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Cosmic Ray(CR)
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Nuclear abundance: cosmic rays compared to solar system
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Nuclear charge

Indicating an stellar origin of cosmic rays
Secondary cosmic rays: Li, Be, B

By measuring the primary-to-secondary
ratio we can infer the propagation and
diffusion processes of CR

Beringer et al. (Particle Data Group), 2012



CR propagation

®» All our knowledge of CR propagation comes via
secondary CRs, with additional information from y-rays
and synchrotron radiation.

= ways of approaching CR propagation:

® Particle motion in a turbulence




The Unperturbed System

® Flectric fields are less important for spatial diffusion

d = (E + d X B)
dtp — 4 c
Define the parameter

Bo 2 /2
— J1—v2/c
: the pitch-angle

The trajectory can be solved

x(t) = x(0) + %Sin(cbo) — %Sin(cbo — Qt)

1% 1%
y(t) = y(0) =~ cos(Po) + - cos(Po — Q1) gyromotion

Z(t) = Z(O) + U"t
Shalchi (2009 book), chapter 1



In a turbulence...

®» Affect the trajectory of the particles in two ways:

® Spatial diffusion due to the turbulent magnetic fields

®» Momentum diffusion due to the turbulent electric

Parallel Scattering Perpendicular Scattering
(pitch-angle scattering) (field line wandering)

Shalchi (2009 book), chapter 1




Pitch-Angle Scattering

® Consider how a cosmic ray interacts with Alfven packet
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* ForA > 1, or A K< 1y, the average change of pitch-angle
during one period will be nearly zero.

e Pitch-Angle Scattering happens only when CR gyration is in
resonance with the wave. A = 1y




Pitch-Angle Scattermg

\ X
5BJ_ = X6B Sll’l(kZ — Wt) Cosmic ray ,/’ \‘\ [
/] \ —
vy, = v, sin(Qt + ¢)

Z = Zy Tt v,

Then we can get the change in p,

v X B Y
ejdt( ) = TIp sm,ufcos(qb’)
Z

C

Where ¢’ = kZO .- ¢ Apz =—p SlIl[.l5[.l S

) Sy = —n—cos(cp )mm) D, _ ((ap)? )zgﬂ«%B) >

2t

. — ﬁ [H du (1—u?)?  itis demonstrated that pitch-angle diffusion in phase-
space leads to parallel spatial diffusion in real space.



Momentum Diffusion

In addition to spatial diffusion, the scattering of CR particles on
randomly moving MHD waves leads to stochastic acceleration, which is

described in the transport equation as diffusion in momentum space with

somie diffusion coefficient Dpp

Where I/, is the Alfven velocity, D,., is the spatial diffusion coefficient.



Other factors...

® Cosmic-ray interactions

Cosmic-ray particles are expected to interact during their travel.
1.Coulomb collisions: the collision rate

nov~10"4%s~1
Where for a 1 GeV particle propagating in the ISM
(Nn~Tem™3,0~1073%m?)
Coulomb collisions can be neglected.

Note: collisions hardly affect the bulk CR population, but they totally determine the
secondaries. And it’s also important for the diffuse gamma ray emission.

2. Spallations processes: It occurs when C, N, O, Fe nuclei impact

on interstellar hydrogen and the large nuclei is broken up into smaller

huclei



Propagation Equation

P(p) = 4mp*f (P)dp,
f is the CR density in Source term

phase/:::pace / Spatial diffusion
Ju#, p, 1) /

RPN N oWy [ U
Hag? Dy 7V~ 55 [PV = 5O D] v -

Momentum diffusion Spallation and decay




Simulation

=» A powerful tool: GALPROP

= Aim to enable simultaneous predictions of all relevant

observations

®» Here | just introduce a very simple model called Leaky
Boxes model, in which we don’t need to consider many

details in Propagation Equation.




Leaky Boxes model

DISK

CRs are assumed be accelerated in the galactic plane and to

propagate freely within a cylindrical box of size H and radius R and
reflected at the boundaries. And CRs have a non-zero probability to
escape from the box.




Leaky Boxes model

i _ DAN, = i
ot T...

|

N; = ngexp(—t/T,,.) = noexp(—z/H)

Here we can get D « T,,1

How to estimate the escape timescale T, ?




Escape Timescale T,

Consider the Secondary-to-Primary ratios: B/C

(Boron is chiefly produced by Carbon)

the cross-section of

QB(E) ~ ngBcp_pNc

Np

—— ~ngPBco_.pT

N¢



Escape Timescale T,
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T,sq: the escape timescale



Back to Leaky Boxes model

ON;(E) N;(E)
Add the source term: 35— = Q;(E) — T...(E)

Solve for the stationary state: N;(E) = Q;(E)T.s.(E)

T,oc(E) x E79> N(E) x E~27

E— O(E) o E-21

So the difference of Power-law slope between observation and Fermi

acceleration mechanism can be explained by the propagation progress.



Other simulated Result

®» Secondary-to-Primary Ratios

—— Standard diffusion model
—— Turbulent diffusion
------ Wind model
---- Minimal reacceleration
% ACE-98
v ISEE-3
Voyager 1, 2
e HEAO-3
m UNH (CRID) 1977 (Chappell, Webber)
© University of Chicago 1973—74 (Dwyer et al.)
o Webber et al. 1985
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The models cannot be
distinguished on the
basis of these types
of data alone, and
they all provide an

adequate fit.

Jones FC, Lukasiak A, Ptuskin V, Webber W. Astrophys. J. 547:264 (2001)



Anisotropy

Other simulated Result

®» Anisotropy
High isotropy is a distinctive quality of CRs observed on Earth

The first angular harmonic of anisotropy is at the level of §~1073
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\\ Ambrosio M, et al. Phys. Rev. D 67:042002 (2003)



Summary

® The Propagation Equation is the basic theory for us to study the CR

propagation

QY@ p.t — =2 < -
—lp(_ra—tL' = g(?',p,t)"‘ '(Dxx‘ ",b’ - ‘[/f)
J o1 ., P P |, 1

Based on Leaky Boxes model, we can use the Secondary-to-Primary

ratios B/C to estimate the CR’s residence time in galaxy is about 3Myr.

® The difference of Power-law slope between observation and Fermi

acceleration mechanism can be explained by the propagation

progress. Q(E) X E—Z.l N(E) o'e E—2.7

® The anisotropy of CR is at the level of §~1073.




