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� Propagation of Energetic Particles

� Acceleration of Energetic Particles

� Sources of Energetic Particles
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Energetic par tic les

� Non-thermal ± not in thermodynamic equilibrium
with surroundings e.g., cosmic rays, relativistic
electrons in supernova remnants and in radio
galaxies.

� High energy, very low density, e.g., cosmic rays:
particle energy 1010 eV up to 1020 eV (� 16J)
number density 10� 10� interstellar medium.

� Interactions with background almost exclusively
via electromagnetic �elds

� E = 0 in highly conducting astrophysical plasma
(acceleration problem)
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Cosmic Rays

Cosmic Ray Flux at Earth

Magnetic con�nement?
Residence time � 108 years,
crossing time � 103 years.
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Propagation

� g � 10� 18EeV kpc
B

cos� 1�

Cosmic ray streaming instability, quasi-linear theory:

f (p; � ) = f 0(p) + �f 1(p)

= f 0(p)
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CR streaming instability

Growth-rate for Alfvén waves at angle arccos(� ) to B
Power-law distribution,
f 0(p) = n> (p0)(s � 3)(p=p0)� s=(4� p3

0)
(for p > p0 ):

r0
 (! )
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2

�
(s � 3)e2n> (p0)
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gyro radius r0 = p0=eB
n> (p0) = density of particles with p > p0

Growth when streaming speed > Alfvén speed – p.7/39



Quasi-linear saturation

dW(! ; t)
dt

= 
 (! )W(! ; t)

df (p; �; t)
dt

=
@

@�
D��

@f
@�

with pitch-angle scattering coef�cient:

D�� =
� e2r0

4� 0p2cj� j
W(! = p0vA=pr0)

� Waves tend to isotropise the distribution
� No energy change to �rst order (E � vAB)
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Diffusion appr oximation

f 1 � f 0 ) diffusion equation for f 0:

@f
@t

�
@

@x
�

@f
@x

= sourcesand sinks

with diffusion coef�cient:

� =
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Z +1
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Mean square distance travelled:


� x2�

= � � t
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Galactic cosmic rays

300 pc

1 kpc

galactic disk

n=0.1..1 /cc

n=0.01 /cc

CR halo

GrammageX � 5gcm� 2

Con�nement time � � 108 year
X � hni mpc�

) hni � 0:03cm� 3 � ndisk

Cosmic rays not con�ned to disk
– p.10/39



Galact CRs contd.

Halo height
p

�� � 1kpc (disk radius � 15kpc).

) � � 3 � 1027 cm2s� 1 (at 10GeV)

� 104 � gyro-Bohm diffusion

(B = 3� G = 0:3nT).
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Problems with standar d picture

� Growth rate too low (non-linear Landau damping in
high � plasma, damping by neutrals in low �
plasma)

� Quasi-linear picture (but � B � B)
� Magnetic �eld lies in the disk.
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Anomalous transpor t

x

z

Braided �eld lines



� z2

�
/ t

)


� x2

�
/ � z /

p
t Sub-diffusion
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First-or der Fermi process at shoc ks

General case: spectrum determined by two
processes

� Repeated acceleration events (e.g., on crossing
the shock)

� Finite probability of escape (e.g., downstream)

Acceleration _p = ap Escape rate b
P(p + dp) = P(p) (1 � bdt)

_P = � bP )
dP
dp

= �
bP
ap

P / p� b=a
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First-or der Fermi contd.

arccos(µ)

p

p´

p´

p´´

Shock

Upstream Downstream

u u´

arccos(µ´)

p0 = p
�

1 +
� � u

v

�
p00= p0

�
1 �

� 0� u
v0

�
(� u � c)

to �rst order in � u=v:
� p
p

=
� u
v

�
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First-or der Fermi contd.

Average over isotropic distribution (prob. of crossing
proportional to relative speed j�v j):

h� pi
p

=
Z +1

0
d�

Z 0

� 1
d� 0j�� 0j� p=p

� Z +1

0
d�

Z 0

� 1
d� 0j�� 0j

) h� pi =p= 4� u=3v

No: entering=sec = 2� p2
Z +1

0
d� (�v + u0)f = nv=4

No: leaving=sec = 2� p2
Z +1

� 1
d� (�v + u0)f = nu0

) Escape Probability = 4u0=v – p.16/39



First-or der Fermi contd.

In terms of the phase-space density

f (p) / p� 3� Pesc=h� p=pi � p� s ;

s =
3u
� u

=
3r

r � 1

where r is the compression ratio of the shock.

