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Fig. 1 Spectrum of cosmic rays
at the Earth (courtesy Tom
Gaisser). The all-particle
spectrum measured by different
experiments is plotted, together
with the proton spectrum. The
subdominant contributions from
electrons, positrons and
antiprotons as measured by the
PAMELA experiment are shown

the showers in electron-poor (a proxy for light chemical composition) and electron-
rich (a proxy for heavy composition) showers and showed that the light component
(presumably protons and He, with some contamination from CNO) has an ankle-like
structure at 1017 eV. The authors suggest that this feature signals the transition from
Galactic to extragalactic CRs (in the light nuclei component). The spectrum of Fe-like
CRs continues up to energies of ∼1018 eV, where the flux of Fe and the flux of light
nuclei are comparable. A similar conclusion was recently reached by the ICETOP
Collaboration (Aartsen et al. 2013). This finding does not seem in obvious agree-
ment with the results of the Pierre Auger Observatory (Abraham et al. 2010), HiRes
(Sokolsky and Thomson 2007) and Telescope Array (Sokolsky 2013), which find a
chemical composition at 1018 eV that is dominated by the light chemical component.

The presence of a knee and the change of chemical composition around it have
stimulated the idea that the bulk of CRs originates within our Galaxy. The knee could
for instance result from the superposition of cutoffs in the spectra of the different
chemicals as due to the fact that most acceleration processes are rigidity dependent:
if protons are accelerated in the sources to a maximum energy Ep,max ∼ 5 × 1015 eV,
then an iron nucleus will be accelerated to EFe,max = 26Ep,max ∼ (1–2) × 1017 eV
(it is expected that at such high energies even iron nuclei are fully ionized, therefore
the unscreened charge is Z = 26). A knee would naturally arise as the superposition
of the cutoffs in the spectra of individual elements (see for instance Hörandel 2004;
Blasi and Amato 2012a; Gaisser et al. 2013).

The apparent regularity of the all-particle spectrum in the energy region below
the knee is at odds with the recent detection of features in the spectra of individual
elements, most notably protons and helium: the PAMELA satellite has provided ev-
idence that both the proton and helium spectra harden at 230 GeV (Adriani et al.
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FIG. 1. B/C and B/O ratios as derived by using our calcula-
tions (solid line) compared to recent AMS-02 data [4].

high-rigidity break parameters (Rb, ��, s) with a fit to
the H and He fluxes. Noticing that they are practically
the same as the best-fit values of the recent AMS-02 pub-
lication [58] , i.e. s = 0.09 and �� = 0.22, obtained by
fitting the proton spectrum. However we require a some-
what lower Rb of 290GV to simultaneously fit He which
is still compatible with the fit provided in [58] within
their error bars. These assumptions reduce the number
of free parameters which describe the transport to 3.

The injection e�ciencies ✏a of the species C, N, O, Ne,
Mg, Si, S and Fe are set in such a way that the total flux
of each species match the AMS-02 data. That amounts
to additional 8 parameters. For other primary species,
in particular Na, Al, P, Ar, Ca, Cr, Mn and Ni, the
TRACER03 [59], CRISIS [60], and HEAO3-C2 [38] mea-
surements have been used to fix their abundances and we
do not include these normalizations as free parameters in
the best-fit search. Notice that the e�ciency ✏a pertains
to the injection of a given charge, including all isotopes.
We distribute the e�ciency ✏a among the isotopes in or-

FIG. 2. Flux of Ne, Mg, Si and S (solid orange line) com-
pared to recent AMS-02 data. The shaded area shows the
e↵ect of cross section uncertainties on the predictions. The
dashed lines reflect the fluxes obtained by only including the
primary contribution (no secondary production). The red line
shows the expected flux for the given element, assuming a Mg
production cross section higher by 30%.

der to reproduce the isotopic abundance in the ISM as
measured in [61].

The solar modulation potential, �, and the injection
slope, �inj are two additional free parameters, bringing
the total number of free parameters to 13.

To fit the propagation parameters against di↵erent
datasets we use the MINUIT package [62]. To ensure
that true minima are found, O(50) minimisations from
di↵erent starting points are carried out for all our anal-
yses. The quantity we minimise is the �2 computed for
the AMS-02 measurements of di↵erent datasets. Specifi-
cally, the total �2 is computed by summing the reduced
�2 computed over the ratios Be/C, B/C, Be/O, Ne/Mg,
Si/Mg, Ne/O, Mg/O, Si/O, and the absolute fluxes of B,
C, N, O, Ne, Mg, Si, and S [4, 26, 41]. To normalize the
S primary injection we make use of the AMS-02 prelimi-
nary data on the S absolute flux as reported in seminar
presentations 2. The absolute fluxes are fitted only for
rigidities larger than ⇠ 10 GV in order to minimize the
e↵ect of solar modulation (see also [30]).

Finally, for each dataset the total uncertainty is
computed by adding systematic and statistic errors in
quadrature (see also [17] for an attempt to take into ac-
count the correlation among systematics).

2 See, e.g., https://indico.gssi.it/event/80/

Measurement of secondary/Primary ratios and 
Secondary/Secondary ratios led to a powerful 
measurement of the size of the halo and diffusion 
properties of the ISM 
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FIG. 4. Left panel: Ratio of Beryllium over Boron fluxes. The dotted line shows the case without decay for 10Be while the
other lines refer to di↵erent values of H, as labeled. Right panel: ��

2 ⌘ �
2 � �

2
min computed on the Be/B data as a function

of the halo size H. We show both the case where only the statistical errors are used (solid orange) and the case with the total
errors (solid blue). The best-fit reduced �

2’s are ⇠3 and ⇠0.85 in the two cases. The allowed maximum �
2 at 3� and 5� are

also indicated with dotted lines.

s�1 kpc�1), � = 0.68 GV and vA ⇠ 5 km/s. We notice
therefore that the typical dependence of the B/C ratio
with respect to the quantity D0/H is maintained also
if the radioactive decay of 10Be is taken into account,
although the �

2 associated with di↵erent values of H is
not the same. In particular, the �

2 appears to be higher
for smaller values of H.

In Fig. 3 we show the comparison of our best-fit results
with the AMS-02 data on the ratios B/C (left panel) and
Be/C (right panel) for di↵erent values of H as labeled. In
these plots we show the total experimental uncertainty,
obtained summing in quadrature the statistical and sys-
tematic errors as published by the AMS-02 Collaboration
[4–6]. As expected, for low values of H, say ⇠ 1 kpc, the
e↵ect of 10Be decay is weak, thereby leading to overes-
timating the Be/C ratio and underestimating the B/C
ratio.

In Fig. 3, as in the forthcoming figures, we plot also
the residual respect to experimental data, defined as the
”distance” between the theoretical expectation and data
divided by the total experimental error. As follows from
Fig. 3, the residual is always confined within 3�, confirm-
ing a good accuracy of our fitting procedure.

The residuals clearly show a preference for relatively
large values of the halo size, H & 6 kpc. A similar con-
clusion can be drawn by considering the Be/O and B/O
ratios, not shown here. A quantitative assessment of the
significance of these fits will be discussed in Section III B
using the Beryllium over Boron ratio.

B. Beryllium over Boron ratio

In order to calculate the Be/B ratio, we solve the trans-
port equations for all isotopes of both beryllium (7Be,
9Be and 10Be) and boron (10B and 11B). As we discuss
below, this ratio is more sensitive to the value of H with
respect to the secondary to primary ratios.

If all isotopes of Be were stable, the Be/B ratio at
rigidities above ⇠ 10 GV would be a slowly decreasing
function of energy, up to about ⇠ 200 GV, where the
spallation time of Be becomes appreciably longer than
the escape time from the Galaxy. The slight decrease re-
flects the fact that the total inelastic cross section scales
as / A

0.7 and boron (denominator) is slightly heavier
than beryllium. At higher rigidity, since the production
cross sections are basically independent of energy [44],
the Be/B ratio is expected to be constant. Moreover, the
spallation of Boron increases the amount of Beryllium
(numerator) at the same energy per nucleon. This be-
haviour is shown as a black dotted line in the left panel
of Fig. 4. At rigidities . 10 GV the spallation cross sec-
tion acquires a small energy dependence which reflects in
the small increase with rigidity visible in the figure.

The AMS-02 data clearly show that the Be/B ratio
increases with rigidity at least up to ⇠ 100 GV. The
simplest explanation of such a trend is based on the decay
of 10Be at low rigidity, where decays occur faster than
escape. The coloured solid lines in the left panel of Fig. 4
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SUPERNOVA REMNANTS AS 
PEVATRONS?



PARTICLE ACCELERATION IN SNRs 

FREE EXPANSION VELOCITY:  

THE EXPANSION SPEED DROPS DURING THE SEDOV-TAYLOR PHASE BUT 
THE MACH NUMBER STAYS >10-100 

A STRONG COLLISIONLESS SHOCK WAVE IS GENERATED



DIFFUSIVE SHOCK ACCELERATION

Diffusion of charged particles back and forth 
across the shock leads to: 

POWER LAW SPECTRUM (only depends on 
compression factor) 

FOR STRONG SHOCKS (Mach>>1):  p-4 (E-2 at 
relativistic E) 

INDEPENDENT OF MICRO-PHYSICS (e.g. THE 
DIFFUSION COEFFICIENT)

U1 

U2 

Krymsky 1977 
Bell 1978 
Blandford & Ostriker 1978 € 

ΔE
E

=
4
3
(U1 −U2 )

THE EFFICIENCY REQUIRED PER SNR ~1-10%: TEST PARTICLES?

Test Particle Approach
UPSTREAM

DOWNSTREAM

ISM



MORE THAN JUST TEST PARTICLES

• The spectrum E-2 is energy divergent —> need to account for particle pressure 

• The maximum energy for test particles is ridiculously low

IF TO ASSUME THAT AT THE SHOCK PARTICLES DIFFUSE AS IN THE ISM (see B/C ratio) THEN:

D(E) ≈ 3 × 1028 (E/10GeV)1/2 cm2/s τacc(E) ≈
8D(E)

v2
s

= τSedov Emax ≲ 100 GeV

THE DIFFUSION COEFFICIENT IN THE ACCELERATION REGION MUST BE MUCH 
SMALLER THAN THE ONE IN THE INTERSTELLAR MEDIUM - CAN THIS 
PHENOMENON BE DUE TO THE ACCELERATED PARTICLES THEMSELVES? 



