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Summary

® Phenomenology of cosmic rays
® The CR spectrum
® Transition from Galactic to extra-galactic CRs
® Chemical composition

® Anisotropy

® Acceleration mechanisms
® The Hillas’ criterion
e Fermi II
® Fermi I

® Collision-less shocks

® Sources
® Supernova remnants
® Stellar clusters

® Micro-quasars
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E? Intensity [GeV m 2 s 1 sr1]

A quick view of the CR spectrum
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A quick view of the CR spectrum
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A quick view of the CR spectrum

- 1 020_ Cosmic Ray Energy Spectrum
L ] compiled from various air-shower measurements
'\U) 17 from F.G. Schroeder, PoS (ICRC2019) 030
vi ~ E “second ¢  lceTop Infill PoS(ICRC2019)318
D . KNEE §  IccTop Pos(ICRC2019)172
T §  Telescope Amray PoS(ICRC2019)298
" ¢  Auger PoS(ICRC2019)450
o~
I
E 219
el 0.
™~
?.Ll ] .:* " kl "
2. e 15 « alkie
Flux X E / i Eknee ~3-107eV t ..:t.* - $ "toe”
. Q ..:.* +
s . H
g 18 [
X 10 : L
= 1
g
S ?
g o
S . 17
10 -

cosmic-ray energy in eV

G. Morlino, ISAPP school June 2025



A quick view of the CR spectrum

a2l | Cosmic Ray Energy Spectrum
L 10 ] compiled from various air-shower measurements
'\ln 27 from F.G. Schroeder, PoS (ICRC2019) 030
.-i> ~ E "Secor]ld ¢ IceTop Infill PoS(ICRC2019)318
D knee §  lccTop Pos(ICRC2019)172

— { Telescope Array PoS(ICRC2019)298
|ln $  Auger PoS(ICRC2019)450

I

& .19

=107
(lil [

. ~ 15
Flux X E27 — Eynee = 3-107eV

i)

o

©

o 18

@ 10 7

=

G

>

A

S . fl
= E, .=3-10"%eV

§ 17

)=

1014 1015 1016 1017 1018 1019 1020

cosmic-ray energy in eV

G. Morlino, ISAPP school June 2025



A quick view of the CR spectrum
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A quick view of the CR spectrum
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Transition from Galactic to extragalactic component
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Transition from Galactic to extragalactic component
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Transition from Galactic to extragalactic component
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dI/dE x E** (m? sr' s eV

Chemical composition at the knee
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dI/dE x E** (m? sr' s eV

Chemical composition at the knee

Latest results for the proton spectrum
[LHAASO coll. arXiv:2505.1444]
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The full proton spectrum

Latest results for the proton spectrum
[LHAASO coll. arXiv:2505.1444]
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Chemical composition

® The relative abundance of some elements

is larger than in the Solar system

® Those "secondary” CRs are produced in
spallation reaction of primary CRs
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C Y
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® Primary CRs should propagate in the
Galaxy for a time comparable with the
inferaction time

1
Ty = ~ 10 — 100 Myr

in
ngasco- spall

Maximum propagation time in the Galaxy:

DKpe 5% 105 M
T =—— ~ 1. r
gal c/3 y

= CR have to diffuse in the Galaxy
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Anisotropy

® The level of anisotropy is

very low ~10-3

® A dipole anisotropy is present even
when the Compton-Getting effect is

removed

® Some small scale anisotropy are also

present

Phase and amplitude of dipole anisotropy
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Anisotropy

® The level of anisotropy is very

low ~10-3

® A dipole anisotropy is present even
when the Compton-Getting effect is

removed

® Some small scale anisotropy are also

present

® At E> 8x10!8 eV the dipole points

toward extragalactic direction

Phase and amplitude of dipole anisotropy
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A short summary

® CRs diffuse in the Galaxy:
> Chemical composition ("secondary” CRs are produced in spallation reaction)
> Low level of anisotropy
® Galactic sources should accelerate CRs protons at least up to PeV
® The transition between Galactic and extra-galactic CRs is unclear:
> If the transition is the “Ankle” -> need of Galactic component at E > 10'7eV

> If below the ankle -> need of multiple extragalactic spectra
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Acceleration mechanisms



The Hillas’ criterion

The best possible accelerator

® Absolute maximum energy
Enax =4l E|L

® Current:

- — — 1_> —
]:O' lab:O-<E+_v><B>
rest frame

® Astrophysical plasmas has a very large
conductivity (electrons can move almost
freely)

3/2
c~7%x10"—s!
In A
— — 1_) —
> E,~0; Egp~——VXB
C
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The Hillas’ criterion

The best possible accelerator

Where does the electric field come from?

