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THE SNR PARADIGM
 From the energetic point of view, SNR are the optimal source of Galactic CR, requiring an efficiency 

of conversion of kinetic energy to CR energy of order 3-10% 

 The mechanism of conversion is mostly Diffusive Shock Acceleration at the shock accompanying SN 
explosions - the injection is from the ISM material and the chemical enrichment is guaranteed by the 
preferential injection of heavy nuclei, due to the collisionless nature of the shocks 

 The paradigm requires that protons are injected with a power law spectrum ∼2.3 and that the 
Galactic transport be energy dependent with D(E)∼E0.5 

 All these considerations apply to E≤1 TeV, while it is all but clear what is the SNR contribution at 
higher energies and what is the energy dependence of D(E) at higher energies (see Sarah’s talk)



PARTICLE ACCELERATION AT SHOCKS
UPSTREAM      	                     DOWNSTREAM
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Plasma velocity

The transport equation describes the isotropic part of the distribution 
function of non-thermal particles  

All gradients are to be intended on scales larger than the thickness of the 
shock, which in turn is set by collisionless processes 

The distribution function is continuous across the shock surface 

The physics of the injection term is determined by the microphysics of the 
shock formation
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UPSTREAM SOLUTION
LET US ASSUME STATIONARITY (LATER WE SHALL DISCUSS IMPLICATIONS) 

IN THE UPSTREAM THE EQUATION READS 

THE SOLUTION THAT HAS VANISHING f AND VANISHING DERIVATIVE AT UPSTREAM INFINITY IS

FLUX IS CONSERVED!



DOWNSTREAM SOLUTION
IN THE DOWNSTREAM THE EQUATION READS 

NOTICE THAT WE HAVE REQUIRED STATIONARITY AND OBVIOUSLY THE ONLY SOLUTION THAT IS 
CONSISTENT WITH THAT ASSUMPTION IS 

FLUX IS CONSERVED!

time t

time t+dt



AROUND THE SHOCK 
INTEGRATING THE TRANSPORT EQUATION IN A NARROW NEIGHBORHOOD OF THE SHOCK WE GET 

WHERE WE USED du/dx=(u2-u1)δ(x) 
REPLACING THE EXPRESSIONS FOR THE DERIVATIVES DERIVED BEFORE: 

WHICH HAS THE SOLUTION:



THE SPECTRUM IS A POWER LAW IN MOMENTUM

€ 

f0 p( )= 3u1
u1 −u2

Ninj

4πpinj
2

p
pinj

$ 

% 
& & 

' 

( 
) ) 

−3u1
u1 −u2

INTEGRATION OF THIS SIMPLE EQUATION GIVES:

DEFINE THE COMPRESSION FACTOR 
r=u1/u2 —> 4 (strong shock) 

THE SLOPE OF THE SPECTRUM IS

THE SPECTRUM OF THE PARTICLES ACCELERATED AT A STRONG SHOCK IS UNIVERSAL AND IS 
ALWAYS PROPORTIONAL TO  p-4 

IT IS NOT A POWER LAW IN ENERGY!!! UNLESS YOU ARE EITHER… 

ULTRA-RELATIVISTIC 

NON-RELATIVISTIC 



THE SPECTRUM IS A POWER LAW IN MOMENTUM

THE SPECTRUM OF ACCELERATED PARTICLES IS A POWER LAW IN MOMENTUM 

THE POWER LAW EXTENDS TO INFINITE MOMENTA!!! 

THE SLOPE DEPENDS UNIQUELY ON THE COMPRESSION FACTOR AND IS INDEPENDENT OF THE 
DIFFUSION PROPERTIES 

NO DEPENDENCE UPON DIFFUSION (MICRO-PHYSICS) 

AND HERE IS WHEN YOU START GETTING CONCERNED…

 ASSUMPTION OF STATIONARITY —> THERE IS NO MAXIMUM ENERGY! (if there were one, at a time t+dt it would be higher, violating 
stationarity) 

 …BUT THE TOTAL ENERGY CARRIED BY PARTICLES IS                 
(contradicting the assumption of test particles)  

 EVEN IF THE TOTAL ENERGY WERE NOT INFINITE, THERE IS NO CHECK THAT IT IS NOT LARGER THAT ρu2, THE TOTAL ENERGY WE 
CAN TAP FROM



TEST PARTICLE SPECTRUM

FOR ALL RELEVANT VALUES OF THE MACH NUMBER THE SPECTRAL SLOPE IS 2 - THE REQUIRED VALUES OF 
2.2-2.4 ARE ONLY ACHIEVED FOR M<5. Such a slope is NOT compatible with the vanilla version of DSA, and as we 
will see, other aspects as well are not compatible with such a version of DSA.

