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Properties of Cosmic Rays Defintion

Composition
Energy Spectrum

What are Cosmic Rays?

@ high energy particles
@ primary vs. secondary

@ components

o charged component
o neutrino component
o photon component
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Properties of Cosmic Rays

Which particles occur?

Defintion
Composition
Energy Spectrum

@ 98% fully ionized nuclei

- 87% protons (H nuclei)
- 12% a-particles (He nuclei)
- 1% heavier nuclei

o 2% electrons

compeosition of charged component

85% protons

1% heavier
nuclei

2% electrons
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Properties of Cosmic Rays

Defintion
Composition
Energy Spectrum

What about their energy?

@ same distribution
for different nuclei

differential flux [1st ST MeV/nucIeon)'W]
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Properties of Cosmic Rays Defintion

Composition
Energy Spectrum

What about their energ

Fluxes of Cosmic Rays

(1 particle per m*=second)

@ same distribution
for different nuclei 10

Knee
(1 particle per m'—year)

(1002) 658 *F/1 90551 *66 "0 ‘Swaraay aauapg aouds “(paows d 'S

o overall spectrum :
o solar modulation %
o GZK-cutoff it AN
‘ .

Ankle

(1 particle per km*—year)
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Properties of Cosmic Rays

Defintion
Composition
Energy Spectrum

What about their energy?

scaled energy spectrum, C. Grupen, Astroparticlephysics (2005)

. . . 10
@ same distribution
. . — || particl t
for different nuclei SR o S spee
F‘j ° T S
T 3 Ry
‘?‘E 10 ~ =30
@ overall spectrum = Qe Ny
5 :
o solar modulation g '} \ o ke Wme
— ~o- ¢
o GZK-cutoff ~_ i+
10 12 14 16 18 F./_“ 20
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energy per nucleus [eV]
@ structures
o knee (~ 10%eV) N(E) o« E=7
o ankle (~5.10%eV)




Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drif
Adiabatic Invariants
Magnetic Mirror

How do e~ and ions move in uniform magnetostatic field?

e pitch angle: o = tan™! ("—L>

Vil
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How do e~ and ions move in uniform magnetostatic field?

e pitch angle: o = tan™! ("—L>

Vil
@ equation of motion: m% =q(vxB) v=v,] +v,
y
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Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

How do e~ and ions move in uniform magnetostatic field?

e pitch angle: o = tan™! ("—L>

Vil

@ equation of motion: m =q(vxB) B B.
(=]

solution for B = Bé, 'y | S

x = Frgsin(wgt) + xo

y = rgcos (wgt) + yo d ) )

] q>o - qco

with gyrofrequency and gyroradius
left hand rule right hand rule

_|CI‘B . vi
Ye = Tm e = Tugl =

mv |
|q| B sense of gyration, R. Kippenhahn & C. Mollenhoff, Elementare Plasmaphysik (1975)
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Gyration

Dynamics of Charged Particles in Electromagnetic Fields Dri
Adiabatic Invariants
Magnetic Mirror

How do e~ and ions move in uniform magnetostatic field?

B
o pitch angle: o = tan™! (“’/—‘L‘) q>0
@ equation of motion: m% =q(vxB)

solution for B = Bé,

x = Ergsin (wgt) + xo

y = rgcos (wgt) + yo

with gyrofrequency and gyroradius

_ lqIB _
Wg = " fe =

v, __ mvy

NN N NS

o guiding center (xo, yo) moves with v

i & RA. Treumann
hysics (1997))

helical orbit, W. Baumj
Basic Spact
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Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

What happens if E and B are arbitrary?

o E x B drift: vE:Eg—ZB

E
B Electron

grad B drift, W. Baumjohann & R.A. Treumann, Basic Space Plasma Physics (1997)
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Gyration
Dynamics of Charged Particles in Electromagnetic Fields
tic Invariants
tic Mirror

What happens if E and B are arbitrary?

oEderift:vE:Eg—zB £ .

dE | @ Vp o

m_
gB?2 dt
®s

@ polarisation drift: vp =

polarization drift, J. Howard
Introduction to Plasma Physics (2002)




Gyration

Dynamics of Charged Particles in Electromagnetic Fields

tic Invariants
tic Mirror

What happens if E and B are arbitrary?

