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Why Supernova Remnants and why not? 
 1 SN/30 years —> an efficiency of conversion from ram pressure to CR of 3% is sufficient to account for the bulk 

of CRs observed at the Earth 

  Non-thermal emission (in radio, X-ray and gamma rays) has now been observed for quite some time - we know 
that particle acceleration occurs there 

 X-rays provide clear evidence of magnetic field amplification at the shock fronts of virtually all young SNRs — this 
has been a long awaited for evidence for CR acceleration  

 The Obvious implications would be that SNRs may account for CR not only at GeV energies but up to the knee… 

  …yet none of the young SNRs has been observed to be a PeVatron  

 …no evidence of PeV CR from around these SNRs as well… 

So, what is the situation?
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We know SNRs accelerate CRs
• Gamma rays with Energy up to ~10 TeV 

have been observed from virtually all 
young and several middle aged SNRs 

• Interestingly, the brightest have a hard 
spectrum, typically to be attributed to 
ICS of VHE electrons 

• Steeper spectra and lower fluxes 
observed from Cas A and Tycho, 
extending to <10 TeV gamma rays 

• Notice that Cas A is a core collapse SN 
while Tycho is a SN type Ia

rays is governed by the CR density and the target gas density. The flux of leptonic gamma

rays is traced by the electron density and the radiation fields (which are usually assumed

to be constant on the scale of the source). To distinguish the sources of CR protons from

the sources of CR electrons, gamma ray observations are often not su�cient but multi-

wavelength observations have to be taken into account. These observations – mostly at

radio and X-ray energies – indicate that for the best candidate sources for the origin of

Galactic CRs – SNRs – ultra-relativistic electrons and large magnetic fields (beyond 100 µG

for several of the young SNRs) are present in the shocks. If indeed large magnetic fields

are present in SNR shocks, the two conclusions that can be drawn are: a) the gamma-

ray emission is probably hadronic in origin, since the electron density needed to explain

the synchrotron flux is rather low, b) the best-understood way to enhance or amplify the

magnetic field in SNR shock front is though the pressure of accelerated protons. This so-

called streaming instability of upstream CRs in a parallel shock (60, 61) is a matter of active

research and its existence has strong implications for the maximum energy achievable in

SNR shocks. Young SNRs that show indication of large magnetic fields are ideal targets to

search for gamma-ray emission that is hadronic in origin and for sources of CRs up to very

high energies – possibly even close to the knee in the spectrum of CRs at 1015 eV. SNRs

for which the shock wave is encountering a region of dense interstellar material such as a

molecular cloud can be expected to have a high flux of hadronic gamma rays.
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Typical gamma-ray energy spectra for several of the most prominent SNRs. Young SNRs (< 1000
years) are shown in cyan. These typically show smaller gamma-ray fluxes but rather hard spectra
in the GeV and TeV band. The older (but still so-called young) shell-type SNRs RXJ1713.7–3946
and RXJ0852.0–4622 (Vela Junior) of ages ⇠ 2000 years are shown in red colors. These show very
hard spectra in the GeV band (� = 1.5 and a peak in the TeV band with an exponential cuto↵
beyond 10 TeV. The mid-aged SNRs (⇠ 20, 000 years) interacting with molecular clouds (W44,
W51C and IC443) are shown in blue. Also shown are hadronic fits to the data (solid lines).
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Question is…

Do we not see evidence of PeV acceleration in SNR because they cannot 
accelerate to such energies? [This is a well posed, yet difficult, theoretical 
question] 

…of we do not see evidence of PeV acceleration because we are not 
supposed to? [This is both a theory and observation well posed question]
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Basics of the theory of DSA in SNRs
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 The spectrum of accelerated particles is a power law in momentum with slope only depending on the 
compression factor… for M>>1, r—>4 and f(p)∝p-4.  

 Actually what really matters is the velocity of the waves scattering the particles, if they are fast enough they 
can make the spectrum steeper or harder than the canonical one 

 The maximum energy of the accelerated particles is infinite in this simple approach due to the assumption 
of stationarity 

 Since the spectrum, in the high energy limit, is ∼E-2, this leads to an energetic divergence, incompatible 
with the basic theory 

 In a time dependent approach to DSA you can estimate the maximum energy…

Basics of the theory of DSA in SNRs
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Failure of the basic theory of DSA: Emax

In the simple case of a SN exploding in the standard ISM, the Sedov phase starts at time: 

Requiring that the acceleration time, assuming Galactic D(E)=3x1028 E(GeV)1/2, equals the Sedov time: 

In the absence of any action making the magnetic field UPSTREAM of the shock larger and more 
disordered on the scale of the Larmor radius, SNR can accelerate at uselessly low energies
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Modern Theory of DSA in SNRs

Dynamical React ion of the 
Accelerated Particles on the 
Accelerator

Production of magnetic field 
perturbations by excitation of 
plasma instabilities mediated by 
cosmic rays

These theories aim at a description of the interplay between accelerated particles and the 
accelerator itself — the theory becomes non-linear and often untreatable analytically, but Physics is 
clear

Spectrum of Accelerated Particles 

and Maximum energy
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Dynamical Reaction of Cosmic Rays
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Dynamical Reaction of Cosmic Rays
• Compression factor becomes a function of 

energy  
• Spectra are not perfect power laws (concavity) 
• Gas behind the shock is cooler because part 

of the energy has been used to energise CR
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Dynamical Reaction of Cosmic Rays
• Compression factor becomes a function of 

energy  
• Spectra are not perfect power laws (concavity) 
• Gas behind the shock is cooler because part 

of the energy has been used to energise CR
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Dynamical Reaction of Cosmic Rays
The Astrophysical Journal, 783:91 (17pp), 2014 March 10 Caprioli & Spitkovsky
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Figure 10. Top panel: ion px distribution, as a function of position, for a parallel shock with M = 20. The upstream beam of cold ions is converted into a hot
Maxwellian distribution at the shock, around x = 5000c/ωp . Bottom panel: ion distribution in px for the three upstream locations in the top panel. The initial flow
has vbulk = vsh = −20vA and thermal spread vth = va . When approaching the shock, the upstream fluid is slowed down because of the CR pressure, and heated up
because of both adiabatic and turbulent heating.
(A color version of this figure is available in the online journal.)