Slope of the test  
particle spectrum



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



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



DYNAMICAL REACTION OF COSMIC RAYS
VELOCITY 
PROFILE

1 20

ShockFar  
Upstream

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
VELOCITY 
PROFILE

1 20

ShockFar  
Upstream

Malkov 2001, PB 2002, PB, Gabici & Vannoni 2005,…

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



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

Slowing down



MAGNETIC FIELD AMPLIFICATION (MFA)

RESONANT STREAMING 
INSTABILITY

NON RESONANT  
STREAMING INSTABILITY

ACOUSTIC INSTABILITY AND 
TURBULENT AMPLIFICATION

Kulsrud & Pearce 1969, Bell 1978,  
Lagage & Cesarsky 1982 Bell 2004, Amato & PB 2009, Zweibel & Everett 2010 Drury & Falle 1986, Berezniak, Jones & Lazarian 2012

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:



OBVIOUS AND LESS OBVIOUS FACTS
 Particles accelerated at the shock are mainly advected downstream, hence an escape process is needed for 

them to become Cosmic Rays  

 When the shock speed decreases in time, Emax(t) typically also drops in time: particles at Emax(t) can leave the 
upstream region in the form of very peaked spectra at any given time 

  The integral in time of these very peaked spectra leads to smoother (power law) escape spectra.  

 Particles advected toward downstream escape later in a rather complex and model dependent manner 

 The sum of these two contributions represents the real “source spectra”, to be used in calculations of CR 
transport 

 At the same time Emax(t) is shaped by the escape process, at least for Bell modes 



RESONANT STREAMING INSTABILITY

€ 

nCRmvD → nCRmVA ⇒
dPCR
dt

=
nCRm(vD −VA )

τ

€ 

γW = 2 nCR
ngas

vD −VA
VA

Ωcyc

€ 

dPw
dt

= γW
δB2

8π
1
VA

RATE OF MOMENTUM LOST BY CR BEAM                RATE OF MOMENTUM GAINED BY WAVES

BY REQUIRING A SORT OF BALANCE BETWEEN  THE TWO RATES ONE CAN ESTIMATE THE RATE OF GROWTH OF THE 
WAVES: 

WITHIN A FACTOR OF ORDER UNITY THIS IS THE CORRECT GROWTH RATE

Kulsrud  
Approach

Time for deflection by 900



RESONANT STREAMING INSTABILITY

SINCE THE SPECTRUM OF PARTICLES ACCELERATED AT A SHOCK IS A POWER LAW IN MOMENTUM, WE CAN NORMALISE IT SO THAT CR TAKE 
A FRACTION ξCR OF THE RAM PRESSURE: 

HENCE, REPLACING IN THE PREVIOUS EXPRESSION AND REARRANGING THINGS: 

UPON INTRODUCING THE ALFVEN MACH NUMBER MA=VS/VA

FOR TYPICAL
PARAMETERS



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

The Bell (2004) Instability  
[a.k.a. Non Resonant Instability]



The Bell (2004) Instability  
[a.k.a. Non Resonant Instability]

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: 
                                                                                       



TRADE OFF BETWEEN RESONANT AND NON RESONANT MODES 

For shocks slower than                                               the magnetic field that the Bell instability produces is smaller 
than B0, hence there is a transition to resonant streaming instability, saturated by non-linear Landau 
damping (unless there are lots of neutral atoms around: ion-neutral damping)

<latexit sha1_base64="t0SRu7uykEKm0rrphi2TZ63D9sU="></latexit>

vsh ⇡ 1000 km/s

✓
vA

10km/s

◆2/3 ✓⇠CR

0.1

◆�1/3

Maximum Energy for SN Ia

 For a typical Ia SN the maximum energy at the beginning of 
the Sedov phase is <100 TeV 

 EmaxSedov is what we call the MAXIMUM ENERGY OF THE 
ACCELERATOR 

 Higher values can be achieved early on but they do not show 
in the time-integrated spectrum (see later) 

 After ~1000 yr Bell instability stops being excited and only 
resonant Alfven waves can be excited 

Sedov-Taylor 
starts: EmaxSedov

Transition to 
Resonant

Maximum energy



TIME INTEGRATED ESCAPE FLUX
At each given time particles with energy Emax(t) are able to leave the shock region 

These are the particles accelerated at that time + the ones accelerated at earlier 
times, that lose energy adiabatically (expansion) and are liberated when their 
energy drops below Emax(t) 

The effective Emax of the source is ~EmaxSedov  

At higher energies the suppression is not exponential but rather a steeper power 
law 

Even though the instantaneous spectrum is very close to E-2, in the relativistic 
regime, the time integrated spectrum of the source is typically steeper 