Y ExB
o E x B drift: VE:?
curvature drift
W. Baumjohann & R.A. Treumann B
Basic Space Plasma Physics (1997)

@ polarisation drift: vp = q—’gz‘f—j

ture drift Vi RexB
@ curvature drift: vpg = —1 =5
q RCB2




Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants

Magnetic Mirror

What happens if E and B are arbitrary?

o E x B drift: vE:Eg—ZB

@ polarisation drift: vp = q—’;% vB lon

2
_ ™[ RcxB

@ curvature drift: vg = - RB
¢ @ (0000000000000000000000 +

Electron
ExB drift, W. Baumjohann & R.A. Treumann, Basic Space Plasma Physics (1997)

o gradient drift: vy = % (B x VB)
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Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

What happens if E and B are arbitrary?

o E x B drift: vE:Eg—ZB

et e _ _m dE;
@ polarisation drift: vp = B2 di >0 g<0
© |F
2
myv,
@ curvature drift: vp = —”RSXE
@ RZB o brFT>

gravitational force drift
http://en.wikipedia.org/wiki/File:Charged-particle-drifts.svg

. . mV2
o gradient drift: vy = 725 (B x VB)

@ gravitational force drift: vg = %g;—f
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Gyration
Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

Which quantities are conserved?

2
va_

2B

@ magnetic moment: p =

@ magnetic flux: ¢, = 22—2’"u




Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

Which quantities are conserved?

an2

@ magnetic moment: = -5

@ magnetic flux: ¢, = 22—2’"u

@ violation of invariance

WE,B > Wg

LVE,B < rg

Cosmic Rays



Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

What happens if B || VB for stationary B?

. . . mv? 2gin2
@ invariant magnetic moment: y = g = ™5E* = const.
2
. 2 my, 2
@ particle energy conserved: T~ = %(VH2 +v)= Sl =2 — B

Mirror Point
1

)
]
Bl gradB |
|
!

mangetic mirror, W. Baumjohann & R.A. Treumann, Basic Space Plasma Physics (1997)




Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

Where is the mirror point?

. .. my, 2 2
@ mirror condition (VH =0): 2” =M — uB = " = uB
B
A
myy?
2u
>B_M3
2u
Biz)
z
mirror condition, R. Kippenhahn & C. M&! f, Elementare F physik (1975)
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Gyration
Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

Where is the mirror point?

e mirror condition (v = 0): — = ’"2"2 —uB=m2 = B

1
" . -\ 2
@ loss cone condition: sin(a*) = (B'"'">

loss cone
J. Howard
Introduction to Plasma Physics (2002)
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Gyration

Dynamics of Charged Particles in Electromagnetic Fields Drifts
Adiabatic Invariants
Magnetic Mirror

Where is the mirror point?

@ mirror condition (VH =0): ” — m 2

1
2
@ loss cone condition: sin(« (B >

@ scatters back (o > o) or escapes (a < a*)

mirror point
R. Kippenhahn & C. Méllenhoff
Elementare Plasmaphysik (1975)
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms 5 4
Stochastic Acceleration

Where do particles get their energy from?

@ top-down-scenarios - supermassive particle decay
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms 5 4
Stochastic Acceleration

Where do particles get their energy from?

@ top-down-scenarios - supermassive particle decay

@ bottom-up-scenarios - acceleration processes

possible energy sources - classification:

o dynamic - graviational potential: transfer of potential energy
o hydrodynamic - kinetic energy: acceleration via collisions or rotation
o electromagnetic - em. potential: energy gain per coulomb force

process - classification: direct vs. stochastic

Cosmic Rays
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms p 4
Stochastic Acceleration

How do particles speed up via electric fields?

@ no electrostatic fields
=- non-stationary electric fields

= time-varying magnetic fields
(— induction)
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Free Energy Sources & Classification
Direct Electrostatic Acceleration
Stochastic Acceleration

Acceleration Mechanisms

How do particles speed up via electric fields?

@ no electrostatic fields

=- non-stationary electric fields

eel)

= time-varying magnetic fields
(— induction)

A
@ betatron or cyclotron effect

oB - —

— =-VxE particle trajectory ds

ot \

b = / B.dA = Br R2 cyclotron mechanism, C. Grupen, Astroparticlephysics (2005)
do
. dB

—dt:%E-dS = U,',,d AE:—]q]U,-,,d:eszﬁ
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms g :
Stochastic Acceleration

What is the Fermi mechanism?