, —.  10B
Faradays law: VX E = — ———
c Ot
1
VX— T characteristic length
® Absolute maximum energy 5 1
— —_— — — characteristic time
Enx =4l E|L ot T
® Current: = Ex EE ~ E
T c C

- — — 1_) —
]:O' lab:O-(E'l'_VXB)
rest frame

® Astrophysical plasmas has a very large
conductivity (electrons can move almost

freely)
3/2
c~7%10—s7!
In A
— —_— 1_> —
= B, = 0; Egp——VvX B : : -
¢ This result should be considered an upper limit
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Alfven waves i (1002

® Ideal MHD equations predicts three different kind
of waves (combination of electromagnetic-
hydromagnetic waves):

> Fast magneto-sonic
> Slow magneto-sonic

> Alfven waves

® Alfven waves propagate along the large scale magnetic field with velocity
B

e Analogy with a wave on a string: v =1+/T/u; T — B*/4n, u— p

VA:

2 Combination of magnetic

Magneto-sonic waves speed: |v2+ ¢2 =+ \/ V24 c2)? —4v3clcos | —— .
o NS P AT Wi+ ATS and fluid pressure

® The damping of Alfven waves is less efficient than the magneto sonic waves

® Interaction of particles with Alfven waver can produce scattering if ﬁrL =A=1/k I l:s:z:r?::
| _
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II order Fermi acceleration

0 Magnetic turbulence

du' =2 |y*(1 = pu) — 1|

AE [1 L, —E,
|

E.

l

AE I 4
(= L = 2 [0 = = 1] de = <

(. J/

-~

Particles incident flux S = (c —vu)/c

Applying Lorentz transformation for a

single encounter:

E'=yE, (1 - pu)

E,=E=FE

CE=yE (1 + )

= E=rE -1+ )

Assuming isotropy in the clouds reference frame

Losses and gains are both presents
but do not compensate exactly
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II order Fermi acceleration

Take away messages:

® Particles are energised by induced electric field

1 06B
c Ot

VXSE = —

® The energy gain is only proportional to (v/c)?

<AE> . 4 <Vcloud>2
E' 3 C

® In general V. g = V4 =~ 10km/s = the maximum energy is at most ~10 GeV

® The predicted spectrum strongly depends on details (clouds distribution, volume
filling factor) = is difficult to obtain ~ E~%’

,__(T;—,‘_:_{

G. Morlino, ISAPP school June 2025



From II to I order Fermi acceleration |

In the '70s several researchers independently realised that applying the Fermis idea to a
different geometry, i.e. plane shocks, results in a much more efficient mechanisms [Skilling,
1975; Axford et al., 1977; Krymskii, 1977; Bell, 1978; Blandford and Ostriker, 1978]
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What is a shocks?

A shock is formally a discontinuity solution of the fluid equations where a supersonic flow
becomes subsonic

{ Upstream (1)

S — o o Shock transition layer
Conservation laws k/

-
pul, = lpu],
:puz + P] = [pu2 + Plz

Lo pul = L pud e
_zpu +y_1Pu] = [zpu +y_1Pu]

1 2
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What is a shocks?

A shock is formally a discontinuity solution of the fluid equations where a supersonic flow
becomes subsonic

{ Upstream (1)

S — o o Shock transition layer
Conservation laws M

a i 2 2y 2
_pbt]l = [pu]z P_l =1 +Y+_1(M1 — 1)
) _,0u2+P]1 = [pu2+P]2 ) _ DM
. y 1 y P (- DM +2
—pu’ +——Pu| =|zpu’+—P ]
2 T u]1 [zpu T, %=%ﬂochz
|1 1 P2
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What is a shocks?

A shock is formally a discontinuity solution of the fluid equations where a supersonic flow
becomes subsonic

{ Upstream (1)

—

Conservation laws

-

pul, = |pu],

) |pu* + P]1 = |pu* + Plz P+ DM?
'_1 1 pi (y—DM?+2
Epu3 + LPu] = [—pu3 + LPu] T, P,p
i v - | 2 Y - ) —=——xM

L Sl Py py

Strong shocks
M, > 1
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What is a shocks?

A shock is formally a discontinuity solution of the fluid equations where a supersonic flow
becomes subsonic

{ Upstream (1)

Conservation laws

.~

pul, = lpu],
:puz + P] = [pu2 + Plz

P (y + HM?

Strong shocks
M, > 1

® What produces the shock transition? f'
® Does fluid equa’rlons describe correc’rly as’rrophysucal plasmas? )
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Collision-less shocks

What produces the shock transition?

1 _
~ 10~7cm  Earth atmosphere
NAIOair(Zﬂao) 471'21222264 10_]3 )
/Imfp = 3 i Ocou =~ ¥ cm
> PpcC Interstellar medium lev
. NISM OCoul

v, ~ 10°km/s = E ~keV
However observations of some astrophysical shocks reveal thickness << pc

Balmer emission from the SNR SN 1006

SN 1006
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Collision-less shocks

mip

What produces the shock transition?

1
Nyp,i(2rag)
1

MisM OCoul

.

~ 107" cm

> pC

Earth atmosphere

Interstellar medium Ocon] = ~ cm

Length-scales for electromagnetic processes

[ 2| w ,, = elctron plasma frequency
c e —1/ :
Electron skin depth g—= | = 33X lOSne "2 em W ,=ion plasma frequency
pe \4 nn,e g
( 2 \112 —
m;c _
Ion skin depth wc = l = 2.3%10'n; "2 em
pi \4 Ttne
: Shock thickness
, -1 between these
p's Larmor radius r(y.)= M = 1010 Vsh B cm two length-scales
va)= =g 3000km/s |[3uG | .
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Electro-magnetic instabilities

® The shock fransition is mediated by electromagnetic interactions.
Collisions have no role — the Mach number does not properly describe the shock properties

® Alfvenic Mach number is more appropriate:

