZCe0JyhHFugTAt7K2FDqilDG1TBhuAtfnkZGmdl77xcua2UqldZHHk4gmM4BQ8uoAo3UIM6MNDwDK/w5jw5L8678zFvzTnZzCH8kfP5A501kfM=</latexit>

Rs ⇠ ust

<latexit sha1_base64="YUKs1s35mvdmm4igzNBiuj8+Xj4="></latexit>

Rs ⇠
✓
ESN

%

◆1/5

t2/5

<latexit sha1_base64="xBzAQHukVFbVVflwf/ZaPFKRjbQ=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUSEXVZdONGqGAv0IYwmU7SsZMLMxNLiXkUNy4UceuTuPNtnLZZaOsPAx//OYdz5vcSzqSyrG+jtLK6tr5R3qxsbe/s7pnV/baMU0Foi8Q8Fl0PS8pZRFuKKU67iaA49DjteKPrab3zSIVkcXSvJgl1QhxEzGcEK225ZvXWzehDjvpBgDTKce6aNatuzYSWwS6gBoWarvnVH8QkDW mkCMdS9mwrUU6GhWKE07zSTyVNMBnhgPY0Rjik0slmp+foWDsD5MdCv0ihmft7IsOhlJPQ050hVkO5WJua/9V6qfIvnYxFSapoROaL/JQjFaNpDmjABCWKTzRgIpi+FZEhFpgonVZFh2AvfnkZ2qd1+7x+dndWa1wVcZThEI7gBGy4gAbcQBNaQGAMz/AKb8aT8WK8Gx/z1pJRzBzAHxmfP+btk8k=</latexit>

Mej � Msw

<latexit sha1_base64="slKN0himfVrwhforLEii9KPu1bE=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUSEXVZdONGqGAv0IYwmU7bsZNJmJlYSsyjuHGhiFufxJ1v47TNQlt/GPj4zzmcM38Qc6a043xbhZXVtfWN4mZpa3tnd88u7zdVlEhCGyTikWwHWFHOBG1opjltx5LiMOC0FYyup/XWI5WKReJeT2LqhXggWJ8RrI3l2+VbP6UPGepyjgyqcebbFafqzISWwc2hArnqvv3V7UUkCa nQhGOlOq4Tay/FUjPCaVbqJorGmIzwgHYMChxS5aWz0zN0bJwe6kfSPKHRzP09keJQqUkYmM4Q66FarE3N/2qdRPcvvZSJONFUkPmifsKRjtA0B9RjkhLNJwYwkczcisgQS0y0SatkQnAXv7wMzdOqe149uzur1K7yOIpwCEdwAi5cQA1uoA4NIDCGZ3iFN+vJerHerY95a8HKZw7gj6zPH/Zgk9M=</latexit>

Mej ⌧ Msw



SuperNova Remnant evolution 
interstellar medium

%

<latexit sha1_base64="a5ejllF9BdQtOA29Dxi6EBQ/PfA=">AAAB7nicbVDLSgNBEOyNrxhfUY+KDAbBU9gVQb0FvXhMwDwgWcLsZDYZMjuzzMwGwpKjH+DFgyJe/YR8hze/wZ9w8jhoYkFDUdVNd1cQc6aN6345mZXVtfWN7GZua3tndy+/f1DTMlGEVonkUjUCrClnglYNM5w2YkVxFHBaD/p3E78+oEozKR7MMKZ+hLuChYxgY6V6a4CV6sl2vuAW3SnQMvHmpFA6Hle+H0/G5Xb+s9WRJImoMIRjrZueGxs/xcowwuko10o0jTHp4y5tWipwRLWfTs8doTOrdFAolS1h0FT9PZHiSOthFNjOCJueXvQm4n9eMzHhtZ8yESeGCjJbFCYcGYkmv6MOU5QYPrQEE8XsrYj0sMLE2IRyNgRv8eVlUrsoepfFm4pN4xZmyMIRnMI5eHAFJbiHMlSBQB+e4AVendh5dt6c91lrxpnPHMIfOB8/eE2TYQ==</latexit>

supernova remnant

ESN

<latexit sha1_base64="rlo9vdCHAu7JGunaUZSElyjmkQc=">AAAB7XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EBE8SYLmAckSZieTZMzszDIzK4Ql/+DFgyJePfkXfoE3L36Lk8dBEwsaiqpuuruCiDNtXPfLSS0sLi2vpFcza+sbm1vZ7Z2qlrEitEIkl6oeYE05E7RimOG0HimKw4DTWtC/GPm1e6o0k+LWDCLqh7grWIcRbKxUvWwlN9fDVjbn5t0x0DzxpiRX2Ct/s/fiR6mV/Wy2JYlDKgzhWOuG50bGT7AyjHA6zDRjTSNM+rhLG5YKHFLtJ+Nrh+jQKm3UkcqWMGis/p5IcKj1IAxsZ4hNT896I/E/rxGbzpmfMBHFhgoyWdSJOTISjV5HbaYoMXxgCSaK2VsR6WGFibEBZWwI3uzL86R6nPdO8udlm0YRJkjDPhzAEXhwCgW4ghJUgMAdPMATPDvSeXRenNdJa8qZzuzCHzhvPzVTkpw=</latexit>

Mej

<latexit sha1_base64="tbhpoEo7fv9CyCISemjKRMhjcFk=">AAAB7XicbVDLSgNBEJyNr5j4iHr0MhgFT2FXBPUW9OJFiGAekCxhdtJJJpmdWWZmA2HJP3jxoIhX/8Af8A+8+SF6dvI4aGJBQ1HVTXdXEHGmjet+Oqml5ZXVtfR6JruxubWd29mtaBkrCmUquVS1gGjgTEDZMMOhFikgYcChGvSvxn51AEozKe7MMAI/JB3B2owSY6XKTTOB3qiZy7sFdwK8SLwZyRcPv97eB9nvUjP30WhJGocgDOVE67rnRsZPiDKMchhlGrGGiNA+6UDdUkFC0H4yuXaEj6zSwm2pbAmDJ+rviYSEWg/DwHaGxHT1vDcW//PqsWmf+wkTUWxA0OmidsyxkXj8Om4xBdTwoSWEKmZvxbRLFKHGBpSxIXjzLy+SyknBOy1c3No0LtEUabSPDtAx8tAZKqJrVEJlRFEP3aNH9ORI58F5dl6mrSlnNrOH/sB5/QFqu5N6</latexit>

explosion energy

mass of the ejecta

shock

<latexit sha1_base64="8qD5qn3LR7w4mmqE9M8EHDT2fxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/c90ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w84wo3F</latexit>

