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| ectures outline

« Radio emission basics

« Solar radio emission: main properties
« Radio emission and energetic particles
« Kinetic equations and plasma waves

* Modelling of radio emission
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gffé‘gg‘gétwy Solar radio emission
plasma emission
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gj;ré\giés&twy Brightness temperature

We can always make a definition, common in radio
astronomy: Brightness temperature

ny

At typical radio frequencies and temperatures hv <<kT = exp( T) 1~ ¥

Hence 2hv? 2ve kT
" c*lexp(ty)-1] c?

Rayleigh — Jeans
approximation
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University Optically thick and optically thin emission

of Glasgow

1 | If we model the absorption in the slab as:
dl =—I1 xd/
d€1 -

1 | +dl Absorption coefficient, which is not in general
constant, but depends on depth and frequency in the
atmosphere

: . . -7
The optical depth, denoted by 7 , so that | obs — IO e
® 1f 7 =0 wedescribe the atmosphere as “transparent” and Iobs — |0

® If 7 <<1 wedescribe the atmosphere as “optically thin" and

® 1f T >1 we describe the atmosphere as “optically thick” and Iobs < IO

For example, free-free absorption coefficient (Dulk, 1985):

i 3 & T
k() = O.Q-nﬁT_ 2y 2 (em ™)
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Radio emission mechanisms




Uan@l‘SltY Solar radio emission mechanisms
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Free-free emission (collisions of electrons with
protons and other particles)

Gyromagnetic emission (cyclotron and
gyrosynchrotron)

Coherent emission due to wave-wave and wave-
particle interaction

eB

Vp = - ] <= gyrofrequency

<= plasma frequency




Free-free emission
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Photons are produced by free- Photon
free transitions of electron \st
electrons - also known as - |
Bremsstrahlung (‘braking \
radiation’) proton
4 Free-free emission from plasma
Flux density Thermal part

|

>
Frequency

Optically thin part

Optically thick part




Unlver51ty Free-free emission
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A rising spectrum from a compact (20”) source requires that the source is relatively
dense (n,~10% cm=3) and hot (T, ~10 MK).
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Thermal free-free radio spectra produced from a uniform cubic source with a linear
size of 20” for n,= 10 to 4 x 10'2 cm= and T, = 0.5-5 MK.
From



http://adsabs.harvard.edu/abs/2010ApJ...709L.127F
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Cyclotron Radiation

Any constant velocity component parallel to the magnetic field line
leaves the radiation unaffected (no change in acceleration ), and
electron spirals around the field line.

electron

\7’1 Photon

magnetic field

Electron cyclotron line has frequency

vg = Q./2n = eB/2nmc ~ 2.8 x 10°B.

In ultra-relativistic limit, this radiation is known as synchrotron — it is strongly Doppler
shifted and forward beamed due to relativistic aberration.

In mildly or sub relativistic limit, this radiation is known as Gyrosynchrotron
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RELATIVISTIC RELATIVISTIC

log Ty
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Brightness Temperature and Flux density as a function of frequency for various
emission mechanisms (Dulk, 1985)
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Electron Beam |
i electromf% Langmuir waves
Langmuir waves s
! 5
Wave-wave g ) e
interaCtionS ionsound waves
1 k=ey W, k=e N,
wave number, k
Fundamental o
Sl erfecfan Coherent emission due to wave-
' wave and wave-particle interaction

Secondary waves

l v, = wy/2n = [n.e*/nm,]"* =~ 9000 n;/?