~1/2
> km/s

Vi B, B n
My=—; v, = 2| — 3
VA \/4rp nG pem-
® Collisionless shocks require Alfvenic Mach number Ma > 1

® If magnetic and thermal energy are in equipartition: v4 =~ ¢, (sonic and Alfvenic Mach
number are almost equal)
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Electro-magnetic instabilities

® The shock fransition is mediated by electromagnetic interactions.
Collisions have no role — the Mach number does not properly describe the shock properties

® Alfvenic Mach number is more appropriate:

~1/2
> km/s

Vi B, B n
My=—; v, = 2| — 3
VA \/4rp nG pem-
® Collisionless shocks require Alfvenic Mach number Ma > 1

® If magnetic and thermal energy are in equipartition: v4 =~ ¢, (sonic and Alfvenic Mach
number are almost equal)

Which instability is responsible for the shock transition?

- Two stream instability

~ Weibel instability ] The relative importance depends on
- Oblique instability J the initial condition of the plasma

- Filamentation

G. Morlino, ISAPP school June 2025



I order Fermi acceleration

Energy gain
E2 _ (1 o :Brelluin)(l + ﬂrell’lout) E1
(1 + ﬁrelz)

Averagingover O < u.. <l and =1 < p <0

AE oY E-E ,
<?> — ) d/’t B dﬂ E] dﬂind/’tout —
Downstream (2)
U h v

4 4 »2
1+ Eﬂrel + Eﬁrel
1 —p2 Bl

rel

The energy gain is now 1st order in v/c because for
each cycle

upstream -> downstream upstream

the particle can only gain energy
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I order Fermi acceleration: particle spectrum

Downstream (2)

uzh

Assuming isotropic distribution

J = nu, Escaping flux
dQ nc .

J_ = | —nc COS(@) — Returnlng flux
4 4

Pesc — Joo — Joo ~ 42 Escaping probability
J, Joo +J_ C

Energy after K inferaction

In(E/E,)

— k —
E=E(1+8" = k=10

The number of particles with energy > E is:

(=P 1 (E)é
N(> )= X521 - Py = —— -

€SC

In(1 — P.) - Pese +—_ Both independent

With 6 = — ~
| In(l+¢& & —  onenergy
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I order Fermi acceleration: particle spectrum

Downstream (2)

uzh

Differential energy spectrum

HE) = dN( > E) N

a=0+1>~1+

E—(5+l)
dE

CSC

4
4uy/c r+2 )

A(u; — ur)/(3¢)  r—1 ’

For strong shocks and
monoatomic gas
r=u/u, > 4

Spectrum in momentum:

dmpdpfp) = FE)IE

= f(E) x E~* —>f(1?)0<19 ‘
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I order Fermi acceleration

Take away messages:

1) The particle spectrum obtained from the 1st order Fermi acceleration is
independent from the scattering properties

2) A power low spectrum is the consequence of P.sc and AE/E being
independent on the initial energy

3) The slope E-2 is valid for strong shocks (i.e. r — 4)

4) What depends on the scattering properties is the maximum achievable
energy

But we are neglecting feedback effects...
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Galactic sources of high energie
particles:

supernova remnants



Supernova remnants

® Zwicky & Baade were the first to postulate that SNR could be
plausible sources of CRs (1934). However their conclusion was

negative because at that time CRs were supposed to be of
extragalactic origin

® Vitali Lazarevich Ginzburg made the argument for SNRs as
sources of galactic CR in the 60s in a more quantitative form.

Ucr ”R§ 2H 40 Ucr Rg H Tres -1
< Wer = e 3- 107 S5 15kpe 3kpe (100Myr) erg/s
_ ~ 51 ~ 41
Won = Koy Egn ® TR 10°"erg =~ 3 - 10™ erg/s
W,
CR
= ~ (.1
Wsn

It is enough to have ~10% of the SNR energy converted into non
thermal particles to explain the CR flux
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The structure of a Supernova remnants

Forward . * .. ™ - Forward
shock \ e shock
. - RT unstable
' - interface
Reverse
shock
Possible RT |
structure . '
CSM

(low density)
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Supernova remnants dynamics

Forward ISM, pq

We can distinguish 3 different phases: shock\

1. "Ejecta dominated”: Mejecta > Mswept-up >  almost stationary motion

<=

Reverse
shock

Contact +
discontinuity
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Supernova remnants dynamics

Forward ISM, pq
We can distinguish 3 different phases: shock\
1. "Ejecta dominated”: Mejecta > Mswept-up ->  almost stationary motion
2. Adiabatic expansion: Mgjecta < Mswept-up  -> Energy conservation <+ -
Contact + Reverse
discontinuity shock

Relevant quantities

Egns Pos

Velocity:

ESN =315

VSh X
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Supernova remnants dynamics

Forward ISM, pq
We can distinguish 3 different phases: shock\
1. "Ejecta dominated”: Mejecta > Mswept-up ->  almost stationary motion
2. Adiabatic expansion: Mgjecta < Mswept-up  -> Energy conservation <+ -
3."Snow-plough” phase: age > tradiaton  -> Momentum conservation
Contact + Reverse
discontinuity shock

Relevant quantities

Relevant quantities
Esn» Pos

PN, pos t

Velocity:

Velocity:

1/5
ESN =315

VSh X
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Maximum energy

It is possible to accelerate up to the knee?