Rs

<latexit sha1_base64="gquD6HjvMGj8zZ5Ib9Vfem0fAjg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ1v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBuFI3o</latexit>us

swept-up mass

<latexit sha1_base64="vYn/K0ic7XVT6Sz9NeQGBDb5kJo=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRJb1I1QdONGqGIf0NQwmU7aoZNMmJlUSsgfuPFX3LhQxK1bd/6N0zYLbT1w4XDOvdx7jxcxKpVlfRu5hcWl5ZX8amFtfWNzy9zeaUgeC0zqmDMuWh6ShNGQ1BVVjLQiQVDgMdL0BpdjvzkkQlIe3qlRRDoB6oXUpxgpLbnm4bWbyIcUnkPHFwgnFehENE3KKbx15X0ZOkMkRJ+7ZtEqWRPAeWJnpAgy1Fzzy+lyHAckVJghKdu2FalOgoSimJG04MSSRAgPUI+0NQ1RQGQnmfyTwgOtdKHPha5QwYn6eyJBgZSjwNOdAVJ9OeuNxf+8dqz8s05CwyhWJMTTRX7MoOJwHA7sUkGwYiNNEBZU3wpxH+lclI6woEOwZ1+eJ43jkn1SqtxUitWLLI482AP74AjY4BRUwRWogTrA4BE8g1fwZjwZL8a78TFtzRnZzC74A+PzB5Nmm8I=</latexit>

Msw =
4⇡

3
R3

s%

<latexit sha1_base64="XqnhkM8WTTK4WOJZF6vjrT4RdXo=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFcFUSKeqy6MaNUMFeoA1hMp22YyeTMDNRS8iruHGhiFtfxJ1v47TNQlt/GPj4zzmcM38Qc6a043xbhZXVtfWN4mZpa3tnd8/eL7dUlEhCmyTikewEWFHOBG1qpjntxJLiMOC0HYyvpvX2A5WKReJOT2LqhXgo2IARrI3l2+UbP6X3GeopFiLD6jHz7YpTdWZCy+DmUIFcDd/+6vUjkoRUaMKxUl3XibWXYqkZ4TQr9RJFY0zGeEi7BgUOqfLS2e0ZOjZOHw0iaZ7QaOb+nkhxqNQkDExniPVILdam5n+1bqIHF17KRJxoKsh80SDhSEdoGgTqM0mJ5hMDmEhmbkVkhCUm2sRVMiG4i19ehtZp1T2r1m5rlfplHkcRDuEITsCFc6jDNTSgCQSe4Ble4c3KrBfr3fqYtxasfOYA/sj6/AHNv5RO</latexit>

Mej ⇠ Msw

<latexit sha1_base64="DMI9X7PAYPqWj80AH6Iv24HvYGc=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIfSyLblxWsA9oYplMb9qhM0mYmQg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKik0aMxj2Q6IAs4iaGimObQTCUQEHFrB8Hritx5AKhZHd3qUgC9IP2Iho0QbqWsfeIoJ7Dr32Zk7xp4UGGS/a5edijMFXiRuTsooR71rf3m9mKYCIk05UarjOon2MyI1oxzGJS9VkBA6JH3oGBoRAcrPpteP8bFRejiMpalI46n6eyIjQqmRCEynIHqg5r2J+J/XSXV46WcsSlINEZ0tClOOdYwnUeAek0A1HxlCqGTmVkwHRBKqTWAlE4I7//IiaZ5W3PNK9bZarl3lcRTRITpCJ8hFF6iGblAdNRBFj+gZvaI368l6sd6tj1lrwcpn9tEfWJ8/qy+UFw==</latexit>

⇠ 1051erg

<latexit sha1_base64="FoMSCTNfp/DE0leM6HpwAnZlOgw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6rLoxo1QwT6gCWEymbRDZzJhZiKWED/FjQtF3Poj7vwbp20W2nrgwuGce7n3njBlVGnH+bYqK6tr6xvVzdrW9s7unr1f7yqRSUw6WDAh+yFShNGEdDTVjPRTSRAPGemF4+up33sgUlGR3OtJSnyOhgmNKUbaSIFd9xTl0IVP8DbIPREJXQR2w2k6M8Bl4pakAUq0A/vLiwTOOEk0Zkipgeuk2s+R1BQzUtS8TJEU4TEakoGhCeJE+fns9gIeGyWCsZCmEg1n6u+JHHGlJjw0nRzpkVr0puJ/3iDT8aWf0yTNNEnwfFGcMagFnAYBIyoJ1mxiCMKSmlshHiGJsDZx1UwI7uLLy6R72nTPm2d3Z43WVRlHFRyCI3ACXHABWuAGtEEHYPAInsEreLMK68V6tz7mrRWrnDkAf2B9/gALopPS</latexit>⇠ 1 M�
<latexit sha1_base64="TvMJqoE763XxUlTDZCASFtWDP5Y=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiZa1GXRjcsK9gFNDJPppB06MwkzEyGE+ituXCji1g9x5984bbPQ1gMXDufcy733hAmjSjvOt1VaWV1b3yhvVra2d3b37P2DjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+Gbqdx+JVDQW9zpLiM/RUNCIYqSNFNhVT1EOeZCc5p7kEPPJw3lg15y6MwNcJm5BaqBAK7C/vEGMU06Exgwp1XedRPs5kppiRiYVL1UkQXiMhqRvqECcKD+fHT+Bx0YZwCiWpoSGM/X3RI64UhkPTSdHeqQWvan4n9dPdXTl51QkqSYCzxdFKYM6htMk4IBKgjXLDEFYUnMrxCMkEdYmr4oJwV18eZl0zuruRb1x16g1r4s4yuAQHIET4IJL0AS3oAXaAIMMPINX8GY9WS/Wu/Uxby1ZxUwV/IH1+QP2IJRW</latexit>

