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Cosmic ray scattering off Alfven waves
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Cosmic ray scattering off Alfven waves
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Cosmic ray scattering off Alfven waves
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Cosmic ray scattering off Alfven waves
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Cosmic ray scattering off Alfven waves
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Cosmic ray scattering off Alfven waves
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Resonant scattering
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Resonant scattering
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Pitch angle scattering
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Pitch angle scattering

variation of the pitch angle after a scattering �# ⇠ �⇡
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n identical and densely packed waves, with random phases Φ
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n identical and densely packed waves, with random phases Φ
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Diffusion coefficient
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The link with the turbulent spectrum
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Spatial diffusion coefficient
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The diffusion equation
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The diffusion equation
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The diffusion equation
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The spatial diffusion coefficient
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The diffusive flux
why do particles diffuse?
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Time dependent diffusion equation
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Bohm diffusion

particles are isotropised in one gyrationD# ⇡ ⌦ ⇡ v
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minimum plausible value for the diffusion coefficient
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iquasi-linear theory

typically invoked in highly turbulent media
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Perpendicular diffusion
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CR escape from the Galaxy: a toy-model
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CR escape from the Galaxy: a toy-model

sources
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CR escape from the Galaxy: a toy-model

sources

SNRs?

escape
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Q(E) / E�↵

injection spectrum 
[#/eV/s]

N(E) / E�2.7

equilibrium spectrum 
[#/eV]

N(E) = Q(E)⌧esc ! Q(E) / E�2.2...2.4

Dk =
DB

kW (k)
/ E0.3...0.5
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Gamma-rays from supernova remnants: 
hadronic or leptonic?



Leptonic Gamma-Rays: Inverse Compton
Relativistic electrons can interact with soft background photons 

(Cosmic Microwave Background, IR and Optical galactic background...)

✓
✏i

✏0i = ✏i � (1� � cos ✓)In the electron rest frame (e.r.f.) the photon energy is:

✓0
✏0i

Assumption: in the e.r.f the scattering is Thomson: ✏0f = ✏0i

�0

✏0f can well be non-coplanar✏f
�

In the lab rest frame the (final) photon energy is: ✏f = ✏0f � (1 + � cos�)



Leptonic Gamma-Rays: Inverse Compton

✏f = �2 ✏i G(✓,�)

After averaging over angles (tedious...): ✏f =
4

3
�2 ✏i

Example:

                                                                         X-rays 

                                                                         gamma rays (FERMI) 

                                                                         gamma rays (Cherenkov Telescopes) 

Cosmic Microwave Background -> T ⇠ 3 K kT ⇡ 3⇥ 10�4eV

Ee = 1 GeV ! ✏� = 1, 5 keV

Ee = 1 TeV ! ✏� = 1, 5 GeV

Ee = 25 TeV ! ✏� = 1 TeV



Leptonic Gamma-Rays: Inverse Compton

✏f =
4

3
�2 ✏i

is there a maximum energy for 
the up-scattered photons? < � m c2

energy conservation...

above a given energy Inverse Compton scattering becomes ineffective

let’s check the assumption of Thomson scattering in the e.r.f.:

photon energy in the e.r.f: ✏0i ⇡ � ✏i

Thomson scattering ONLY if: � ✏i < mc2

if                           we must use the quantum relativistic (Klein-Nishina) cross section� ✏i ⇠ mc2
✏

�KN
�T

/ ✏�1

mc2



Leptonic Gamma-Rays: Inverse Compton

✏

�KN
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/ ✏�1

mc2

Ee = � m c2
✏�
Ee

✏�

200 TeV

.......

~30%

.......

~60 TeV

.......

1 TeV

25 TeV

100 TeV

~0.2%

~4%

~15%

~1.5 GeV

~1 TeV

~15 TeV

✏� =
4

3
�2 ✏CMB

� ✏� < mc2

Thomson

Ee >> 200 TeV ~100% Ee ~ Eγ

� ✏� > mc2

✏� ⇡ Ee

Klein-N
ishina

cutoff in the 
photon spectrum 



Leptonic Gamma-Rays: Inverse Compton
Photon spectrum:

/ E��

TeV PeV GeV ⇠ 50 TeVEe

Ne
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The electromagnetic spectrum

visible light -> stars

interactions of cosmic ray protons with matter 
inverse Compton emission of TeV/multi-TeV electrons in the 
CMB

thermal emission from hot plasmas (millions of K) 
synchrotron emission of 100 TeV electrons in a 3 µG field 
inverse Compton emission of ~GeV electrons in the CMB

}
21 cm line -> atomic neutral Hydrogen (HI) 
synchrotron emission of multi-GeV electrons in a 3 µG field

}