® Enqx iS obtained comparing the acceleration time with the age of the system and losses

[

cc = Min(z,

ge’ tloss]

tcycle Losses are generally negligible for
protons but important for electrons
AE/E

e Acceleration time 7,.. =

e For one cycle (upstream -> downstream -> upstream): . e = Taifr1 + Taifr2

® Diffusion time upstream: equating the flux of incoming particles during a diffusion time
with the number of particles upstream in one advection length D/u:

s SD,/Ju;, = D,
—2T o1 = N u T e = ——
4 T rdiffl 1771 diff.1 cu;

e Energy gain 5 =
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Maximum energy

Maximum energy can only increases during the ejecta dominated phase

R 47T Ejecta-dominated

A ~3/7 Radius:
! R. x t?/°  Sedov-Taylor
S ~3/5 sh
=
2 Ejecta . _
= dorminated However, particles ahead of the shock diffuse: (d) o 4/ Dt
— Phase : 20l ‘ ‘ ‘ .
Sedov-Taylor
Phase g 19
H > §
IgT Int 2 1.0

o
(3}

t/t"

= during the ST phase the highest energy particles cannot

Beginning of the ST phase: be caught by the shock and escape fowards upstream

A7 3
Msw = ?RSTPCSM
1 2
RST
IsT = ——
Vsh
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Maximum energy

Equating tst with the acceleration time

. e . . 1 r(p) Pk = —
Using the diffusion coefficient from linear theory: D = — By
3 kreSP(kres) is the power in magnetic

turbulence at the resonant scale

,' Emax — 5 O

Emax IS weakly dependent on ambient parameters

High energies can be achieved only for large B and large turbulence
Where the turbulence is coming from?
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Kolmogorov theory of turbulence

Turbulence in isotropic uniform 3D fluid

® Relevant quantities

Viscosity
Dissipation rate [¢] = LT3

[v] = L°T!

Dissipation scale

1/3
1/3
* /1diss X (_>
€

dU )
o Power spectrum: P(k)dk = — = [P]=L"T

p

® In the inertial range, P should not depend on

viscosity

P(k) = P(e, k)

® From dimensional analysis:

P(k) x 62/3 k—5/3

energy input

&)
5 S NS
= N
L
i
1+ -
dissipation +
| >
T —
1/L
’ wavenumber K 7,
Injection
A range
P(k)
inertial range
dissipation

oc k313 -

Lo
1/L, 1/n k
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log,(spectral density, Py, (m™>))

A simplified model for the interstellar turbulence

70

60

O
o

S
o

(S

20

| Ll ] 1 Ll 1

\. Big Power Law in the Sky Extended by WHAM Data

A / RM fluctuations

S WHAMData
g N
\
"N\ DM fluctuations

' / S < o
5 lid |
ISM velocity \‘\o\ (solid lines)
fluctuations e
df/dt in
dynomic spectra

1 0—3.0 m-6.67 q—l 1/3

=

refractive %3

scint. index o\,
(stars and boxes) N, weak ISS
= v, oatem A A
'\-__
|
- v
strong IS5~
at meter A | \ge
- . F
decorrelation BW ¢ \
& angular broad.
1 1 1 1 1 1 .
-18 -16 -14 -12 -10 -8 —6

log,o(spatial wavenumber, q (m_‘))

Electron density fluctuation in the ISM
[Armstrong et al. 1995, ApdJ 443, 209

® From observations electron density fluctuation
follow Kolmogorov spectrum:

n, k—5/3
® Magnetic fluctuations follow density fluctuations
(i.e. magnetic field is a passive tracer so it has the

same spectrum: 6B?  on):

2
<5B> x k—5/3
B;

P(k) =

® Turbulence is stirred by SNRs at a typical scale

® Fluctuation of velocity and magnetic field are
assumed to be Alfvenic

G. Morlino, ISAPP school June 2025



Using the interstellar turbulence

We can use the interstellar turbulence to estimate the maximum energy

® Injection scale: k= 1/Ly =~ (10 pc)~!

(5B(k))2

o Turbulence total power: 175 = J dk ~ 0.1

O

® Resonant frequency: k., = r;(E)™!

2 k - n E NP/ p NPy o\
= kioP(kiey) = =g — ~ 1076 <_B> < ) <_> ( : )
3 ko 0.1 GeV uG 10 pc
2/3
\\—v= (r(E)/Ly)

® Maximum energy

We miss ~9

~1/2 312 .
1\4eJ o ESN 51 nISM 1 MeV ¢ orders of magnitudes

* Magnetic field needs to be amplified
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Evidence for magnetic field amplification

X-ray images of some SNR as observed by the Chandra satellite

Tycho G299.-2.92 G292.0+1.8
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Evidence for magnetic field amplification

Thin non-thermal X-ray filaments provide evidence for magnetic field amplification

X-—ray profile @ 1 keV

Damping
F — = = No damping

Brightness [erg/s/cm:fllz/srl

{ A~0.lpc = B~

af
3f
0.94 0.95 0.96 0.97 0.98 0.99 1.00

R/R:n

Chandra X-ray map.
Data for the green sector are from
Cassam-Chenai et al (2007)

Filaments’ thickness could be determined by synchrotron losses

Bohm diffusion Synchrotron losses
1 E 3m c? E
D=—rcx— Toyn = d x —
docyp?Uy  B?