efficiency by using mass and momentum conservation only. We
have already shown how the presence of a CR-induced shock
precursor leads to a weaker subshock, the compression ratio of
which reads

rsub = (γ + 1)M̃2
1

(γ − 1)M̃2
1 + 2

. (8)

Here M̃1 is the sonic Mach number immediately upstream of
the shock, with the fluid speed calculated in the shock reference
frame. M̃ is related to Ms through the implicit relation in
Equation (1). The stationary momentum conservation including
gas and CR pressure reads

ρ0ũ
2
0 + Pg,0 + Pcr,0 = ρ1ũ

2
1 + Pg,1 + Pcr,1, (9)

where 0 and 1 correspond to quantities measured at upstream
infinity and immediately in front of the subshock, and the
subscripts g and cr refer to thermal gas and CRs, respectively.
For simplicity, we have neglected the magnetic field pressure in
Equations (8) and (9), but it is straightforward to include such
a contribution in the calculation of the actual jump conditions
(see Caprioli et al. 2009).

We assume Pcr,0 = 0, and normalize all the quantities to the
ram pressure ρ0ũ

2
0, also introducing Ξ = Pcr,1/ρ0ũ

2
0, so that

Equation (9) can be rewritten as

1 +
1

γ M̃2
0

= rsub

rtot

[

1 +
1

γ M̃2
1

]

+ Ξ . (10)

For strong shocks M̃2
0 " 1, hence the total compression ratio

simply reads

rtot # rsub
1 + 1/

(
γ M̃2

1

)

1 − Ξ
. (11)

For the shock shown in Figure 10, one infers Ξ ≈ 0.12 and
Ms,1 ≈ 5.7, which corresponds to M̃1 ≈ 5.6 (Equation (1)).
Plugging these values in Equations (8) and (11) returns rsub ≈
3.65 and finally rtot ≈ 4.23, in good agreement with the output
of the simulation.

Figure 11 shows the density profiles for M = 30 shocks
with different inclinations: total compression ratios are typically
around 4.2–4.4 for quasi-parallel shocks, where the acceleration
efficiency is about 10% or larger, while they are systematically
lower for inefficient, quasi-perpendicular shocks. The determi-
nation of the actual value of rsub is more complicated because
of the shock broadening induced by the filamentation instabil-
ity; in any case, the stationary calculation outlined above, while
providing an estimate of the asymptotic shock dynamics, is not
adequate to describe the subshock structure, which is intrinsi-
cally time-dependent in the simulation reference frame (see also
in Figure 11 the density spike present at quasi-perpendicular
shocks).

CR-induced precursors and modified jump-conditions may
also produce spectral features, since ions with different energies
may in principle probe different compression ratios in their
diffusive motion. However, in the presented simulations, it is
difficult to quantify this effect for low-energy particles, which
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Figure 1. Downstream ion energy spectrum at different times, as in the legend. It is possible to note the thermal distribution, well fitted by a Maxwellian with
temperature about 80% the one expected for Mach number 20 shock that does not accelerate particles (dashed line), and a non-thermal power-law tail extending to
larger energies at later times. The spectrum is plotted multiplied by E1.5, to emphasize the agreement with the energy scaling predicted by DSA, which reads p−4 in
momentum (see the inset and Equation (3)).
(A color version of this figure is available in the online journal.)

throughout the paper we indicate the shock strength simply
with M = MA ≈ Ms . The reader may refer to, e.g., Giacalone
et al. (1997) for a survey of hybrid simulations of non-relativistic
shocks with different sonic and Alfvénic Mach numbers.

The computational box measures (Lx,Ly) = (105, 102)
[c/ωp]2, with two cells per ion skin depth and 4 (macro)particles
per cell; the time-step is chosen as ∆t = 5 × 10−3ω−1

c . The
shock evolution is followed for many ion cyclotron times, until
t = 2500ω−1

c .
The shock is produced by sending a supersonic flow against a

reflecting wall (left side in figures); the interaction between
the initial stream and the reflected one produces a sharp
discontinuity, which propagates to the right in the figures. As
a consequence, in the simulation the downstream fluid is at
rest, and the kinetic energy of the upstream flow is converted
into thermal energy at the shock front. It is worth mentioning
that—in the literature—the shock Mach number is often quoted
as measured in the shock reference frame, here indicated as M̃ ,
which is related to M through the implicit relation

M̃ = M

[
1 +

1

r(M̃)

]
, r = (γ + 1)M̃2

(γ − 1)M̃2 + 2
(1)

namely, M̃ = 5/4M for a strong shock with r = 4.
The downstream ion energy distribution is shown in Figure 1,

as a function of time; we can identify three main spectral
regimes. At low energies, we have a thermal distribution, well-
fitted with a Maxwellian (dashed line), the temperature of
which—at late times—is ∼20% lower than the temperature one
would predict for a strong shock without CRs. The main reason
for this reduced heating of the downstream plasma is that about
20% of the energy flux is channeled into non-thermal particles
(also see Section 6 for more details on how CRs modify the
global shock dynamics).

Always at late times, we see that the ion spectrum goes as
E−1.5 for E ! 3Esh, where we introduced

Esh = 1
2
mv2

sh = 1
2
mM2v2

A. (2)

Such a power-law is in remarkable agreement with the DSA
prediction for strong shocks for non-relativistic particles, as
we now discuss. In a nutshell, the DSA mechanism relies on
the fact that particles diffusing back and forth across the shock
repeatedly gain energy because of first-order Fermi acceleration
(Fermi 1954). The spectrum of the accelerated particles does
not depend on the details of the scattering, but only on the
density jump between upstream and downstream, r. For M % 1
the shock compression ratio is r & 4, and the spectrum of
accelerated ions is predicted to be ∝ p−q in momentum space,
with q = 3r/(r − 1) & 4.

The energy distribution f (E) can be calculated as

4πp2f (p)dp = f (E)dE → f (E) = 4πp2f (p)
dp
dE

. (3)

In the non-relativistic regime E = p2/2m, so that (dp/dE) ∝
1/p ∝ E−1/2 and f (E) ∝ E−1.5; in the relativistic limit,
instead, E ∝ p and f (E) ∝ E−2.