⇠ mp/cm
3

<latexit sha1_base64="bRDb4h85TQ04f/3fb+ak5Ke4Fgs=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHERUlKUZdFNy6r2Ac0IUymk3bozCTMTIQQ2l9x40IRt36IO//GaZuFth64cDjnXu69J0wYVdpxvq219Y3Nre3STnl3b//g0D467qg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbjm9nfveJSEVj8aizhPgcDQWNKEbaSIFdeQguoKcoh3U4hZ7kMMGBXXVqzhxwlbgFqYICrcD+8gYxTjkRGjOkVN91Eu3nSGqKGZmUvVSRBOExGpK+oQJxovx8fvwEnhllAKNYmhIaztXfEzniSmU8NJ0c6ZFa9mbif14/1dG1n1ORpJoIvFgUpQzqGM6SgAMqCdYsMwRhSc2tEI+QRFibvMomBHf55VXSqdfcy1rjvlFt3hRxlMAJOAXnwAVXoAnuQAu0AQYZeAav4M2aWi/Wu/WxaF2zipkK+APr8wdcqpNQ</latexit>

R⇤ ⇠ 2 pc
<latexit sha1_base64="BS8zlKyBFxrZQOYR4t+i+nRa9tA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEcVGSUtRl0Y3LCvYBTQiT6aQdOjMJMxMhhIq/4saFIm79Dnf+jdM2C209cOFwzr3ce0+YMKq043xbpZXVtfWN8mZla3tnd8/eP+ioOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG45vpn73gUhFY3Gvs4T4HA0FjShG2kiBfaSDc+gpymHdceAj9CSHmQzsqlNzZoDLxC1IFRRoBfaXN4hxyonQmCGl+q6TaD9HUlPMyKTipYokCI/RkPQNFYgT5eez8yfw1CgDGMXSlNBwpv6eyBFXKuOh6eRIj9SiNxX/8/qpjq78nIok1UTg+aIoZVDHcJoFHFBJsGaZIQhLam6FeIQkwtokVjEhuIsvL5NOveZe1Bp3jWrzuoijDI7BCTgDLrgETXALWqANMMjBM3gFb9aT9WK9Wx/z1pJVzByCP7A+fwCclpP+</latexit>

t⇤ ⇠ 200 yr

free expansion

Sedov

<latexit sha1_base64="qRWndeFtPJI64CWjv+fzFaQ+O4E=">AAAB9XicbZBNSwMxEIZn61etX1WPXoJF8FR2pajHohePVewHtGvJpmkbms0uyaxSlv4PLx4U8ep/8ea/MW33oK0vBB7emWEmbxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRtfTevORayMidY/jmPshHSjRF4yitR7uuoZ0jAhJYgG7xZJbdmciy+BlUIJMtW7xq9OLWBJyhUxSY9qeG6OfUo2CST4pdBLDY8pGdMDbFhUNufHT2dUTcmKdHulH2j6FZOb+nkhpaMw4DGxnSHFoFmtT879aO8H+pZ8KFSfIFZsv6ieSYESmEZCe0JyhHFugTAt7K2FDqilDG1TBhuAtfnkZGmdl77xcua2UqldZHHk4gmM4BQ8uoAo3UIM6MNDwDK/w5jw5L8678zFvzTnZzCH8kfP5A501kfM=</latexit>

Rs ⇠ ust

<latexit sha1_base64="YUKs1s35mvdmm4igzNBiuj8+Xj4="></latexit>

Rs ⇠
✓
ESN

%

◆1/5

t2/5

<latexit sha1_base64="xBzAQHukVFbVVflwf/ZaPFKRjbQ=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUSEXVZdONGqGAv0IYwmU7SsZMLMxNLiXkUNy4UceuTuPNtnLZZaOsPAx//OYdz5vcSzqSyrG+jtLK6tr5R3qxsbe/s7pnV/baMU0Foi8Q8Fl0PS8pZRFuKKU67iaA49DjteKPrab3zSIVkcXSvJgl1QhxEzGcEK225ZvXWzehDjvpBgDTKce6aNatuzYSWwS6gBoWarvnVH8QkDW mkCMdS9mwrUU6GhWKE07zSTyVNMBnhgPY0Rjik0slmp+foWDsD5MdCv0ihmft7IsOhlJPQ050hVkO5WJua/9V6qfIvnYxFSapoROaL/JQjFaNpDmjABCWKTzRgIpi+FZEhFpgonVZFh2AvfnkZ2qd1+7x+dndWa1wVcZThEI7gBGy4gAbcQBNaQGAMz/AKb8aT8WK8Gx/z1pJRzBzAHxmfP+btk8k=</latexit>

Mej � Msw

<latexit sha1_base64="slKN0himfVrwhforLEii9KPu1bE=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUSEXVZdONGqGAv0IYwmU7bsZNJmJlYSsyjuHGhiFufxJ1v47TNQlt/GPj4zzmcM38Qc6a043xbhZXVtfWN4mZpa3tnd88u7zdVlEhCGyTikWwHWFHOBG1opjltx5LiMOC0FYyup/XWI5WKReJeT2LqhXggWJ8RrI3l2+VbP6UPGepyjgyqcebbFafqzISWwc2hArnqvv3V7UUkCa nQhGOlOq4Tay/FUjPCaVbqJorGmIzwgHYMChxS5aWz0zN0bJwe6kfSPKHRzP09keJQqUkYmM4Q66FarE3N/2qdRPcvvZSJONFUkPmifsKRjtA0B9RjkhLNJwYwkczcisgQS0y0SatkQnAXv7wMzdOqe149uzur1K7yOIpwCEdwAi5cQA1uoA4NIDCGZ3iFN+vJerHerY95a8HKZw7gj6zPH/Zgk9M=</latexit>

Mej ⌧ Msw



BOBALSKY: diffusive shock acceleration
Blandford & Ostriker 1978, Bell 1978, Axford, Leer & Skadron 1977, Krimsky 1977

UP DOWN

ld ld

<latexit sha1_base64="gquD6HjvMGj8zZ5Ib9Vfem0fAjg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ1v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBuFI3o</latexit>us
<latexit sha1_base64="k4lQhUzfgJl+f+u8woYaDRybnjw=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBDiJexKUI/BB3iMYB6QLGF2MpsMmZldZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3BTFn2rjut7Oyura+sVnYKm7v7O7tlw4OWzpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45vMbz9RpVkkH80kpr7AQ8lCRrDJpNvK3Vm/VHar7gxomXg5KUOORr/01RtEJBFUGsKx1l3PjY2fYmUY4XRa7CWaxpiM8ZB2LZVYUO2ns1un6NQqAxRGypY0aKb+nkix0HoiAtspsBnpRS8T//O6iQmv/JTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlO0IXiLLy+T1nnVu6jWHmrl+nUeRwGO4QQq4MEl1OEeGtAEAiN4hld4c4Tz4rw7H/PWFSefOYI/cD5/AO3RjYU=</latexit>