/100 — 300 4G |

=~ 3 ~
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Magnetic field amplification: theory

+*  Resonant streaming instability
Skilling 1975; Bell & Lucek 2001;
Amato & Blasi 2006; Blasi 2014

+*  Non-resonant (Bell) instability
Bell 2004; Bell et al. 2013, 2014;
Amato & Blasi 2009

Possible CR-driven instabilities:

*  Turbulent amplification
Drury & Downes 2012; Xu & Lazarian 2017
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Magnetic field amplification: theory

Resonant streaming instability

+  Amplification is due to resonant interaction [ ¢
between CR with Larmor radius r. and
waves with wave-number k=1/r..

+  Fast growth rate

V4 1 OPqp( > p)
B8/87r kW(k) 0x

FCR(k) —

K3 But saturation level at ‘62" | 1

A factor ~50 below the knee
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Magnetic field amplification: theory

Non-resonant streaming instability

® Amplification due to force of escaping CR current | 2 o
with magnetic field perturbations ] D P00
® Fast growth rate but excites small wavelength waves | By

® -> need of inverse cascade?

® high level of amplification only in dense
environments (Type II SNe exploding into dense
progenitor stellar winds)

| CE - / plm v >R\ |
‘ Emax gcr sh ~ 30TeV é P sh sh ;
/ 10 c 0.1 cm—3 5000 km/s pc / §

PeV can be achieves by strong shocks in dense environments
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Magnetic field amplification: theor

Turbulent amplification

® In presence of density inhomogeneities, the
different CR force acting onto plasma can generate
vorticity

® This mechanism is effective only in large precursors
(hence Emax already large enough and flat spectrum
~E_2)

® The density discontinuities can be generated even
through the non-resonant instability

=13 filamentation

n/ng (t = 528w."!)
o~ B

zlc/wy) Filamentation instability
Bl,,/ (t == 528..4}, ) R .
observed in 2D hybrid

simulations
so00 — 7000 =0 [Caprioli & Spitkovsky, 2013]
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PIC simulations of I order Fermi acceleration

A nice confirmation of DSA
predictions comes from particle in
soo0 cell (PIC) simulations:

3000 3500 4000 4500

> Large efficiency ~ 10-20%

3000 3500 4000 4500 5000 _ _
wle/ ] > Spectrum ~ p-4 (™~ E-15 at non-

relativistic energies)

> self-generated magnetic
turbulence

50 300 550 800 1050 1300 1550 1800 2050]

However, PICs can only simulate
the beginning of the acceleration
process (small dynamical range:
Emax << 1 GeV)

= No conclusion on Enqx
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The essence of non-linearity
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Only very young SNR can accelerate up to PeV

Using non-resonant instability:

2
B, N Ucr vdocnv »
2 0 Sh

Assumed ejecta mass: M ~ 1 M,

Efficient amplification requires:
- large densities
- large shock speed

T T T LA L B R L |

v =4.7 km/s | I n_ =0.85
\}"I=15 km/s n =0.05
v =1000 km/s : i ism
1 PeV
. 1015 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII roii-_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII =y
g % “
£ £
= =]
10" ¢ 10" =
1 10 100 1000 1 10 100 1000
time (year)

time (year)
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Application of Bell’s instability to different type of SNR

Comparison with the CR spectrum

Type Ia Type II Type IT*
1 1 5+10
Assu.med acceleration L 10-5 10~
efficiency .. ~ 0.10
1.4 10 1.0
1072 2% 1072 3x 1074
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Application of Bell’s instability to different type of SNR

Comparison with the CR spectrum

Type IT*

Type la Type 11

1 1 5=+10
Assu.med acceleration B 10-5 10~
efficiency .. ~ 0.10
1.4 10 1.0
1072 2% 1072 3x 107

T IIIII| T IIIIIIII_

DAMPE

B T T IIIIII I| T T 17T
L <0 KASCADE — SIBYLL2.1

A
109 KASCADE — QGJset ¥ CALETLE <
- ©'  ARGO (p+He) ¥ CALETHE :
| -~ ARGO p fit *  AMS — 02
10° V¥ Tibet ¢ PAMELA

Type Ia _

I(E) E>7[GeV!m 25 s ]

uuuuu A A - \/(‘ —
C \\ \/ v VV W‘ f’:H ]
N \\\ |** 7]
103 = ............... \\ ..... T y
10 | 111 |‘\||||||| vl ul
10 103 10* 10° 10° 10
E[GeV]
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Application of Bell’s instability to different type of SNR

Comparison with the CR spectrum

Type IT*

Type la Type 11

Assumed acceleration
efficiency .. ~ 0.10

10 1.0

2% 1072 3x 107

T T T TTTTT _ [ T TTTTTT T T IIIIIIIl T Illll[ll_
DAMPE b - 41 KASCADE — SIBYLL2.1 DAMPE .