In spite of the fact that simulations of non-relativistic col-
lisionless shocks have been performed for many years (see
Section 1), this is the first time—to our knowledge—that the
DSA prediction for strong shocks has been convincingly recov-
ered in self-consistent simulations. Previous simulations, while
indeed showing evidence of supra-thermal ions and, occasion-
ally, of power-law distributions, have never been run for long
enough, and in sufficiently large computational boxes, to un-
equivocally see ions accelerated through DSA over almost three
decades in energy (Figure 1). Moreover, in this work we account
for Mach numbers as large as 50, while most of the previous
work has been done for shocks with M " 10; in such a regime
the magnetosonic Mach number is vsh/

√
c2
s + v2

A " 7, implying
r < 4 and, in turn, q > 4.

dHybrid is a non-relativistic code, and cannot directly test
the E−2 regime. However, the p−4 dependence is common to
both relativistic and non-relativistic particles; therefore, it is
reasonable to expect that the obtained momentum spectrum may
really be universal.

By looking at the time evolution of the non-thermal ion
distribution in Figure 1, one notes that the spectral slope remains

3

Hybrid simulations now confirm that the shock is modified by 
the accelerated particles…  
They also confirm that some level of heating occurs also 
upstream, resulting in lower Mach number and a reduced 
curvature 
As a result: spectra close to power laws and efficiency of order 
10%

Heating

Slow down
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Magnetic Field Amplification (MFA)
The single most important non linear effect that makes DSA interesting if the turbulent amplification of 
magnetic fields induced by the accelerated particles 

The necessary condition for the process to be important for acceleration is that enough power is created 
in magnetic fields on the scale of the gyration radius of the particles you want to accelerate 

The main channels that have been investigated, both analytically and numerically, are:

RESONANT STREAMING 
INSTABILITY

NON RESONANT HYBRID 
STREAMING INSTABILITY

ACOUSTIC INSTABILITY AND 
TURBULENT AMPLIFICATION

Kulsrud & Pearce 1969, Bell 1978,  
Lagage & Cesarsky 1982 Bell 2004, Amato & PB 2009 Drury & Falle 1986, Berezniak, Jones & Lazarian 2012
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MFA through Resonant Streaming Instability
This is a phenomenon of the utmost importance for both Galactic CR transport and particle acceleration at shocks…  

It requires that you have particles drifting at vD>vA — in the case of DSA vD~vshock>>vA

A small perturbation δB grows exponentially with a growth rate that can be easily estimated as:
<latexit sha1_base64="wIx+nOZH34IoGtqU5abKBYF7FS8="></latexit>

�res(k) =
nCR(> E)

ni

vshock
vA

⌦cyc =
⇠CR

⇤
MA

⇣vshock
c

⌘2 c

rL(E)

Assuming a spectrum E-2

Alfvenic Mach 
number of the 
Shock

…and the instability grows on scales k~1/rL(E) —— Once δB becomes of order B0 (pre-existing field) the process stops!

Imposing that the acceleration time equals the beginning of Sedov-Taylor: 

Lagage & Cesarsky 1982
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Some useful considerations
Adopting Quasi-Linear Theory as a benchmark, one can write the diffusion coefficient as: 

In the presence of resonant streaming instability, F(k)= constant if the spectrum of accelerated particles is 
~E-2, so that diffusion is linear in E (Bohm diffusion)

If one requires that Emax=1 PeV it is easy to infer that: 

…namely for a SNR to be a PeVatron, one cannot be in the regime of resonant streaming instability! 

13



The Bell Instability  
[a.k.a. Non resonant Hybrid Instability]

This instability was discovered in 2004 by T. Bell and attracted immediately much attention, for several 
reasons: 
1) Under certain conditions (see below) it grows much faster than the RSI discussed earlier 
2) The level of δB reached seems to compare well with those inferred from X-ray morphology 
3) It is potentially capable to allow acceleration to much larger energies 

Reasons of concern… 
a) it develops on very small scales compared with the Larmor radius — in the beginning no scattering 
b) it grows the “wrong” polarisation in the linear regime… again, in the beginning no scattering

14



The Bell Instability  
[a.k.a. Non resonant Hybrid Instability]

Shock front
Protons of given energy upstream of the shock represent a current JCR=nCR(>E) e vshock 

The background plasma cancels the CR positive current with a return current created by a 
slight relative motion between thermal electrons and protons, thereby creating a two 
stream instability that grows the fastest on scales 𝒍~1/kmax where

The growth occurs at a rate that can be approximated as:

The condition for this instability to develop is that kmax>1/rL(E), which is equivalent to requiring that: 

for E-2 spectrum

Only works in very young 
SNR with large Alfvenic 
Mach number
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Saturation and Maximum Energy in SNR

Shock front

Current of  
      escaping particles

The current of escaping particles acts as a force on the background plasma in the 
direction perpendicular to both the current and the amplified field:

⇢
dv

dt
⇠ 1

c
JCR�B �x ⇠ JCR

c⇢

�B(0)

�2
max

exp(�maxt)

The current is weakly disturbed until the transverse displacement becomes of 
order the Larmor radius in the amplified field…this condition leads to the following 
saturation condition: 

                                                                                         independent on scale (Bohm Diff) 

The maximum energy at time T is estimated by requiring that the growth time of the instability equals ~T/5:

The time dependence of Rshock and vshock is 
different depending on the type of SNR
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Maximum Energy of CR in SNRFigure 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.
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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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Cristofari, PB & Amato 2020
CR accelerated at SNR are liberated in two stages:  
1) particles leave the remnant at each time t with energy Emax(t) 

2) the particles trapped downstream (lower E) lose energy adiabatically and escape at the end 
of the SNR life 

3) The time integrated spectrum drops at an effective Emax that is the maximum energy 
reached at the beginning of Sedov 

4) The cut is NOT exponential, it’s a power law reflecting time dependence in the ejecta 
dominated phaseP. Cristofari, P. Blasi and D. Caprioli: Cosmic ray protons and electrons from supernova remnants

would typically assume to exist. In particular, some rather ef-
ficient mechanism for magnetic field amplification should come
into e↵ect for late, slow moving shocks. A dedicated e↵ort to
investigate these stages is definitely needed.