D(E)

shock speed
CR diffusion 
coefficient



BOBALSKY: diffusive shock acceleration
Blandford & Ostriker 1978, Bell 1978, Axford, Leer & Skadron 1977, Krimsky 1977

UP DOWN

ld ld

<latexit sha1_base64="gquD6HjvMGj8zZ5Ib9Vfem0fAjg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ1v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBuFI3o</latexit>us
<latexit sha1_base64="k4lQhUzfgJl+f+u8woYaDRybnjw=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBDiJexKUI/BB3iMYB6QLGF2MpsMmZldZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3BTFn2rjut7Oyura+sVnYKm7v7O7tlw4OWzpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45vMbz9RpVkkH80kpr7AQ8lCRrDJpNvK3Vm/VHar7gxomXg5KUOORr/01RtEJBFUGsKx1l3PjY2fYmUY4XRa7CWaxpiM8ZB2LZVYUO2ns1un6NQqAxRGypY0aKb+nkix0HoiAtspsBnpRS8T//O6iQmv/JTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlO0IXiLLy+T1nnVu6jWHmrl+nUeRwGO4QQq4MEl1OEeGtAEAiN4hld4c4Tz4rw7H/PWFSefOYI/cD5/AO3RjYU=</latexit>

D(E)

shock speed
CR diffusion 
coefficient

acceleration time —>

diffusion length —>

<latexit sha1_base64="93b9SsE1sbCVWlsJqh/EyvQsDg0=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHVZfIDLCvYBTQiTyaQdOpmEmYlQQnDjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv997jJ4xKZVnfRmlpeWV1rbxe2djc2t4xd/c6Mk4FJm0cs1j0fCQJo5y0FVWM9BJBUOQz0vVHVxO/+0CEpDG/V+OEuBEacBpSjJSWPPOAeQF0JI2gEwqEs+vazUmepZ7MPbNq1a0p4CKxC1IFBVqe+eUEMU4jwhVmSMq+bSXKzZBQFDOSV5xUkgThERqQvqYcRUS62fSFHB5rJYBhLHRxBafq74kMRVKOI193RkgN5bw3Ef/z+qkKL9yM8iRVhOPZojBlUMVwkgcMqCBYsbEmCAuqb4V4iHQUSqdW0SHY8y8vks5p3T6rN+4a1eZlEUcZHIIjUAM2OAdNcAtaoA0weATP4BW8GU/Gi/FufMxaS0Yxsw/+wPj8AV68lss=</latexit>

ld ⇠ D(E)

us

<latexit sha1_base64="ljXF2cnRHz9MLqUA/lzYpnp3leQ=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQNyUpRV0WH+Cygn1AE8NkOmmHTiZhZiKUkL0bf8WNC0Xc+gPu/BunbRbaeuDC4Zx7ufceP2ZUKsv6Ngorq2vrG8XN0tb2zu6euX/QkVEiMGnjiEWi5yNJGOWkrahipBcLgkKfka4/vpz63QciJI34nZrExA3RkNOAYqS05JllR6HESxHGGXQkDaETCITTq+r1SZYmnryvZ55ZsWrWDHCZ2DmpgBwtz/xyBhFOQsIVZkjKvm3Fyk2RUBQzkpWcRJIY4TEakr6mHIVEuunslwwea2UAg0jo4grO1N8TKQqlnIS+7gyRGslFbyr+5/UTFZy7KeVxogjH80VBwqCK4DQYOKCCYMUmmiAsqL4V4hHSYSgdX0mHYC++vEw69Zp9WmvcNirNizyOIjgCZVAFNjgDTXADWqANMHgEz+AVvBlPxovxbnzMWwtGPnMI/sD4/AFuD5qq</latexit>

⌧acc ⇠
D(E)

u2
s

infinite plane shock moving at constant speed —> characteristic length & time scales 



Diffusive shock acceleration: Emax

interstellar B field

shock

<latexit sha1_base64="8qD5qn3LR7w4mmqE9M8EHDT2fxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/c90ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w84wo3F</latexit>

Rs

<latexit sha1_base64="gquD6HjvMGj8zZ5Ib9Vfem0fAjg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ1v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBuFI3o</latexit>us

<latexit sha1_base64="Bie3lxbspmQ7CNI/BJk31hCZsdI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegHvQgRDQPSJYwO+lNhszOLjOzQljyEV48KOLV7/Hm3zh5HDSxoKGo6qa7K0gE18Z1v53c0vLK6lp+vbCxubW9U9zdq+s4VQxrLBaxagZUo+ASa4Ybgc1EIY0CgY1gcDX2G0+oNI/loxkm6Ee0J3nIGTVWalx3stuHu1GnWHLL7gRkkXgzUoIZqp3iV7sbszRCaZigWrc8NzF+RpXhTOCo0E41JpQNaA9blkoaofazybkjcmSVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk144WdcJqlByaaLwlQQE5Px76TLFTIjhpZQpri9lbA+VZQZm1DBhuDNv7xI6idl76x8en9aqlzO4sjDARzCMXhwDhW4gSrUgMEAnuEV3pzEeXHenY9pa86ZzezDHzifP+g2j00=</latexit>

DISM

“typical” Galactic diffusion

<latexit sha1_base64="1+WDNLXTEdknil7df77ec6/rmNA="></latexit>

DISM ⇡ 1028
✓

E

GeV

◆0.5

cm2/s



Diffusive shock acceleration: Emax

interstellar B field

shock

<latexit sha1_base64="8qD5qn3LR7w4mmqE9M8EHDT2fxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/c90ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w84wo3F</latexit>

Rs

<latexit sha1_base64="gquD6HjvMGj8zZ5Ib9Vfem0fAjg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ1v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBuFI3o</latexit>us

