
Lecture 6 061117 

•  Slides will be available at:  
•  https://www.fisgeo.unipg.it/~fiandrin/

didattica_fisica/cosmic_rays1718/ 
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 Modulazione dei RC di bassa 
energia dovuta al ciclo del Sole 

Parte dello 
 spettro 
 esclusa  
Dalle 

 considerazioni 

n  Le variazioni del ciclo 
solare hanno effetti per 
energie < 1 GeV 

n  RC con E > 10 GeV non 
affetti dal ciclo solare 

n  Flusso di RC di bassa 
energia (>1 GeV): ~ 1000 
p/(m2s sr). 

n  Pensateci prima di offrirvi 
volontari per una missione 
su Marte. 
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Raggi cosmici 
Composizione RC  
 
 ¼ 90% protoni   p/p ~ O(10-4) 
 ¼ 8% He             He/He ~ 10-6 
 ¼ 1%  e               e+/e- ~ 10-1 
 ¼ 1% Nuclei     e+/p ~ O(10-4) 
 

CR Composition 
 
 85% protons  à 
 12% He          à 
 2%  e              à 
 1% Nuclei 
 

Rare components provide a plenty of  info    
Electrons represents O(10-2) of  the 
charged CR flux but can reveal aspects 
of  the source distribution and galactic 

propagation not observable in the 
nuclear CR component. 
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Radio galaxy Cignus A 
Relativistic electrons within the jets emit synchrotron radiation at the hot 
spots (shock wave) where the jet material hits the interstellar medium. 
Radiation is emitted also in the "cocoon" of the jet, where residual B field is 
present 

The parent galaxy in 
invisible because it emits 
very few power at radio 

frequencies 
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Formation and Interactions of CR's 
n Energy Supply: gravitational, nuclear, ELM,... 

n Shock & Hydromagnetic waves, ELM Fields, Turbulent B fields,... 

n Relativistic particles = Cosmic rays 

n Matter n B Fields n Photons 

n Ionization 
n Nuclear interactions  

n Bremsstrahlung 

n Synchrotron &  
n curvature radiation 

n Inverse Compton & 
Thomson Scattering 
n Self-Absorbtion 

n Store and transport energy 

n Processes transfer a fraction of  E to particles at the sources : injection and acceleration 

n Particles interact with  

n Provide energy for particles 

n “interstellar, intergalactic 
medium” 

n Particles escape into ISM from the 
acceleration sites  



n  Particles get accelerated at 
astrophysical sources 

n  They leave sources and propagate 
in the ISM 

n  They interact with the ISM particles 
and/or decay producing new 
particles 

n  They loose energy in the ISM by 
elm processes (brems, IC, sync) 

n  They are bent randomly by ISM 
magnetic field 

n  Until they reach the galaxy border 
and escape the galaxy 

n  Therefore: Their spectum and 
composition at the Earth location 
are not representative of the source 
spectrum 6 

Formation and Interactions of  CR's 
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n  Figura 17.2 libro 

ρIG = 1 p/cm3= 
            =1.67x10-24 g/cm3 

Densità media 
del mezzo 

Interstellare 
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 Il campo magnetico galattico 

n  Si misura tramite la 
polarizzazione della 
luce delle stelle 

n  Intensità media:     
(3 ±3) µGauss 

n  Coerenti su scale di 
1-10 pc 
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n  9000 stars have polarization measured 
n  mostly nearby (1~2kpc) 
n  polarization percentage increases with 

distance 

Zweibel & Heiles 1997, Nature 385,131 Berdyugin & Teerikorpi 2001, A&A 368,635 

Polarizzazione della luce delle stelle:  
local field // arm 



 Il campo magnetico galattico 

n  The galactic magnetic field can is usually 
decomposed in two components: 
n  Regular, large scale field 
n  Turbulent, random irregularities 

n  Particles drift in the large scale field and scatter 
(collisionless) on the field irregularities 
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Isotropy 

n  So far, experimental results indicate only small 
amounts of anisotropy at low energies, with δ 

increasing with E. 
n  Below E~ 1010 eV, solar modulation hides the original 

directions. 
n  For higher energies, direction of maximum excess is 

close to that of the Local Supercluster of Galaxies. 