Harmonic radio emission plasma frequency




Plasma emission mechanisms
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Flux 4 X Emitted

Fundamental radio emission (at local He op
o served
plasma frequency) ¥
1) lon-sound decay L=T+S
2) Scattering off ions L+I=T+i

Frequency

Harmonic radio emission (double
plasma frequency)

1) Decay and coalescence Vp 2v,
L =4S, L+D’=T

2) Scattering and coalescence
L+i=L+1’, L+L’=T

For each act of decay or coalescence we have the corresponding
conservation laws for momentum and energy require:

kK =K' +k, wk)y =wk)sr + wk),




T Universit
& of Gl asgowY

Radio emission from solar
flares
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B FClasgon Solar radio emission is complex!
e

A typical dynamic spectrum of an active Sun
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Kinetic description of
plasma




University Basics: Different types of plasma description
of Glasgow

Test particles description: Exact solution for small number of
Individual particles while the rest of the particles are treated as an
external slow varying media

Fluid description of plasma: plasma is assumed to be

a continues media at L>>|, where L is a scale of processes

to consider, and | is the mean free path of a particle in a plasma.
In classical fluid description L is the collisional length.

Classical kinetics is the study of the relationship between motion
and the forces affecting motion introducing statistical tools
for description.

... other methods or combination of the above




' Umversuy Distribution function
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Kinetic description of plasma is based on the distribution
function f(t,r,p) in phase space (r,p).The value f(t,r,p)drdp
IS the average number of particle in the phase volume drdp,
l.e. In the range (r,r+dr) and (p,p+dp). Note: the number of
particles with p=p, and r=r, is equal to zero.

If we ignore collisions than each particle is a closed
subsystem and the corresponding distribution function obeys
Liouville theorem as a result of which we can write:

df(t,r,p) _0
dt

where the time derivative is a along a trajectory in the phase
space.




Uﬂlvel’sltY Liouville and Boltzmann equations
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Usmg equations of motion we derive:

of  Of  pof
o +v5r 5'];: = (.
The third term in this equation shows the influence of an
external field on the the particles. When the interaction

between particles cannot be neglected we have:

df ~_of  _df of
o Vor T op (E)

where (—5{) IS integral of collisions and the equations of
this type Kinetic are called kinetic equations.

The term in the right hand side of kinetic equations is a

source or a sink of particles in the phase space volume
drdp.
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The main force acting on a particle in a plasma is electromagnetic.

If the collisional term in the right hand side is a small value and the kinetic
equations will take the form

Sfe,i 8fe,:-, 1 8fe,i _
pm + Vv or +qe,f,,(E+Ev><B) o =0

where E, B are the average values of electric and magnetic field
respectively. This equation was first derived by Vlasov in 1937.

This equation should be completed with the system of Maxwell equations,

1B A 1 oD
B=0, D =dnmp, X E=———7, " xH=—j+—F—
v v VX cott V7 e:*']+—:*£;i't

and with the sources

,,U:Zfi’jffjdp1 j=Zf?_ffo_fdp
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Who is this person?




UﬂlVGl’SltY Perturbations and waves
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We first linearize Vlasov equations by separating out zero
and first Ol’delf — fo+0f, E=0+0E, etc.

Avoiding the terms of second order, we have

Ofei ~ O00fe 1 dfoei _
St v—t 4 g (E-|— va) 5 =0

Since isotropic distribution function depends only on
absolute value of p, for such function df/dp is parallel to
p=mv, and thus the last term is zero.

We also assuming perturbations to vary as
df,0F,dB,etc. ~ exp(ikr — iwt)




gj;ré\gigétwy Waves in un-magnetized plasma

Together with Maxwell equations we have:
d
—iwS o + IVKS fo; — eEE0 ?;

1w 4
ikB =0, kD =dmp, ik xE= F—]E'i. ik x H= —J - —D

p==c3 [ sidp, 3= % | vetap.

where plasma is considered neutral.
Recall from Electromagnetism: D — EE
Solving the system of equations we can find dielectric tensor:

gf(w, k) =1— Z 471-6 gi: (k-jp =

et(w, k) =1- E 216 Vi 3?){_ (kvdf W)

=0




ofG asgowy Waves in un-magnetized plasma
4“?1'6 6‘f dp
1w, k) —1—2 6‘1:- =0
2‘?1'8 of dp
£ i.:..?,k — 1 — v
e Z w op. (kv —w) dispersion relation

We want to solve this system of equations to find w = w(k):

However, the integrals have a pol¢w = kv, , and the actual value depends
on the path: above, below the pole or the average of two. We take the path
above the pole i.e. add a small value w — w -+ 20 This rule was suggested
by Landau in 1946 and is named after him.