MORE THAN JUST TEST PARTICLES
EVEN ASSUMING THE BEST POSSIBLE CONDITIONS FOR PARTICLE SCATTERING (BOHM DIFFUSION) ONE CAN 
SEE THAT  

IF ONE WANTS TO USE THESE SHOCK TO ACCELERATE TO PeV ENERGIES THE REQUIREMENT IS:

1
3

Ec
eBshock

1
v2

s
≈ τSedov

Bshock ≈ 100BGalaxy

THE MAGNETIC FIELD AT THE SHOCK MUST BE AMPLIFIED BY ABOUT A FACTOR 100 

NOTICE THAT IN ORDER TO AFFECT THE ACCELERATION TIME THIS AMPLIFICATION MUST TAKE PLACE 
UPSTREAM OF THE SHOCK, WHERE ONLY COSMIC RAYS CAN REACH



COSMIC RAY INDUCED B FIELDS
X-RAY FILAMENTS

Virtually all young SNRs have thin X-ray filaments 

Non-thermal synchrotron emission of high energy 
electrons accelerated at the shock

B~100 Bgalaxy



A HISTORY OF CR INDUCED B AMPLIFICATION

ALREADY IN THE ORIGINAL BELL (1978) PAPERS IT WAS RECOGNIZED THAT MAGNETIC FIELD 
AMPLIFICATION IS NEEDED FOR DSA TO WORK TO INTERESTING ENERGIES 

LAGAGE AND CESARSKY (1983) DISCUSSED THE EFFECT OF THE RESONANT STREAMING 
INSTABILITY —> EMAX~10-100 TEV AT MOST 

A NON-RESONANT BRANCH OF THE STREAMING INSTABILITY WAS DISCOVERED BY BELL 
(2004,2005) WITH AN MHD APPROACH AND CONFIRMED IN KINETIC APPROACHES (AMATO & PB 
2009) 

SEVERAL AUTHORS INVESTIGATED THE EFFECT OF THIS INSTABILITY ON THE MAXIMUM 
ENERGY (SCHURE AND BELL 2013, 2014, BELL+ 2013, CARDILLO+ 2015, CRISTOFARI+ 2020,2021)



CURRENT DRIVEN INSTABILITY (Bell 2004)

+++

+

+

+
+

+

+
+

+
Negative 

Return Current

Accelerated  
Particles

THE ACCELERATING PARTICLES MAKE A POSITIVE CURRENT 
MOVING IN THE UPSTREAM 

IT IS COMPENSATED BY A NEGATIVE CURRENT MADE OF 
PLASMA ELECTRONS MOVING WITH RESPECT TO IONS 

THE SYSTEM OF THESE TWO CURRENTS IS UNSTABLE ON 
VERY SMALL SPATIAL SCALES

THE INSTABILITY GROWS IF 

AND ITS GROWTH RATE IS:

nCR(> E)E
vs
c

>
B2

0

4⇡
= Umag

�max = kmaxvA kmaxB0 =
4⇡

c
Jesc
CR

IT CAN BE EASILY SHOWN THAT kmax>>1/Larmor                          LITTLE SCATTERING



EASY WAY TO SATURATION OF GROWTH

CURRENT

The current exerts a force of the background plasma 

which translates into a plasma displacement: 

⇢
dv

dt
⇠ 1

c
JCR�B

�x ⇠ JCR

c⇢

�B(0)

�2
max

exp(�maxt)

which stretches the magnetic field line by the same amount… 
The saturation takes place when the displacement equals the Larmor radius of the particles in the field δB … imposing 
this condition leads to: 

specialized to a strong shock and a spectrum E-2

�B2

4⇡
=

⇠CR

⇤
⇢v2s

vs
c

⇤ = ln(Emax/Emin)



MAGNETIC BOOTSTRAP
Particles must escape for the Maximum Energy to increase

Bell & Schure 2013 
Cardillo, Amato & PB 2015 Caprioli & Spitkovsky 2013
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SNRs as PeVATRONS?
Figure 1: Density upstream of the expanding SNR shock (thick) and shock velocity (thin)
as a function of time, for type Ia (solid blue), II (dotted red) and II⇤ (dot–dashed green)
progenitors of Tab. 1, assuming ⇠ = 0.1. The vertical lines indicate the beginning of the ST
phase for each case.

10�3 10�2 10�1 100 101

Time [kyr]

104

105

106

107
p
m
a
x

[m
c
]

Type Ia

Type II

Type II�

Figure 2: Time evolution of the maximum momentum of accelerated protons for type Ia (solid
blue), II (dotted red) and II⇤ (dot–dashed green) progenitors of Tab. 1, assuming ⇠ = 0.1.
The vertical lines indicate the beginning of the ST phase for each case.
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 THE HIGHEST ENERGIES ARE REACHED AT VERY EARLY EVOLUTIONARY STAGES! (Implications for gamma ray observations!)  

 …BUT THE FLUX CONTRIBUTED IN THOSE STAGES IS LOW, AND IN FACT THIS CORRESPONDS TO THE VERY STEEP PART OF 
THE SPECTRA RELEASED INTO THE ISM 

 FOR CORE COLLAPSE SNR THE TEMPORAL EVOLUTION OF THE MAXIMUM ENERGY IS IN GENERAL RATHER COMPLEX  

 THE EFFECTIVE EMAX IS THE ONE CORRESPONDING TO THE BEGINNING OF THE SEDOV-TAYLOR PHASE (vertical lines)

Cristofari, PB & Amato 2020

100 101

Mej [M�]

1

2

3

4

5

6

7

8

9

10

E
S
N

[1
0
5
1
e
r
g
]

0.
5
Pe
V

0.
7
Pe
V1
P
e
V

2
P
e
V3
P
e
V

Figure 3: Maximum energy of accelerated protons at the transition between the ED and ST
phase of a SNR from a type II⇤ progenitor, for di↵erent SN total explosion energy ESN and
ejecta mass Mej, for a RSG mass–loss rate Ṁ = 10�4 M� yr�1 and ⇠ = 0.1.

Figure 4: Galactic CR protons from type Ia SNRs. Contributions from cumulative ac
celerated particles Nacc (dashed), escaping particles Nesc (dotted) and their sum (solid) are
shown. ↵ = 4, ⌫SN,Ia = 1/100 yr�1 and ⇠SN = 0.11 (⇠ = 0.10). Local data from various
experiments are shown: AMS-02 [34], PAMELA [35], CALET LE and HE [36], DAMPE [37],
ARGO–YBJ [38], ARGO fit for protons [39], Tibet [40] and KASCADE [41]. The yellow areas
correspond to the typical level of measured protons.
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SNRs as PeVATRONS?
P. Cristofari et al.: Cosmic ray protons and electrons from supernova remnants
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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Fig. 2. Spectra of protons produced at SNRs from type Ia (top), type II
(center), and type II* (bottom) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (bro-
ken shell assumption). The dashed curves illustrate the e↵ect of adia-
batic losses in the downstream region, while the dotted lines refer to the
escape flux from the upstream region. In the bottom part of each panel
we also show the local slope of the spectrum q(p) at a given momentum.

the normal ISM, with a spatially constant gas density and back-
ground magnetic field. For type Ia SNRs the e↵ective maximum
energy is a few tens of TeV (left panel of Fig. 2). There is an
additional spectral steepening at somewhat lower energies due
to the temporal evolution of the maximum energy. More specif-
ically, the steepening occurs at the maximum energy reached at
the end of the ST phase, typically a few TeV. The flux of escaping
CR protons starts at about the same energy, as is clearly visible
in Fig. 2.

For a strong shock, such as the one expected for a young SNR
expanding in the normal ISM, the spectrum of accelerated parti-
cles at the shock location has a slope very close to 4 (thick lines
in Fig. 2). Nevertheless, as recently discussed by Caprioli et al.
(2020), the spectrum can be steeper if the finite velocity of scat-
tering centers in the downstream plasma is taken into account.
For this reason, in Fig. 2 we also show the case ↵ = 4.3 (thin
lines). In all cases of interest, the spectra of CR protons that are
injected into the ISM (as the sum of the two contributions) are
quite close to the spectrum at the shock in terms of slope, with
the exception of the highest energies, as discussed above.

For type II SNRs, the spectrum of CR protons is shown in
the middle panel of Fig. 2. For the sake of making a fair com-
parison between the three types of SN explosions, here we used
an acceleration e�ciency of ⇠CR = 0.1 for all of them. As dis-
cussed by Cristofari et al. (2020), because of the di↵erent rates
of occurrence of these events in the Galaxy, for type II SNRs
the e�ciency is required to be somewhat lower than for type Ia,
which is also reflected in a lower value of the maximum energy
of particles accelerated at the shock (see Eq. (12)). Despite this
bias, the maximum achievable energy for type II SNRs remains
on the order of ⇠105 GeV and falls short of the knee by a large
amount, as already pointed out by Cristofari et al. (2020).

Only when parameters are pushed to the extreme (what we
have called here type II* SNRs) can the maximum energy reach
the knee, as shown in the right plot of Fig. 2. As already pointed
out by Caprioli et al. (2009b), the superposition of the escape
flux from the di↵erent stages of shock evolution in the complex
environment around these SNRs may lead to the appearance of
bumps in the overall CR spectrum that might be related to the
feature recently measured by DAMPE in the 10�100 TeV region
of the proton spectrum (An et al. 2019).

The corresponding spectra of electrons injected by SNRs of
di↵erent types into the ISM are shown in Fig. 3. The thick and
thin curves refer to ↵ = 4 and ↵ = 4.3, respectively. The dash-
dotted line identifies the spectrum of particles accelerated at the
shock, as if they were immediately liberated into the ISM, with-
out energy losses. The solid lines are the spectra of electrons
liberated into the ISM after adiabatic and synchrotron losses
downstream of the shock, while the upstream escape flux, lim-
ited to the times when the maximum energy of electrons is not
determined by energy losses, is shown in the form of dotted lines.
If the SNR shell were broken or if confinement in the down-
stream region were energy-dependent (e.g., due to turbulence
damping), the actual contribution would lie between the dash-
dotted and solid lines.

The rate of synchrotron losses is larger when the condition
for the growth of the magnetic field through the excitation of
the nonresonant hybrid instability is fulfilled. As discussed in
Sect. 2, B2

2/⇢ / v7�↵
sh for this instability, and hence the mecha-

nism becomes less e↵ective or even ine↵ective in the late stages
of SNR evolution; these stages are, however, crucial for the pro-
duction of low energy electrons. As a consequence, the e↵ect of
radiative energy losses is only important at energies at or above
teraelectronvolt levels, while it is minor at lower energies, as
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THE SPECTRUM RELEASED INTO THE ISM IS THE SUM OF CR ESCAPING FROM UPSTREAM AND THE ONES 
TRAPPED DOWNSTREAM (COMPLEX SPECTRAL SHAPES) 

THE EFFECTIVE MAX ENERGY FOR IA AND II IS <100 TEV 

PEVATRONS ONLY FROM EXTREMELY POWERFUL AND RARE SUPERNOVA REMNANTS 

EITHER WAY, THE SUPPRESSION IS NOT EXPONENTIAL!!!



ISSUES WITH SPECTRA INSIDE SNR

Caprioli 2011

BOTH GAMMA RAY OBSERVATIONS AND CR TRANSPORT SUGGEST THAT THE SPECTRUM CONTRIBUTED BY SNR IS 
STEEPER THAN E-2   BUT THIS SEEMS INCOMPATIBLE WITH THEORETICAL EXPECTATIONS! 