There are features in the source spectrum, not a pure power law: this should be 
the input for transport calculations 

Situation similar but more complex in the case of core collapse SNR

Particles escaped after 
adiabatic losses from 

downstream

Particles escaped from 
upstream @Emax(t)

Total time integrated source 
spectrum

EmaxSedov

"Vegso vallomás united"



THE SOURCE SPECTRUM OF ELECTRONS
 Based on transport models of CR on Galactic scales (see for instance Evoli+2020) the source spectra required for protons and nuclei are 
somewhat steeper than that for primary electrons, apparently contradicting the rigidity dependent nature of the acceleration process 

 The difference in spectrum (~0.1 in slope) is at the same level as the difference between protons and He and clearly both require explanation 

 The main difference between electrons and protons in SNR appears to be energy losses in the B-fields generated by protons: the effect 
depends rather sensibly upon the possible role of particle trapping and magnetic field levels during the radiative phase, both unknown  

 Notice that at times in which Emax(e)<Emax(p) due to energy losses, no escape occurs for electrons
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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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THE CASE OF CAS-A
This is the remnant of a core collapse SN explosion occurred 340 years ago. The SN exploded in the wind of its red giant progenitor.  

It is now around the beginning of its Sedov phase…Blasi, P.: Gamma rays from cosmic rays escaping Cas A

Fig. 1. Left: Maximum energy at the forward shock of Cas A in the benchmark cases discussed in the text, assuming ω = 0 and
an acceleration e!ciency of εCR = 0.03. Right: Same as the left panel but for ω = 0.3. The two panels illustrate the strong e"ect
of the spectrum of accelerated particles on the maximum energy of the same particles.

tremely steep, though not exponentially suppressed. This
finding reflects the fact that during such early phases very
small mass is processed by the shock while propagating in
the wind, despite the large wind density.

These phenomena are all well described in Figure 2:
since Cas A is currently at the transition time from the
ejecta dominated to the Sedov-Taylor phase, the spectrum
of the escaped particles is overall very steep, with the ex-
ception of the lower energy part. There are virtually no es-
caped particles at E ↭ 100 TeV (E ↭ 20 TeV) for the case
ω = 0 (ω = 0.3), since this is the current maximum energy
of accelerated particles. These considerations also apply to
Case 4, where the energetics of the SN is somewhat larger.
Moreover, for cases 1, 3, and 4, requiring k = 12, as ex-
pected, the high energy spectrum is steeper than in case 2
(k = 9). Based on the considerations above, at a later time,
when Cas A will be deeply inside the Sedov phase, the spec-
trum of escaped particles will extend toward lower E with
a shape that reflects the spectrum at the shock, → E→2→ω .

Figure 2 clearly illustrates the fact that for the param-
eters that suit the temporal evolution of Cas A and are
compatible with the current measured shock location and
velocity, Cas A cannot be considered as a PeVatron. The
maximum energy of accelerated particles was most likely
much higher in the past, but the spectrum of such particles
as they are released into the ISM is much steeper than E→2.
Obviously these findings are crucial to assess the gamma
ray emission that can be expected from the interaction of
escaped CRs with the environment around Cas A.

3. Particle transport around a young SNR
The recent LHAASO observation of the region around Cas
A (Cao et al. 2024) searched for di!use emission due to CRs
escaped from this young remnant and interacting with gas
within a region of ↑ 2 degrees from the SNR. At the dis-
tance of Cas A this corresponds to about 120 pc. Inside this
region, Cao et al. (2024) estimated that the mean gas den-
sity is ↑ 10 cm→3, due to the presence of dense molecular

gas. It is clear from the 12CO line observations (Ma et al.
2019) that this gas is distributed in a very inhomogeneous
way, and more specifically it is concentrated in three main
molecular structures. This is important because the rate of
gamma ray production due to CR interactions with the gas
is sensitive to the spatial distribution of both CRs and gas.
The mean gas density in the region of interest of LHAASO
is the relevant quantity to use only if CRs can ergodically
probe the same volume within a time comparable with the
age of the SNR. This is the issue we address below.

Based on the description provided above, the particles
with the highest energies that have been released by Cas A
into the surrounding medium are the ones that have been
produced first, and as such they are the ones that traveled
the farthest. The largest distance that they could possibly
reach is ↑ cTSN = 100 pc, smaller than the region of in-
terest (particles that propagate at an angle with respect
to the local magnetic field will cover an even smaller dis-
tance). Hence all particles ever released by Cas A into the
ISM are still inside the region where LHAASO carried out
its observation. While this simplifies the calculation of the
gamma ray emission, since no information on the spatial
distribution is required, beside the spectrum N(E) calcu-
lated in Section 2, it makes even more pressing the issue of
what mean gas density to adopt in the calculations of the
gamma ray emission.