B T TTTTT II I| T | TT IIII
- <0 KASCADE — SIBYLL2.1 A A
_ 109 KASCADE — QGJset ¥ CALETLE = _10°: KASCADE — QGJset W CALETLE =
Ts_| - ' ARGO (p+He) ¥ CALETHE . T - ' ARGO (p+He) ¥ CALETHE ]
@ [ ARGOpfit * ANS — 02 @ [ aRcopfit * ANS — 02
I 51 i ¢  PAMELA _ [ 5 i ¢  PAMELA _
wn 10° ¥ Tibet = 10°E V¥V Tibet =
D TypeIa i ¢ F Type 1T |
g C o ] =) ; o _
~ i e, s
S =
o 1049 , E [ I E—— =
(D] E Vv'e Tole 3 ' y by > s,
S F AL T 2 MAA. L T
S “ﬁr . S e -
o[ s i ) A
B 103k - B 103k )
= F E =T E
102 L ||||<'::| ol I |‘\||||||| I vl Co il 102 L ||||n.'|: METETIETITI IR SR VU Ll Lol
102 103 104 10° 106 10 102 103 104 10° 108 107
E[GeV] E[GeV]
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Application of Bell’s instability to different type of SNR

Comparison with the CR spectrum

Type Ia Type II Type IT*

Only very rare and
— 107> 10~ powerful

events can account
for PeV particles

Assumed acceleration
efficiency .. ~ 0.10

1.4 10 1.0

1072 2% 1072 3x 10~

IIII

T II|II| T T TTTTT T IIIIIIII T IIIIIIII

T IIIIIIIl T IIIIIHI_ L T ||I||I| T IIIIIIII T 1T T TTTT
DAMPE . - 41 KASCADE — SIBYLL2.1 DAMPE

B T IIIIIII I| T | T IIIIII |II||
- <1 KASCADE — SIBYLL2.1 A DAMPE - - 40 KASCADE — SIBYLL2.1 A A
_ 109 KASCADE — QGJset ¥ CALETLE = o 100 KASCADE — QGJset B CALETLE = o 100 KASCADE — QGJset B CALETLE =
T F % ARGO (p+He) ¥ CALETHE : T F % ARGO (p+He) ¥ CALETHE ; T F % ARGO (p+He) ¥ CALETHE -
@ [ ARGO p £it *  AMS — 02 a - ARGO p fit *  AMS — 02 @ [ amcopfit *  AMS — 02
lp 10°= V¥ Tibet ¢ PAMELA - ln 10°= V¥ Tibet ¢ PAMELA - ln 10°= ¥V Tibet ¢ PAMELA -
SN Type Ia - DI Type IT ° DIN: Type ITx*7
g [ X ] g ] g ]
~ L e ~ ) N~ ‘
= % = ~ >
o 10* . . - ) - ’ - )
B L Yvy Tl O \A / i’ B
- i *T = f il 23] \
ol e ] = T ] = \
purg = 3 \l:I/ l:l/ \
C \
\
I _ . \
102 Il 1 ||||'::|I 1 1 ||||||I Il 1 ||||||I Il ||||I 1 ||| IlIIIII 1 1 Illllll 102 1 1 IIIIII| I.':I IIIIIII L L IIIIII| I‘- 1 IIIIIII 1 1 IIIIIII
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EM radiation from accelerated particles

Radiative processes relevant for CR physics

® [eptons

> Synchrotron emission e*+B — e* + 4

> Bremsstrahlung e*+ Nucl. — e +y
> Inverse Compton et + Yok —— e* + 4
® Hadrons

) = yy

. Pion production: pcg + peas — Per + Pgas T N .
= v,

‘—» e*v,(D,)
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EM radiation from accelerated particles

Electron and proton distribution from efficient (non-linear) shock acceleration

Radio
Thermal X-rays Synch

(keV)
94

92

90

log [p* f(p)]

-5

0
log [p/(m_c)]

Spectra calculated with semi-analytic model of Blasi, Gabici &
Vannoni 2005

Pion-decay (GeV-TeV)
only emission from
protons

compete
at GeV-TeV
energies

X-ray Synch
(keV X-rays)

— | Inverse Compton

(GeV-TeV y-rays)
from electrons

Several free parameters required to
characterize particle spectra,
including B-field, e/p ratio, diffusion
coefficient
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EM radiation from accelerated particles

Particle distributions

B4 Pion decay and IC
are competitive
g 82 P mechanisms
@ oo emission
g
as
Hadronic Leptonic
models models
Large B Low B -12-9 -6 -3 0 3 6 9
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The case of Tychos SNR

1-100 GeV from FermiLAT VERITAS map E >1TeV
[Giordano et al. 2011] [Acciari et al. 2011]

X-rays
(Chandra)

Galactic Latitude (deg)

Spitzer image
at 24 pm

Galactic Longitude (deg)
J
S0

10 20 40
Excess Counts

/
Ll

-rays

Suzaku

og(v Fy) [Jy Hz|

Radio map - 1'101"'15"' 20
at 1.5 GHz

T Log(v) [Hz]
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Spectral slope

Slope predicted by standard

Fermi acceleration f(E)~E-2
2) The gamma-ray spectrum does not agree with the from hadronic emission
basic prediction of Fermi acceleration.