THESE SUBTLE FEATURES ARE SENSITIVE TO THE MICROPHYSICS…  



POSTCURSORS
THE ACTION OF COSMIC RAYS IS IN GENERAL OF INCREASING THE COMPRESSION FACTOR AT THE SHOCK DUE TO THE 

CHANGE OF ADIABATIC INDEX (AND OTHER EFFECTS, PRECURSOR) —> SPECTRUM SHOULD BECOME HARDER THAN 
STANDARD DSA 

 HOWEVER, THE AMPLIFICATION OF THE MAGNETIC FIELD MAKES ANOTHER EFFECT APPEAR:

UPSTREAM DOWNSTREAM

U1 U2

W1 W2

THE VELOCITY OF THE WAVES UPSTREAM IS U1 - W1 ≈ U1  

THE WAVES DOWNSTREAM ARE SEEN IN SIMULATIONS TO MOVE IN THE SAME 
DIRECTION AS THE PLASMA, WITH APPROXIMATELY THE ALFVEN SPEED IN 
THE AMPLIFIED FIELD (POSTCURSOR)

W2 ≈
δB
4πρ

= αU2 q ≈
3R

R − 1 − α

THE SPECTRUM BECOMES STEEPER

CR-Modified Shocks II: Particle Spectra 7

Figure 5. Post-shock particle spectra for di↵erent Mach
number simulations (see Table 1), at t ⇡ 370⌦�1

ci . The stan-
dard DSA prediction along with the modified prediction pre-
sented in this paper are shown as the dashed colored and
black lines respectively.

length D(p)/u2 ⌧ L and �(p) ⌧ 1 the e↵ect is negligi-
ble. Again, such a hardening comes from the di↵erential
adiabatic compression of CRs with di↵erent momentum,
with larger-p particles experiencing more compression.
For the hardening to be global, L should be smaller
than the region where di↵usion is enhanced by the self-
generated magnetic field, at odds with the very nature
of the postcursor.
Even if the e↵ect on the spectrum is negligible, it is

easy to estimate (always in the limit L � D/ũ) the
adiabatic compression of CR in the postcursor as

�f

f
'

q

3(↵+ 1)
, (13)

i.e., the CR distribution function should increase ofO(1)
for q ⇡ 4 and ↵ ⇡ 0.5. Figure 4 shows the average
CR density profile as a function of time (color coded)
for our benchmark run; three features can be noticed:
1) an upstream exponential profile, which corresponds
to the classical CR precursor; 2) an overshoot at the
shock, where the density exceeds the asymptotic one,
Rtot, which has a quasi-periodic nature, as discussed
in Paper I; 3) a quite gradual rise in the downstream,
on the postcursor extent, which is the result of the ef-
fect just discussed. It is important to stress that the
spectrum at the shock is only a↵ected by what hap-
pens within one di↵usion length D(p)/u2 downstream,
while such an extra compression occurs at the end of
the postcursor; this must be reckoned with when in-
vestigating the origin of either synchrotron emission,
which should track the magnetized postcursor region,
or hadronic and bremsstrahlung emissions, which track
plasma and CR density.

5.1. Dependence on Mach Number

Figure 5 shows the postshock spectrum for shocks
of di↵erent Mach numbers M = 10, 20, 40, 80, for the
same simulations discussed in Paper I. Also, in this case
we show both the standard (flatter, color) and revised

M ⇠c ⇠B Rtot q̃ � qDSA

10 0.072 0.035 4.54 0.75

20 0.099 0.028 4.54 0.63

40 0.102 0.033 4.61 0.82

80 0.100 0.018 4.37 0.78

Table 1. Physical parameter for runs with di↵erent Mach
numbers. From left to right: Mach number (M), normalized
CR pressure (⇠c), normalized magnetic pressure (⇠B), to-
tal compression ratio (Rtot), di↵erence between the revised
and the standard DSA momentum slope (q̃ � qDSA). The
revised (standard) slopes are shown in Figure 5 as dashed
black (color) lines.

(steeper, black) predictions and it is clear that the latter
(Equation 5) is consistent with the simulations. Details
about the these simulations and the measured values to
predict both slopes are presented in Table 1.

The theory for the hydrodynamic modifications dis-
cussed in Paper I as well as the theory for the spectrum
of the accelerated particles presented here both rely on
assumptions about the nature of the self-generated mag-
netic turbulence. Arguably the most crucial of these as-
sumptions is that the CRs drift away from the shock at
the local Alfvén speed; an assumption which is inspired
by, but also validated with, self-consistent simulations.
This is especially relevant for very strong shocks, where
the instability that drives magnetic field amplification
should be in the Bell regime (M & 30), for which the
intuition based on the quasi-linear theory may stum-
ble. Exploring even stronger shocks (M & 100) with
hybrid techniques is computationally prohibitive, how-
ever, it is reasonable that any poorly-magnetized shock,
such that the upstream magnetic field amplification is
driven by the Weibel, that is able to inject protons, may
quickly (on few growth times, typically corresponding to
10� 100⌦�1

ci ) transition to a shock with Alfvénic Mach
numbers comparable to those studied in this work.
On the other hand, we stress that all of the e↵ects

of the postcursor should vanish in cases where magnetic
field amplification is not prominent (�B/B0 . 1), such
as very oblique shocks that do not spontaneously in-
ject particles into DSA or at weak shocks with small
Alfvénic Mach number (Caprioli & Spitkovsky 2014a,b),
regimes which we will cover in a future work. However,
in the presence of energetic seed particles, which may
be injected even at oblique shocks (Caprioli et al. 2018),
a postcursor may still be generated, provided that re-
accelerated particles can drive su�ciently strong mag-
netic turbulence.

Caprioli, Haggerty & PB 2020



STAR CLUSTER WINDS



MANY ACCELERATION PROCESSES MAY BE AT WORK

YOUNG STELLAR CLUSTERS (no SNRs) 

Collision of winds [Reimer, Pohl, Reimer (2006); Bykov, Gladilin & Osipov (2013); Vieu, Gabici & Tatischeff (2020)]  
Termination shock of individual stars in the cluster 
DSA at the termination shock of the collective wind [Morlino, PB, Peretti & Cristofari 2021] 

SUPERBUBBLES WITH WINDS AND SNR EXPLOSIONS 
   DSA at shocks of individual SNR (large turbulence in the cluster) [Parizot et al. 2004] 

 Acceleration at multiple shocks 

 Acceleration by turbulence and multiple shocks [Bykov & Toptygin 1993,Parizot et al. 2004; Ferrand & 
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maximum energy typically in the 10 � 100 TeV range (Cristofari
et al. 2020). The only possible exception to this conclusion applies
to powerful (& 5 ⇥ 1051 erg), rare (⇠ 1/104 years) core collapse
SNRs, with relatively small ejecta mass (few solar masses), for
which the maximum energy can indeed reach PeV energies. The
overall spectrum of CRs released in the ISM by each of the classes
of SN explosions mentioned above seems bumpy and unlike the
relatively smooth spectrum observed at the Earth. Although these
problems and di�culties might only suggest that our theoretical
approaches to the origin of CRs in SNRs are too simplistic, they
have also stimulated the search for alternative sources of CRs, with
special care for those that produce a spectrum extending to the knee
energy. In this context, stellar clusters (Reimer et al. 2006), OB
associations (Bykov & Toptygin 2001; Voelk & Forman 1982), and
supperbubbles (Bykov 2001; Parizot et al. 2004) have for instance
been proposed.

It has especially been speculated that the winds of massive stars
may be a suitable location for the acceleration of CRs (Cesarsky &
Montmerle 1983; Webb et al. 1985; Gupta et al. 2018; Bykov et al.
2020). Moreover, recently the gamma ray emission from the region
around a few compact star clusters has been measured, including
Westerlund 1 (Abramowski et al. 2012), Westerlund 2 (Yang et al.
2018), Cygnus cocoon (Ackermann & et al. 2011; Aharonian et al.
2019), NGC 3603 (Saha et al. 2020), BDS2003 (Albert et al. 2020),
W40 (Sun et al. 2020) and 30 Doradus in the LMC (H. E. S. S.
Collaboration et al. 2015). These observations have been used to
infer the spatial distribution of CRs and their energy budget, sup-
porting the scenario in which a sizable fraction of the wind kinetic
energy is converted to non thermal particles and, at the same time,
maximum energies > 100 TeV are reached. These findings would,
than, suggest that stellar clusters can substantially contribute to the
flux of Galactic CRs.

Further support to such a conclusion comes from the analysis
of the 22Ne/20Ne abundance in CRs, which is a factor ⇠ 5 larger
than for the solar wind (Binns et al. 2006). This result is not easy
to accommodate in the framework of particle acceleration at SNR
shocks alone (Prantzos 2012) while can be more easily accounted
for if CRs are at least partly accelerated out of material contained
in the winds of massive stars (Gupta et al. 2020).

Here we show that the termination shock formed as a result of
the interaction of the intense collective wind of the star cluster with
the ISM is a potentially interesting site for particle acceleration up
to ⇠PeV energies, for several reasons: first, particle escape from the
upstream region (in the direction of the star cluster itself) is forbid-
den because of the geometry of the problem; 2) if a relatively small
fraction (⇠ 10%) of the wind kinetic energy is dissipated to mag-
netic energy, particle di�usion around the shock can be reduced,
thereby shortening the acceleration time; 3) if the kinetic luminos-
ity of the star cluster is large enough (& 3 ⇥ 1038 erg/s) then the
maximum energy is indeed in the ⇠PeV range; 4) in rather common
situations around the termination shock, the spectrum of acceler-
ated particles may be somewhat steeper than ⇢�2, as required by
observations of CRs on Galactic scale (Evoli et al. 2019, 2020).

The article is organised as follows: in §2 we briefly describe
the structure of the environment around the star cluster and the
properties of the termination shock where particle acceleration is
expected to take place. In § 3 we discuss the di�usion properties of
particles inside the wind bubble while in § 4 we describe in detail the
solution of the DSA problem at the termination shock and we derive
an expression for the maximum energy of accelerated particles. In
§5 we summarise our findings and we comment on the possibility
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Figure 1. Schematic structure of a wind bubble excavated by a star cluster
into the ISM: 'B marks the position of the termination shock, 'cd the contact
discontinuity, and 'fs the forward shock.

that star clusters may in fact be prominent contributors to the flux
of CRs in the Galaxy.

2 THE BUBBLE’S STRUCTURE

The bubble excavated by the collective stellar wind launched by the
star cluster is schematically illustrated in Fig. 1: the central part is
filled with the wind itself, expanding with a velocity EF and density

d(A) =
§"

4cA2EF
, A > '2 , (1)

where '2 is the radius of the core where the stars are concentrated,
and §" is the rate of mass loss due to the collective wind. The
impact of the supersonic wind with the ISM, assumed here to have a
constant density d0, produces a forward shock at position 'fs, while
the shocked wind is bound by a termination shock, at a location 'B .
The shocked ISM and the shocked wind are separated by a contact
discontinuity at 'cd. The typical cooling timescale of the shocked
ISM is only ⇠ 104 yr, while the cooling time for the shocked wind
is several 107 yr which is comparable with the typical age of these
systems (Koo & McKee 1992a,b). As a consequence, the wind-
blown bubble spends the largest part of its life in a quasi-adiabatic
phase, meaning that the shocked wind is adiabatic while the shocked
ISM is cold and dense and compressed in a very thin layer, such that
we can approximate 'cd ' 'fs ⌘ '1 . Hence most of the volume
of the bubble is filled with the wind and the shocked wind. Below,
following Weaver et al. (1977) and Gupta et al. (2018) we provide a
simple approximation for the position in time of the forward shock
(FS) and the termination shock (TS). The mass accumulated at the
FS while moving in the ISM is " (') =

Ø '
0 4cA2d03A , where d0 is

the external density. The momentum of the material accumulated in
the thin shell between 'cd and 'fs is " (') §' and changes because
of the work done by the pressure % in the hot bubble:

3

3C

⇥
" (') §'

⇤
= 4c'2%. (2)

On the other hand, the energy density in the bubble is n =
4
3c'

3 %
W6�1 , where W6 is the adiabatic index, and it changes ac-
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F is the wind luminosity and !cool is the cooling
rate. In the following, for the purpose of a simple estimate we will
neglect this cooling term which is only important at very late times
(Koo & McKee 1992a; Stevens & Hartwell 2003). In general we
can assume that !cool ⇠ Z!F , so that the results that will be found
below will rescale with !F ! (1 � Z)!F . If we look for solutions
in the form '(C) = �CU, it is easy to show, using Eq. (2), that
% = 1

3 �
2Ud0 (4U � 1)C2U�2. Replacing this expression in Eq. (3)
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which readily implies that U = 3/5 and
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In the last equality we have used W6 = 5/3. Normalizing to typical
values of the parameters, we obtain:

'1 (C) = 174 d�1/5
1 !1/5

37 C3/510 pc, (6)

where d1 is the ISM density in the region around the star cluster in
units of 1 proton per cm3, !37 = !F/(1037erg s�1) and C10 is the
dynamical time in units of 10 million years. It is worth noticing that
the shell moves outwards with a velocity §'1 that is only a few tens
of km/s, thereby being at most transonic. To first approximation, the
position of the termination shock can be easily derived by imposing
balance between the pressure % and the ram pressure of the wind:

§"EF

4c'2
B
=

7
25

�2d0C
�4/5, (7)

which leads to

'B = 62 §"1/2
�4 E1/2

8 d�3/10
1 !�1/5

37 C2/510 pc, (8)

where E8 = EF/(1000 km s�1) and §"�4 = §"/(10�4M� yr�1). If
we use the definition of !F and we neglect cooling, this expression
can be rewritten as:

'B = 48.6 §"3/10
�4 E1/10

8 d�3/10
1 C2/510 pc . (9)

A more accurate calculation (Weaver et al. 1977) shows that the
result above is accurate within . 10%. We stress again that the
speed of the TS in the laboratory frame is very low, so that the entire
bubble structure evolves slowly and can be considered as stationary
to first approximation. It is worth stressing that the formation of a
collective wind occurs only for compact clusters that have a typical
cluster size '2 ⌧ 'B (see, e.g. Gupta et al. 2020).

