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A ⇠100 years old discovery
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High-energy photons or charged particles?
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Particle physics in the pre-CERN era
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The beginning of Cosmic Ray Astrophysics

C. Evoli (GSSI) Phenomenology and Theory of GCP 20/06/2019 7 / 52



The cosmic-ray spectrum 70 years later...
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The cosmic-ray spectrum 70 years later...
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The cosmic-ray spectrum 70 years later...

I Non-thermal: Almost a perfect power-law over more than 11 energy decades.

I Evidence of departures from a perfect power-law: the knee and the ankle features.

I Spectrum cut-o↵ at & 1020 eV, GZK or cosmic-ray sources out of steam?.

I Particles observed at energy higher than any terrestrial laboratory ⇥103.

I Direct measurements (at low-E) versus air-cascade reconstructions (at high-E).

I Composition at R ⇠ 10 GV:

⇠ 99.2% are nuclei

⇠ 84% protons and ⇠ 15% He

⇠ 1% heavier nuclei

⇠ 0.7% are electrons

⇠ 0.1% are anti-matter particles (positrons and antiprotons)
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The classical questions in CR physics

Gabici, Evoli+, arXiv:1903.11584

I Which classes of sources contribute to the CR flux in di↵erent energy ranges?

I Which are the relevant processes responsible for CR confinement in the Galaxy?

I Are CR nuclei and electrons accelerated by the same sources?

I What is the origin of CR anti-matter?

I What is the role of CRs in the ISM? (e.g., for star formation)

I Where is the transition between galactic and extra-galactic CRs? (the knee being the
first suspect!)

I What is their contribution to high-energy di↵use emissions (� and ⌫’s) and
low-frequency radio emissions?
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LiBeB as cosmic-ray clocks
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I If we assume that acceleration takes place in the average interstellar medium then
this component must be produced during propagation (from that the term
secondary).

I From this plot it follows the more robust evidence of di↵usive transport so far!
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The grammage pillar

I The grammage, �, is the amount of material that the particle go trough along
propagation (a sort of “column density”):

� =

Z
dl⇢(l)

I and can be measured by the secondary-over-primary ratio, e.g.:

B
C

⇠ �
m̄ISM/�C!B

⇠ 0.3 ! � ⇠ 5 g/cm2

I Let me assume that the grammage is accumulated in the disk (more than a working
hypothesis!)

I At each crossing of the disk (h ⇠ 200 pc):

�d ⇠ mpngash ⇠ 10�3 g/cm2 ⌧ �BC

I Therefore the particles have to cross the disk many times. I can estimate what is the
minimum time spent in the gas region as:

tprop ⇠
�B/C

�d

h
v

⇠ 5⇥ 106 years ⌧ RG

c
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The escape timescale

I 10Be has a decay timescale of ⇠ 1.39 Myr

I the isotopic ratio points toward an escape timescale of O(100) Myr

I the presence of a low-density halo
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The escape timescale

PAMELA Collaboration, ApJ, Vol. 862, 141 (2018)

I 10Be has a decay timescale of ⇠ 1.39 Myr

I the isotopic ratio points toward an escape timescale of O(100) Myr

I the presence of a low-density halo
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Cosmic ray escape time and sources

D. Ter Haar, Reviews of Modern Physics, 1950

I The escape time is crucial to identify CR source suspects.

I The luminosity required to sustain the galactic CR population:

LCR =
✏CRVMW

⌧esc
⇠ 1041 erg/s

where

✏CR ⇠ 1 eV/cm3 is the local CR energy density
VMW = ⇡R2

d2H ⇠ 2⇥ 1068 cm�3 is the Milky Way Volume
⌧esc ⇠ 100 Myr is the “escape” time

I SNe energy rate in our Galaxy:

LSN = ESNRSN ⇠ 1042 erg/s

I Galactic SNe provide the right energetics if ⇠ 10% e�ciency in CR acceleration is
achieved.
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Galactic cosmic-ray factories

A.R. Bell, Astroparticle Physics, 43, 56 (2013)

Chandra’s image of SN 1006. In blue high-energy electrons emission.
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Galactic cosmic-ray factories

A.R. Bell, Astroparticle Physics, 43, 56 (2013)

I Di↵usive shock acceleration (DSA) predicts q ⌘ dn

dt d3p
/ p�4 for strong shocks,

indipendent on microphysics

I maybe softer because of non-linear e↵ects

I Pure rigidity dependent acceleration (universality) with a unique power-law in
momentum (scale-free).
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Cosmic Ray factories in our Galaxy: sources

Gaggero+2013, PRL; Cholis+2018, PRD

I Particle acceleration at the highest speed shocks in nature (104 < � < 107)

I Cosmic Rays: only sources showing direct evidence for PeV particles

I Anti-matter storage rooms: as many positrons as electrons
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Diffuse emissions: from radio to gamma-ray energies

Figure: Left: WMAP Foreground Model Synchrotron map at 20 Ghz, Right: the two year FERMI-LAT
gamma-ray map.