On the other hand, if to take the results of our investigation at
face value, then the spectral shape of electrons and protons liber-
ated into the ISM by an individual SNR should be very similar,
hence it would follow that the observed di↵erence should be at-
tributed to phenomena occurring after the particles have been re-
leased into the ISM. If the di↵usion coe�cient describing trans-
port in the Galaxy is the same for the two species, as one should
expect, the only possibility left open is that electrons and pro-
tons may develop di↵erent spectral shapes while propagating in
the neighbourhood of the source, due to the large perturbations
induced by the escaping particles (Schroer et al. 2020). This pos-
sibility is currently being investigated.
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would typically assume to exist. In particular, some rather ef-
ficient mechanism for magnetic field amplification should come
into e↵ect for late, slow moving shocks. A dedicated e↵ort to
investigate these stages is definitely needed.

On the other hand, if to take the results of our investigation at
face value, then the spectral shape of electrons and protons liber-
ated into the ISM by an individual SNR should be very similar,
hence it would follow that the observed di↵erence should be at-
tributed to phenomena occurring after the particles have been re-
leased into the ISM. If the di↵usion coe�cient describing trans-
port in the Galaxy is the same for the two species, as one should
expect, the only possibility left open is that electrons and pro-
tons may develop di↵erent spectral shapes while propagating in
the neighbourhood of the source, due to the large perturbations
induced by the escaping particles (Schroer et al. 2020). This pos-
sibility is currently being investigated.
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would typically assume to exist. In particular, some rather ef-
ficient mechanism for magnetic field amplification should come
into e↵ect for late, slow moving shocks. A dedicated e↵ort to
investigate these stages is definitely needed.

On the other hand, if to take the results of our investigation at
face value, then the spectral shape of electrons and protons liber-
ated into the ISM by an individual SNR should be very similar,
hence it would follow that the observed di↵erence should be at-
tributed to phenomena occurring after the particles have been re-
leased into the ISM. If the di↵usion coe�cient describing trans-
port in the Galaxy is the same for the two species, as one should
expect, the only possibility left open is that electrons and pro-
tons may develop di↵erent spectral shapes while propagating in
the neighbourhood of the source, due to the large perturbations
induced by the escaping particles (Schroer et al. 2020). This pos-
sibility is currently being investigated.
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Fig. 2. Spectra of protons produced at SNRs from type Ia (left), type II
(center) and type II* (right) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (broken
shell assumption). The dashed curves illustrate the e↵ect of adiabatic
losses in the downstream region, while the dotted lines refer to the es-
cape flux from upstream. In the bottom part of each panel we also show
the local slope of the spectrum q(p) at given momentum.
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CR in SNR: the role of escaping particles
The escaping particles play a crucial role in all aspects of both acceleration and observability of SNR: 
1) Escaping particles are the ones that guarantee the excitation of the Bell instability far upstream so that high energies can be 

achieved 

2) At each given time t the only particles that may have escaped the acceleration region are the ones with E>Emax(t) 

3) …But the spectrum of the particles that escaped before the Sedov phase is insignificant, typically ~E-5. 

4) THIS IS THE REASON WHY, NO MATTER HOW HIGH IS Emax AT EARLY TIMES, THE SPECTRUM HAS A SUPPRESSION AT 
THE Emax AT THE BEGINNING OF SEDOV PHASE — This is what we call the Maximum Energy. 

5) The spectrum of escaping particles has also a LOW ENERGY cutoff, at the maximum energy at the end of the Sedov phase
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would typically assume to exist. In particular, some rather ef-
ficient mechanism for magnetic field amplification should come
into e↵ect for late, slow moving shocks. A dedicated e↵ort to
investigate these stages is definitely needed.

On the other hand, if to take the results of our investigation at
face value, then the spectral shape of electrons and protons liber-
ated into the ISM by an individual SNR should be very similar,
hence it would follow that the observed di↵erence should be at-
tributed to phenomena occurring after the particles have been re-
leased into the ISM. If the di↵usion coe�cient describing trans-
port in the Galaxy is the same for the two species, as one should
expect, the only possibility left open is that electrons and pro-
tons may develop di↵erent spectral shapes while propagating in
the neighbourhood of the source, due to the large perturbations
induced by the escaping particles (Schroer et al. 2020). This pos-
sibility is currently being investigated.
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would typically assume to exist. In particular, some rather ef-
ficient mechanism for magnetic field amplification should come
into e↵ect for late, slow moving shocks. A dedicated e↵ort to
investigate these stages is definitely needed.

On the other hand, if to take the results of our investigation at
face value, then the spectral shape of electrons and protons liber-
ated into the ISM by an individual SNR should be very similar,
hence it would follow that the observed di↵erence should be at-
tributed to phenomena occurring after the particles have been re-
leased into the ISM. If the di↵usion coe�cient describing trans-
port in the Galaxy is the same for the two species, as one should
expect, the only possibility left open is that electrons and pro-
tons may develop di↵erent spectral shapes while propagating in
the neighbourhood of the source, due to the large perturbations
induced by the escaping particles (Schroer et al. 2020). This pos-
sibility is currently being investigated.
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would typically assume to exist. In particular, some rather ef-
ficient mechanism for magnetic field amplification should come
into e↵ect for late, slow moving shocks. A dedicated e↵ort to
investigate these stages is definitely needed.

On the other hand, if to take the results of our investigation at
face value, then the spectral shape of electrons and protons liber-
ated into the ISM by an individual SNR should be very similar,
hence it would follow that the observed di↵erence should be at-
tributed to phenomena occurring after the particles have been re-
leased into the ISM. If the di↵usion coe�cient describing trans-
port in the Galaxy is the same for the two species, as one should
expect, the only possibility left open is that electrons and pro-
tons may develop di↵erent spectral shapes while propagating in
the neighbourhood of the source, due to the large perturbations
induced by the escaping particles (Schroer et al. 2020). This pos-
sibility is currently being investigated.
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Fig. 2. Spectra of protons produced at SNRs from type Ia (left), type II
(center) and type II* (right) SNRs for ↵ = 4 (thick lines) and ↵ = 4.3
(thin lines) if they were instantaneously liberated into the ISM (broken
shell assumption). The dashed curves illustrate the e↵ect of adiabatic
losses in the downstream region, while the dotted lines refer to the es-
cape flux from upstream. In the bottom part of each panel we also show
the local slope of the spectrum q(p) at given momentum.
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Effect of MFA on the Spectrum of accelerated particles

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 MAGNETIC FIELD MAKES ANOTHER EFFECT APPEAR:

UPSTREAM DOWNSTREAM

U1 U2

W1 W2

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

IN HYBRID SIMULATIONS THE DOWNSTREAM WAVES ARE SEEN 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.