Typically the core of a massive stellar cluster can contain up
to ⇠ 100 � 1000 stars whose winds interact strongly leading to
partial dissipation of kinetic energy of the winds, which may result
in generation of turbulent magnetic field in the free expanding wind.
This implies that the collective wind outside the core is not expected
to have a coherent, spiral-like structure. In the next section we
discuss the properties of particle di�usion in such an environment.

3 DIFFUSION AROUND THE TERMINATION SHOCK

While for the wind of an individual star it is conceivable to think
that the magnetic field retains memory of its spiral structure, this
assumption would be untenable for the wind of a star cluster because
of the large number of winds that collide and interact in the core
region. On the other hand, the fact that winds of individual stars are
characterized by di�erent mass loss rates and di�erent velocities
results in the interaction among di�erent components which, to
some extent, should result in dissipation of the kinetic energy of
these winds to thermal and magnetic energy. Whether this process
of partial equipartition occurs only at the base of the wind region or
everywhere in the wind is not clear. Hence, below we will consider
a situation in which some fraction [⌫ of the kinetic energy of the
wind is transformed to magnetic energy at any radius (§ 3.1), and
we discuss the role of self-generated magnetic fields, due to CR
induced instabilities, when the fraction [⌫ is small (§ 3.2).

3.1 MHD turbulence

Let us assume that a fraction [⌫ of the wind kinetic energy is
converted to magnetic turbulence at any location, in such a way that
the strength of the turbulent magnetic field can be written as

⌫(A) ⇡ 1
A

✓
1
2
[⌫ §"EF

◆1/2
. (10)

At the location of the termination shock, the strength of the magnetic
field reads

⌫('B) = 3.7 ⇥ 10�6[1/2
⌫

§"1/5
�4 E2/5

8 d3/10
1 C�2/5

10 ⌧ . (11)

This dissipation of kinetic energy into magnetic energy likely results
in turbulence with a typical scale !2 that is expected to be of order
the size of the star cluster, !2 ⇠ '2 ⇠ 1 ÷ 2 pc. If the turbulence
evolves following a Kolmogorov cascade, the di�usion coe�cient
immediately upstream of the termination shock can be estimated as

⇡ (⇢) ⇡ 1
3
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✓
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8 d�1/10
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10 ⇢1/3
GeV cm2 s�1, (12)

where A! (?) = ?2/4⌫(A) is the Larmor radius of particles of mo-
mentum ? in the magnetic field ⌫(A). The di�usion coe�cient
decreases inward as (A/'B)1/3. One can see that the dependence
of the di�usion coe�cient upon the e�ciency of conversion of ki-
netic energy to magnetic energy, [⌫ , is very weak. Downstream of
the termination shock, it is assumed that the magnetic field is only
compressed by the standard factor

p
11, typical of a strong shock,

so that ⇡2 ⇡ 0.67⇡1. Clearly the downstream di�usion coe�cient
can be smaller than this estimate suggests, if other processes (such
as the Richtmyer-Meshkov instability (Giacalone & Jokipii 2007))
lead to enhanced turbulence behind the shock.

An order of magnitude for the maximum energy that can be
achieved through DSA at the termination shock of the wind can be
easily obtained by requiring that the di�usion length of the particles
at the highest energy be equal to the radius of the termination
shock, ⇡1 (⇢max)/EF ⇡ 's. This value should be taken with much
caution, in that the actual maximum energy can be somewhat smaller
depending on the di�usion coe�cient downstream of the shock. We
will discuss these e�ects in the next section, where we develop a
formal theory of DSA at the termination shock, taking into account
the geometry of the problem and the escape of accelerated particles
from the bubble.
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In the last equality we have used W6 = 5/3. Normalizing to typical
values of the parameters, we obtain:
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where d1 is the ISM density in the region around the star cluster in
units of 1 proton per cm3, !37 = !F/(1037erg s�1) and C10 is the
dynamical time in units of 10 million years. It is worth noticing that
the shell moves outwards with a velocity §'1 that is only a few tens
of km/s, thereby being at most transonic. To first approximation, the
position of the termination shock can be easily derived by imposing
balance between the pressure % and the ram pressure of the wind:
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where E8 = EF/(1000 km s�1) and §"�4 = §"/(10�4M� yr�1). If
we use the definition of !F and we neglect cooling, this expression
can be rewritten as:
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A more accurate calculation (Weaver et al. 1977) shows that the
result above is accurate within . 10%. We stress again that the
speed of the TS in the laboratory frame is very low, so that the entire
bubble structure evolves slowly and can be considered as stationary
to first approximation. It is worth stressing that the formation of a
collective wind occurs only for compact clusters that have a typical
cluster size '2 ⌧ 'B (see, e.g. Gupta et al. 2020).

Typically the core of a massive stellar cluster can contain up
to ⇠ 100 � 1000 stars whose winds interact strongly leading to
partial dissipation of kinetic energy of the winds, which may result
in generation of turbulent magnetic field in the free expanding wind.
This implies that the collective wind outside the core is not expected
to have a coherent, spiral-like structure. In the next section we
discuss the properties of particle di�usion in such an environment.

3 DIFFUSION AROUND THE TERMINATION SHOCK

While for the wind of an individual star it is conceivable to think
that the magnetic field retains memory of its spiral structure, this
assumption would be untenable for the wind of a star cluster because
of the large number of winds that collide and interact in the core
region. On the other hand, the fact that winds of individual stars are
characterized by di�erent mass loss rates and di�erent velocities
results in the interaction among di�erent components which, to
some extent, should result in dissipation of the kinetic energy of
these winds to thermal and magnetic energy. Whether this process
of partial equipartition occurs only at the base of the wind region or
everywhere in the wind is not clear. Hence, below we will consider
a situation in which some fraction [⌫ of the kinetic energy of the
wind is transformed to magnetic energy at any radius (§ 3.1), and
we discuss the role of self-generated magnetic fields, due to CR
induced instabilities, when the fraction [⌫ is small (§ 3.2).

3.1 MHD turbulence

Let us assume that a fraction [⌫ of the wind kinetic energy is
converted to magnetic turbulence at any location, in such a way that
the strength of the turbulent magnetic field can be written as
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This dissipation of kinetic energy into magnetic energy likely results
in turbulence with a typical scale !2 that is expected to be of order
the size of the star cluster, !2 ⇠ '2 ⇠ 1 ÷ 2 pc. If the turbulence
evolves following a Kolmogorov cascade, the di�usion coe�cient
immediately upstream of the termination shock can be estimated as
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where A! (?) = ?2/4⌫(A) is the Larmor radius of particles of mo-
mentum ? in the magnetic field ⌫(A). The di�usion coe�cient
decreases inward as (A/'B)1/3. One can see that the dependence
of the di�usion coe�cient upon the e�ciency of conversion of ki-
netic energy to magnetic energy, [⌫ , is very weak. Downstream of
the termination shock, it is assumed that the magnetic field is only
compressed by the standard factor

p
11, typical of a strong shock,

so that ⇡2 ⇡ 0.67⇡1. Clearly the downstream di�usion coe�cient
can be smaller than this estimate suggests, if other processes (such
as the Richtmyer-Meshkov instability (Giacalone & Jokipii 2007))
lead to enhanced turbulence behind the shock.

An order of magnitude for the maximum energy that can be
achieved through DSA at the termination shock of the wind can be
easily obtained by requiring that the di�usion length of the particles
at the highest energy be equal to the radius of the termination
shock, ⇡1 (⇢max)/EF ⇡ 's. This value should be taken with much
caution, in that the actual maximum energy can be somewhat smaller
depending on the di�usion coe�cient downstream of the shock. We
will discuss these e�ects in the next section, where we develop a
formal theory of DSA at the termination shock, taking into account
the geometry of the problem and the escape of accelerated particles
from the bubble.
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maximum energy typically in the 10 � 100 TeV range (Cristofari
et al. 2020). The only possible exception to this conclusion applies
to powerful (& 5 ⇥ 1051 erg), rare (⇠ 1/104 years) core collapse
SNRs, with relatively small ejecta mass (few solar masses), for
which the maximum energy can indeed reach PeV energies. The
overall spectrum of CRs released in the ISM by each of the classes
of SN explosions mentioned above seems bumpy and unlike the
relatively smooth spectrum observed at the Earth. Although these
problems and di�culties might only suggest that our theoretical
approaches to the origin of CRs in SNRs are too simplistic, they
have also stimulated the search for alternative sources of CRs, with
special care for those that produce a spectrum extending to the knee
energy. In this context, stellar clusters (Reimer et al. 2006), OB
associations (Bykov & Toptygin 2001; Voelk & Forman 1982), and
supperbubbles (Bykov 2001; Parizot et al. 2004) have for instance
been proposed.

It has especially been speculated that the winds of massive stars
may be a suitable location for the acceleration of CRs (Cesarsky &
Montmerle 1983; Webb et al. 1985; Gupta et al. 2018; Bykov et al.
2020). Moreover, recently the gamma ray emission from the region
around a few compact star clusters has been measured, including
Westerlund 1 (Abramowski et al. 2012), Westerlund 2 (Yang et al.
2018), Cygnus cocoon (Ackermann & et al. 2011; Aharonian et al.
2019), NGC 3603 (Saha et al. 2020), BDS2003 (Albert et al. 2020),
W40 (Sun et al. 2020) and 30 Doradus in the LMC (H. E. S. S.
Collaboration et al. 2015). These observations have been used to
infer the spatial distribution of CRs and their energy budget, sup-
porting the scenario in which a sizable fraction of the wind kinetic
energy is converted to non thermal particles and, at the same time,
maximum energies > 100 TeV are reached. These findings would,
than, suggest that stellar clusters can substantially contribute to the
flux of Galactic CRs.

Further support to such a conclusion comes from the analysis
of the 22Ne/20Ne abundance in CRs, which is a factor ⇠ 5 larger
than for the solar wind (Binns et al. 2006). This result is not easy
to accommodate in the framework of particle acceleration at SNR
shocks alone (Prantzos 2012) while can be more easily accounted
for if CRs are at least partly accelerated out of material contained
in the winds of massive stars (Gupta et al. 2020).

