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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)~Eo-s

¢ All these considerations apply to E<i 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
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The transport equation describes the isotropic part of the distribution

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




PARTICLE ACCELERATION AT SHOCKS

DOWNSTREAM a a a a 1 d a
D f - f u f T Q(X, D5 l )
t oOx| ox 8x 3 dx op

¥ 0 DIFFUSION ADVECTION COMPRESSION INJECTION

The transport equation describes the isotropic part of the distribution

function of non-thermal particles
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UPSTREAM SOLUTION

LET US ASSUME STATIONARITY (LATER WE SHALL DISCUSS IMPLICATIONS)

IN THE UPSTREAM THE EQUATION READS
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FLUX IS CONSERVED!

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

IN THE DOWNSTREAM THE EQUATION READS
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FLUX IS CONSERVED!

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

f(p)tme t+dt f(z,p) = constant = fo(p)

time t

X Da_xla:—>0+ =0



AROUND THE SHOCK

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

9, 9, 1 d
T €T
WHERE WE USED du/dx=(u,-u,)5(x)

REPLACING THE EXPRESSIONS FOR THE DERIVATIVES DERIVED BEFORE:

—u1fo(p) + 3 (u2 —u1) = =0 P > Pinj

WHICH HAS THE SOLUTION:




THE SPECTRUM IS A POWER LAW IN MOMENTUM

INTEGRATION OF THIS SIMPLE EQUATION GIVES:

~3u, DEFINE THE COMPRESSION FACTOR
\ r=u,/u, —> 4 (strong shock)
_ Bu, Ny, ( P U~ U, 4 .
Uy =ty 37P;y; \ Pij | THE SLOPE OF THE SPECTRUM IS
3u1 3 :
>4 ifr—4

up —us 1 —1/r
THE SPECTRUM OF THE PARTICLES ACCELERATED AT A STRONG SHOCK IS UNIVERSAL AND IS
ALWAYS PROPORTIONAL TO p-
I'T ISNOT A POWER LAW IN ENERGY!!! UNLESS YOU ARE EITHER...
ULTRA-RELATIVISTIC N(E)dE = 4mp° f(p)dp — N(E) «x E~?

NON-RELATIVISTIC N(E)dE = 4np*f(p)dp — N(E) « E~3/2



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...

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

Em axr
M ...BUT THE TOTAL ENERGY CARRIED BY PARTICLES IS E,,; > / dEE~?E — In(o0)
(contradicting the assumption of test particles) m

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



TEST PARTICLE SPECTRUM

™ Slope of the test
26- particle spectrum

(r+2)/(r-1)

10.0 12.5 15.0 17.5 20.0

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<3. 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.



FAILURE OF THE BASIC THEORY OF DSA: Enax

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

tor ~ 430 yrs [ —> SN ( M )
Y I 10°terg 0.1cm—3

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

D(E) . Mej 173 Egsn ny —2/3
02 tsT = Emaz 7 0.2 GeV (M@) 10°lerg (O.lcm—3)

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

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




DYNAMICAL REACTION OF COSMIC RAYS
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€ 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
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DYNAMICAL REACTION OF COSMIC RAYS
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DYNAMICAL REACTION OF COSMIC RAYS

VELOCITY
PROFILE
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€Gas behind the shock is cooler because part of the energy has been used to
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Malkov 2001, PB 2002, PB, Gabici & Vannoni 2005,...



DYNAMICAL REACTION OF COSMIC RAYS
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Caprioli & Spitkovsky 2014

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%
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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 NON RESONANT ACOUSTIC INSTABILITY AND

INSTABILITY STREAMING INSTABILITY 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



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

AP n.mv, =V,) ’(H’S”ud
Negmv, —=>n,mV, =—L =K D 4
CR D CR A d h
B | T.. Approac
RATE OF MOMENTUM LOST BY CR BEAM RATE OF MOMENTUM GAINED BY WAVES

Time for deflection by go°

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

n V,

gas

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

_ An> _
'YW(k) _ nCR(> P) Up — VA 0, ~ TP f(P) Up — VA Q. L — kres(p)

Ngas VA Ngas VA




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 Ecr OF THE RAM PRESSURE:

f(p) _ 3€CR,0’U§ ( P >—4 A =In (pma:c>

dmpse/A Do Do

HENCE, REPLACING IN THE PREVIOUS EXPRESSION AND REARRANGING THINGS:

3¢crpv? [P\ 1 wsqBy 3Ecrpv?us va B§
yw (k) & — = Up = —
cApo D0 Ngas VA TMpC AU ¢ rr(p) 47
UPON INTRODUCING THE ALFVEN MACH NUMBER Ma=Vs/Va
—1 5}
ECR ,0VUs VA Yo (1GeV) >~ 3 x 10°s
Yw (k) = 3—=—M} —P

A C T'L(p) FOR TYPICAL ’)’1;/1(1P6V) o 104y7°

PARAMETERS



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

Protons of given energy upstream of the shock represent a current Jcr=ncr(>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 1~1/kmax Where

47

kmamBO — ?JCR

The growth occurs at a rate that can be approximated as: 1,02 = Kmaz?¥Aa
The condition for this instability to develop is that kmax>1/rL(E), which is equivalent to requiring that:

2 1/2 —1/2 ~1/2 Only works in very youn
nor(> E)EvShOCk > 50 q My > ( Ao e ) ~ 500 (&J—R> ( shock ) SNR with large "hifvenic
C A SCR Ushock U1 10° cm/s Mach number

for E-2 spectrum



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

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:

icurrent of
esaapf«l/\@ Pa rticles
‘ f

= e T
C max

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:

