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NON THERMAL PHENOMENA ARE UBIQUITOUS
Universal need for acceleration mechanisms
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COSMIC RAYS - A SHORT INTRODUCTION
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¢ We now measure with good accuracy the spectra of
individual primary components (p, He, C, ...) as well as
secondary (Be, B, antiprotons, positrons, ...)

€ The all-particle spectrum shows a marked knee at about
2 PeV and a clear suppression at 1020 eV

& At the knee there is also evidence for a transition from
lighter to heavier nuclei

¢ The generally accepted view is that CR remain Galactic in
origin up to the so-called second knee (1017 eV) where
extragalactic CR kick in

€ It is not yet clear whether the suppression at the end of
the spectrum reflects an intrinsic maximum energy or
rather photo disintegration of nuclei
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A PLASMA VIEW OF COSMIC RAYS

Cosmic Rays are “Mostly” positively charged particles propagating around in a plasma “mostly” made of
protons and electrons in approximately thermal equilibrium.

This definition applies to both the acceleration regions and the interstellar space between sources
In general, cosmic ray diffusion leads to establishing spatial gradients —> electric currents

The background plasma reacts to the presence of cosmic rays by creating return currents, in order to retain
charge neutrality and these are responsible for exciting instabilities under certain conditions

This phenomenon is of crucial importance for both acceleration and propagation of cosmic rays



A PLASMA VIEW OF COSMIC RAYS

® In the Galaxy a global gradient can be established between the disc (where the sources are) and
a free escape boundary (halo), of order ncr/H

¥ By the same token, a gradient can be established near sources on scales L such that the
contribution of the source dominates upon the sea of CRs (gradient ncr/L)

¥ If acceleration occurs at shocks, the upstream generates a precursor of size D(E)/ush
correspondent to the distance that can be reached by accelerated particles. A gradient is
established on such a distance

® Finally, far from the shock in the upstream region there is a current of particles escaping the
acceleration region, at the highest energies



PLASMA PHYSICS OF COSMIC RAYS

On typical time scales of transport, collisions are unimportant, hence:

—

8;5“ TV o+ 2 (frf X B) - %if =0 o = thermal protons, thermal electrons, CR
c P

+ Maxwell Equations connecting the EM fields to the source term (charge density

and currents)
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STREAMING INSTABILITIES

non—resonant mode

1

resonant mode
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wavenumber k resonant with the
gyration of particles in the CR current

10°

¢ The LH modes represent weakly modified Alfven
modes with an imaginary part that peaks at
wavelength = Larmor radius of the particles

¢ The RH modes (Bell 2004) grow the fastest at kmax
r.>>1 and are quasi-purely growing (Im(w)>>Re(w))

€ By their very nature these latter modes are non-
resonant and can in fact be obtained also in a

treatment in which the background plasma is
treated as MHD

¢ These modes are excited only if the current is
strong enough



Basics of diffusive shock acceleration

UPSTREAM

DOWNSTREAM Ofo uBfO 1 (d_u) dfo 0 i %_
dz
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Advection Compression Diffusion

FFOR A PLANE PARALLEL SHOCK:

—co Foo

du
o = (u2 —u1)0(2)
U, Acceleration due to the irreducible induced electric field across the shock

front

D(E) E

Estimate of the acceleration time: Tacc(E) ~ —5— o¢ ——
(O Bus

Acceleration to high E requires large vs and/or large B

9



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
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Dynamical Reaction of Cosmic Rays

VELOCITY Compression factor becomes a function of energy

PROFILE o * Spectra are not perfect power laws (concavity)

* Gas behind the shock is cooler because part of the
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Dynamical Reaction of Cosmic Rays

* Compression factor becomes a function of energy

VELOCITY
PROFILE

* 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

Caprioli & Spitkovsky 2014
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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
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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
iInduced 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 fields are needed to explain the narrow X-ray filaments in virtually all young SNR and to account for the maximum
energy

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

RESONANT STREAMING NON RESONANT HYBRID ACOUSTIC INSTABILITY AND

INSTABILITY STREAMING INSTABILITY TURBULENT AMPLIFICATION

Drury & Falle 1986, Berezn iak, Jones & Lazarian 2012

Kulsrud & Pearce 1969, Bell 1978,

Lagage & Cesarsky 1982 Bell 2004, Amato & PB 2009







MEA 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 vp>va — in the case of DSA vp~Vghock>>Va