Here we show that the termination shock formed as a result of
the interaction of the intense collective wind of the star cluster with
the ISM is a potentially interesting site for particle acceleration up
to ⇠PeV energies, for several reasons: first, particle escape from the
upstream region (in the direction of the star cluster itself) is forbid-
den because of the geometry of the problem; 2) if a relatively small
fraction (⇠ 10%) of the wind kinetic energy is dissipated to mag-
netic energy, particle di�usion around the shock can be reduced,
thereby shortening the acceleration time; 3) if the kinetic luminos-
ity of the star cluster is large enough (& 3 ⇥ 1038 erg/s) then the
maximum energy is indeed in the ⇠PeV range; 4) in rather common
situations around the termination shock, the spectrum of acceler-
ated particles may be somewhat steeper than ⇢�2, as required by
observations of CRs on Galactic scale (Evoli et al. 2019, 2020).

The article is organised as follows: in §2 we briefly describe
the structure of the environment around the star cluster and the
properties of the termination shock where particle acceleration is
expected to take place. In § 3 we discuss the di�usion properties of
particles inside the wind bubble while in § 4 we describe in detail the
solution of the DSA problem at the termination shock and we derive
an expression for the maximum energy of accelerated particles. In
§5 we summarise our findings and we comment on the possibility
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Figure 1. Schematic structure of a wind bubble excavated by a star cluster
into the ISM: 'B marks the position of the termination shock, 'cd the contact
discontinuity, and 'fs the forward shock.

that star clusters may in fact be prominent contributors to the flux
of CRs in the Galaxy.

2 THE BUBBLE’S STRUCTURE

The bubble excavated by the collective stellar wind launched by the
star cluster is schematically illustrated in Fig. 1: the central part is
filled with the wind itself, expanding with a velocity EF and density

d(A) =
§"

4cA2EF
, A > '2 , (1)

where '2 is the radius of the core where the stars are concentrated,
and §" is the rate of mass loss due to the collective wind. The
impact of the supersonic wind with the ISM, assumed here to have a
constant density d0, produces a forward shock at position 'fs, while
the shocked wind is bound by a termination shock, at a location 'B .
The shocked ISM and the shocked wind are separated by a contact
discontinuity at 'cd. The typical cooling timescale of the shocked
ISM is only ⇠ 104 yr, while the cooling time for the shocked wind
is several 107 yr which is comparable with the typical age of these
systems (Koo & McKee 1992a,b). As a consequence, the wind-
blown bubble spends the largest part of its life in a quasi-adiabatic
phase, meaning that the shocked wind is adiabatic while the shocked
ISM is cold and dense and compressed in a very thin layer, such that
we can approximate 'cd ' 'fs ⌘ '1 . Hence most of the volume
of the bubble is filled with the wind and the shocked wind. Below,
following Weaver et al. (1977) and Gupta et al. (2018) we provide a
simple approximation for the position in time of the forward shock
(FS) and the termination shock (TS). The mass accumulated at the
FS while moving in the ISM is " (') =

Ø '
0 4cA2d03A , where d0 is

the external density. The momentum of the material accumulated in
the thin shell between 'cd and 'fs is " (') §' and changes because
of the work done by the pressure % in the hot bubble:

3

3C

⇥
" (') §'

⇤
= 4c'2%. (2)

On the other hand, the energy density in the bubble is n =
4
3c'

3 %
W6�1 , where W6 is the adiabatic index, and it changes ac-
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maximum energy typically in the 10 � 100 TeV range (Cristofari
et al. 2020). The only possible exception to this conclusion applies
to powerful (& 5 ⇥ 1051 erg), rare (⇠ 1/104 years) core collapse
SNRs, with relatively small ejecta mass (few solar masses), for
which the maximum energy can indeed reach PeV energies. The
overall spectrum of CRs released in the ISM by each of the classes
of SN explosions mentioned above seems bumpy and unlike the
relatively smooth spectrum observed at the Earth. Although these
problems and di�culties might only suggest that our theoretical
approaches to the origin of CRs in SNRs are too simplistic, they
have also stimulated the search for alternative sources of CRs, with
special care for those that produce a spectrum extending to the knee
energy. In this context, stellar clusters (Reimer et al. 2006), OB
associations (Bykov & Toptygin 2001; Voelk & Forman 1982), and
supperbubbles (Bykov 2001; Parizot et al. 2004) have for instance
been proposed.

It has especially been speculated that the winds of massive stars
may be a suitable location for the acceleration of CRs (Cesarsky &
Montmerle 1983; Webb et al. 1985; Gupta et al. 2018; Bykov et al.
2020). Moreover, recently the gamma ray emission from the region
around a few compact star clusters has been measured, including
Westerlund 1 (Abramowski et al. 2012), Westerlund 2 (Yang et al.
2018), Cygnus cocoon (Ackermann & et al. 2011; Aharonian et al.
2019), NGC 3603 (Saha et al. 2020), BDS2003 (Albert et al. 2020),
W40 (Sun et al. 2020) and 30 Doradus in the LMC (H. E. S. S.
Collaboration et al. 2015). These observations have been used to
infer the spatial distribution of CRs and their energy budget, sup-
porting the scenario in which a sizable fraction of the wind kinetic
energy is converted to non thermal particles and, at the same time,
maximum energies > 100 TeV are reached. These findings would,
than, suggest that stellar clusters can substantially contribute to the
flux of Galactic CRs.

Further support to such a conclusion comes from the analysis
of the 22Ne/20Ne abundance in CRs, which is a factor ⇠ 5 larger
than for the solar wind (Binns et al. 2006). This result is not easy
to accommodate in the framework of particle acceleration at SNR
shocks alone (Prantzos 2012) while can be more easily accounted
for if CRs are at least partly accelerated out of material contained
in the winds of massive stars (Gupta et al. 2020).

Here we show that the termination shock formed as a result of
the interaction of the intense collective wind of the star cluster with
the ISM is a potentially interesting site for particle acceleration up
to ⇠PeV energies, for several reasons: first, particle escape from the
upstream region (in the direction of the star cluster itself) is forbid-
den because of the geometry of the problem; 2) if a relatively small
fraction (⇠ 10%) of the wind kinetic energy is dissipated to mag-
netic energy, particle di�usion around the shock can be reduced,
thereby shortening the acceleration time; 3) if the kinetic luminos-
ity of the star cluster is large enough (& 3 ⇥ 1038 erg/s) then the
maximum energy is indeed in the ⇠PeV range; 4) in rather common
situations around the termination shock, the spectrum of acceler-
ated particles may be somewhat steeper than ⇢�2, as required by
observations of CRs on Galactic scale (Evoli et al. 2019, 2020).

The article is organised as follows: in §2 we briefly describe
the structure of the environment around the star cluster and the
properties of the termination shock where particle acceleration is
expected to take place. In § 3 we discuss the di�usion properties of
particles inside the wind bubble while in § 4 we describe in detail the
solution of the DSA problem at the termination shock and we derive
an expression for the maximum energy of accelerated particles. In
§5 we summarise our findings and we comment on the possibility

Termination
shock

Shocked stellar wind

Shocked ISM
ISM

u1

u2

Rc

Rs

Rcd≃Rfs=Rb

Figure 1. Schematic structure of a wind bubble excavated by a star cluster
into the ISM: 'B marks the position of the termination shock, 'cd the contact
discontinuity, and 'fs the forward shock.

that star clusters may in fact be prominent contributors to the flux
of CRs in the Galaxy.

2 THE BUBBLE’S STRUCTURE

The bubble excavated by the collective stellar wind launched by the
star cluster is schematically illustrated in Fig. 1: the central part is
filled with the wind itself, expanding with a velocity EF and density

d(A) =
§"

4cA2EF
, A > '2 , (1)

where '2 is the radius of the core where the stars are concentrated,
and §" is the rate of mass loss due to the collective wind. The
impact of the supersonic wind with the ISM, assumed here to have a
constant density d0, produces a forward shock at position 'fs, while
the shocked wind is bound by a termination shock, at a location 'B .
The shocked ISM and the shocked wind are separated by a contact
discontinuity at 'cd. The typical cooling timescale of the shocked
ISM is only ⇠ 104 yr, while the cooling time for the shocked wind
is several 107 yr which is comparable with the typical age of these
systems (Koo & McKee 1992a,b). As a consequence, the wind-
blown bubble spends the largest part of its life in a quasi-adiabatic
phase, meaning that the shocked wind is adiabatic while the shocked
ISM is cold and dense and compressed in a very thin layer, such that
we can approximate 'cd ' 'fs ⌘ '1 . Hence most of the volume
of the bubble is filled with the wind and the shocked wind. Below,
following Weaver et al. (1977) and Gupta et al. (2018) we provide a
simple approximation for the position in time of the forward shock
(FS) and the termination shock (TS). The mass accumulated at the
FS while moving in the ISM is " (') =

Ø '
0 4cA2d03A , where d0 is

the external density. The momentum of the material accumulated in
the thin shell between 'cd and 'fs is " (') §' and changes because
of the work done by the pressure % in the hot bubble:

3

3C

⇥
" (') §'

⇤
= 4c'2%. (2)

On the other hand, the energy density in the bubble is n =
4
3c'

3 %
W6�1 , where W6 is the adiabatic index, and it changes ac-
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2020). Moreover, recently the gamma ray emission from the region
around a few compact star clusters has been measured, including
Westerlund 1 (Abramowski et al. 2012), Westerlund 2 (Yang et al.
2018), Cygnus cocoon (Ackermann & et al. 2011; Aharonian et al.
2019), NGC 3603 (Saha et al. 2020), BDS2003 (Albert et al. 2020),
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infer the spatial distribution of CRs and their energy budget, sup-
porting the scenario in which a sizable fraction of the wind kinetic
energy is converted to non thermal particles and, at the same time,
maximum energies > 100 TeV are reached. These findings would,
than, suggest that stellar clusters can substantially contribute to the
flux of Galactic CRs.

Further support to such a conclusion comes from the analysis
of the 22Ne/20Ne abundance in CRs, which is a factor ⇠ 5 larger
than for the solar wind (Binns et al. 2006). This result is not easy
to accommodate in the framework of particle acceleration at SNR
shocks alone (Prantzos 2012) while can be more easily accounted
for if CRs are at least partly accelerated out of material contained
in the winds of massive stars (Gupta et al. 2020).

Here we show that the termination shock formed as a result of
the interaction of the intense collective wind of the star cluster with
the ISM is a potentially interesting site for particle acceleration up
to ⇠PeV energies, for several reasons: first, particle escape from the
upstream region (in the direction of the star cluster itself) is forbid-
den because of the geometry of the problem; 2) if a relatively small
fraction (⇠ 10%) of the wind kinetic energy is dissipated to mag-
netic energy, particle di�usion around the shock can be reduced,
thereby shortening the acceleration time; 3) if the kinetic luminos-
ity of the star cluster is large enough (& 3 ⇥ 1038 erg/s) then the
maximum energy is indeed in the ⇠PeV range; 4) in rather common
situations around the termination shock, the spectrum of acceler-
ated particles may be somewhat steeper than ⇢�2, as required by
observations of CRs on Galactic scale (Evoli et al. 2019, 2020).