@ collisions with
interstellar clouds

H. Kolano:

—_
Einfiihrung in die Astroteilchenphysik
12005/2006)

<
=1

=i
r\Fl
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms g :
© Stochastic Acceleration

What is the Fermi mechanism?

@ collisions with
scattering process
lnterste"ar C|0uds Irlm]q(r:]\:.‘:::‘; die Astroteilchenphysik E

(2005:2006) 2

o elastic scattering
at magnetic mirrors
(pitch angle scattering)
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms g :
© Stochastic Acceleration

What is the Fermi mechanism?

@ collisions with

interstellar clouds head on collision
particle gas cloud
—— ‘—.
o elastic scattering 4 =4

at magnetic mirrors
(pitch angle scattering)

following collision
@ net energy gain

arti a
AEpead—on = %m(v +u)? - %mv2 >0 particl . gas cloud
———
v u

_ 1 2 1 2
AEfollowing = Em(v - u) —mv <0
C. Grupen, Astroparticlephysics (2005)

AE = AEpeadon + AEfo/lowing =mu? >0
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Free Energy Sources & Classification
Direct Electrostatic Acceleration
Stochastic Acceleration

Acceleration Mechanisms

What is shock front acceleration?

H. Kolanoski, Einfiirung in die Astroteilchenphysik, lecture notes (2005/2006)

@ collisions with shock fronts

shocked gas unshocked gas 1
(downstream) (upstream)
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Free Energy Sources & Classification
Direct Electrostatic Acceleration
Stochastic Acceleration

Acceleration Mechanisms

What is shock front acceleration?

Labrame

@ collisions with shock fronts

@ assumptions:
strong shock & monoatomic gas

M. S. Longair, High Energy Astrophysics - Vol. 2 (1981)

Cosmic Rays
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms g :
Stochastic Acceleration

What is shock front acceleration?

Upstream frame

@ collisions with shock fronts

@ assumptions:
strong shock & monoatomic gas

o diffusion up- & downstream

14 of 20



Acceleration Mechanisms

Free Energy Sources & Classification
Direct Electrostatic Acceleration
Stochastic Acceleration

What is shock front acceleration?

collisions with shock fronts

assumptions:
strong shock & monoatomic gas

diffusion up- & downstream

only head-on = energy gain

Upstream frame

M. S. Longair, High Energy Astrophysics - Vol. 2 (1981)

Cosmic Rays
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms g :
Stochastic Acceleration

How much energy do particles gain?

o fractional energy gain: AE =¢E
E, = E()(]. +§)n = n= /"(E£0> /In(1+ )
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Free Energy Sources & Classification
Direct Electrostatic Acceleration

Acceleration Mechanisms g :
Stochastic Acceleration

How much energy do particles gain?

o fractional energy gain: AE =¢E
E, = E()(]. +§)n = n_/n( )//n(l—i—{)

S 1—Pesc)"” -
SN E)x 3 (1— Pag)m = Pe — 1 ()

m=n

with v = ln( ) /In(1+¢) ~ Pesc
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Free Energy Sources & Classification
. . Direct Electrostatic Acceleration
Acceleration Mechanisms g :
Stochastic Acceleration

How much energy do particles gain?

o fractional energy gain: AE =¢E
E, = E()(]. +§)n = n= /"(E£0> /In(1+ )

S 1—Pesc)"” -
SN E)x 3 (1— Pag)m = Pe — 1 ()

m=n

with v = ln( ) /In(1+¢) ~ Pesc

° Fermi me(2:hanism - 2nd order Fermi mechanism
E~ 38 = 402
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Free Energy Sources & Classification
. . Direct Electrostatic Acceleration
Acceleration Mechanisms g :
Stochastic Acceleration

How much energy do particles gain?

o fractional energy gain: AE =¢E
E, = E()(]. +§)n = n= /"(E£0> /In(1+ )

S 1—Pesc)"” -
SN E)x 3 (1— Pag)m = Pe — 1 ()

m=n

with v = ln( ) /In(1+¢) ~ Pesc

° Fermi me(2:hanism - 2nd order Fermi mechanism
E~ 38 = 402

@ Shock acceleration - 1st order Fermi mechanism
§=3(0 = =2

15 of 20
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Acceleration Sites
Propagation and Energy Losses

Applications to the Energy Spectrum

Which objects are known accelerators?