Haggerty & Caprioli 2020; Caprioli, Haggerty & PB 2020
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ISSUES WITH SPECTRA INSIDE SNR

Caprioli 2011

BOTH GAMMA RAY OBSERVATIONS AND GALACTIC 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…  
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Spectrum of electrons from SNR

 It is well known that Galactic CR require the spectrum of electrons and protons at source to be different 
(steeper electrons) 
 The efficient acceleration of protons implies that CR must excite large magnetic fields at the shock and in 

such fields electrons lose a small fraction of energy
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Fig. 3. Spectra of electrons produced at SNRs from type Ia (left), type
II (center) and type II* (right) progenitors for ↵ = 4 (thick lines) and
↵ = 4.3 (thin lines). Dash-dotted line: spectrum of particles accelerated
at the shock. Solid lines: spectra of electrons liberated into the ISM after
losses downstream of the shock. Dotted lines: upstream escape flux. In
the bottom part of each panel we also show the slope of the spectrum
q(p) at given momentum.

Fig. 4. Di↵erence between the proton and electron spectral index at
SNRs from type Ia (left), type II (center) and type II* (right) progen-
itors for ↵ = 4 (thick lines) and ↵ = 4.3 (thin lines). Dash-dotted line:
spectrum of particles accelerated at the shock. Solid lines: spectra of
electrons liberated into the ISM after losses downstream of the shock.
Dotted lines: upstream escape flux. In the bottom part of each panel we
also show the local slope of the spectrum q(p) at given momentum.
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at the shock. Solid lines: spectra of electrons liberated into the ISM after
losses downstream of the shock. Dotted lines: upstream escape flux. In
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itors for ↵ = 4 (thick lines) and ↵ = 4.3 (thin lines). Dash-dotted line:
spectrum of particles accelerated at the shock. Solid lines: spectra of
electrons liberated into the ISM after losses downstream of the shock.
Dotted lines: upstream escape flux. In the bottom part of each panel we
also show the local slope of the spectrum q(p) at given momentum.
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SNRs from type Ia (left), type II (center) and type II* (right) progen-
itors for ↵ = 4 (thick lines) and ↵ = 4.3 (thin lines). Dash-dotted line:
spectrum of particles accelerated at the shock. Solid lines: spectra of
electrons liberated into the ISM after losses downstream of the shock.
Dotted lines: upstream escape flux. In the bottom part of each panel we
also show the local slope of the spectrum q(p) at given momentum.
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The case of a SNR in a star cluster

 A SNR that explodes in a star cluster is different 
mainly because of the environment where it 
occurs 

 The shock propagates in a medium that is the 
collective wind of the cluster and its turbulence 

 No large self-generation expected with the 
possible exception of kinematic dynamo 

 The highest energy remains somewhat below 
PeV even with Bohm diffusion 

 The only exception is a very energetic SNR 

Iurii Sushch et al.: Supernova remnants in super bubbles as cosmic ray accelerators

Fig. 4: Classic case for di↵erent turbulence models and ages
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The case of Cas-A
This is the remnant of a SN explosion occurred 340 years ago. It is a core collapse that exploded in the wind of its red giant 
progenitor.  

It is thought to have entered the Sedov phase about 150 years after explosion, namely ~200 years ago 

The maximum energies can be estimated as follows:

{ At the beginning of ST

At the present time

Only particles with energy between ~290 TeV and ~500 TeV can have escaped Cas A at present, and these are the only particles that 
can produce gamma rays from the region around this remnant —> The CR spectrum around Cas A is almost monochromatic 

Waiting longer, the spectrum of the escaped particles would become E-2, almost independent of the spectrum inside the SNR!  

The spectrum of CR currently inside the remnant is basically cut off at <290 TeV, which corresponds to a gamma ray cut at <30 TeV
23



The case of Cas-A

1.8o

If D(E) in the region around CasA is the Galactic one, the path length for 
diffusion is: 

Hence on a scale of ∼100 pc, 0.1-1PeV particles free stream parallel to B 

coherence scale of the 
Galactic B-field

107 pc
The highest energy particles escaped CasA ∼200 yrs ago, reaching ∼60 
pc at the present time, still inside 1.8 degrees from the source
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The case of Cas-A

1.8o

If D(E) in the region around CasA is the Galactic one, the path length for 
diffusion is: 

Hence on a scale of ∼100 pc, 0.1-1PeV particles free stream parallel to B 

coherence scale of the 
Galactic B-field

107 pc
The highest energy particles escaped CasA ∼200 yrs ago, reaching ∼60 
pc at the present time, still inside 1.8 degrees from the source

The gamma ray emission from the region reflects  

1) the number of CR particles released as a function of energy  

2) the structure of the local magnetic field 

3) the gas distribution in the region

dense clumps can also drive turbulence. By either following the
turbulent tangling field lines or mirroring diffusion in
compressible magnetic fluctuations (Lazarian & Xu 2021),
high-energy CR protons might undergo very slow diffusion. In
this case, PeV CRs could propagate in the diffusive regime, and
the region occupied by very high energy CRs would be of the

order r DT2 20 pc
10

0.5
2( )~ ~ c

- , where χ is the suppression
factor of the diffusion coefficient near the source compared
with the Galactic diffusion coefficient, Dsource(E)= χD(E). The
angular size of the γ-ray emission is estimated as
r d 0 . 33

10

0.5
2/ ( )~  c

- . The maximum diffusion length, in any
case, should be smaller than 110 pc, the ballistic propagation
length over 340 yr. And the maximum angular extension of the
γ-ray emission when CRs are in the diffusive regime should be
smaller than 1°.8. To estimate the total CR energy budget from
the γ-ray luminosity, only the average density matters. As
estimated in Ma et al. (2019), the average density in the nearby
100 pc of Cas A is 10 cm−3. In this case, due to the lower
average density and larger integration area in deriving the γ-
ray flux, the derived CR energy budget would be more
conservative than the ballistic propagation case we considered
above. To derive the robust and model-independent estima-
tions, we consider only the diffusive regime in the following
discussion.