The article is organised as follows: in §2 we briefly describe
the structure of the environment around the star cluster and the
properties of the termination shock where particle acceleration is
expected to take place. In § 3 we discuss the di�usion properties of
particles inside the wind bubble while in § 4 we describe in detail the
solution of the DSA problem at the termination shock and we derive
an expression for the maximum energy of accelerated particles. In
§5 we summarise our findings and we comment on the possibility
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into the ISM: 'B marks the position of the termination shock, 'cd the contact
discontinuity, and 'fs the forward shock.
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where '2 is the radius of the core where the stars are concentrated,
and §" is the rate of mass loss due to the collective wind. The
impact of the supersonic wind with the ISM, assumed here to have a
constant density d0, produces a forward shock at position 'fs, while
the shocked wind is bound by a termination shock, at a location 'B .
The shocked ISM and the shocked wind are separated by a contact
discontinuity at 'cd. The typical cooling timescale of the shocked
ISM is only ⇠ 104 yr, while the cooling time for the shocked wind
is several 107 yr which is comparable with the typical age of these
systems (Koo & McKee 1992a,b). As a consequence, the wind-
blown bubble spends the largest part of its life in a quasi-adiabatic
phase, meaning that the shocked wind is adiabatic while the shocked
ISM is cold and dense and compressed in a very thin layer, such that
we can approximate 'cd ' 'fs ⌘ '1 . Hence most of the volume
of the bubble is filled with the wind and the shocked wind. Below,
following Weaver et al. (1977) and Gupta et al. (2018) we provide a
simple approximation for the position in time of the forward shock
(FS) and the termination shock (TS). The mass accumulated at the
FS while moving in the ISM is " (') =
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of the work done by the pressure % in the hot bubble:

3

3C

⇥
" (') §'

⇤
= 4c'2%. (2)

On the other hand, the energy density in the bubble is n =
4
3c'

3 %
W6�1 , where W6 is the adiabatic index, and it changes ac-

MNRAS 000, 1–11 (2021)

Morlino, PB, Peretti & Cristofari, 2021

DOWNSTREAM IS  
IN THE CAVITY

UPSTREAM IS IN THE WIND

ESCAPE OCCURS AT  
THE OUTER BOUNDARY

PARTICLES ARE TRAPPED IN THE UPSTREAM REGION AND 
THEY CAN ONLY LEAVE THE SYSTEM WHEN THEY REACH THE 
OUTER BOUNDARY (THROUGH ADVECTION AND DIFFUSION) - 
VERY DIFFERENT CASE FROM THAT OF  SNRS

DIFFUSION IN THE UPSTREAM 
VERY SENSITIVE TO THE 

TURBULENCE TRANSPORTED BY 
THE WIND AND CASCADING TO 

SMALLER SCALES 

MUCH LESS SENSITIVE TO SELF-
GENERATION



THE MAXIMUM ENERGY

PeV

ACCELERATION TO PEV FOR LUMINOUS STAR 
CLUSTERS (LARGE WIND SPEED, LARGE MASS LOSS 
RATE) 

BUT SHAPE OF THE CUTOFF STRONGLY DEPENDENT 
UPON THE DIFFUSION COEFFICIENT10

Bohm
Kraichnan
Kolmogorov

0.1 1 10 100 1000 104
10-4

0.001

0.010

0.100

1

p [TeV/c]
ps
f 1
(ξ
,p
)

Figure 4. Thick lines: distribution function of CR at the shock for di�erent
di�usion coe�cients. Thin lines: corresponding escaping flux. The results
refer to the benchmark case described in the text.

Figure 5. Spatial distribution function of CRs normalised at the shock value
in the Kraichnan case and for di�erent momenta as shown in the legend. Top
and bottom panels show how the results change decreasing the value of ⇡2
from ⇡2/⇡1 = 0.55 (top) to 0.07 (bottom).

the termination shock, namely in the cold wind. This might appear
counter intuitive, since no escape is possible from the upstream
region, due to geometry. However, it can be easily understood in
terms of the e�ective plasma velocity that the particles experience
in the wind. Such velocity is close to EF when the di�usion length
is much smaller than 'B (low momenta). However it decreases for
higher momenta, and eventually becomes close to zero when the
di�usion length exceeds 'B . This can also be seen in terms of
energy gain per cycle, which decreases when the di�usion length of
the particles becomes comparable to 'B .

In principle somewhat larger values of ?max can be obtained if
additional turbulence exists downstream of the termination shock,
for instance excited through some kind of hydrodynamic instability.
However, as one could expect, this reflects in only mild increases
in the maximum momentum, since the latter is more strongly con-
strained by the upstream conditions. In conclusion, star clusters are
potential sources of CR protons at the knee only for very bright and

relatively uncommon objects. Even for the star clusters for which
the maximum energy is in the PeV region, the shape of the spec-
trum close to ?max is such that it may result in an early suppression,
for the case of Kolmogorov-like di�usion. The question of whether
these objects can contribute an appreciable flux of light CRs in
the knee region should then be addressed using observations of X-
rays and very high energy gamma rays, which can provide valuable
information on the conditions at the TS.
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The simple criterion discussed above, using Kolmogorov tur-
bulence, leads to:

⇢max ⇡ 1014 [1/2
⌫

§"11/10
�4 E37/10

8 d�3/5
1 C4/510

✓
!2
2pc

◆�2
eV. (13)

The expression for the di�usion coe�cient in Eq. (12) is valid
as long as the Larmor radius of particles is smaller than !2 . Using
Eq.(11) this constraint can also be written as:

⇢ . 6.8 ⇥ 1015 [1/2
⌫

§"1/5
�4 E2/5

8 d3/10
1 C�2/5

10

✓
!2
2pc

◆
eV. (14)

For larger energies,⇡ (⇢) / ⇢2, independent of the type of turbulent
cascading (see, for instance, Dundovic et al. 2020), and acceleration
quickly becomes ine�cient.

Imposing that ⇢max does not exceed the bound in Eq. (14) one
obtains the additional constraint:

§"9/10
�4 E33/10

8 d�9/10
1 C6/510

✓
!2
1pc

◆�3
. 69 (15)

One can see from Eq. (13) that in order to reach PeV energies, for
the reference values of the parameters one needs wind speeds of
⇠ 2500 km/s using [⌫ ⇠ 0.1. The constraint in Eq. (15) implies
that the wind speed be . 3600 km/s for the same reference values of
the other parameters (notice however the strong dependence upon
!2). It follows that a typical star cluster may produce particles with
energy in the PeV energy region, but not much larger than that. The
dependence of this conclusion upon the spectrum of the turbulence
in the wind region is relatively weak: if the turbulence follows a
Kraichnan cascading process, such that ⇡ (⇢) = E/3 (A!!2)1/2,
it can be easily seen that the maximum energy imposed by the
condition ⇡1 (⇢max)/D1 ⇡ 's reads

⇢max ⇡ 4 ⇥ 1014 [1/2
⌫

§"4/5
�4 E13/5

8 d�3/10
1 C2/510

✓
!2
2pc

◆�1
eV. (16)

In this case, in order to reach PeV energies one needs wind speeds
larger than ⇠ 2000 km s�1 for [⌫ ⇠ 0.1 and the other parameters
chosen at their reference values.

In both cases it appears that massive star clusters characterized
by large wind speeds can account for CR acceleration in the knee
region, provided turbulence can be developed down to small enough
scales to ensure resonant scattering. The time required for such a
cascade process to take place can be estimated (at the termination
shock) as

g2 ' !2
E�

= 2.9 E�1
8 [�1/2

⌫

✓
!2
2pc

◆
kyr, (17)

where E� = ⌫0/
p

4cd = [1/2
⌫

p
2 EF is the Alfvén speed (spatially

constant in the cold wind). The time g2 is clearly much shorter than
the dynamical time scale of a star cluster, but it is also required to be
shorter than the advection time of the wind across the region between
the star cluster and the termination shock, i.e. CF = 'B/EF . For our
standard parameters’ values we have g2/CF = !2EF/('BE�) ' 0.1.

For both models of turbulent cascading the dependence of the
maximum energy upon wind speed is rather strong (⇠ E3.7

8 for

Kolmogorov and ⇠ E2.6
8 for Kraichnan). This strong dependence is

the reason why the maximum energy is in the PeV region only for
very fast winds, while rapidly dropping to lower values for slower,
most common star cluster winds.

A comment about the expected spectrum of accelerated par-
ticles is in order. While DSA at a strong shock almost invariably
leads to a spectrum 5 (?) / ?�4, independent of the geometry of

the shock, multi-wavelengths observations of young SNRs (like Ty-
cho or Cas A) require a proton spectrum / ?�4.3 (Caprioli 2011).
Interestingly, the same spectral index is also inferred based upon
gamma-ray spectra measured from massive stellar clusters (Aha-
ronian et al. 2019), and inferred from CR transport in the Galaxy
(Evoli et al. 2019, 2020). From the theoretical point of view, some
deviations from the standard predicted spectra are expected when
the Alfvénic Mach number is finite and of order a few (Bell 1978).
In the case discussed above, the magnetic field at the shock is as
given in Eq. (11) and the Alfvén speed can be easily calculated
to be E�,1 = EF[1/2

⌫

p
2, for a strong shock. This means that the

Alfvénic Mach number is ⇠ 4.5. Because of the development of
turbulence in the upstream plasma, one can expect that the e�ec-
tive Alfvén speed, accounting for the waves moving in all direc-
tions, is vanishingly small. On the other hand, as shown by Caprioli
et al. (2020) using hybrid simulations, for self-generated perturba-
tions, downstream of the shock there seems to be a net velocity of
these waves in the direction away from the shock. In a parametric
form, we can write the mean velocity of the waves downstream as

Ē�,2 = j
p

11
2
p

2
[1/2
⌫ EF , where j = 0 for waves that are symmetrically

moving in all directions.
On a very general ground, the slope of accelerated particles is

determined by the e�ective compression ratio which accounts for
the average speed of the scattering centers:

f2 =
EF ,1

EF ,2 + Ē�,2
=

4

1 + 4.68j [1/2
⌫

. (18)

A spectral slope of 4.3 would require f2 = 3.3, which in turn would
imply j [1/2

⌫ = 4.5 ⇥ 10�2. Using as a reference value [⌫ ⇡ 0.1,
this condition translates to j ⇡ 14%. Hence an asymmetry at the
level of ⇠ 10 ÷ 15% in the modes would be su�cient to produce
spectra of accelerated particles somewhat steeper than ?�4.

3.2 Self-generated turbulence

On top of MHD turbulence, some level of magnetic field self-
generation is also expected due to the excitation of streaming insta-
bility by accelerated particles in the proximity of the termination
shock. Below we briefly discuss the resonant and the non-resonant
branch of this instability. If the spectrum of accelerated particles
is ⇠ ?�4, then the resonant instability produces a flat turbulence
power spectrum (Amato & Blasi 2006):

Fres =
✓
X⌫

⌫1

◆2
=

c

2
bCR

⇤
EF
E�

=
c

2
bCR

⇤
(2[⌫)�1/2, (19)

where we introduced ⇤ = ln(?max/<?2) ⇠ 13. Notice that here
we are assuming that the self-generated turbulence is produced on
top of a large scale field (yet turbulent on smaller scales). This is
a rather risky procedure for a few reasons: first, the instability is
calculated assuming that there is a regular, well defined field that
defines the unperturbed particle trajectories, not a turbulent field.
Second, in the presence of pre-existing turbulence, the growth of
the instability is quenched, as discussed by Farmer & Goldreich
(2004). In conclusion, the power spectrum reported above should
be considered as an absolute upper limit to the strength of the
phenomenon. In any case, one can see that Fres becomes of order
unity only for [⌫ . 10�4, a rather small value. In any case the
turbulent quenching would make this phenomenon of little impact.