<latexit sha1_base64="Bie3lxbspmQ7CNI/BJk31hCZsdI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegHvQgRDQPSJYwO+lNhszOLjOzQljyEV48KOLV7/Hm3zh5HDSxoKGo6qa7K0gE18Z1v53c0vLK6lp+vbCxubW9U9zdq+s4VQxrLBaxagZUo+ASa4Ybgc1EIY0CgY1gcDX2G0+oNI/loxkm6Ee0J3nIGTVWalx3stuHu1GnWHLL7gRkkXgzUoIZqp3iV7sbszRCaZigWrc8NzF+RpXhTOCo0E41JpQNaA9blkoaofazybkjcmSVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk144WdcJqlByaaLwlQQE5Px76TLFTIjhpZQpri9lbA+VZQZm1DBhuDNv7xI6idl76x8en9aqlzO4sjDARzCMXhwDhW4gSrUgMEAnuEV3pzEeXHenY9pa86ZzezDHzifP+g2j00=</latexit>

DISM

“typical” Galactic diffusion

<latexit sha1_base64="1+WDNLXTEdknil7df77ec6/rmNA="></latexit>

DISM ⇡ 1028
✓

E

GeV

◆0.5

cm2/s

<latexit sha1_base64="iAQQJqzI7Um2m7VH6nFdNQ5/vLg="></latexit>

⌧acc(Emax) ⌘
DISM (Emax)

u2
s

⇠ t⇤ �! Emax < 1 GeV

maximum energy (free expansion/Sedov transition)

very small!
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Resonant streaming instability
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Resonant streaming instability
e.

g.
 W

en
tz

el
 1

97
2 kres ⇡

1

RL
/ 1

E
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↝↝↝
↝ ↝

↝

δB/B increases
vD

vA↝↝↝
↝

CR streaming velocity

Alfven waves
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<latexit sha1_base64="mJkqCcQj7Br5nGA0+bqr6fD8PpE=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPJVEinos9eKxgq2FJpTNZtIu3U3C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlBypnSjvNtlVZW19Y3ypuVre2d3T17/6CjkkxSaNOEJ7IbEAWcxdDWTHPophKICDjcB6PrqX//AFKxJL7T4xR8QQYxixgl2kh9+8iLJKG5FwLXBDcneXOCPcUEdvt21ak5M+Bl4hakigq0+vaXFyY0ExBryolSPddJtZ8TqRnlMKl4mYKU0BEZQM/QmAhQfj57YYJPjRLiKJGmYo1n6u+JnAilxiIwnYLooVr0puJ/Xi/T0ZWfszjNNMR0vijKONYJnuaBQyaBaj42hFDJzK2YDonJRJvUKiYEd/HlZdI5r7kXtfptvdpoFnGU0TE6QWfIRZeogW5QC7URRY/oGb2iN+vJerHerY95a8kqZg7RH1ifP0folrY=</latexit>
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Lagage & Cesarsky 1983
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Lagage & Cesarsky 1983
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Lagage & Cesarsky 1983

streaming

suppressed D

~0.1 PeV

injected at t = 0

injected at t = t*



Lagage & Cesarsky 1983

streaming

suppressed D

~0.1 PeV

injected at t = 0

injected at t = t*

NO ESCAPE!



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



SNRs are spherical —> CR escape!

escape condition

<latexit sha1_base64="egz9S1bBdMYbyzFonJmKP++6QOw=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFDIwF0YfURJHjOK1Vxwm2U1FF+QUWfoWFAYRY2dj4G9w2A7QcydLROffo+h4/YVQqy/o2SkvLK6tr5fXKxubW9o65u9eWcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj+8nPidERGSxvxOjRPiRqjPaUgxUlryzBrzAuiQ+5SOoBMKhLOrPEs9mUOnr3Qsgs4Dhbee9MyqVbemgIvELkgVFGh65pcTxDiNCFeYISl7tpUoN0NCUcxIXnFSSRKEh6hPeppyFBHpZtOLcniklQCGsdCPKzhVfycyFEk5jnw9GSE1kPPeRPzP66UqPHczypNUEY5ni8KUQRXDST0woIJgxcaaICyo/ivEA6R7UbrEii7Bnj95kbSP6/Zp/eTmpNq4KOoogwNwCGrABmegAa5BE7QABo/gGbyCN+PJeDHejY/ZaMkoMvvgD4zPH2FDnV8=</latexit>

ld ⌘ D

us
& ⇠Rs

~5%

us ~ t-3/5 

Rs ~ t2/5 

e.g. Ptuskin & Zirakashvili 2005



SNRs are spherical —> CR escape!

escape condition

<latexit sha1_base64="egz9S1bBdMYbyzFonJmKP++6QOw=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFDIwF0YfURJHjOK1Vxwm2U1FF+QUWfoWFAYRY2dj4G9w2A7QcydLROffo+h4/YVQqy/o2SkvLK6tr5fXKxubW9o65u9eWcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj+8nPidERGSxvxOjRPiRqjPaUgxUlryzBrzAuiQ+5SOoBMKhLOrPEs9mUOnr3Qsgs4Dhbee9MyqVbemgIvELkgVFGh65pcTxDiNCFeYISl7tpUoN0NCUcxIXnFSSRKEh6hPeppyFBHpZtOLcniklQCGsdCPKzhVfycyFEk5jnw9GSE1kPPeRPzP66UqPHczypNUEY5ni8KUQRXDST0woIJgxcaaICyo/ivEA6R7UbrEii7Bnj95kbSP6/Zp/eTmpNq4KOoogwNwCGrABmegAa5BE7QABo/gGbyCN+PJeDHejY/ZaMkoMvvgD4zPH2FDnV8=</latexit>

ld ⌘ D

us
& ⇠Rs

~5%

us ~ t-3/5 

Rs ~ t2/5 

 assuming that resonant 
instability leads to 

Bohm diffusion

<latexit sha1_base64="Gu28RK7xa3n/Ldxc8uVYX7WvJpE=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkWdSOUquDCRRX7gCaEyXTSDp1MwsxEKCHf4MZfceNCEbeu3Pk3TtsstPXAwOGce7lzjh8zKpVlfRtz8wuLS8uFleLq2vrGprm13ZRRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7gY+a0HIiSN+L0axsQNUY/TgGKktOSZh5fwHDqBQDi1s/Q4g3feDcTQiUUUqyh3rrK0lnlmySpbY8BZYuekBHLUPfPL6UY4CQlXmCEpO7YVKzdFQlHMSFZ0EklihAeoRzqachQS6abjSBnc10oXBpHQjys4Vn9vpCiUchj6ejJEqi+nvZH4n9dJVHDmppTHiSIcTw4FCYM67Kgf2KWCYMWGmiAsqP4rxH2kW1C6xaIuwZ6OPEuaR2X7pFy5rZSqtbyOAtgFe+AA2OAUVME1qIMGwOARPINX8GY8GS/Gu/ExGZ0z8p0d8AfG5w9KBJyq</latexit>