Let us start with the simplest scenario, in which all par-
ticles released by Cas A into the ISM move ballistically.
Since the Larmor radius in the typical ISM magnetic field
is rL ↓ 0.1 pc E(100TeV)B→1

µ (where Bµ = (B/µG)), it
is clear that particles propagate along the local magnetic
field lines filling a tube with an approximate cross section
comparable with the size of the SNR and length ↑ cTSN .
This region comprises ↑ 3.4 ↔ 10→4 of the volume corre-
sponding to the region of interest of LHAASO. Hence the
approximation that CRs probe the whole region ergodically
appears unjustified and the mean density to be used in the
calculations of the gamma ray emission is not necessarily
the mean density quoted by Cao et al. (2024). Notice that
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only high-energy protons free to escape from the upstream
region.

Given the large uncertainties in fixing ωCR from direct
gamma ray observations of the SNR, here we use an edu-
cated guess on the value of this parameter and we make
use of observations of the di!use emission from the region
around Cas A as a tool to constrain the acceleration e"-
ciency. The number density of particles inside the acceler-
ation region at time t can be written as:

n(> E, t) =
3ωCRεw(Rs)v2s
(ϑ + 1)E0I(ϑ)

(
E

E0

)→ω→1

E < Emax(t),

(11)

corresponding to an electric current of escaping protons at
the maximum energy:

J(> E, t) = en(> E, t)vs =
3eωCRεw(Rs)v3s
(ϑ + 1)E0I(ϑ)

(
E

E0

)→ω→1

,

(12)

limited to particles with energy E → Emax(t) at each given
time.

If the preexisting magnetic field B0(r) at the position
r is such that the condition J(> E)E(vs/c) ↑ B2

0
/4ϖ

is fulfilled, a non resonant hybrid instability in excited
(Bell 2004), with a growth rate ϱCR = kCRvA, where
kCR = 4ϖJ(> E)/cB0 is the wavenumber at which the
growth is fastest, and vA = B0/

↓
4ϖεw is the Alfvén speed

in the undisturbed wind. As discussed in much of previous
literature, the maximum energy of the accelerated particles
is determined by the condition that the instability develops
for at least a few e-folds (following Bell (2004); Cardillo
et al. (2015); Cristofari et al. (2020), here we assumed that
5 e-folds are su"cient, while a larger number results in lower
values of the maximum energy). This condition results in
the following value of Emax(t) as a function of time:

Emax(t)

E0

=



 3eωCRv3s
5(ϑ + 1)E0I(ϑ)c

√
Ṁ

R2
svw

t





1
1+ω

, (13)

where we stress again that I(ϑ) depends on Emax, though
weakly, so that this is an implicit equation for the maximum
energy.

At each given time t and within a time range dt, only
particles with energy in a range dEmax around Emax(t) can
escape. This means that the spectrum of particles escaping
the remnant can be written as

N(E)dE = n(> E)vs4ϖR
2

sdt|E=Emax(t) ↔ (14)

N(E) = n(> E)vs4ϖR
2

s
dt

dEmax(t)
, (15)

where dEmax/dt can be calculated from Eq. 13. It is worth
stressing that for a SNR of age TSN , only the particles with
energy ↭ Emax(TSN ) had a chance to escape the remnant,
while lower energy particles stay confined downstream until
the shock slows down. For a SNR such as Cas A, TSN = 340
years, and only very high-energy particles could escape (see
below for a more quantitative assessment) and can produce
gamma rays in the surroundings of the SNR.

As pointed out earlier, Cas A is likely to be around
the beginning of its Sedov-Taylor phase, which is a time of
the utmost importance from the point of view of the max-
imum energy that shows in the overall spectrum of CRs
contributed by the SNR. Here we calculate the maximum
energy and the spectrum for four cases that di!er slightly
in terms of parameters, but they all return a shock speed of
→ 5700↗ 5800 km/s at the present time and a SNR size of
2.8 pc, in agreement with the observed values (Vink et al.
2022). The four cases are summarized in Table 1, where
the values of ς and s only depend on the choice of the
ejecta profile index k, and are provided by Tang & Chevalier
(2017). Case 4 was included here to account for the possi-
bility that Cas A may have been particularly energetic: Lee
et al. (2014) estimated E51 = 5, Ṁ→5 = 5 and Mej = 4M↑,
with an estimated uncertainty of → 50%. With the nominal
values of these parameters, the current shock speed would
exceed the value measured by Vink et al. (2022), hence we
adopted here E51 = 2.4 for Case 4 (see Table 1).