Contrary to resonant modes, the non-resonant streaming insta-
bility (Bell 2004) is allowed to grow only if the energy density in
the CR current times EF/2 is smaller than the energy density in the
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GYGNUS COCOON GAMMA RAYS

·M = 2 × 10−4M⊙/yr

vW = 3000km/s
ξCR = 4.5 %

Emax = 1.4PeV

KRACHNAN TURBULENCE

PB & Morlino, in prep

PRELIMINARY

Fermi-LAT

HAWC

 PARTICLE ACCELERATION IN CYGNUS CAN LEAD TO VHE 
BUT AT LEAST FOR KRACHNAN TURBULENCE THIS REQUIRES 
HIGH LUMINOSITY 

 THE DATA OF HAWC ARE ALL IN THE CUTOFF REGION - 
BEWARE TO CLAIM THE EXISTENCE OF A SLOPE AND A 
PEVATRON 

 THE MORPHOLOGY ADDS INFORMATION TO THE ORIGIN OF 
THE TURBULENCE AND THE GAS DISTRIBUTION  

  UPCOMING LHAASO DATA WILL SHED LIGHT ON THE 
HIGH ENERGY BEHAVIOUR AND HELP DISCRIMINATING THE 
T Y P E O F T U R B U L E N C E O R T H E P R E S E N C E O F 
ACCELERATORS INSIDE CYGNUS COCOON



THE FATE OF VHE PARTICLES 
LEAVING THEIR SOURCES



REDUCED DIFFUSIVITY AROUND SOURCES

HAWC has recently detected regions of extended gamma ray emission around 
selected PWNe, in the >TeV energy region, suggesting that the diffusion 
coefficient in these regions is ~1/100 of the Galactic one [Abeysekara+ 2017] 

HESS observations of several star clusters have also shown extended regions 
(~100 pc) with TeV gamma ray emission, with inferred D(E)<< than the Galactic 
one [Aharonian+ 2018] 

Evidence from gamma ray observations of gamma ray emission from molecular 
clouds positioned at different distances from SNRs (for instance W28) that the 
diffusion coefficient is ~1/40 of the Galactic one [Gabici+ 2010]



HIGH ENERGY PARTICLES LEAVING A SNR

Lc

SNR

ADOPTING THE GALACTIC DIFFUSION COEFFICIENT AS A 
BENCHMARK
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and energy dependence of the di↵usion coe�cient (e.g.
[22, 23]). If interpreted in terms of di↵usion length, �,
this reads D(E) = v�(E)/3, and assuming v ⇡ c one

immediately infers that �(E) ' 1 pc E1/2
GeV . If the coher-

ence scale of the Galactic magnetic field is lc ⇠ 50 pc,
the di↵usion length exceeds lc at energies E & 2.5 TeV
and at these energies the particle transport immediately
around the sources is not di↵usive. In this regime, a
coherence scale is covered by the escaped particles in a
time ⌧c ' 3lc/c ⇠ 500yr and their propagation is approx-
imately ballistic, with a corresponding density

nCR(> E) ⇡
✓
Es

E

◆
⇠CR

⇡R2
scTs⇤

, (1)

where we assumed that the di↵erential spectrum of parti-
cles is ⇠ E�2 and ⇤ = ln(Emax/mc) ⇠ 15; Rs and Ts are
the size of the source and the typical time scale in which
the energy Es is released. For a SNR, Ts is of order the
beginning of the Sedov phase (⇠300 yr) and Rs is the cor-
responding size of the SNR (⇠ 3 pc). The typical energy
released in the form of kinetic energy of the expanding gas
is assumed to be Es = 1051 erg, adequate for most SNRs,
while a typical conversion e�ciency to CRs of ⇠CR = 0.1
is chosen [24]. For the values above, one infers a CR den-
sity nCR(> E) ⇡ 5.4⇥ 10�8E�1

GeV cm�3 as a rough esti-
mate. The corresponding energy density, approximately
energy independent, is ⇠ 54 eV/cm3, which significantly
exceeds the energy density of the background magnetic
field B0, ⇠ 0.2 eV/cm3 for B0 = 3µG. When the energy
density in CRs exceeds the energy density in the form
of pre-existing magnetic field, a non-resonant hybrid in-
stability is excited [5]. The fastest growing mode has a
growth rate �max = kmaxvA where

kmaxB0 =
4⇡

c
JCR(> E) (2)

, the Alfvén speed vA = B0/
p
4⇡min0, n0 the number

density of the ISM and JCR(> E) = enCR(> E)c is
the electric current associated with particles with energy
& E. Using the previous estimates, these modes are esti-
mated to grow on a time scale ��1

max ⇡ 1.1(E/2.5TeV)�1

yr. Moreover it can be shown that k�1
max is smaller than

the Larmor radius of the particles dominating the cur-
rent, so that the current is not a↵ected by the growth,
at first instance. On somewhat longer time scales the
MF is expected to grow to saturation when the energy
density in the amplified field becomes comparable with
the energy density in the form of escaping CRs. This
condition is actually equivalent to assuming that power
is transferred from small scales k�1

max to the scale of the
Larmor radius of particles in the amplified magnetic field
[5, 25]. For the parameters listed above, we expect at
most �B/B0 of a few. However this field has a typi-
cal scale of the order of the Larmor radius of the CRs
dominating the current. For 2.5 TeV particles this corre-
sponds to ⇠ few 10�4 pc, much smaller than the coher-
ence length lc. Hence the e↵ects on the di↵usion proper-
ties of CRs are dramatic, despite the fact that �B/B is

not very large: for a spectrum E�2 we expect di↵usion
to occur at roughly the Bohm rate [e.g., 26, 27], which
means that CRs with energy 2.5 TeV would have a dif-
fusion coe�cient D(E) = rLc/3 ⇡ 1025cm2/s, several
orders of magnitude smaller than expected at the same
energy for Galactic CRs.
This simple estimate shows it is impossible for high en-

ergy CRs to escape unimpeded from a SNR (but similar
considerations apply to other CR sources), in that their
streaming induces the excitation of modes that scatter
particles, thereby confining them close to the source. It
follows that their density and local pressure increase by
a large amount because of the e↵ect of di↵usion, which
we still assume occurring mainly in the direction of the
local magnetic field, since �B/B . 1. This physical pic-
ture, that we specialised to the case of ballistic stream-
ing of CRs, is qualitatively identical to that investigated
in previous literature as due to resonant streaming in-
stability [1, 3, 4, 28]. However all these approaches
missed a crucial piece of information: the large over-
pressure in the tube of cross section ⇠ ⇡R2

s with re-
spect to the external ISM leads to a pressure gradient
in the transverse direction that can be expected to result
in the tube expansion until pressure balance is eventu-
ally achieved. This expectation, that will be confirmed
below by using PIC simulations, has several important
implications: 1) since the initial situation in the ISM
of our Galaxy is that gas and CRs are in pressure bal-
ance, the injection of new non-thermal particles near a
generic source is bound to break such balance; the ac-
cumulation of CRs in the near source region unavoid-
ably leads to the creation of an over-pressurised region
that expands into the surrounding ISM. 2) The role of
streaming instability is only that of bootstrapping the
process by making particles scatter, thereby enhancing
the local pressure. At that point, the expansion of the
bubble driven by the CR overpressure starts and likely
continues until pressure balance is achieved. Under this
condition, the final size of the CR bubble is estimated
to be L ⇡ (⇠CREs/PISM )1/3 ⇠ 100 pc, being PISM the
ISM pressure. 3) The expansion makes the pressure and
the CR current lower, so that the di↵usion coe�cient in
the bubble is expected to be larger than suggested by
the simple estimate illustrated above. We will discuss
these points in more detail below, based on the results
of the PIC simulation and having in mind observational
evidence of reduced CR di↵usivity based on �-ray obser-
vations.

PIC simulations - To study the non-linear coupling
of the streaming CR population and the background
plasma, we perform self-consistent simulations using
dHybridR, a relativistic hybrid code with kinetic ions and
(massless, charge-neutralizing) fluid electrons [7, 29]. We
consider here an adiabatic closure for the electron pres-
sure, i.e. Pe / ⇢5/3 [30, 31]. dHybridR is the relativis-
tic version of the Newtonian code dHybrid [29] and it
is capable of properly simulating CR-driven streaming
instabilities [32, 33]. Hybrid codes are better suited to
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energy for Galactic CRs.
This simple estimate shows it is impossible for high en-

ergy CRs to escape unimpeded from a SNR (but similar
considerations apply to other CR sources), in that their
streaming induces the excitation of modes that scatter
particles, thereby confining them close to the source. It
follows that their density and local pressure increase by
a large amount because of the e↵ect of di↵usion, which
we still assume occurring mainly in the direction of the
local magnetic field, since �B/B . 1. This physical pic-
ture, that we specialised to the case of ballistic stream-
ing of CRs, is qualitatively identical to that investigated
in previous literature as due to resonant streaming in-
stability [1, 3, 4, 28]. However all these approaches
missed a crucial piece of information: the large over-
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s with re-
spect to the external ISM leads to a pressure gradient
in the transverse direction that can be expected to result
in the tube expansion until pressure balance is eventu-
ally achieved. This expectation, that will be confirmed
below by using PIC simulations, has several important
implications: 1) since the initial situation in the ISM
of our Galaxy is that gas and CRs are in pressure bal-
ance, the injection of new non-thermal particles near a
generic source is bound to break such balance; the ac-
cumulation of CRs in the near source region unavoid-
ably leads to the creation of an over-pressurised region
that expands into the surrounding ISM. 2) The role of
streaming instability is only that of bootstrapping the
process by making particles scatter, thereby enhancing
the local pressure. At that point, the expansion of the
bubble driven by the CR overpressure starts and likely
continues until pressure balance is achieved. Under this
condition, the final size of the CR bubble is estimated
to be L ⇡ (⇠CREs/PISM )1/3 ⇠ 100 pc, being PISM the
ISM pressure. 3) The expansion makes the pressure and
the CR current lower, so that the di↵usion coe�cient in
the bubble is expected to be larger than suggested by
the simple estimate illustrated above. We will discuss
these points in more detail below, based on the results
of the PIC simulation and having in mind observational
evidence of reduced CR di↵usivity based on �-ray obser-
vations.

PIC simulations - To study the non-linear coupling
of the streaming CR population and the background
plasma, we perform self-consistent simulations using
dHybridR, a relativistic hybrid code with kinetic ions and
(massless, charge-neutralizing) fluid electrons [7, 29]. We
consider here an adiabatic closure for the electron pres-
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THE NON RESONANT MODES ‘a la Bell’ ARE ALLOWED TO GROW ON A TYPICAL TIME SCALE:



HYBRID SIMULATIONS
3

self-consistently simulate the long-term, large-scale cou-
pling of CRs and background plasma than fully-kinetic
PIC codes since they do not need to resolve small electron
scales, usually dynamically negligible.