D =
1

3
RLc /

E

B

<latexit sha1_base64="wVjEx6rljVxmZ/jKy5KnWHTDmx0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FhnpD6WRRFcVrAPaMchk6ZtaJIZkoxYhnHjr7hxoYhb/8Kdf2PazkJbDwQO59zLzTlBxKjSjvNt5ebmFxaX8suFldW19Q17c6uuwlhiUsMhC2UzQIowKkhNU81IM5IE8YCRRjC4HPmNeyIVDcWtHkbE46gnaJdipI3k2ztXfsLRQwrbkQwjHUJ9lxy6RyepbxedkjMGnCVuRoogQ9W3v9qdEMecCI0ZUqrlOpH2EiQ1xYykhXasSITwAPVIy1CBOFFeMk6Qwn2jdGA3lOYJDcfq740EcaWGPDCTHOm+mvZG4n9eK9bdcy+hIoo1EXhyqBszOEpq6oAdKgnWbGgIwpKav0LcRxJhbUormBLc6cizpH5cck9L5ZtysXKR1ZEHu2APHAAXnIEKuAZVUAMYPIJn8ArerCfrxXq3PiajOSvb2QZ/YH3+AJCKllI=</latexit>

Emax / t�1/5

e.g. Ptuskin & Zirakashvili 2005



SNRs are spherical —> CR escape!

escape condition

<latexit sha1_base64="egz9S1bBdMYbyzFonJmKP++6QOw=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFDIwF0YfURJHjOK1Vxwm2U1FF+QUWfoWFAYRY2dj4G9w2A7QcydLROffo+h4/YVQqy/o2SkvLK6tr5fXKxubW9o65u9eWcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj+8nPidERGSxvxOjRPiRqjPaUgxUlryzBrzAuiQ+5SOoBMKhLOrPEs9mUOnr3Qsgs4Dhbee9MyqVbemgIvELkgVFGh65pcTxDiNCFeYISl7tpUoN0NCUcxIXnFSSRKEh6hPeppyFBHpZtOLcniklQCGsdCPKzhVfycyFEk5jnw9GSE1kPPeRPzP66UqPHczypNUEY5ni8KUQRXDST0woIJgxcaaICyo/ivEA6R7UbrEii7Bnj95kbSP6/Zp/eTmpNq4KOoogwNwCGrABmegAa5BE7QABo/gGbyCN+PJeDHejY/ZaMkoMvvgD4zPH2FDnV8=</latexit>

ld ⌘ D

us
& ⇠Rs

~5%

us ~ t-3/5 

Rs ~ t2/5 

~0.1 PeV

 assuming that resonant 
instability leads to 

Bohm diffusion

<latexit sha1_base64="Gu28RK7xa3n/Ldxc8uVYX7WvJpE=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkWdSOUquDCRRX7gCaEyXTSDp1MwsxEKCHf4MZfceNCEbeu3Pk3TtsstPXAwOGce7lzjh8zKpVlfRtz8wuLS8uFleLq2vrGprm13ZRRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7gY+a0HIiSN+L0axsQNUY/TgGKktOSZh5fwHDqBQDi1s/Q4g3feDcTQiUUUqyh3rrK0lnlmySpbY8BZYuekBHLUPfPL6UY4CQlXmCEpO7YVKzdFQlHMSFZ0EklihAeoRzqachQS6abjSBnc10oXBpHQjys4Vn9vpCiUchj6ejJEqi+nvZH4n9dJVHDmppTHiSIcTw4FCYM67Kgf2KWCYMWGmiAsqP4rxH2kW1C6xaIuwZ6OPEuaR2X7pFy5rZSqtbyOAtgFe+AA2OAUVME1qIMGwOARPINX8GY8GS/Gu/ExGZ0z8p0d8AfG5w9KBJyq</latexit>

D =
1

3
RLc /

E

B

<latexit sha1_base64="wVjEx6rljVxmZ/jKy5KnWHTDmx0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FhnpD6WRRFcVrAPaMchk6ZtaJIZkoxYhnHjr7hxoYhb/8Kdf2PazkJbDwQO59zLzTlBxKjSjvNt5ebmFxaX8suFldW19Q17c6uuwlhiUsMhC2UzQIowKkhNU81IM5IE8YCRRjC4HPmNeyIVDcWtHkbE46gnaJdipI3k2ztXfsLRQwrbkQwjHUJ9lxy6RyepbxedkjMGnCVuRoogQ9W3v9qdEMecCI0ZUqrlOpH2EiQ1xYykhXasSITwAPVIy1CBOFFeMk6Qwn2jdGA3lOYJDcfq740EcaWGPDCTHOm+mvZG4n9eK9bdcy+hIoo1EXhyqBszOEpq6oAdKgnWbGgIwpKav0LcRxJhbUormBLc6cizpH5cck9L5ZtysXKR1ZEHu2APHAAXnIEKuAZVUAMYPIJn8ArerCfrxXq3PiajOSvb2QZ/YH3+AJCKllI=</latexit>

Emax / t�1/5

e.g. Ptuskin & Zirakashvili 2005



SNRs are spherical —> CR escape!