1) Maximum energy is always < 100 TeV

Gamma-ray emission from shell-type SNRs

LARLL | LR RLL | LB AL | LB LA LAY | LR RLLL | LR AL | LB LR LLL | T

o* " EEEmpEmuEnEEEEEg,
¢ W44 *

Possible explanations:

i L 4 . 2
_Zo . 2 ‘
® Spectra harder than E-2: BTSSR 0443 e
. . o “ ] W51C W .
> Leptonic origin 5 : T = ; .
E e\ ‘
. .o e . . i ; N Ak |
> Hadronic origin for shock expanding in clumpy 2ok i", ;\ . -
media 5 } \ '
2 \
® Spectra steeper than E-2 2 10 R \ -
~ - \
> Modified velocity of scattering centres B ‘
» Energy losses during acceleration 107 E
[ 4l TR TTTT B S AR T B SN TTTT] B R TT] BT S ST TTT] BTSSR T L 3
108 10° 10'° 0™ 102 1013 1014

> Break of isotropy (only for vsh > 104 km/s)

Photon energy (eV)

> Shock structure modified by neutral Hydrogen ‘i{ Funk S. 2015.
(only for vsh < 3000 km/s ) Annu. Rev. Nucl. Part. Sci. 65:245-77

> Particle escaping (only for middle-aged SNRs)

— _ = = ——— -

| Bu’r we are looking at the instantaneous accelera’red spec’rrum
n Wha’r about the escaplng 5pec1'rum?
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STELLAR CLUSTERS



Young stellar clusters

® Young stellar clusters (age S few Myr) can reach mass up to ~ 6 X 104M®

® May contains thousand of stars and several tens of OB stars
® They strongly affect the circumstellar environment due fo powerful stellar winds

® They can host an high density of supernovae

> ~20% Type Ia
® SNe { P

l > “80% core-collapse -> “50% explode in clusters and OB association

® Recently several massive star clusters have been associated with gamma-ray sources

Cygnus OB2 Westerlund 1
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What power star clusters?

Different sources of power

forward shock wind termination
\ P N shock

y S overlapping
shock, A\ SNRs

Size:

Cluster core ~ 1 pc
Termination shock ~ 5 — 10 pc
Bubble ~ 50 — 100 pc |
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What power star clusters?

Different sources of power

SC mass = 10* M

5x10%8 —————

1x1038}

@ 5x10% ] Wind MS
Stellar cluster % j _ ﬁ
luminosity — 37 — [Wind WR
’-I—\' 1 X 10 - .
Q 5x10%| ShR
1x 1036 ;
5x103° b——L— ' — e :
0 5 10 15 20

Age [Myr]
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Possible acceleration mechanisms

® Shock acceleration at the wind termination shock [GM et al. (2021)]

® Shock acceleration at the SNR forward shock propagating inside the
bubble. [Vieu et al. (2022); Vieu & Reville (2023); A. Mitchell, GM et al. (2024)]

® II order Fermi acceleration by strong magnetic turbulence [Vieu & Gabici
(2023); J. Vink (2024)]

® Wind-wind collisions from massive stars in the cluster center [Bylkoy,
Gadilin, Osipov (2013)]
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Wind termination shock

The WTS develops only if the cluster is compact enough: R
[Gupta, Nath, Sharma & Eichler, MNRAS 2020]

Density (my; cm™)

cluster

< Ry

I - I S S 0 -0 8 s o

107 102 107! 10"

Compact star cluster

Mach number

10! 10°

Loosely bound star cluster
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Stellar winds vs. SNRs
" SNR " Wind-blown bubble

forward shock * forward shock wind termination
reverse (weak) —___ shock (strong)

o ~ ‘
¢ contact *\
discogtinuity

Burst

explosion main acceleration site A : - injection

+ Forward shock Reverse shock

VFs [km / S] Rrs [pC] VRrs [km/ S] RRrs [pC]

N P e

¢ >5000

SN { kyr )

AL

wind Myr } 10 - 20 50-100

bubble I
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Acceleration at the wind termination shock

~

Acceleration at the collective wind termination shock

[GM et al.(2019)] \

Assumptions:

Shocked stellar wind

\ R
4

® CR Acceleration efficiency ~few % of the wind kinetic
luminosity

~ ts
-----

®* Magnetic turbulence produced by wind non-
stationarity and inhomogeneities

- Few % of wind kinetic energy converted in
magnetic energy

e Diffusion coefficient depends on the type of energy
cascade

Dyo(E) = 51, (6B)"°L;"

Dy (E) = % (8 B)\2L cl/z L. is the injection scale of turbule.fnce,
assumed of the order of the cluster size (~pc)

A\

DBohm(E) — %FL(éB)

Parameters tuned on gamma ray emission from Cygnus OB2 cluster.
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Particle spectrum from a single cluster

—S
£(p) = s L o TiP) oToAp)
4 pi%j Pinj /ﬂ “

/

Cutoff due to particle
escaping from the bubble

Standard power-law

for plane shocks Cutoff due to particle confinement

upstream in a spherical geometry

Spatial profile: the harder is the diffusion coefficient the flatter is the CR distribution

1 ps f(p) at the termination shock
> 0.100? :
w i
> 0.010} Bohm
= ----- Kraichnan
0.001} -=-=- - Kolmogorov
104 I R W O |
0.1 1 10 100 1000 10*
p [TeV/c]
L — —