6 B? VUshock  ECR o  Ushock
=n > B E ~~ v
A CR( ) e A PUshock c




'T'RADE OFF BETWEEN RESONANT AND NON RESONANT MODES

N Y% ~1/3 , . .1 :

For shocks slower than v ~ 1000 ks (mk;‘; /S) (%’—?) the magnetic field that the Bell instability produces is smaller
than B,, 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)

Sedov-Taylor

arts: En. Sedov € For a typical Ia SN the maximum energy at the beginning of
3 the Sedov phase is <100 TeV
104 - /‘ oionf0 € EmaSedov is what we call the MAXIMUM ENERGY OF THE

Maximum energy ACCELERATOR
103 = ,
€ Higher values can be achieved early on but they do not show
107 in the time-integrated spectrum (see later)
.+ ] Maximum Energy for SN la € After ~1000 yr Bell instability étops being excited and only
o resonant Alfven waves can be excited

10° 101 102 103 104
t(years)



E*N(E)[erg]
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At each given time particles with energy Enax(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 E2, 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



'I'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 Emnax®<Emax® due to energy losses, no escape occurs for electrons

Cristofari, PB & Caprioli 2022
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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...

=

Model E51 Mo (¥ M_5 k C S

Casel | 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 | 24 4 2 5 12 | 1.14 | 3.81

5 _ =0.3
10 - Case 4 'B 0.03
i Case 2 Scr = 0.
S S - Case 3
QL Q
O O i
= =
S S i Case 1
L] LuJ
10° “Maximum Enerqy for p-4 Maximum Enerqy for p-+3
1 1 IIIIIII 1 1 IIIII]I 1 1 IIIIIII 1 1 1 1 IIIIIII 1 1 Illll]l 1 1 IIIIIII 1 1
1071 10° 10t 102 1071 10° 10t 102
t [yr] t [yr]

PB 2025




THE CASE OF CAS-A

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

1/2
i) coherence scale of the
)‘(E) ~ lkpc ( ) >> L Galactic B-field

PeV

r(E) ~ 1pc (

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

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

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

o -02.00°

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

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



THE CASE OF CAS-A

¢ 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 Enax<<PeV

$ For spectrum E=23, all predictions are in agreement with LHAASO upper limits, but low current at Emay

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

Upstream Downstream
y
,"' >
< L >
o
6—€+V-(pll)=0, 5 539 ik‘VPCR
0 oy VP _ VP  (VXB)xB w” =cgk” + : (k || Bo)
ar N T p p dmp ’ Lo
o (P P » ik-VP
9L W)= 2 _ 2 1.2 CR
at(py)”“ V)(m) . W= Cmsk” po (K & Bo)
B _ G uxB). Perturbing

ot 2 _ 2 2 _
V.B=0, Cms = Cs T V4 and v4 = Bo/+\/47pg



AMPLIFICATION DUE TO ACOUSTIC INSTABILITY
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Capanema, PB, Sobacchi 2026

X
Pcr(x) = &écr poug — 2
OL i \/ CERY | kL < EcrM?
2 Mu
pPoly SRMU0 KL > EcrM?
VPcr(x) = &cr 7 > & ek “CR

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
~Ecr M/2 and we want this to be >>1



AMPLIFICATION DUE TO ACOUSTIC INSTABILITY

P/ Po
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0

3000
1500
0

€ In the linear phase of the instability the density
perturbations grow and velocity perturbations develop,
eventually reaching non linear levels, dp/p=1

0 term ou/ot~VPcr/p

100
w 50 ¢ These structures often develop into shocklets due to the
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Capanema, PB, Sobacchi 2026
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Capanema, PB, Sobacchi 2026 (see also previous results by Drury and Downes 2012, Downes &Drury 2014, Del Valle+2026)
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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 THE VELOCITY OF THE WAVES UPSTREAM IS U;- W, = U,

y, ) | m)
| IN HYBRID SIMULATIONS THE DOWNSTREAM WAVES ARE SEEN TO MOVE IN THE SAME DIRECTION AS THE
V. <4m (mp W, o PLASMA, WITH APPROXIMATELY THE ALFVEN SPEED IN THE AMPLIFIED FIELD (POSTCURSOR)

Haggerty & Caprioli 2020; Caprioli, Haggerty & PB 2020

. 6B . ' 3R
~ = ~
’ \/4rp ’ K R—-—1—-a

' SPECTRUM BECOMES STEEPER i

In turn this reduces the current in the form of escaping

particles, and hence the Enax - self-regulation?



GENERAL IMPLICATIONS

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

¢ Because of the scaling Emax~ Vs3 pv2 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 Enax 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 6p/p

¢ 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?

\J

® No, what we can reasonably state is that the bulk of SNRs (type la 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 K¢p (Li, PB &Amato, 2026). Reaching PeV always requires Bohm diffusion
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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

——————




Dynamical Effects of CR near a source

Since in the ordinary ISM Ecr=Ep=Ew, 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
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Depending on the total and ionized density in the circum-source medium, self-generation
increases the confinement time by about one order of magnitude



GAMMA RAYS FROM OCCASIONAL NEARBY MOLECULAR CLOUDS

While confinement is easier if the surrounding medium is almost

) } ~ - completely ionized, interactions of CR are easier in denser (hence
N\ [ oA partially ionized) plasma
\\: \ The coexistence of these two conditions may occur when a SNR is
N\ Vs located near a molecular cloud, that only acts as target, while
source confinement is guaranteed by the surrounding ionized medium
cloud

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
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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