4. KM2A Data Analysis

The data used in this analysis were collected from 2019
December to 2022 September by the half KM2A, three-
quarters KM2A, and full KM2A. Quality selections have been
applied to ensure reliable data quality. We select the periods
when at least 95% of the working subdetectors were in good
condition. The total effective observation time is 932.74 days
after data quality selection. To achieve a better performance of
the array, several event cuts are also implemented. The cuts on
data and event selections are the same as listed in the KM2A
performance paper (Aharonian & An 2021).

Considering the energy resolution and statistics, one decade
of energy is divided into five bins with a bin width of

Elog 0.210 = . The sky in celestial coordinates (R.A. and decl.)
is divided into cells of size 0°.1× 0°.1 and filled with detected
events according to their reconstructed arrival directions for
each energy bin. To extract the excess of γ-rays from each cell,
the “direct integration method” (Fleysher et al. 2004) is
adopted to estimate the number of CR background events. The
test statistic (TS) used to evaluate the significance of the source
in this work is TS 2 log( )l= , where 1 0 l = , 1 is the
maximum-likelihood value for the alternative hypothesis, and

0 is the maximum-likelihood value of the null hypothesis. The
TS map of the region of interest is shown in the left panel of
Figure 1. We found that there is no significant excess in the
vicinity of Cas A.
As mentioned in the last section, we consider both the

ballistic propagation and diffusive regime. In the former case,
the expected γ-ray emission produced by CRs escaping from
Cas A is pointlike. In KM2A analysis, taking into account the
point-spread function (PSF), we integrate all photons in the
90% contamination radius from a point source. For the
diffusive regime, the intrinsic size of the source varies with
the diffusion coefficient; however, the maximum angular radius
is 1°.8, as estimated in the previous section. Taking into account
the angular resolution of the detector, we use an integration
radius of 2°.2 for the lower energy bin and 1°.85 for energies
higher than 100 TeV to estimate the upper limits. No significant
excess has been detected. We derived an upper limit for each
energy bin at the 95% confidence level using the method
proposed by Helene (1983). For a more conservative estimate
of the upper limit, we use the CERN ROOT tools following
Feldman & Cousins (1998) to calculate the 95% upper limit of
the signal when the background count is less than 20. The
results are shown in Figures 2 and 3. The main uncertainties
come from the uncertainty in the differential spectral index of
the γ-ray emission, which we assume to derive the upper limit.
In order to estimate such systematic uncertainties, the analysis
is separately performed for a γ-ray spectral index of −2 or −3.
The uncertainties found from this test are small: about 10% and

Figure 1. Left panel: the LHAASO KM2A TS map above 25 TeV in the 4° × 4° region around Cas A; the color bar shows the TS value. Right panel: the gas column
density near Cas A derived from 12CO line observations (Ma et al. 2019). The green circle labels the position of Cas A.
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The case of Cas-A
 The gamma ray emission from escaping particles has been overlapped 
to the curves from the LHAASO paper on Cas A 

 The purple curves refer to ξCR=10% and density 10 cm-3 (solid) and 1 
cm-3 (dashed) 

 The cyan curves refer to ξCR=3% and density 10 cm-3 (solid) and 1 cm-3 
(dashed) 

 The plot shows that the relative distribution of escaping particles and gas 
is crucial to assess the issue of the maximum energy reached in Cas A 

 In fact it would be desirable to have deeper observations to confirm the 
picture on the escape during the Sedov phase 

 If the intrinsic spectrum is a bit steeper than E-2, these constraints 
becomes even weaker, although the shape of these curves does not 
change!

3% for the first two energy bins and less than 1% at higher
energies.

The systematic uncertainties affecting the flux upper limits
are similar to those studied in Aharonian & An (2021). The
number of operating units varied with time due to debugging a
few percent of the detector units. The variable layout of the
array, affecting the γ-ray/background separation, has a slight
effect on the flux. The systematic uncertainty also comes from
the atmospheric model used in the simulation, which affects the
detection efficiency. The overall systematic uncertainty affect-
ing the flux is estimated to be ∼7%.

In principle, the diffuse Galactic γ-ray emission (DGE)
should be subtracted before we derive the upper limit for
sources. But the inclusion of such a component in deriving the
upper limit only has a marginal (10%) impact on the final
results. Thus, to avoid further systematic errors, we do not
subtract the DGE in this work and use the most conservative
upper limits.

5. Discussion

5.1. Point-source Scenario

The recent MAGIC and VERITAS observations reveal a
significant steepening in the γ-ray spectrum at TeV energies
(Ahnen et al. 2017; Abeysekara et al. 2020). This can be
interpreted as a break or cutoff in the spectrum. The latter
would imply that Cas A accelerates particles only up to tens of
TeV. However, recent studies (see, e.g., Malkov & Ahar-
onian 2019) show that, taking into account realistic geometry
and magnetic field configurations, one can expect a significant
deviation from the standard DSA predictions, namely, very
steep, power law–type spectra. This option does not need a
cutoff to describe the TeV data; a broken power law can fit the
GeV–TeV spectral energy distributions well, with a spectral
index of about 2.7 above the break (Abeysekara et al. 2020).
To explore whether this scenario is compatible with the

KM2A observations, we extrapolate the data points measured
by IACT with a power law. It should be noted that in this
scenario, Cas A can still be in the PeVatron phase, and thus the
γ-ray observations cannot set a limit on the total CR energy
budget above 100 TeV. But information regarding the accel-
eration spectrum can be obtained from the observed γ-
ray spectrum. We found that a spectral index smaller than 2.8
already violates the KM2A upper limit. A γ-ray spectral index
of 2.8 corresponds to an index of ;2.9 for CR protons. Such an
injection spectrum is softer than the CR spectrum measured in
this energy range, even ignoring the further steepening of the
spectrum of particles during their propagation in the Galactic
plane and halo. Such a soft injection spectrum can hardly be
accommodated in the current CR propagation concept; thus, its
contribution to the locally measured CR flux cannot be
significant.