Fluxes of Cosmic Rays

e Solar Origin: 6 (3 it per m=second)
(E < 10%V)
o Sunspots )
o Solar Wind il
o Solar Flares and o . ke o
Coronal Mass Ejections oF - T

(1007) £6-S8 “F/1 INSS] ‘66 104 ‘Suaraay 2uang 2udg *Lprons d s

Ankle

(1 particle per km’—year)
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Acceleration Sites
Propagation and Energy Losses

Applications to the Energy Spectrum

Which objects are known accelerators?

F Fluxes of Cosmic Rays
e Solar Origin: " (3 it per m=second)
(E < 10%V)
o Sunspots )
o Solar Wind E
o Solar Flares and o . ke o
(1 particle per m*~year)

Coronal Mass Ejections

e Galactic Origin I:
(10%V < E < 10%5eV)
o Interstellar Clouds
o Shock Fronts of
Supernova Explosions

(1007) 16-S8 *F/1 INSST 66 104 ‘SHAARY WG 0wdg “Spaons 4 'S

T T T T
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Acceleration Sites
Propagation and Energy Losses

Applications to the Energy Spectrum

What is a Hillas Plot?

Hillas Plot
M. Orstrowski, Astropart.Phys., 18, 229-236 (2002)

Protons
(100 EeV)

Protons

s (1 zeV)
o
. .. 3.1
Hillas condition :
3 | re (100 Eev)
3
g
B\ (R 2 E 2,5 .
(2) pc) ~ Bug (1o%ev) % oliiding

SNR 0y

Galactic|disk
halo

|
3 6 49 12 4 15 4 18 ¢ 21

|
1 au 1pc 1 kpe 1 Mpc
log(size, km)
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Acceleration Sites
Propagation and Energy Losses

Applications to the Energy Spectrum

Which objects are possible accelerators?

10*
. . . F Fluxes of Cosmic Rays
e Galacic Origin II: : )
(10%° < E < 10%%V) -

= = w
o SN Remnants - Pulsars P
o Binaries a :
o Galactic Wind i z
‘-‘_” Knee E
F (1 particle per mi=year) | &
T H
s £
\i‘g: ‘(‘g ;
F % 2
% E

i Ankle %

i (1 particle per km’—year)
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Acceleration Sites
Propagation and Energy Losses

Applications to the Energy Spectrum

Which objects are possible accelerators?

e Galacic Origin II: e
(10'° < E < 10%%V) s R
o SN Remnants - Pulsars ’ :
o Binaries a :
o Galactic Wind s H
o Extragalactic Origin: :
(E > 10%%V)
o Structure Formation Shocks ‘i \‘ £
o Clusters of Galaxies I "a( 3
o Radio Galaxies CE . N
o Active Galactic Nuclei 7k it
o Gamma-Ray Burts e o
o Colliding Galaxies o 0T 10 10 0l s 0
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Acceleration Sites
Propagation and Energy Losses
Applications to the Energy Spectrum

Do particles lose energy whilst propagation?

@ Insterstellar and Intergalactic Medium
@ Cosmic Photon Fields
@ Cosmic Magnetic Fields
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Acceleration Sites
Propagation and Energy Losses
Applications to the Energy Spectrum

Do particles lose energy whilst propagation?

@ Insterstellar and Intergalactic Medium
@ Cosmic Photon Fields
@ Cosmic Magnetic Fields

@ Interactions of Cosmic Ray Electrons
o synchrotron radiation in cosmic magnetic fields
inverse Compton scattering of ambient photon gases
triplet pair production in ambient photon gases
nonthermal electron bremsstrahlung in ambient matter fields
ionization and excitation of atoms and molecules in ambient matter fields

o O O O

(e}

Coulomb interactions with ionized gas
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Acceleration Sites
Propagation and Energy Losses
Applications to the Energy Spectrum

Do particles lose energy whilst propagation?

@ Insterstellar and Intergalactic Medium
@ Cosmic Photon Fields
@ Cosmic Magnetic Fields

Interactions of Cosmic Ray Electrons
o synchrotron radiation in cosmic magnetic fields
inverse Compton scattering of ambient photon gases
triplet pair production in ambient photon gases
nonthermal electron bremsstrahlung in ambient matter fields
ionization and excitation of atoms and molecules in ambient matter fields

o O O O

o Coulomb interactions with ionized gas

Interactions of Cosmic Ray Nuclei
o pair production

photo-production of hadrons

photo-desintegration of the nucleus

pion production

excitation of nuclei

o O O O

Coulomb and ionization interactions

(o]
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