escape condition

<latexit sha1_base64="egz9S1bBdMYbyzFonJmKP++6QOw=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFDIwF0YfURJHjOK1Vxwm2U1FF+QUWfoWFAYRY2dj4G9w2A7QcydLROffo+h4/YVQqy/o2SkvLK6tr5fXKxubW9o65u9eWcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj+8nPidERGSxvxOjRPiRqjPaUgxUlryzBrzAuiQ+5SOoBMKhLOrPEs9mUOnr3Qsgs4Dhbee9MyqVbemgIvELkgVFGh65pcTxDiNCFeYISl7tpUoN0NCUcxIXnFSSRKEh6hPeppyFBHpZtOLcniklQCGsdCPKzhVfycyFEk5jnw9GSE1kPPeRPzP66UqPHczypNUEY5ni8KUQRXDST0woIJgxcaaICyo/ivEA6R7UbrEii7Bnj95kbSP6/Zp/eTmpNq4KOoogwNwCGrABmegAa5BE7QABo/gGbyCN+PJeDHejY/ZaMkoMvvgD4zPH2FDnV8=</latexit>

ld ⌘ D

us
& ⇠Rs

~5%

us ~ t-3/5 

Rs ~ t2/5 

~0.1 PeV

 assuming that resonant 
instability leads to 

Bohm diffusion

<latexit sha1_base64="Gu28RK7xa3n/Ldxc8uVYX7WvJpE=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkWdSOUquDCRRX7gCaEyXTSDp1MwsxEKCHf4MZfceNCEbeu3Pk3TtsstPXAwOGce7lzjh8zKpVlfRtz8wuLS8uFleLq2vrGprm13ZRRIjBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7gY+a0HIiSN+L0axsQNUY/TgGKktOSZh5fwHDqBQDi1s/Q4g3feDcTQiUUUqyh3rrK0lnlmySpbY8BZYuekBHLUPfPL6UY4CQlXmCEpO7YVKzdFQlHMSFZ0EklihAeoRzqachQS6abjSBnc10oXBpHQjys4Vn9vpCiUchj6ejJEqi+nvZH4n9dJVHDmppTHiSIcTw4FCYM67Kgf2KWCYMWGmiAsqP4rxH2kW1C6xaIuwZ6OPEuaR2X7pFy5rZSqtbyOAtgFe+AA2OAUVME1qIMGwOARPINX8GY8GS/Gu/ExGZ0z8p0d8AfG5w9KBJyq</latexit>

D =
1

3
RLc /

E

B

<latexit sha1_base64="wVjEx6rljVxmZ/jKy5KnWHTDmx0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3FhnpD6WRRFcVrAPaMchk6ZtaJIZkoxYhnHjr7hxoYhb/8Kdf2PazkJbDwQO59zLzTlBxKjSjvNt5ebmFxaX8suFldW19Q17c6uuwlhiUsMhC2UzQIowKkhNU81IM5IE8YCRRjC4HPmNeyIVDcWtHkbE46gnaJdipI3k2ztXfsLRQwrbkQwjHUJ9lxy6RyepbxedkjMGnCVuRoogQ9W3v9qdEMecCI0ZUqrlOpH2EiQ1xYykhXasSITwAPVIy1CBOFFeMk6Qwn2jdGA3lOYJDcfq740EcaWGPDCTHOm+mvZG4n9eK9bdcy+hIoo1EXhyqBszOEpq6oAdKgnWbGgIwpKav0LcRxJhbUormBLc6cizpH5cck9L5ZtysXKR1ZEHu2APHAAXnIEKuAZVUAMYPIJn8ArerCfrxXq3PiajOSvb2QZ/YH3+AJCKllI=</latexit>

Emax / t�1/5

Emax: end of free 
expansion

e.g. Ptuskin & Zirakashvili 2005



SNRs are spherical —> CR escape!

escape condition

<latexit sha1_base64="egz9S1bBdMYbyzFonJmKP++6QOw=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFDIwF0YfURJHjOK1Vxwm2U1FF+QUWfoWFAYRY2dj4G9w2A7QcydLROffo+h4/YVQqy/o2SkvLK6tr5fXKxubW9o65u9eWcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj+8nPidERGSxvxOjRPiRqjPaUgxUlryzBrzAuiQ+5SOoBMKhLOrPEs9mUOnr3Qsgs4Dhbee9MyqVbemgIvELkgVFGh65pcTxDiNCFeYISl7tpUoN0NCUcxIXnFSSRKEh6hPeppyFBHpZtOLcniklQCGsdCPKzhVfycyFEk5jnw9GSE1kPPeRPzP66UqPHczypNUEY5ni8KUQRXDST0woIJgxcaaICyo/ivEA6R7UbrEii7Bnj95kbSP6/Zp/eTmpNq4KOoogwNwCGrABmegAa5BE7QABo/gGbyCN+PJeDHejY/ZaMkoMvvgD4zPH2FDnV8=</latexit>

ld ⌘ D

us
& ⇠Rs

~5%

us ~ t-3/5 

Rs ~ t2/5 

~0.1 PeV

 assuming that resonant 
instability leads to 
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Emax: end of free 
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e.g. Ptuskin & Zirakashvili 2005
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Non-resonant “Bell” instability

Bell 2004 … Bell et al 2013

z
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circularly polarised

wavelength << Larmor radius

~B1

escaping CRs barely deflected 
—> CR current j along B0  

—> return current in the opposite 
direction

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

(until the size of the perturbation is of the order of the Larmor radius)

see also earlier works (space plasma community): Sentman+ 81, Winske & Leroy 84, Gary 93
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Escape and maximum energy
assumption: pareticles with E < Emax are diffusively confined within the shock, 

while particles with E > Emax can freely escape

f0(p) = Ap�qspectrum at the shock —>

~4CR data

diffusive shock acceleration theory —> acceleration rate at pmax —> j(pmax) !!!

unknown

a =

Z
dt �max(j(pmax))

—> we can estimate Emax!!!

the field at the shock is amplified by a factor of exp(a)
SN1006 in X-rays

See e.g. review by J. Vink
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Escape: isotropic spatial diffusion

SNR

CR sea -> 1 eV/cm3 ESNR
CR = 1050erg

CR

ESNR
CR�

4⇡
3 R3

CR

� = 1 eV/cm3

volume affected by CRs from the SNR

RCR ⇡ 100 pc

such a volume is affected for a time:

D = 1028
✓

E

10 GeV

◆0.6

cm2/s D(1 TeV) ⇡ 2⇥ 1029 cm2/s

t ⇡ R2
CR

D
⇡ 104 yr or longer if D suppressed

one expects shorter times for PeV particles
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An example: W28

isotropic
anisotropic

Dk
TeV ⇡ Dgal

Nava&SG 2013

SG+ 2010

DTeV ⇡ Dgal

10...100
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B0
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�Va
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growth of Alfven waves

work done by CRs onto waves/time

to be balanced by: �dWa -> in most of the disk’s volume this is ion-neutral friction

Skilling 1971, Ptuskin+ 2007, Malkov+ 2013, Nava+ 2016, D’Angelo+ 2016, Recchia+ 2021
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8 L. Nava et al.