5.2. Extended-source Scenario

One should note that, in general, independent of the question
of its contribution to the local CR flux, the very steep proton
spectrum does not exclude acceleration of PeV protons by Cas
A. Therefore, to probe the number of PeV protons accelerated
at the early epochs of Cas A, we assume an integrated spectrum
of these CRs in the form N E E e E Ec( ) ~ g- - . Since we are
considering the possibility of Cas A as a PeVatron, we fix
Ec= 2 PeV and choose the index γ= 2.0, 2.4, or 2.7 (see the
discussion below). As long as we are investigating CRs
released between 100 TeV and 1 PeV, the exact value of the
cutoff energy does not have a strong impact on the total energy
budget. The γ-ray flux is proportional to the product of CR total
energy and gas density. Thus, from the observed upper limit of
γ-ray flux and the derived gas density, one can derive an upper
limit for the CR total energy. By using the γ-ray production
cross section parameterized in Kafexhiu et al. (2014), we
calculated the predicted γ-ray flux for γ= 2.0, 2.4, or 2.7.
Taking into account the average gas density of about 10 cm−3,
we derived the upper limit of the total energy of CRs in the
energy range 100–1000 TeV as 3.6/3.0/4.0 × 1047 (10
cm−3/n) erg, assuming that all the molecular gas has been
illuminated by the escaped CRs, with an index of 2.0/2.4/2.7.
The derived upper limit of the total CR energy only slightly
depends on the spectral index.
If the appearance of the Cas A–like SNR events has a rate of

one per century, as suggested by Schure & Bell (2013), the CR
injection rate in our Galaxy in the energy interval

Figure 2. The UHE γ-ray flux upper limits assuming Cas A is a point source.
The data points are from MAGIC and VERITAS obervations. The gray curve is
the power-law function with an index of 2.8. A harder spectrum would violate
the LHAASO upper limit.

Figure 3. The UHE γ-ray flux upper limits within 1°. 8 from Cas A. The black,
red, and blue curves correspond to the predicted pion-decay γ-ray fluxes for
proton indexes of 2.0, 2.4, and 2.7, respectively. The total energies of CR
protons within 100–1000 TeV are 5 × 1049, 3 × 1048, and 1 × 1047erg,
respectively, which are the CR energy budgets expected if Cas A–type SNRs
produce all the PeV CRs in our Galaxy.
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DYNAMICAL EFFECTS OF CR NEAR A SOURCE

Since in the ordinary ISM ECR≈EB≈Eth, it is clear that near a source the escaping CR must produce  

1. Local dynamical effects (gas evacuation, heating, vorticity, etc) 

2. Magnetic field modification (amplification, shears, etc) 

Notice that self-generation has a positive feed-back: larger gradients lead to stronger 
confinement which in turn lead to larger CR densities 

This chain of events leads to some self-regulation of the whole process
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SELF-CONFINEMENT NEAR A SNR

D’Angelo, PB, Amato 2016, 2018 

Nava+2016, Recchia+, 2023

Depending on the total and ionized density in the circum-source medium, self-generation 
increases the confinement time by about one order of magnitude

1948 M. D’Angelo et al.

Figure 1. Spatial profile of the CR density, turbulence energy density and
diffusion coefficient at an energy of 10 GeV and at four different times after
the particle release by the source, as specified on top of the figure. Top panel:
CR density nCR = (4/3)πp3f ; the black dashed line represents the Galactic
distribution ng = (4/3)πp3fg, with fg(p) defined in equation (3). Centre
panel: self-generated turbulence F ; the black dashed line represents the
Galactic turbulence Fg. Bottom panel: CR diffusion coefficient D; the black
dashed line represents the Galactic diffusion coefficient Dg (as calculated
by Ptuskin et al. 2009). Here we assumed a fully ionized medium with ion
density ni = 0.45 cm−3.

times after release of the freshly accelerated particles in the ISM.
The curves have been obtained as numerical solutions of equations
(1), (8) and (10) in the case of a fully ionized medium with density
ni = 0.45 cm−3. The first thing to notice in Fig. 1 is that the density of
10 GeV particles, nCR = (4/3)πp3f , exceeds the average Galactic
density ng = (4/3)πp3fg by more than one order of magnitude at
least for t ! 105 yr in a region ∼5 pc around the parent source. Even
after 5 × 105 yr, the particle density is still larger than the Galactic
density for z up to 30 pc. This time is much longer than the standard
diffusion time τd = L2

c/Dg at E = 10 GeV, which is of the order of
≈4 × 104 yr.

The maximum level of amplification reached by the magnetic
turbulence is F ! 10−2 (as can be seen from the central panel in
Fig. 1). This is about three orders of magnitude higher than the
background turbulence Fg, but still below the limit of validity of
quasi-linear theory, which requires F % 1. When the bulk of par-
ticles escape from the region, the level of turbulence drops to Fg.
The behaviour of F at small z is due to the advection term vA∂f /∂z

and the associated boundary condition (6): advection of the parti-
cles with self-generated waves causes a depletion of particles in the
inner region (z → 0), which leads to a small gradient in the density
of CRs in the same region. In turn, this gradient causes the growth
of Alfvén waves moving towards z ∼ 0. This is the reason why
the spatial profiles of F show the dips and peaks that are visible in
Fig. 1. A note of caution is required here: since the waves excited by
the advection-induced gradient move towards the origin, it is likely
that in this region the net Aflvén velocity gets lower or even van-
ishes, depending on the compensation due to waves travelling in the
opposite direction. This effect is hard to take into account in a quan-
titative manner. In any case, since this phenomenon is limited to the
region very close to the source, its effect on the confinement time
and grammage accumulated by particles is negligible, at least for

Figure 2. CR escape time tesc (see the text for exact definition) as a func-
tion of particle energy for four different types of ISM: (1) no neutrals and
ni = 0.45 cm−3 (black solid line); (2) nn = 0.03 cm−3 and ni = 0.45 cm−3

(blue dashed line); (3) nn = 0.05 cm−3 and ni = 0.45 cm−3 (blue dot–
dashed line); (4) no neutrals and ni = 0.01 cm−3 (green dashed line). The
black dashed line represents case (1) but without the advection term in
both equations (1) and (10). The solid red line represents case (1), but
with a steeper injection spectrum, α = 4.2; analogously, the dot–dashed
red line corresponds to case (3) with α = 4.2. For all other curves, the
slope is α = 4. The grey dashed line represents the standard diffusion time
τd = L2

c/Dg = 8.3 × 104(EGeV)−1/3 yr.