Isotropy 

n  This suggests that CR propagation may be 
described as a diffusion process in the ISM of 
galactic volume from injection sources, that is 
the CR trajectories are random walks on 
scattering centers (as we will see, CR scattering is 
collisionless) in the Milky Way, at least up to 
EeV until they reach the “border” where there is 
some probability to escape the galactic diffusion 
“volume” and ride into deep intergalactic space 
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Propagation equation 
n  CRs undergo a diffusion process through the interstellar medium from their sources 

until they exit the Galaxy. Occasionally, some CRs can be intercepted by detectors 
near the Earth.  

n  This propagation modifies also the CRs energy spectrum from the sources to the 
observer. As the solar system has nothing of peculiar with respect to any other point 
of our Galaxy, our observations are not influenced by the particular region where 
they are done. Particles having energies smaller than a few GeV, which are affected 
by the solar modulations, should not be considered.  

n  The galactic magnetic fields are the main factors which affect the CRs motion, as the 
Larmor radius for particles below the knee (E < 1015 eV) is << than the typical 
spatial dimension over which the magnetic fields are coherent. A random component 
in the motion is induced by the presence of irregularities, associated either with 
fluctuations in the fields or with the induction of instabilities due to the streaming 
motions of the charged particles themselves.  

n  During their diffusion, CRs are subject to energy-loss mechanisms and absorption. 
n  We give a “derivation” of the diffusion-loss equation which closely follows the so-

called coordinate space approach (Longair, Spurio) 
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Equazione di diffusione 

3 

ds ds ds 

ds 
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Parentesi: moto diffusivo  



19 In tal caso il coefficiente di diffusione dipende da E 
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Equazione di diffusione 

Additional terms can be added to this equation to include other physical effects, as 
the escape probability, the radioactive decay, and the spallation of  nuclei during the 
propagation of  cosmic ray nuclei from sources to Earth.  

τi and τj are the lifetimes of  particles of  species i and j. For the spallation process, they 
correspond to τi = λi/c and τj = λj/c, where λi,j are their interaction lengths.  
Pji is the probability that, in an inelastic collision involving the destruction of  the 
nucleus j, the nucleus i is produced. The finite lifetime τdecay of  instable elements 
can also account for by simply assuming that:  
 

The equation is time dependent. Normally, one is interested in the steady-state solution, 
corresponding to dNi/dt = 0. Electrons, positrons, and antiproton propagation can be 
described as well by the diffusion equation. They constitute special cases, differing 
principally due to the energy losses and production rates of  these particles  



What D means? 

n  Random walk: after N steps of the same length l0, a 
particle starting from the O of a ref. Frame is at 
position d=∑Nli 

n  <d> = 0 
n  <d2> = d•d = ∑i∑jli•lj = Nl02 + 2l0∑i≠jcosθij = Nl02 
n  The solution of diffusion eqn  
(without E loss or any other process) is found to be 
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N(r) = No

(4πDt)3/2
e
−
r2

4Dt

dN
dt

−D∇N =Q

For Q(t) = Noδ(t), an istantaneous injection 
at t= 0 in the origin 



What D means? 

n 22 

N(x, t) = N0

2 4πDt
e
−
x2

4Dt

Se iniettiamo N particelle nell'origine con una 
distribuzione spaziale N = N0δ(x) a t = 0, l'evoluzione 
temporale e' data da 

Il bunch di particelle rimane in media fermo 
nell'origine, ma si allarga nel tempo con una 
distribuzione gaussiana di larghezza crescente 

Dtx 2=σ

Una frazione della carica N/N0, inizialmente tutta in x 
= 0, la si ritrova ad una distanza x dopo un tempo t 

ions in air (calcoletto alla lavagna?) 

n 
n n No convezione (per ora) 



What D means? 

•  After a time t, the particles is at a average 
quadratic distance form origin d~(Dt)1/2 

•  Therefore Nlo2 = Dt à D = Nlo2/t 
•  Nlo = total distance à Nlo/t = v 
•  So that D ~ vlo 
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What D means? 
•  An order of magnitude estimate for D can be determined 

from the residence times of CR in the galaxy 
•  If L is the characteristic scale of the system 

•  If τ is the average residence time of CR in the galaxy 
•  Therefore, by order of magnitude 

•  The scale L for the galaxy is the disk thickness. Assuming L 
= 300 pc = 9x1020 cm and a typical residence time of 107 
years = 3 x 1014 s, D ~ 3 x 1027 cm2s-1 
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D∇N ≈
DN
L2

dN
dt

≈
N
τN

τ
≈
DN
L2

D ≈
L2

τ



What D means? 
•  From D = vlo/3, an estimate of the “step length” for a charged 

particle in the galaxy can be given 
•  lo = 3D/c ~ 3x1017 cm = 0.1 pc 
•  More refined models give D up to 3x1028 cm2 s-1 
•  à lo ~ 1 pc 
•  Also the halo thickness is uncertain. Estimates range up to 

1000 pc (which, for example, results in a factor 10 for D) 
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What D means? 
•  à lo ~ 0.1 - 1 pc 
•  Average particle density is too low for an efficient scattering 

by collisions 
•  This quantity can be interpreted as the typical scale of 

magnetic fields inhomogeneities of the magnetic field in the 
ISM 

•  On microscopic level, the diffusion of CR results from 
particle scatterings on magnetohydrodynamics waves and 
discontinuities (eg shock waves). 
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