Kolmogorov Kraichnan Bohm
— E,=10 GeV — E,=10GeV — E,=10 GeV
100 + == Ep=100.0 GeV 10° - - = E,=100.0 GeV 10° 4 - E,=100.0 GeV
i Epw1.0 TeV \'\,\s‘\\ = E,=1.0TeV w— Ep=1.0TeV
ImogorovE-=1000Tev raichnan "~ ™ e=10007ev | Bohm E;=100.0 Tev
[ Ry \ N Ry Ry
: A
‘\-’VJ 10-1 -I" R,\ :E 10—1 - \ \‘ Rrs é’ 10-1 R"‘
= | = : s
T I T \ T
T 1 = . ‘_g
:-; .Il A\ t-a | ‘ 3
10-2 4 .", “‘ 10-2 l \ 10-7 L\
iy ‘ l : i
1 - | -
I }. ‘‘‘‘‘‘‘‘‘‘‘ l el T F== e
l ' ........ l .~ TTe- -3 L.‘ =1
107341 B 10-#{ i S re——— o= L T ——— —
i 1! T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
r[pc) r [pc) r [pc]
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Old cluster -> superbubbles

t 2 3Myr stellar wind + SNe

‘\_SNRs

Termination shock?

Does the TS still exist?

overlapping

wind power

The turbulence in the bubble remains high due to

wind and SN explosions

— Efficient particles confinement in the bubble

Maximum energy probably similar to the WTS

case

Toté',_;ower and wind power P;ot, P, [erg/Myr]

Vieu et al. (2022):

consider acceleration at WTS + SNR
forward shock + turbulent acceleration

10%

total power
injected in the
bubble

\. —— 500 massive stars
., —— 100 massive stars

10

15 20 25 30 35

Time [Myr]

Energy density of Cosmic Rays [eV/cm?]

—_
(=]
T

—_
S

—_
=]
—

100 J

H
S
L

—
<
L)

H
9
il

T

N, =100 n,=10%
N, = 500
N, = 1000

10

15

20
Time [Myr]

2% 30 35
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Old cluster -> superbubbles

Vieu et al. (2022):
Spectrum

overlapping
.. SNRs

13 15 17 19 21 23 25 27 29 31 33 35

N, =100, nr = 1%
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MICRO QUASARS



Micro-quasars

® u-quasars are the stellar version of AGN:

> A compact object (BH or neutron star)
accretes matter from the companion star

> An accession disk and a jet are formed

® First discovered: SS 433 in 1997 thanks to
superluminal motion of the jet

® Number of u-quasars discovered in the Milky
Way ~ 20 (3 detected in gamma-rays)

® Estimated total number of u-quasars:
~40-100

® Total luminosity of a single object
1039-1040 erg/s

® Total population luminosity 1040-1042 erg/s

® Efficiency in CR acceleration: unknown

Relativistic jets

Compact object
of center

‘, Microblazar
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Gamma-loud binaries at VHE: state-of-the-art
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Gamma-loud binaries at VHE: state-of-the-art

e [
PSR B1259-63 09.5Ve 48ms pulsar  1236.72

o pulsar? 3.91 yes yes yes (> 25 TeV)
I.S | +61 303 Be pulsar 26.49 yes yes yes
HESS J0632+057 Be - 315.50 yes yes -
FGL J1018.6-5856 o - 16.58 yes yes -
LMC P-3 o - 10.2 yes yes -
HESS J1832-093 o - 82 yes yes -

PSR J2032+4127 Be 143 ms pulsar 50 years yes yes -

13.08 yes yes yes
AN me
cading™o" s
Microquasars V4641 Sgr - yes yes
Cyg X-1 . g yes hint (4.0 o) hint (4.0 o)

eta Carinae O/B star 55years yes yes -

CWB LBV
- _ red giant white dwarf 454 yes yes -
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SS 433

ALMA observations (radio)

® Distance ~5 Kkpc

® Power: 7104 erg/s (super-Eddington)
® Radio: precessing jet in the inner core
® Jet velocity: 0.26 ¢ [Panferov, 2013]

® Recollimated jets reappears at ~30 pc

® Large cocoon/bubble (W50): parent
SNR or wind blown bubble?

Figure 1: Artist's impression of the SS 433 system, depicting the large-
scale jets (blue) and the surrounding Manatee Nebula (red). Credit:
Science Communication Lab for MPIK/H.E.S.S. -
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SS 433

® Green diffuse: Radio

® Red: gamma-rays (HESS) -> compatible with leptonic emission (fast cooling)

R Tt AV AN DS ADMEN. . 5 o >10 TeV

Credit : Background : NRAO/AUI/NSF, K. Golap, M. Goss ; Wide Field Infrared Survey Explorer (WISE) (NASA) ;
X-rays (green outline) : ROSAT/W. Brinkmann ; TeV (red colours) : H.E.S.S collaboration
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Possible acceleration sites

Termination
shock

External
pressure

Recollimation shock
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NOT DISCUSSED HERE

Summary

GALACTIC CANDIDATE SOURCES FOR HADRONIC CASMIC RAYS

Maximum

Spectrum Comments
energy

The most credible sources for the

SINR

bulk of CRs
Young stellar clusters @ ) & Powered by stellar winds
Super-bubbles ) ? & Stellar winds + SNe

Probably useful to explain particles

Micro-quasars &) ? & at E >100 TeV
No clear theoretical model
Core-collapse SNe & ? ? No detection yet of gamma-rays
Cellaeiiie Canige © © © Too distan[tj’z)dee;;l:;ggﬁ local CRs
Pulsars ) ) ) Not clear if they accelerate hadrons
Giant magnetic islands ? ? ? Only a theoretical hypothesis
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