I We observe CR emissions over more than 14 order of magnitudes in energy!

I Synchrotron radiation emitted by CR electrons spiralling in the Galactic magnetic fields at
E� ⇠ 10�4 eV (Di Bernardo, Evoli, et al., JCAP, 2013)

I HE gamma-rays produced in the decay of ⇡0’s from the interaction of CR protons with the
interstellar medium (ISM) at E� & 1 GeV
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Diffuse emissions: the neutrino frontier

Figure: Sky Map of the IceCube HESE neutrinos, the shower (39) and track (14) events, in Galactic
coordinates superimposed to FERMI-LAT gamma-ray map.

I Neutrinos are a “smoking-gun” signature of hadronic processes.

I A fraction of the observed events are likely to be associated with Galactic Di↵use Emission
(Evoli, et al., JCAP, 2007).
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The interstellar turbulence

“The (second) Great Power-Law in the Sky”
(Jokipii)

Probing the Structure and Energetics of the ISM
Without a deep, consistent, multi-scale understanding of the ISM and its magnetic field we do not
truly know how the Milky Way works. If we do not fully grasp the flow of gas into, out of, and
through the Milky Way, we fall short in understanding the development of other galaxies over
cosmic time. The problems continue to cascade throughout astrophysics. While the past decade
yielded great advances in our understanding of the ISM, driven by exciting new observations and
a much tighter connection between data and magnetohydrodynamic (MHD) simulations, our
insights are still relatively siloed and partial.

As one example, in Figure 2a we see multi-tracer evidence for a 3-D Kolmogorov spectrum,
augmented by recent in situ measurements of plasma density from the Voyager 1 spacecraft
[2, 3, 4]. There is enhanced power near the kinetic scales (e. g. Larmor and inertial scales). This
strongly suggests a turbulent energy cascade over twelve decades in scale that is terminated by
dissipation at these small scales. However, there is a disconnect between a pervasive turbulent
plasma and the presence of highly localized plasma concentrations that cause extremely
anisotropic radiowave scattering or refraction (e. g. [5]). Pulse broadening increases strongly with
distance, indicating that radiowave scattering grows very rapidly toward the inner Galaxy and is
widely distributed. This is a problem that needs a solution. Recent Voyager 1 measurements
suggest turbulence in our local region near the Sun. Such localized concentrations of turbulent
plasma on ⇠ 1 AU scales combine the two concepts — appearing as spatially intermittent
turbulence — but what are the energy sources? There is no good explanation for the driver of a
pervasive turbulence, nor is there an accepted mechanism for containing the thermal pressure
implied in localized plasma concentrations. MHD simulations with the needed fidelity and
resolution are just arriving (e. g. Figure 2b) and will provide crucial clues for solving this puzzle.
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Figure 2: a) Multi-probe evidence for a Kolmogorov spectrum in plasma density, augmented recently from Voyager 1
data [2, 3, 4]. It implies a turbulent cascade over 12 decades in scale with a slight bump at the highest wavenumbers.
b) Images from a multi-phase ISM simulation. Pinkish-white areas, some of which may be analogous to the Local
Bubble, are cavities blown by supernovae [6]; also, see[7]

2

Electron-density fluctuations in the ISM
[Armstrong+, ApJ 1995 - Chepurnov & Lazarian,

ApJ 2010 - Lee & Lee, Nature Astr. 2019]

I Turbulence is stirred by Supernovae at a
typical scale L ⇠ 10� 100 pc

I Fluctuations of velocity and magnetic field
are Alfvénic

I They have a Kolmogorov ↵ ⇠ �5/3
spectrum (density is a passive tracer so it
has the same spectrum: �ne ⇠ �B2):

W (k)dk ⌘
h�Bi2(k)

B2
0

=
2

3

⌘B
k0

✓
k

k0

◆�↵

I where k0 = L
�1 and the level of

turbulence is

⌘B =

Z 1

k0

dk W (k) ⇠ 0.1÷ 0.01



Charged particle in a turbulent field

Jokipii, ApJ 1966

I R ⌘ p/Z = 0.1 PV

I B0 = Bx = 1µG
! rL ⇠ 0.1pc

I �B/B0 = 0
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Charged particle in a turbulent field

Jokipii, ApJ 1966

I R ⌘ p/Z = 0.1 PV

I B0 = Bx = 1µG
! rL ⇠ 0.1pc

I �B/B0 = 0.1

I � ⇠ O(100) pc

I Dk � D?
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Charged particle in a turbulent field