WIM gas density of the order of ∼1 cm−3. For a rarefied medium,
the Alfvén speed is larger and the effect of advection becomes more
important. On the other hand, this is also the case when no apprecia-
ble effect on the grammage is expected (see discussion below). In
the bottom panel of Fig. 1, we report the spatial diffusion coefficient
D, which clearly shows a profile that reflects the dips and peaks of
F , being D ∝ F−1: at the location where the level of amplification
is maximum, D reaches its minimum of ≈4 × 1025 cm2 s−1, more
than three orders of magnitude lower than the Galactic diffusion
coefficient (dashed black line).

We further proceed to discuss the confinement time of particles
around their sources. Due to the non-linear processes involved, this
calculation is not straightforward. In the case where a burst of par-
ticles is injected a t = 0 with a pre-assigned diffusion coefficient
equal to Dg(p), we find that about 89 per cent of the total injected
particles N

inj
CR(p) = 2πLcR

2
SNq0(p) leave the box within the classi-

cal diffusion time τd = L2
c/Dg. We used this result to estimate the

escape time in the non-linear case. For a given particle momen-
tum, the number of freshly accelerated particles inside the tube,
NCR(p, t), is calculated from the total amount of particles in the tube
2πR2

SN

∫ Lc
0 dzf (p, z, t) after subtraction of the background term

2πR2
SNLcfg(p). The escape time tesc(p) is defined as the time at

which NCR(p, tesc(p)) = 0.11N
inj
CR(p). We should bear in mind that

we assumed the duration of the escape time of accelerated particles
from the source to be much shorter than the propagation time in
the near-source region. For typical values of the parameters, this
assumption remains satisfied for energies !10 TeV, if one assumes
a release time for an average SNR of about 104 yr (see e.g. Caprioli,
Blasi & Amato 2009).

We plot the escape time as a function of particle energy in Fig. 2,
considering the four different types of ISM listed above. For case (1)
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GAMMA RAYS FROM OCCASIONAL NEARBY MOLECULAR CLOUDS

1D

Molecular  
cloud

Source

While confinement is easier if the surrounding medium is almost 
completely ionized, interactions of CR are easier in denser (hence 
partially ionized) plasma 

The coexistence of these two conditions may occur when a SNR is 
located near a molecular cloud, that only acts as target, while 
confinement is guaranteed by the surrounding ionized medium

Molecular cloud touching the shock is not a good place to test diffusion and self-generation phenomena for 
many good reasons… 

 The shock velocity drops quickly making acceleration inefficient  

 Only ionized gas takes part in the shock formation, low number of particles to become CR 

 Large density of neutrals implies strong damping of waves —> weak acceleration 
28



GRAMMAGE NEAR THE SOURCE

The grammage accumulated by CR near a source due to self-
confinement depends on conditions (level of ionisation, coherence 
length) 

Most importantly it depends upon the presence of molecular 
clouds in the neighbourhood of a source  

…but it is clear that it is not a phenomenon that we can ignore at a 
time in which measurements are made at percent level

Bao, PB & Chen 2023
diffusion coefficients around supernova remnants 17

Figure 7. CR grammage accumulated near a SNR for ni = 0.01 cm−3 (left panel) and ni=nn=1 cm−3 (right panel). The
radius of the SNR is assumed to be 30 pc in the low density case (left panel) and 12 pc in the high density
case (right panel). The MC is approximated to be a cylinder with radius 30 pc and centered at z = zMC. The free escape
boundary is assumed to be 100 pc away from the source.
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a dedicated investigation should be devoted to each of the two classes of sources.589
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by using a phenomenological calculation, in which the diffusion coefficient is parametrized as a fraction of a Galactic-609
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Meanwhile, a non-linear computation that includes self-generation and damping, clarifies whether the conditions are611
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instability.613

We find that the case of MC R2 around the SNR HB9 is particularly useful: the diffusion coefficient required to614

account for the low energy part of the γ-ray emission is about two orders of magnitude smaller than the Galactic615

one and we show that it can be interpreted as a result of self-generation. Unfortunately this apparently clear616

signature is made less evident by the degeneracy between this scenario and one based on a different617

picture of particle escape from the SNR: if the maximum energy for HB9 at the present age is as618

low as ∼ 100 GeV, and the escape is assumed to be quasi-monochromatic, namely the particles escape619
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SIMULATING THE STREAMING OF CR NEAR A SOURCE

Schroer+, 2021 and 2022

We  used 2D and 3D PIC Hybrid numerical 
simulations to mimic the streaming of 
particles in the ISM near a source 

The simulation is initialised so that the NR 
streaming instability is excited, but similar to 
those expected for a young SNR 

Due to numerical limitations, vA is only c/20CR Density         Plasma Density        Turbulent B

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)
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Conclusions
 SNR are certainly CR accelerators — the question is: up to which energy and which type of SNR accelerate what? 

 The theory of non-linear DSA provides a good description of what happens in terms of spectra and acceleration 
efficiency  

 But the issue of maximum energy is tightly connected to that of magnetic field amplification — could we have missed 
anything? 

 Based on non resonant streaming instability, SNR should not be PeVatrons, with the exception of rare, super luminous 
ones … unless other instabilities kick in … 

 The maximum energy of the accelerator is NOT the highest energy reached (this depends on how much mass has 
been processed) but the highest energy at the beginning of the Sedov Phase (difficult to catch it in gamma rays!) 

 Should we see evidence of PeV particles AROUND SNR if a given SNR accelerates them?  

 With some care, interesting constraints can be obtained from these observations, especially for very young SNR 

 For older ones, non linear effects kick in and things become more complicated to interpret  
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