- y v | i .' v
/ r“ PV / % o
-'=-_ - | --1._ -




ofG asgowy Landau rule

Obviously integrals have a pole w = kv. but the actual value depends on
the path: above, below the pole or the average of two. We take the path
above the pole i.e. add a small value w — w <+ 20 This rule was suggested
by Landau in 1946 and is named after him.

- Il"u (I - Il" (R
/ PV [ i f(0)

Principal Value Comes from Residue
This gives us
4TE dp
(lw. k) =1 — -
elw, k) ZJ: C’p (kv —w — i)

2re? of dp
5t(¢”’;k):1_z - vlé‘pl(kv—w—iﬂ)
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Let us apply Maxwellian distribution to the expressions of the previous

section: p2
Ne i
f(p) = (2remT, ;)2 oXp ( ZmT&ﬁ.;)

Substituting Maxwell distribution we immediately obtain

1 W
gilw, k) =1+ 1+ F
zj: k22 (ﬁfwﬂ,)l
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Let us consider an imaginary part of dielectric tensor

4?? e
Ims(w, k) = Z “me“ — kv )dp
It says that the waves in plasma are damped even in the collisionless
plasma. For Maxwellian distribution we have

__\/gzj: (kjiﬁ exp (_Z(k)ilﬂj)2>

The damping is not randomization of collisions, but a transfer of wave
enerav into resonant oscillation of particles. Note that

For kApe. > 1 the damping rate would exceed frequency of
oscillations.
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The dispersion relation for longitudinal electrostatic oscillations:

E(Lu‘, k}; =0

In the limit w >> kvre. >> kvr: we find for the real part

242
'|II|I-'I| ) ] .ﬁ-h .-"IIII.I:lr .
w1 llr ""."j'll:'ll. | 2 .'I

which is the dispersion relation for Langmuir waves. The imaginary
part of the frequency is

v(k) = —05wpeIme(w, k)




University In-situ observations of Langmuir waves
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Ulysses URAP Wave Data - 1 May 2001 (day 121)
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(I)J;ré\g?é%twy Electromagnetic waves

For transverse waves the dispersion relation is given by
w? =2k ey

High frequency waves  w > kv.orresponds to ordinary
electromagnetic waves. We find

2 __, 2 2 9
wk); = Whe + k7c
This relation is correct for all values of k. Note Landau damping is does
not exist since phase velocities are greater than speed of light.

For low frequency waves ions again are not important and the solution
has only imaginary part and no waves can propagate

fi‘3621};rf.
w(k)e = V T w2
pe




Radio waves

Ulysses URAP Wave Data - 1 May 2001 (day 121)
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Let us consider the range  kwvp; << w << kvpe! have the solution of
dispersion equation in the form

k203,
2 __ 2
wk)s = Woi Ty
These waves are called ion-sound waves. For ,L;AD& << ] have
T
ks =k
wik)s = ky/ 37

with the dispersion as for ordinary sound waves.

This waves are subject to strong damping. The rate accounting only
electrons is

‘FT’.I’T?,-

Note that these waves require T, >> T




lon-sound waves

Umver51ty
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Ulysses URAP Wave Data - 1 May 2001 (day 121)
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electromagnetic waves
4’//{/’/ Langmuir waves
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The resonant condition is when the wave has zero frequency in the
rest frame of particle:

9]
l‘.—jf_’lfu. — kv)dp

op

Recall Landau damping:  Ime(w, k) = —

For unmagnetised plasma - Cherenkov resonance:
w—Kk-v=0
In magnetised plasma -cyclotron resonance possible:

w —sQ - kv =
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electromagnetic waves

Langmuir waves

[

frequency, w(k)

pi

ionsound waves

k—mpefvTE k:.:ﬂpl,fyn

wave number, k