A small perturbation 6B grows exponentially with a growth rate that can be easily estimated as:

n > F)w v 2 C Alfvenic Mach
F’r‘es(k) — CR( ) shock Qcyc — éhC—R]\IA ( ShOCk) My = Yshock 1\ mber of the
n; VA T A C ri(E) va  Shock
Assuming a spectrum E-2 A = In(Epqq/mpc®) ~ 10

...and the instability grows on scales k~1/r (E) —— Once 6B becomes of order By (pre-existing field) the process stops!
Imposing that the acceleration time equals the beginning of Sedov-Taylor:

2
e () () ()

10° cm/s
In general the instability is quenched by ion-neutral damping or non linear Landau damping depending on
environment, at earlier times...

Do
3uG

TSedov
150 yrs

Lagage & Cesarsky 1982




SOME USEFUL CONSIDERATIONS

Adopting Quasi-Linear Theory as a benchmark, one can write the diffusion coefficient as:

B 1 T'L(E) 5B(k) 2
~ 3 F(k) - F0= (5, )

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)

D(E)

If one requires that E,,.x=1 PeV it is easy to infer that:

Vshook \  ( Bo \ [ Tsedov \
F (k)| e/ v A~ 14 shoc 0o edov 1
(B)lk=1/r(1Pev) 0 (109 cm/s) (3,u,G) (150 yrs) =7

...namely for a SNR to be a PeVatron, one cannot be in the regime of resonant streaming instability!
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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 6B reached seems to compare well with those inferred from thickness of X-ray filaments

3) Itis potentially capable to allow acceleration to 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

17



THE BELL INSTABILITY
[a.k.a. Non Resonant Hybrid Instability]

Protons of given energy upstream of the shock represent a current Jcg=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 I~1/kmax Where

47

kmaa:BO - 7JCR

The growth occurs at a rate that can be approximated as: ', 0 = KmmagrV A

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

1/2 ~-1/2 e ~1/2 Only works in very young
nor(> E)EvShOCk My > - ~ 500 ( SR Ugh : % with large Alfvenic
€CR Ushock 0.1 10% cm/s Mach number

for E-2 spectrum
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SATURATION AND MAXIMUM ENERGY IN SNR

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:

,0@ ~ 1 J O R5 B e A,'\‘} AT ~ Jor 0B (O)

dt Cp ’}/2 exp(/ymaa;t)
C max

urrewt o-f

”," PW\'@ particles  1ho current s weakly disturbed until the transverse displacement becomes of
y order the Larmor radius in the amplified field...this condition leads to the following
saturation condition:

2
0B~ = nor(> E)EUS’LOC’“ o~ gC_vaghock Ushock  independent on scale (Bohm Diff)

47 C A

The maximum energy at time T is estimated by requiring that the growth time of the instability equals ~T/5
(5 e-folds) - this condition dominates upon the condition on acceleration time:

- gC’R \/47TP 2 The time dependence of Rshock and Vehock is
Emag & 10A o eRshock (T)vshock(T) different depending on the type of SNR

19



MAXIMUM ENERGY OF CRIN SNR

Cristofari, PB & Amato 2020
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ROLE OF CR INDUCED INSTABILITIES DURING TRANSPORT
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THE ROLE OF NLLD IN REGULATING STREAMING INSTABILITIES

- Classical picture -

€ In the absence of any damping process, Sl leads to a reduction of a super-Alfvenic drift
velocity because particles start scattering

€ As a result the process leads to a situation in which the drift becomes Alfvenic (namely the
particles are now isotropic in the reference frame of the Alfven waves)

¢ In the presence of damping, wave growth continues until damping kicks in and the growth
stops, hence the drift remain super-Alfvenic at saturation of the instability:

I'2%(k) =Tnrrp(k) —



THE ROLE OF NLLD IN REGULATING STREAMING INSTABILITIES

- Hybrid PIC Simulations - Schroer+2025,2026

4 x10°¢

3 X 10—1 \

S B B N

_BZl

[, dk:6B(k2)?

kres
— [ “dko6B(k)?