In Figure 1 we show the maximum energy as a function
of time for these four cases, for an acceleration e"ciency
ωCR = 0.03 (in terms of pressure), and ϑ = 0 (left panel)
and ϑ = 0.3 (right panel). The plots extend up to the cur-
rent age of the Cas A SNR, meaning that only particles
with Emax in these plots may have been released into the
ISM by Cas A.

Model E51

Mej

M→
v6 Ṁ→5 k ς s

Case 1 1.1 3 2 1.5 12 1.14 3.81
Case 2 1.1 2 2 2 9 0.97 5.16
Case 3 1.0 2 1 1 12 1.14 3.81
Case 4 2.4 4 2 5 12 1.14 3.81

Table 1. Values of parameters for the four cases discussed in
the text.

Several comments are in order: 1) at early times, it is
expected that Cas A indeed might have behaved as a Pe-
Vatron, in the sense of accelerating particles up to Peta-
electronVolt energies. 2) The maximum energy drops in
time during the ejecta dominated phase and it is currently
→ 100 TeV (→ 20 TeV) for ϑ = 0 (ϑ = 0.3). This di!er-
ence reflects the fact that larger values of ϑ correspond to
smaller currents of escaping particles and correspondingly
lower values of Emax. 3) The change of slope in Emax(t) as
a function of time reflects the corresponding change of time
dependence of Rs(t) and vs(t) across the transition from
ejecta dominated to Sedov-Taylor phase. The spectrum of
particles that have escaped Cas A until the current time
can be calculated using Eq. 15, and is plotted in Figure 2
(multiplied by E2) for the same cases as in Figure 1.

It may be useful to remind the reader about the gen-
eral expectation: during the ejecta dominated phase the
shock expands as Rs(t) ↘ t

k↑3
k↑2 (vs ↘ t

2
2↑k ), while dur-

ing the Sedov-Taylor phase Rs ↘ t2/3 (vs ↘ t→1/3). Using
the expressions above, one immediately concludes that the
spectrum of escaping particles is the same as at the shock,
N(E) ↘ E→2→ω during the Sedov phase, while the spec-
trum released during the ejecta dominated phase is much
steeper, N(E) ↘ E→4→3ω (N(E) ↘ E→11/2→9ω/2) for k = 9
(k = 12). This immediately tells us that even if particles
can be accelerated up to very high energies during the early
ejecta dominated phase, their spectrum at release is ex-
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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
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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.

4

The Astrophysical Journal Letters, 961:L43 (7pp), 2024 February 1 Cao et al.

<latexit sha1_base64="dbpsq21d3PNaunMvXCCtUyfyXcU="></latexit>

rL(E) ⇡ 1pc

✓
E

PeV

◆
<< Lc



THE CASE OF CAS-A

Blasi, P.: Gamma rays from cosmic rays escaping Cas A

Fig. 3. Left: Gamma ray spectrum due to particles escaped from the Cas A SNR up until the present time, for ω = 0 and
εCR = 0.03. Right: Same as the left panel but for ω = 0.3. The case ω = 0.3 and εCR = 0.1 is also plotted (dashed red line). The
predicted gamma ray spectra are compared with the upper limits from LHAASO observation of a 2 degrees region around Cas A
(Cao et al. 2024) (purple downward triangles).

ability for this occurrence is however rather small, there-
fore for the sake of definiteness we will use ngas = 1 cm→3

as a benchmark gas density instead of the mean density
10 cm→3 in the → 120 pc around Cas A used by Cao et al.
(2024). In principle one might include in these considera-
tions the gas that is evacuated from the near source region
due to the wind of the pre-supernova star. Using Eq. 2,
we estimated that this gas should form a ring around Cas
A at a distance Rb of a few pc and a density of a few
particles/cm3. However, unless CRs are trapped in such
a ring, its e!ect on the gamma ray emission is not ex-
pected to be prominent given its small volume filling factor
→ 3(Rb/RLHAASO)3(!Rb/Rb) → (0.2 ↑ 2) ↓ 10→5, where
Rb → 2↑5 pc (see Eq. 2), and we adopted !Rb/Rb → 0.1 for
the thickness of the ring in units of Rb; finally, RLHAASO =
120 pc is the size of the region of interest for LHAASO.

The flux of gamma rays, computed using the cross sec-
tions of Kelner et al. (2006) (see Appendix A for more de-
tails), is shown in Figure 3, for the four benchmark cases
discussed above and for ω = 0 (left panel) and ω = 0.3
(right panel). The purple triangles are the upper limits re-
ported by LHAASO (Cao et al. 2024).