Jokipii, ApJ 1966

I R ⌘ p/Z = 0.1 PV

I B0 = Bx = 1µG
! rL ⇠ 0.1pc

I �B/B0 = 1

I Dk & D?
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Resonant scattering with Alfven waves

kres ⇠
1

rL
/

1

E
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Charged particle in a turbulent field

Jokipii, ApJ 1966

I The turbulent field produces a small fluctuation with respect to the regular
component

h�B2i(k) ⌧ B2
0 for k � k0

I The particle interacts resonantly with the waves, when the condition k�1
res ⇠ rL(p) is

met

I The di↵usion coe�cient becomes:

DQLT(p) =
vrL
3

1
kresW (kres)

⇠ 3⇥ 1027

⌘B

✓
p

GeV/c

◆2�↵

I � ⇠ 3D/v ⇠ pc for kresW (kres) ⇠ 10�6 at scales ⇠ A.U.

I that is just another example of the problem: little things a↵ect big things
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The CR transport equation in the halo model

~r ·

h
~�di↵ + ~�adv

i
= sources � sinks
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The CR transport equation in the halo model

�
@

@z

✓
Dz

@f↵
@z

◆
+ u

@f↵
@z
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1

p2
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ṗf↵
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�
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p

3

@f↵
@p

�
f↵

⌧ in↵
+

X

↵0>↵

b↵0↵
f↵0

⌧ in↵0

I Spatial di↵usion

I Advection by Galactic winds/outflows: u = uw + vA ⇠ vA

I Source term proportional to Galactic SN profile

I Energy losses: ionization, Bremsstrahlung, IC, Synchrotron, . . .

I Production/destruction of nuclei due to inelastic scattering (or decay)
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Predictions of the standard picture

For a primary CR species (e.g., H, C, O) at high energy we can ignore energy gain/losses, and the
transport equation can be simplified as:

�
���
0

@f

@t
= Q0(p)�(z) +

@

@z


D
@f

@z

�

For z 6= 0 one has:

D
@f

@z
= constant ! f (z) = f0

⇣
1�

z

H

⌘

where we used the definition of a halo: f (z = ±H) = 0.
The typical solution for a primary species, e.g., C, gives (assuming injection QSNR / p

��):

fC (p) =
QSNR(p)

2⇡R2
d

H

D(p)
⇠ p

����

For a secondary, e.g., B, species the source term is proportional to the primary density:

QB ⇠ n̄ISMc�C!BfC ! fB(p) /
fC (p)

D(p)

and finally

B

C
/

1

D(p)
/ p

��
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Phenomenology of cosmic-ray transport

I Di↵usion is a rigidity dependent escape mechanism: at large energies escape faster
than low energies

I Advection could be relevant at low rigidities for reasonable values of u
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Phenomenology of cosmic-ray transport
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I Evidence of energy dependent grammage

I di↵usive transport at least for R & 10 GV
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Unprecedented data precision: The rigidity break

Adriani+, Science 2011 - Aguilar+, PRLs 2013 and so on
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About the origin of the break: injection or diffusion?

I The observed spectral hardening at ⇠ 300 GV is likely due to a change of regime in particle
di↵usion

I Similar conclusion from a Bayesian analysis in [Genolini+, PRL 2018]

I Physical mechanisms able to explain the break are presented in [Blasi, Amato & Serpico, PRL

2012 - Tomassetti, ApJL 752 (2012) 13]
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Phenomenology of galactic cosmic-rays
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I Let me assume D(R) as a smoothly-broken power-law:

D(R) = �D0
(R/GV)�

[1 + (R/Rb)��/s ]s
,

I by fitting primary and secondary/primary measurements we find: � ⇠ 0.64,
D0/H ⇠ 0.25⇥ 1028 cm/s2/kpc, �� ⇠ 0.2, u ⇠ 7 km/s and � ⇠ 4.26

I B/C and C/O as grammage indicators are severely limited by our knowledge of
cross-sections.
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The injection drama
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I H is softer than nuclei, while He is harder

I At odds with what one would expect in the case of pure rigidity dependent
acceleration [Serpico, ICRC 2015].

I Problematic even for models of the di↵erence between H and He injection based on
the di↵erent A/Z at shocks [Hanusch+, Apj 2019].
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The Beryllium over Boron ratio as cosmic-ray clock

101 102 103

R [GV]

0.25

0.30

0.35

0.40

0.45

0.50

B
e/

B

�d(10Be)� �

H = 16 kpc
H = 8 kpc
H = 4 kpc
H = 2 kpc
H = 1 kpc

101 102 103

R [GV]

�5

0

5

re
si

du
al

I Only total Beryllium has been measured, with high precision altough
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A new scenario for cosmic-ray propagation in the halo

I By solving the transport equation with standard assumptions we obtain a

featureless (at least up to the knee) propagated spectrum for each primary

species, di↵erently thant wath is observed.