X
Q 2x107t
=
—— VYmaxt=0
Ymaxt = 7.0
- Vmaxt —_ 30.0
10! T T T T T T
0.6 0.8 1.0 1.2 1.4 1.6 1.8
Vx/VA
QO »n | O U
< 2 0 S &5 : .
=2 a - © = We see heating of the thermal plasma in
m : bD [ [ ) [ ] [ ]
c_” S=5g Eventually the coincidence with damping
°R7 a.
= o = O 5 .
S.<=5 EELT drift speed
98 _ 2T £ turat The dampi turates wh lat
52ct ~_.E 8% saturates e damping saturates when a plateau
o [ ] ( ] ( ] ( ] [ )
o % = z 2 5msE is reached in the thermal distribution
— 2o < O E&%To



THE ROLE OF NLLD IN REGULATING STREAMING INSTABILITIES

- Hybrid PIC Simulations - Schroer+2025,2026

L

€ Initially the resonant Sl leads to the growth of perturbations on the
scale of the larmor radius of the particles

€ When NLLD sets in, we see that the perturbations at the resonant
scale saturate but power appears to larger scales (inverse cascade)

¢ These perturbations contribute to the damping but also can scatter
with higher energy particles

€ Even more important, if Alfvenic perturbations were pre-existing they
would dominate the damping with catastrophic implications for CR
scattering

' T T T T T T T O .
0 50 100 150 200 250 300 350 400 ¢ The waves are either completely self-generated or none of them are...
k=1/d,



HYBRID PIC SIMULATIONS
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w X tadv

e.g. shock wave precursor

ACOUSTIC INSTABILITY + KINEMATIC DYNAMO
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A sound wave or a magneto-sonic wave moving in
the pressure gradient of upstream CR is unstable
(Drury & Falle 1986, Drury & Downes 2012)
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ACOUSTIC INSTABILITY + KINEMATIC DYNAMO
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SUMMARY (1)

¢ Instabilities induced by non-thermal particles play a central role in both acceleration and transport

€ For fast shocks (faster than about 2000 km/s) the non resonant streaming instabilities dominant and leads

5B2 Ushock gCR 2 Ushock
to Ar ncr(> E)E - < Tpvshock'

€ For slower shocks the resonant instability comes into play and it is limited mainly by NLLD
¢ In both cases, in the absence of these instabilities, the maximum energy is exceedingly small
¢ Even in the presence of these instabilities it is unclear whether standard SNR can accelerate to PeV energies

¢ Other processes (acoustic instability + kinematic dynamo) can contribute to increasing the upstream
magnetic field
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SUMMARY (2)

¢ The transport of Galactic cosmic rays with E<1000 GeV is ruled by the excitation of the

resonant streaming instability limited by NLLD

€ Transport in regions very close to the sources may be affected by both resonant and

non-resonant streaming instability

¢ The local confinement leads to overpressurized regions that excavate cavities in the ISM

€ At energies >1000 GeV, CR scattering remains subject of much debate. The feature at

300 GV may be sign of transition from self-generated to external turbulence (PB

2012)

€ On global Galactic scales, the self-confinement of CR leads to pressure gradients that

shape winds and outflows

29
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COSMIC RAYS - SPECTRUM
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¢ We now measure with good accuracy the spectra of
individual primary components (p, He, C, ...) as well as
secondary (Be, B, antiprotons, positrons, ...)

€ The all-particle spectrum shows a marked knee at about
2 PeV and a clear suppression at 1020 eV

& At the knee there is also evidence for a transition from
lighter to heavier nuclei

€ The generally accepted view is that CR remain Galactic in
origin up to the so-called second knee (1017 eV) where
extragalactic CR kick in

€ It is not yet clear whether the suppression at the end of
the spectrum reflects an intrinsic maximum energy or
rather photo disintegration of nuclei
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COSMIC RAYS - MASS COMPOSITION

Virtually all spectra of predominantly primary nuclei show a
hardening at rigidity of about 200 GV

All nuclei show a flux reduction at a rigidity of about 20 TV

After accounting for transport effects it appears that protons (H

nuclei) need to be injected at the sources with spectra steeper than
He

The source spectra of nuclei are all the same but somewhat steeper
than He

These findings are difficult to reconcile with the rigidity
dependence of both the acceleration and transport processes
which is in fact observed