In the case ω = 0 that maximizes the current of escap-
ing CRs and hence leads to higher values of the maximum
energy, the expected gamma ray fluxes are at the same level
as the upper limits, with cases 2 and 3 being in mild tension
with them and Case 4 exceeding the upper limits by about
a factor → 2↑ 3 between 10 and 100 TeV. The spectrum at
Eω ↭ 10 TeV is → 1/Eω , as expected based on the energy
dependence of the di!erential cross section for gamma ray
production, since there are no CRs at low energies that can
directly contribute such gamma rays. Notice that at least
in cases 2 and 4 the maximum energy in the early stages
can be as high as →Peta-electronVolt (see Figure 1), and
yet the spectrum of such high energy-particles is very steep
and does not lead to an appreciable gamma ray emission at
the present time.

In the case ω = 0.3 (steeper spectrum at the shock,
possibly induced by the formation of a postcursor (Caprioli
et al. 2020)), the current of escaping particles is smaller and
the maximum energy correspondingly lower. The gamma
ray fluxes (right panel) are all much lower than the
LHAASO upper limits. In fact they remain compatible with
such limits even for a larger gas density and/or a larger
value of the CR acceleration e"ciency (see for instance the
dashed line for case 3 and εCR = 0.1).

Figure 3 shows a few points very clearly: despite Cas A
being close to the beginning of its Sedov phase from the evo-
lutionary point of view, its maximum energy is well below
→Peta-electroVolt. This is however perfectly in line with
the standard theory of DSA at non relativistic shocks with
magnetic field amplification. Invoking additional processes
that may push the expected maximum energy for Cas A
toward larger values appears at this time not supported by
any evidence of the existence of such particles. The maxi-
mum energy of particles accelerated in Cas A has certainly
been higher at earlier times but these particles leave lit-
tle imprint in the spectrum of CRs released into the ISM,
N(E), as discussed in Section 2: the e!ective maximum
energy manifests itself in the form of a steepening from a
power law → E→2→ε (extending down to the maximum en-
ergy at the end of the Sedov-Taylor phase, when that phase
will be eventually reached) to a steeper one (depending on
the density profile of the ejecta) at an energy that corre-
sponds to the highest energy of accelerated particles at the
beginning of the Sedov-Taylor phase. This finding is also
reflected in the gamma ray emission. In the perspective of
assessing the role of a SNR as a potential PeVatron, this is
the maximum energy that counts.

5. Discussion
The debate on which CRs can possibly originate in SNRs
has now been ongoing for four decades: while there is little
doubt that the bulk of the low energy CRs are actually ac-
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 The expected gamma ray spectrum of gamma rays from around Cas-A is already in marginal conflict with 
LHAASO upper limits for spectrum E-2, despite the fact that at present Emax<<PeV 

 For spectrum E-2.3, all predictions are in agreement with LHAASO upper limits, but low current at Emax 

 In this latter case Emax~30 TeV, despite Cas-A being at its highest point in terms of particle acceleration

PB 2025



AMPLIFICATION DUE TO ACOUSTIC INSTABILITY
 Effective magnetic field amplification could be achieved because of a combination of acoustic instability (Drury 
& Falle 1986, Drury & Downes 2012, Downes & Drury 2014) and kinematic dynamo (Beresnyak+ 2009)
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AMPLIFICATION DUE TO ACOUSTIC INSTABILITY

Capanema, PB, Sobacchi 2026

The time at disposal of this process for amplifying the magnetic 
field is the advection time on the scale of the precursor 

The number of e-folds that can be achieved can be estimated as 
~ξCR M/2 and we want this to be >>1



AMPLIFICATION DUE TO ACOUSTIC INSTABILITY

Capanema, PB, Sobacchi 2026

 In the linear phase of the instability the density 
perturbations grow and velocity perturbations develop, 
eventually reaching non linear levels, δρ/ρ≳1 

 These structures often develop into shocklets due to the 
term ∂u/∂t~∇PCR/ρ  

 At the same time vorticity grows: ∂ω/∂t~(∇ρ × ∇PCR)/ρ2 

 Turbulence leads to magnetic field amplification due to 
both compression and twisting of magnetic field lines



Capanema, PB, Sobacchi 2026 (see also previous results by Drury and Downes 2012, Downes &Drury 2014, Del Valle+2026)



Capanema, PB, Sobacchi 2026 (see also previous results by Drury and Downes 2012, Downes &Drury 2014, Del Valle+2026)



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

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

In turn this reduces the current in the form of escaping 
particles, and hence the Emax - self-regulation?