Figure 3. Condition for the growth of Alfvén waves as given by the most stringent among equation 22 and 23. Resonant Alfvén waves
grow if protons of energy E are released in the interstellar medium by a SNR of radius smaller than Rmax. Rmax is represented by the
red lines for three different values of the ambient (pre-existing) diffusion coefficient D̂28 = 0.1, 1, and 10 and for WCR,50 = 1. It is given
by the R.H.S. parts of the inequalities in equation 22 and 23 (see text for more details). The left (right) panel refers to the WIM (WNM)
phase of the interstellar medium. The values of the parameter Π (Eq. 12) are also indicated with cyan lines.

respectively, where the damping coefficient, which might
well be a function of energy, has been normalised as Γd =
0.01 Γd,−2 yr−1. Alfvén waves grow when the most stringent
among Equation 22 and 23 is satisfied. In deriving Equa-
tion 23, we assumed that the CR diffusion coefficient in the
pre-existing turbulence is equal to D0 = DB/I0 = D̂E0.5

1

with D̂ = 1028D̂28 cm2/s. Note that its value is very uncer-
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from the average Galactic one.

The maximum radius allowed by Equations 22 and 23
is plotted as red lines in Figure 3 for the WIM (left panel)
and WNM (right panel) phases of the interstellar medium.
In each panel, the three red curves refer to the fiducial value
of the pre-existing diffusion coefficient, D̂28 = 1 (thick red
curve) and to values of D̂28 ten times smaller and larger (two
thin red curves). The total energy of CRs has been fixed to
WCR,50 = 1 and their differential energy spectrum is a power
law of slope 2.2. It is clear from this figure that the growth of
waves is expected in a quite significant fraction of parameter
space. For particle energies smaller than ≈ 104 GeV the
condition expressed by Equation 23, or Π > τdiff/τdamp,
is more stringent, while for larger energies Equation 22, or
Π > 1, dominates. Note that the latter does not depend on
the value of the pre-existing diffusion coefficient. The value
of the parameter Π as a function of SNR radius and particle
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Finally, following Malkov et al. (2013), we introduce the
half-time of the CR cloud t1/2. Let us assume that CRs of a
given energy E are initially uniformly distributed in a region
(a cloud) of radius R, and let us follow the evolution in time
of the CR cloud. The half-time of the CR cloud is defined as
the time at which half of the CRs which were initially into
the cloud have diffusively escaped. The half-time is plotted
in Figure 4 as a function of the initial radius R for particle

Figure 4. Half-time of the CR cloud (see text) as a function of
its initial radius R. Red, green, and purple lines refer to particle
energies of 10, 100, and 1000 GeV. Solid and dashed lines refer
to the WIM and WNM phases of the interstellar medium. The
total energy of CRs is set to WCR,50 = 1. The black solid line
represents the relationship between SNR radius and age according
to Truelove & McKee (1999).

energies of 10 GeV (red lines), 100 GeV (green lines), and 1
TeV (purple lines). Solid and dashed lines refer to the WIM
and WNM phases of the interstellar medium, respectively.
Also in this case it has been assumed that the total energy of
cosmic rays is set to WCR,50 = 1 and that their differential
energy spectrum is a power law of slope 2.2.

A characteristic trend is observed in Figure 4. At small
radii, the half-time of the CR cloud decreases with the
cloud’s radius. In this regime, Π is large, the waves growth
quickly, and t1/2 does not sensitively depend on the back-
ground turbulence D0. Larger radii correspond to smaller
values of the parameter Π (see Equation 12), resulting in a

c⃝ RAS, MNRAS 000, 1–12

N
av

a+
 2

01
6

Truelove&McKee

time it takes to have 1/2 of the CRs 
outside of a initial CR cloud of size R



Nonlinear diffusion: streaming instability

SNR
B0

PCR

�Va
@PCR

@z

growth of Alfven waves

work done by CRs onto waves/time

Skilling 1971, Ptuskin+ 2007, Malkov+ 2013, Nava+ 2016, D’Angelo+ 2016, Recchia+ 2021

8 L. Nava et al.

Figure 3. Condition for the growth of Alfvén waves as given by the most stringent among equation 22 and 23. Resonant Alfvén waves
grow if protons of energy E are released in the interstellar medium by a SNR of radius smaller than Rmax. Rmax is represented by the
red lines for three different values of the ambient (pre-existing) diffusion coefficient D̂28 = 0.1, 1, and 10 and for WCR,50 = 1. It is given
by the R.H.S. parts of the inequalities in equation 22 and 23 (see text for more details). The left (right) panel refers to the WIM (WNM)
phase of the interstellar medium. The values of the parameter Π (Eq. 12) are also indicated with cyan lines.
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its initial radius R. Red, green, and purple lines refer to particle
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and WNM phases of the interstellar medium, respectively.
Also in this case it has been assumed that the total energy of
cosmic rays is set to WCR,50 = 1 and that their differential
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A characteristic trend is observed in Figure 4. At small
radii, the half-time of the CR cloud decreases with the
cloud’s radius. In this regime, Π is large, the waves growth
quickly, and t1/2 does not sensitively depend on the back-
ground turbulence D0. Larger radii correspond to smaller
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Non-resonant instability?
Schroer+ 2022

Idea for discussion? 

Non-resonant —> need for escaping particles 

Escape assumed to happen at the transition to Sedov (shock speed is large) 

Fast shock + very suppressed diffusion 

How is escape possible? (Hillas… Emax = u R B …)
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3) PeV-SNR —> PeV-something-else

superbubbles, star clusters, binaries, colliding shocks, pulsar wind nebulae…

Vieu+ 2022
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CRs from SBs

γ’s from Cygnus
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injection from HOT MEDIUM 
—> superbubbles?

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

Ref: Binns, Tatischeff

~5-10% of CRs from wind 
termination shocks of WR stars 

—> star clusters?



Conclusions
We still don’t know where PeV cosmic ray protons are accelerated 

There is a PeVatron in the GC: what is it? Do we observe CRs coming from it? 

Acceleration of PeV protons at SNR shocks is quite problematic 

Observation of PeV protons at (or near) SNR shocks is also problematic 

What should we do? 

Hunt for VERY YOUNG supernovae (gamma ray astronomy) 

Boost B-field (plasma physics) 

Understand better CR escape  

Explore for alternative scenarios (theoretical/observational astrophysics) 

Do not ignore hints from low energies (e.g. abundances, isotopic ratios, etc.)