A strong shock in a gas with Cp=CV = 5=3, has r = 4,

and s = 4. – p.17/39



Relativistic shoc ks

Shock outruns particles?
) Angular dependence:

exp
�

� 1+ � s

1� � su=c

�

(1 � � su=c)s

As � ! 1 , s ! 4:23

Relativistic gas

Relativistic gas

Strong shock

Strong shock
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Sour ces of Energetic par tic les

Except for cosmic rays, all information comes from
photons generated by energetic electrons
(only exception 
 -rays from nuclear interactions in the
Large Magellanic cloud).

Two important mechanisms:

� synchrotron radiation

� inverse Compton scattering
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Sync hrotr on radiation

1/ge, 

B

g

Characteristic frequency: � c =

 2

2�
eB
m

(ISM: � c = 1GHz, B = 1nT ) 
 = 6000)

Rate of cooling:
� _




=
2

3mc
� T

B 2

� 0



(4:3 � 107 years)
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Sync hrotr on spectrum

Power emitted by particles in range d
 :

dP = (� _
 mc2)n(
 )d


Putting n = C
 2� s:

dP
d


/ 
 2
|{z}

_



 2� s
| {z }
n(
 )

or, since � / 
 2,

dP
d�

/ � (3� s)=2 � � � �

For s = 4, � = 0:5.
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. . . with cooling

Assumes n(
 ) not changed by the energy lost in
radiation — applies when t � tcool.
If cooling important, specify not n(
 ), but q(
 )
(rate at which particles are injected into system).
Density follows from

@n
@t

+
@

@

( _
 n) = q(
 )

(continuity equation in phase space)
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cooling, contd.

Stationary solution depends on particles injected at
higher energy:

n(
 ) =
1

� _


Z 1



d
 0q(
 0)

) steepened or cooled spectrum: q / 
 2� s, n / 
 1� s

) dP=d� / � (2� s)=2
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Homog eneous sync hrotr on model

Spectrum of Mkn 501
�t to synchrotron
emission of a
homogeneous
source.
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The Crab Nebula

As seen by Chandra:
synchrotron X-rays.
Central star source of
particles and magnetic �eld
(Piddington 1957)

Pulsar also emits waves (Rees & Gunn 1974):
� In vacuum, magnetic dipole radiation + damping
� In plasma, MHD wind + shock
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Striped wind I

In MHD, particles tied to �eld lines

Meridional plane

Equatorial plane

A subluminal striped wind is formed
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Striped wind II

x
z

Strong current
induced between
the stripes

Dissipation
) acceleration

� = (Energy loss rate)=(particle loss rate � mc2) � 106
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Crab spectrum

� � 1:1

� � 0:3
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Inverse Compton scattering

Thomson scattering, electron at rest

�

�

�

�

�

�

d� =d
 = 3� T (1 + cos2 � )=(16� )

� 0 = � =
�
1 + (h� =mc2)(1 � cos� )

�

� � ; for h� � mc2
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IC scattering contd.

Thomson scattering, relativistic electron
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IC scattering contd.

Emitted frequency (after angle average):

� 0=
4
3


 2�

Direction of emission:

cos� 0 =
�
cos�� 0� v=c

�
=

�
1 � v cos�� 0=c

�

� � 1 � 1=
�

 2 �

1 � cos�� 0��

F orward beaming

Cooling rate:

� _




=
4
3

� T

mc
� target energydensity � 
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Klein-Nishina scattering

For h�� � mc2 in electron rest frame (
 h� � mc2) recoil
important.

) Maximum photon energy � 
 mc2

) Cross-section reduced

) Pair-production threshold exceeded

(For 
 + 
 ! e+ + e� require � 0� > m2c4=h2.)
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Crab TeV spectrum
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Imaging �Cerenk ov Telescopes
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H.E.S.S. telescope
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Binar y pulsar PSR 1259-63

� Position of
termination shock
variable

� Photons from Be
star form dense
target
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Be-star wind

pulsar wind

Strong, inverse Compton radiation predicted (1997)

Detected by H.E.S.S. in March 2004
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Binar y pulsar contd.

Predicted � F�
at 12 days
before periastron

Upper limits:
COMPTEL/EGRET
(blue)

Detections:
ASCA/OSSE (green)
H.E.S.S. (red)
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Active galaxies

Spectral energy distributions of 9 Blazars/FSQ's
Ghisellini et al, MNRAS 301, 451 (1998)

� Twin peaks:
synchrotron and
IC scattering

� Same electrons?
Source of target
photons?
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Challeng es. . .

Fundamental astrophysics problem:
extraction of energy released close to compact objects

� Accretion onto black holes (active galactic nuclei,
gamma-ray bursts)

� Rotational braking of a neutron star

Poynting �ux dominated out�o ws provide an answer:
� Micro processes described by plasma

astrophysics govern the energy release
� Detailed high-energy observations of galactic

sources provide a laboratory for testing theories
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