GENERAL IMPLICATIONS
 The excitation of the non-resonant instability has profound implications for Emax in SNRs  

 Because of the scaling Emax∝ vs3 ρ1/2 the maximum energy is the highest in the early phases of core collapse 
SNe when however the mass processed is small, hence spectrum suppressed 

 In the end, it appears to be difficult for the non-resonant instability to have a large impact on the 
effective Emax in SNRs, which remains smaller than the knee energy, at least for SNR in their standard 
environments 

 Particles might reach higher Emax due to acoustic instability+kinematic dynamo, [erhaps in collaboration 
with the non resonant instability, that also causes large δρ/ρ 

 The escape process shapes the whole source spectrum that we use in transport calculations! … and it 
is model dependent…



CAN WE EXCLUDE SNRS AS PEVATRONS?
 No, what we can reasonably state is that the bulk of SNRs (type Ia and IIn) are not PeVatrons, in the sense that their Emax at the beginning of the 

Sedov-Taylor phase is <<PeV. The fact that at earlier times they can be PeVatrons is irrelevant from the point of view of the origin of CRs 

  It has been speculated that some type IIn SNR may occur in extremely large density media, due to massive eruptions during the late stages of the 
pre-SN star (Ekanger+2026), but it is not clear how frequent this phenomenon may be and how much of the mass is processed during such encounters 

 It has been speculated that Emax~PeV in SN explosions in the core of star clusters (View+2022). The gamma ray emission from Cygnus OB2 could be 
due to such a SNR (Haarer+2025). Even assuming that Emax~PeV, a substantial part of the observed gamma rays would have to be of some other origin. 
A leptonic origin would require a large Kep (Li, PB &Amato, 2026). Reaching PeV always requires Bohm diffusion
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Fig. 9: Same as Figure 8, but with a lower bubble gas density of
nb = 1 cm→3.

the acceleration and transport in the Cygnus region, aimed at
providing a viable explanation of the spectrum and morphol-
ogy of the gamma-ray emission as measured by Fermi-LAT,
HAWC and LHAASO. The first scenario is based on the for-
mation of a collective wind plowing material outward and exca-
vating a rarefied hot bubble around the star cluster, with a size
of ↑ 100 pc for the parameters of the Cygnus association. Diffu-
sive particle acceleration takes place at the WTS (Morlino et al.
2021; Blasi & Morlino 2023; Menchiari 2023) and the acceler-
ated particles are transported downstream through advection and
diffusion. The spherical symmetry of the problem, for reason-
able choices of the diffusion coefficient in the bubble, leads to a
gamma-ray spectrum that drops too quickly with energy and is
unable to account for the LHAASO data. In fact we show that the
only case for which such data can be reasonably well described
is that of space dependent Bohm diffusion, where the strength of
the local magnetic field downstream is computed as a fraction
of the local ram pressure. We consider the assumption of Bohm
diffusion as highly speculative and unlikely to be realized in this

context, in that it requires magnetic power to be independent of
scale. This assumption may be realized when turbulence is self-
generated by a spectrum of accelerated particles ↓ E→2, but as
discussed by Blasi & Morlino (2023), in Cygnus there do not
seem to be favorable conditions for this process to take place.

In the case that the conditions for spatially dependent Bohm
diffusion were realized, the fit to the LHAASO data on mor-
phology also requires that 1) the gas density inside the bubble
be relatively large, of order 10 cm→3, and 2) a cloud of dense
material (density 20 cm→3) has to surround the cluster out to a
distance of at least 150 pc from the center. This cloud might be
the molecular gas from which the star cluster originally formed.
In terms of modeling the gamma-ray emission from Cygnus, the
cloud is needed to justify the fact that the emission profiles by
LHAASO extend to ↑ 6 degrees and, perhaps equally important,
because the interactions of GCRs in the cloud may account for
the gamma-ray emission with Eω ↭300 TeV.

The diffusion coefficients in both the bubble and the cloud
are required to be suppressed with respect to their value in the
Galaxy by several orders of magnitude in order to account for
observations. This last finding is common to all the scenarios
investigated here.

Although the formation of a WTS is common wisdom in
the theory of young star clusters, it has been argued (Vieu et al.
2024) that the Cygnus cluster might be too loose and have too
few young stars to form a collective WTS, so that smaller termi-
nation shocks, associated to the winds of individual stars, might
be more likely to occur. For this reason, as well as due to the
severe requirements of the WTS model described above, we also
consider the case of a point source in the center of the star clus-
ter, be it continuously operating in time or rather burst-like. The
continuous case might be associated to particle acceleration in
the winds of individual stars in the cluster or the interaction be-
tween these winds. It should be noted that both these possibilities
appear to require rather extreme and possibly unrealistic condi-
tions for CR acceleration to PeV energies, as also discussed by
Haerer et al. (2025). This scenario also requires the presence of
an extended cloud region, reaching out to ↑ 150 pc, in order to
accommodate the observed morphology, and a gas density in the
near cluster zone of ↑ 10 cm→3. As in the case of the WTS, also
here the diffusion coefficient must be suppressed by orders of
magnitude to achieve a good description of the spectrum. The
contribution of the GCR interactions in the surrounding could
play an important role both at very high energies due to the cut-
off of the locally accelerated particle spectrum, and in the GeV
range, as a result of the steep spectrum of GCRs.