In simulations, physical quantities are normalized to
the number density (n0) and magnetic field strength
(B0) of the initial background plasma. Lengths, time
and velocities are respectively normalized to the ion in-
ertial length di = c/!pi, to the inverse ion cyclotron fre-
quency ⌦�1

ci , and to the Alfvén speed vA, being c the
light speed, !pi the ion plasma frequency and mi the
ion mass. The background ion temperature is chosen
such that �i = 2v2th,i/v

2
A = 2, i.e. thermal ions gyro-

radius rg,i = di. The system is 2D (x � y) in physical
space and retains all three components of the momenta
and electromagnetic fields. We discretized the simulation
grid, of size 5000 ⇥ 7000 di, with 7500 ⇥ 10500 cells (i.e.
�x = �y ' 0.66di). Open boundary conditions are im-
posed in each direction for the CRs and on x for the back-
ground plasma; the y direction is periodic for thermal
particles. A background magnetic field, directed along x
and of strength B0, is embedded in the simulation do-
main. The background plasma, described with Nppc = 4
particles per cell, has density n0 and its distribution is
Maxwellian. The speed of light is set to 20 vA and the
time step is 0.01⌦�1

ci . CRs, discretized with Nppc = 16,
are injected at the left boundary at x = 0 in a small
stripe 3200di < y < 3800di with an isotropic momentum
distribution with ptotal = 100mvA, i.e. Lorentz factor
� ⇡ 5, and nCR = 0.0133n0.

Results - As discussed above, the excitation of stream-
ing instability acts as a bootstrapping process for seed-
ing the over-pressurised region around the source. Al-
though this may be expected to take place even due to
resonant streaming instability alone, we showed above
that, around a source, CRs streaming away ballistically
(at least in the beginning) can excite a non-resonant
Bell instability. In principle, this configuration may
also produce other instabilities, e.g. driven by pressure
anisotropies [34] Once the particles start scattering on
these instabilities, they will start to move slower in the
x-direction, hence their spatial density increases. This
can be seen in the top three panels of Fig. 1, where we
plot the CR density nCR at three di↵erent times in the
simulation. Several interesting aspects arise from this
figure: first, at early times, CR presence is limited to a
small region around the injection location, and the region
occupied by CRs has basically the same transverse size
as the source itself (in fact somewhat larger because the
particles are injected isotropically, hence CRs are initially
distributed on a region that exceeds the source size by a
Larmor radius on both sides of the injection region). Par-
ticles are still streaming ballistically in the x-direction.
At later times, the density of CRs around the source
increases and the region filled by CRs expands in the
transverse direction as a result of the over-pressurisation
of the flux tube due to scattering. The force associated

FIG. 1. Contour plots of the CR density (top row), of the
background plasma density (center), and of the perpendicular
component of the magnetic field (bottom) at three times in
the simulation. A movie showing the time evolution of these
quantities is provided as Supplemental Material [35] .

with the gradient of CR pressure in the perpendicular
direction causes a partial evacuation of the plasma pre-
viously located inside the bubble, as can be seen in the
central panels of Fig. 1 (gas density, ngas). While the
bubble expands, the gas density in the center of the bub-
ble decreases while the gas density on the outskirts of
the bubble increases and density waves are launched out-
wards in the simulation box. In fact we stop the simu-
lation when those waves reach the boundary, where we
impose periodic conditions in the y direction.
The bubble expansion triggered by CR scattering is

due to the generation of magnetic perturbations in the
directions perpendicular to the initial background mag-
netic field, which are initially absent. This is illustrated
in the last row of plots of Fig. 1, where we show B?
at three di↵erent times. At early times there is virtually
no turbulent magnetic field. The streaming of particles
along the x-direction drives the formation of a highly-
structured B?. The self-generated magnetic field follows
the expansion of the bubble and determines the local rate
of particle scattering in the whole volume filled by CRs.
There is no doubt that the magnetized region extends in
the perpendicular direction as the bubble expands. The
magnetic field seems particularly strong on the edges of
the bubble, signalling that the bubble is wrapped in an
envelope of swept up compressed field lines. Inside the
bubble the field is irregular, as it should be if responsible
for CR scattering.
The fact that CR transport in the region surround-

ing the source gets profoundly a↵ected by this turbulent

Schroer+, 2021, Dynamical effects of cosmic rays leaving their sources  

 THE EXCITATION OF THE INSTABILITY LEADS TO 
STRONG PARTICLE SCATTERING, WHICH IN TURN 
INCREASES CR DENSITY NEAR THE SOURCE  

 THE PRESSURE GRADIENT THAT DEVELOPS CREATES A 
FORCE THAT LEADS TO THE INFLATION OF A BUBBLE 
AROUND THE SOURCE 

 THE SAME FORCE EVACUATES THE BUBBLE OF MOST 
PLASMA 

 THERE IS NO FIELD IN THE PERP DIRECTION TO START 
WITH, BUT CR CREATE IT AT LATER TIMES (SUPPRESSED 
DIFFUSION, about 10 times Bohm)



GRAMMAGE IN THE NEAR SOURCE REGION10 B. Schroer et al.

(Bresci et al. 2019), when the grammage accumulated near the source
is small.

The importance of the near-source grammage can be explained
very easily. Let ⇡

60;
(⇢) be the di�usion coe�cient on Galactic

scale, and ⇡ (⇢) = b⇡
60;

(⇢) the near-source di�usion coe�cient,
suppressed by an amount b ⌧ 1 with respect to the Galactic one. We
parametrize the density near the source as =

1:6
= [=

3
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3
is

the density of the Galactic disc. The near-source grammage equals
the Galactic one if
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where � and ⌘ are respectively the halo and the disc thickness. For
[ ⇠ 1, namely in the absence of an evacuation of the near-source
region, and for b ⇠ 10�2, one would infer than about 10% of the
grammage would be contributed by the near-source regions, rather
hard to reconcile with the high precision data from AMS-02. In this
simple estimate we assumed that the energy dependence of the near-
source and the Galactic di�usion coe�cient is the same, which is all
but guaranteed. Currently we have no reliable information on how
the near-source di�usion coe�cient depends on energy. If [ < 1,
as our calculations suggest, as a result of the partial evacuation of
gas from the CR blown bubble, then the result above becomes less
constraining, in the sense that the near-source grammage decreases.
On the other hand, if the di�usion coe�cient in the region around the
source is Bohm-like, then one should expect that at low energies the
grammage accumulated by CRs before escaping into the ISM may be
not negligible, although the phenomena discussed above are mainly
extended to a large region around the source only for particles that
can move ballistically in the beginning, and this is the case only for
⇢ & TeV.

We finally comment on the fact that although the self-confinement
of CRs in the near-source region may be a reason of concern for
the grammage accumulated by CRs, the escape time from the CR
blown bubbles remains much shorter than the escape time from
the Galaxy. Hence, the standard calculations of the abundance of
unstable isotopes, such as 10Be, and the corresponding estimates of
the propagation time in the Galaxy are expected to remain valid. On
the other, if the scattering properties of CR electrons are similar to
those of protons in the near-source region, the suppressed di�usivity
in the same region may have important implications for the spectrum
of leptons released by powerful CR sources. This will be discussed
in a publication that is currently in preparation.

5 CONCLUSIONS

We put on solid theoretical grounds the prediction that the escape of
high CRs from a SNR can strongly a�ect the CR scattering prop-
erties in the region around the source, through the excitation of the
non-resonant streaming instability. The phenomenon is triggered by
CRs with high enough energies that their path-length in the Galactic
di�usion coe�cient is comparable with the coherence scale of the
Galactic magnetic field, say ⇠ 10 � 100 pc. However, it has been
shown D’Angelo et al. (2016); Nava et al. (2016, 2019) that even
resonant scattering can be enhabced due to CRs streaming around a
SNR, at least for particles with ⇢ . 1 TeV.

The phenomenon described above should be rather general and
implies that around any Galactic CR source that is powerful enough
there should be an extended region where the magnetic field turbu-
lence is enhanced, and the CR scattering consequently suppressed.
If, at some point, there will be a comprehensive theory of particle

acceleration at shocks, including the crucial e�ect of escaping par-
ticles, we are confident that the phenomena described here and the
region around the source will both become important parts of such a
theory.

When the level of self-generated waves has grown enough, scatter-
ing transforms the particle motion from quasi-ballistic to di�usive,
thereby leading to an increase in the CR density near the source. At
this point however, the pressure in the form of CR in what is usually
pictured as a flux tube of cross section ⇠ 'B , the source radius, turns
out to be much larger than in the outside region of the ISM, hence the
tube expands, in an attempt to retain equipartition (the condition we
start with, as in the normal ISM). This result was already proposed
in our previous article (Schroer et al. 2021), and has been formalized
here in several ways:

1) we extend the hybrid simulations to three spatial dimensions,
to make sure that our main physical results are not a�ected by the
dimensionality of the problem. The only e�ects that we see di�erent
in the 3D case are very minor and refer to the morphology of the
gas distribution in the bubble. In the 3D case there is more mixing
of gas inside the bubble with the ISM gas outside the bubble. This
is to be expected, and the mean gas density in the bubble remains
appreciably smaller that the initial one, confirming that gas is pushed
out by the CR overpressure.

2) We calculated the power spectrum of the excited modes, both in
2D and 3D, to show that they initially grow on scales much smaller
than the Larmor radius of the particles in the current, as it is the case
for non-resonant modes. On time scales of the order of ⇠ 10W�1

<0G

the power moves toward larger spatial scales and eventually reach the
Larmor radius, at which point scattering becomes e�ective and par-
ticles get trapped in the near-source region. It is also worth noticing
that in the non-linear stage both polarizations of the growing modes
are present, as expected.

3) We measure the e�ect of the enhanced CR scattering in a few
independent ways: first , we calculate the mean value of the particles’
pitch angle which shows a clear signature of particle isotropization;
second, we measure the di�usion coe�cient by performing test par-
ticle simulations of the transport of 2⇥104 test particles in a snapshot
of the hybrid run. The simulations show a flattening of the quantity
h⇠ �G�G/2�Ci as a function of time, signature of di�usive motion.
The inferred di�usion coe�cient is estimated to be a few times larger
than the Bohm limit. An independent estimate was carried out using
the finite size of the bubble and returned a similar value. 4) We elab-
orated on the expectation of the expansion of the CR blown bubble
at later times, pointing out the caveats that apply to the description of
such phase using hybrid numerical simulations. For the typical en-
ergy input of a SNR, it is expected that pressure balance corresponds
to a final bubble size of ⇠ 50 pc. These estimates should be taken
with caution in that they rely on an extrapolation of the results of our
simulations to scales (spatial and temporal) that are much larger than
what we can a�ord to cover at the present time or in the foreseeable
future, at least with hybrid simulations.

5) We discussed the implications of the formation of the CR blown
bubble for extended gamma ray and radio observations from the the
near-source region and for the CR grammage accumulated in the
near-source region. While the confinement of CR near SNRs seems
pertinent to the claim of reduced di�usivity in W28 (Hanabata et al.
2014; Gabici et al. 2010), it is less straightforweard to apply to the
cases of PWNe such as Geminga (Abeysekara & et al. 2017). The
main limitation in doing so is related to the fact that PWNe are ex-
pected to release mainly electron-positron pairs, with approximately
null electric current. Hence, to zero order, it is expected that the
non-resonant instability cannot be excited.
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IF THE DIFFUSION COEFFICIENT IN THE REGION SURROUNDING THE SOURCE GETS SUPPRESSED ENOUGH AND FOR 
LONG ENOUGH TIME, THEN CR CAN ACCUMULATE SOME GRAMMAGE IN THE REGION 

THIS NEAR-SOURCE GRAMMAGE DEPENDS ON THE D(E) SUPPRESSION (ξ) AND ON THE GAS EVACUATION (η) 

THIS GRAMMAGE CAN BE COMPARED WITH THAT IN THE GALAXY. THE NEAR-SOURCE REMAINS SMALL IF 

NEVERTHELESS THE NEAR-SOURCE GRAMMAGE CAN SIGNIFICANTLY AFFECT OUR MODELLING OF THE DATA AS WELL 
AS ANTIPROTON/PROTON AND POSITRON FRACTION 
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