I This result remains true even in more sophisticated approach as GALPROP or

DRAGON

I What is missing in our physical picture?
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The halo size H

I Assuming f (z = H) = 0 reflects the requirement of lack of di↵usion (infinite
di↵usion coe�cient)

I May be because B ! 0, or because turbulence vanishes (in both cases D cannot be
spatially constant!)

I Vanishing turbulence may reflect the lack of sources

I Can be H dependent on p? (remember B/C ⇠ H/D!)

I What is the physical meaning of H?
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The radio halo in external galaxies

Credit: MPIfR Bonn

Total radio emission and B-vectors of edge-on galaxy NGC891,

observed at 3.6 cm wavelength with the E↵elsberg telescope

Total radio intensity and B-vectors of edge-on galaxy NGC 5775,

combined from observations at 3.6 cm wavelength with the VLA and

E↵elsberg telescopes
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The �-halo in our Galaxy

Tibaldo et al., 2015, ApJ

I Using high-velocity clouds one can measure the emissivity per atom as a function of
z (proportional to f )

I Indication of a halo with H ⇠ few kpc

C. Evoli (GSSI) Phenomenology and Theory of GCP 20/06/2019 42 / 52



Non-linear cosmic ray transport

Skilling71, Wentzel74

I The net e↵ect of spatial di↵usion is to reduce the momentum of the particles forcing them,
eventually, to move at the same speed as the waves ⇠ vA

I If CR stream faster than the waves, the net e↵ect of di↵usion is to make waves grow and
make CR di↵usive motion slow down: this process is known as self-generation of waves
(notice that self-generated waves are k ⇠ rL)

I Waves are amplified by CRs through streaming instability:

�CR =
16⇡2

3

vA

kW (k)B2
0


v(p)p

4 @f

@z

�

and are damped by wave-wave interactions that lead the development of a turbulent

cascade (NLLD):

�NLLD = (2ck)
�3/2

kvA(kW )
1/2

I What is the typical scale/energy up to which self-generated turbulence is dominant?
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Non-linear cosmic ray transport

Blasi, Amato & Serpico, PRL, 2012

Transition occurs at scale where external turbulence (e.g., from SNe) equals in energy density the
self-generated turbulence

Wext(ktr) = WCR(ktr)

where WCR corresponds to �CR = �NLLD

Assumptions:

I Quasi-linear theory applies

I The external turbulence has a Kolmogorov spectrum

I Main source of damping is non-linear damping

I Di↵usion in external turbulence explains high-energy flux with SNR e�ciency of ✏ ⇠ 10%

Etr = 228GeV
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The turbulence evolution equation

Eilek, ApJ 1979

@W

@t
=

@

@k


Dkk

@W

@k

�
+

@

@z
(vAW ) + �CRW + Q(k)

I Di↵usion in k-space damping: Dkk = ck |vA|k7/2W 1/2

I Advection of the Alfvén waves

I Waves growth due to cosmic-ray streaming: �CR / @f /@z

I External (e.g., SNe) source term Q ⇠ �(z)�(k � k0)

I In the absence of the instability, it returns a kolmogorov spectrum: W (k) ⇠ k�5/3
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Wave advection ! the turbulent halo

Evoli, Blasi, Morlino & Aloisio, 2018, PRL
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Non-linear cosmic ray transport: diffusion coefficient

Evoli, Blasi, Morlino & Aloisio, 2018, PRL
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Figure: Turbulence spectrum without (dotted) and with (solid) CR self-generated waves
at di↵erent distance from the galactic plane.
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Non-linear cosmic ray transport: a global picture

Evoli, Blasi, Morlino & Aloisio, 2018, PRL
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I Pre-existing waves (Kolmogorov)
dominates above the break.

I Self-generated turbulence between
1-100 GeV.

I Voyager data are reproduced with no
additional breaks (single injection
slope), but due to advection with
self-generated waves (+ ionization
losses).

I H is not predetermined here.

I None of these e↵ects were included in
the numerical simulations of CR
transport before.
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Conclusions

I Recent findings by PAMELA and AMS-02 (breaks in the spectra of primaries, B/C à
la Kolmogorov, flat anti-protons, rising positron fraction) are challenging the
standard scenario of CR propagation. Exciting news from gamma-ray observations
as well!

I Non-linearities might play an essential role for propagation (as they do for
acceleration). They allow to reproduce local observables (primary spectra) without
ad hoc breaks.

I We present a non-linear model in which SNRs inject: a) turbulence at a given scale
with e�ciency ✏w ⇠ 10�4 and b) cosmic-rays with a single power-law and
✏CR ⇠ 10�1. The turbulent halo and the change of slope at ⇠300 GV are obtained
self-consistently.

I As a bonus, these models enable us a deeper understanding of the interplay between
CR, magnetic turbulence and ISM in our Galaxy.
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Conclusions
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Thank you!
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