The last scenario investigated here is that of a burst-like
source in the center, such as could be the case of a supernova ex-
plosion. The event cannot have occurred too recently because we
would then see the remnant, and it cannot have occurred too far
in the past since in that case all high energy particles would have
left the region, even in the case of suppressed diffusion. We tried
to fit the data with a supernova event occurred ↑ 50–60 kyr ago
and for different choices of the diffusion coefficient in the bub-
ble. In none of the cases it is possible to achieve a decent descrip-
tion of the data at all energies, neither in terms of spectrum nor
morphology, confirming previous results of Haerer et al. (2025),
despite the requirement that the diffusion coefficient in the re-
gion is suppressed (otherwise unreasonably large efficiencies are
required) and despite the assumption of a dense extended cloud.
We also stress the fact that, contrary to the claims of Haerer et al.
(2025), reaching ↭ PeV energies in a supernova in Cygnus is
equally difficult as in other situations: while Hillas criterion sets
an upper limit to Emax, the expected level of magnetic field am-
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OUTSIDE SOURCES AND BEFORE 
BECOMING COSMIC RAYS



On the scale of the coherence scale of the Galactic magnetic field, particles do not yet experience 
Galactic transport, and in particular transport is not three dimensional! 

The density of particles in the tube accessible to particles is >>Galactic and the gradients can be large 
as well —> Conditions for excitation of streaming instabilities 

Source



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



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 



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.

while propagating in the Galaxy, a quantity that we infer from observing secondary to primary ratios in the cosmic587

radiation. For reasons explained above, SNRs and PWNe are expected to behave in qualitatively different ways and588

a dedicated investigation should be devoted to each of the two classes of sources.589

While this issue was investigated in previous articles (D’Angelo et al. 2016, 2018; Recchia et al. 2022),590

here we focused on several new aspects of the problem: 1) we identified a few instances of SNR-MC591

associations for which the γ-ray emission may flag the suppression of diffusivity and discussed a set of592

criteria to be adopted for this sake; 2) we analyzed the γ-ray emission from two SNRs, W28 and HB9,593

that are not expected to be particularly bright; 3) we investigated the effect of self-confinement on the594

grammage that CRs traverse while escaping the circum-source regions with special emphasis on the595

presence of MCs.596

Extracting relevant physical information from the γ-ray emission associated with MCs around SNRs is particularly597

complex because of environmental issues: first, there are several cases in which the cloud is hit by the shock front of598

the SNR, a situation sometimes flagged by maser emission; in this case the acceleration process is severely affected599

and one should not necessarily expect that the γ-ray emission provides information about the diffusion coefficient in600

the medium surrounding the SNR. We avoid such situations.601

Second, in some cases, due to projection effects, it may be unclear whether a MC is associated with a given SNR.602

We try to avoid such situations as well, in that the results would be, to say the least, ambiguous.603

In the attempt to identify some clean cases, in which the emission from (some of the) clouds is reasonably well604

associated with the production of pions by CRs diffusing away from a given SNR, we chose one MC around SNR605

HB9 and two clouds around W28, as targets of our investigation and carried out the calculations in606

such cases.607

A rough assessment of the possible need for a suppression in the diffusion coefficient around sources can be made608

by using a phenomenological calculation, in which the diffusion coefficient is parametrized as a fraction of a Galactic-609

like diffusion coefficient (Aharonian et al. 2008; Nava & Gabici 2013; Bao et al. 2019; Bao & Chen 2021).610

Meanwhile, a non-linear computation that includes self-generation and damping, clarifies whether the conditions are611

appropriate to expect a suppression of the diffusion coefficient as a result of the excitation of resonant streaming612

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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boundary is assumed to be 100 pc away from the source.
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CONCLUSIONS
 Reaching high energies in SNR requires very effective magnetic field amplification 

 Both non resonant instability and acoustic instability, possibly the combination of the two, could 
play an important role in accelerating to VHE 

 These instabilities regulate the maximum energy of accelerated particles and in doing so they shape the 
spectrum of particles escaping into the ISM (Source spectrum in transport calculations) 

 This source spectrum is not a perfect power law, it shows bumps and dips reflecting the time 
dependence of Emax and the different stages of SNR evolution 

 It is quite likely that SNR may reach ≲100 TeV and other sources may be needed to pick up and reach the 
knee  

 The gamma ray observations of SNR and especially the regions around them are crucial to make sense 
of this whole picture, as shown by the case of Cas A