32
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'THE KNEE

e According to the LHAASO recent measurement, the
region of the knee is dominated by the light CR

component (p+He)

e The proton component seems to cut at rigidity about 1/2
as for that of He nuclei, consistent with rigidity effects
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A'TOY MODEL FORPROTONS INOUR GALAXY

/ HALO ~ several kpc
DISC ~ 300 pc
© o

- Assumptions of the model: |
!1 1. CR are injected in an infinitely thin disc *"
2H ! 2. CR diffuse in the whole volume ]
‘ 3. CR freely escape from a boundary ‘
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o0f =
0 o0f B Dngonstant%f(z):fo (1_E>

3. f(z=H,p) = y



A'TOY MODEL FORPROTONS INOUR GALAXY

/ HALO ~ several kpc
DISC ~ 300 pc
Rd A/

Assumptlons of the model: |
,{ 1. CR are injected in an infinitely thin disc *"
2H ! 2. CR diffuse in the whole volume ]
‘ 3. CR freely escape from a boundary ‘

+ A = —
B Qo(p)
] Qp, z) = 7TR¢21 0(2) For z=0:
9 o ) Dg—‘i = Constant — f(z) = fo (1 - E)
2 —5-|Po, | = Qp:2) MR
2| 0z
3 f(Z:Hap): 34 af :_D@

8z 0% H



A'TOY MODEL FOR OUR GALAXY

Let us now integrate the diffusion equation around z=0

0 af _ Qolp 0 f ~ Qo(p)
(2) 0(%) » —2D == |.—0- >
0z | 87; TR 0z T
and recalling that
Diffusion
Time
of olp) H  Qo(p) H?
D% =0 ’ folp 27TR2 ZWRCQZH D
Rate of
- ——— S —— inje.ction per
»': Since QO(p) p-Y and D(P)"'Pa "‘ unit volume

fo(P) - PY V-5 {*



ATOYMODEL FOR OUR GALAXY: escape flux

WE ALREADY ESTABLISHED THAT

af

D— = constant
02z
BUT THIS IS EXACTLY THE FLUX ACROSS A SURFACE IN DIFFUSIVE REGIME:
esc — z= — B ~ | z2=0"
8z Oz '~ 27TR62i

THE SPECTRUM OF COSMIC RAYS OBSERVED BY AN OBSERVER OUTSIDE OUR
GALAXY IS THE SAME AS INJECTED BY SOURCES, NOT THE SAME AS WE MEASURE
AT THE EARTH!
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A SIMPLE APPLICATION:
THE TRANSPORT EQUATIONAPPROACHTO DSA

LET US ALSO ASSUME STATIONARITY!

7
UPSTREAM | DOWNSTREAM O O 1 /du O O Of
, fo . ,0fo du 9fo _ O [0fs
| ot 0dz 3\dz) Op 0z | Oz
: Advection Compression Diffusion
|
— \C +oo FOR A PLANE PARALLEL SHOCK:
| du
: — = (u2 —u1)0(z
| - = (u2 —u1)d(2)
u, : u,
|
I

[t can be argued that downstream of the shock the only solution is the one for which:

0
f(x, p) = constant = fy(p) Da—i z—0+ = U
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UPSTREAM solution

LET US ASSUME STATIONARITY (LATER WE SHALL DISCUSS IMPLICATIONS)

IN THE UPSTREAM THE EQUATION READS

d [ .0f

0z | 0z

of

—u-—=0 —- ——|D

0z

9 |pof uf| =0

0z | 0z )
FLUX IS CONSERVED!

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

f(z,p) = foexp F

0,
— Da_j; z—0— — UlfO(p>
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AROUND THE SHOCK

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

0 0 1 d
D_f z—0t _D_f z—0— T g(uz — u1) ﬂ

0z 0z
WHERE WE USED du/dz=(u>-u1)3(z)

=0
dp

REPLACING THE EXPRESSIONS FOR THE DERIVATIVES DERIVED BEFORE:

—U1f0(P) T _(Uz B Ul)P— =0 P > Dinj

WHICH HAS THE SOLUTION:




