Solar radio bursts
and low frequency radio
emissions from space

Rico Behlke

IRF Scientific Report 275
2001

ISSN 0284-1703

INSTITUTET FOR RYMDFYSIK
SWEDISH INSTITUTE OF SPACE PHYSICS

[“J'F“H”“I‘H””l
IRF







Solar radio bursts

and low frequency radio
emissions from space

Diploma Thesis
by

Rico Behlke
Swedish Institute of Space Physics

Uppsala division
SE-755 91 Uppsala, Sweden

IRF Scientific Report 275
2001






Abstract

This diploma work deals mainly with solar radio bursts. I motivate the
study of these phenomena and give a historical overview of them. I also
summarize radiative definitions and present plasma radiation emission
processes. In particular, an overview of solar radio bursts is given. Fur-
thermore, other planetary radio emissions on the example of Jupiter are
reviewed and the importance of radio astronomy from space is pointed out.
As detailed examples, solar type II and III bursts are described. Special
emphasis is put on the initiating agents such as flares and coronal mass
ejections, acceleration and emission processes. Finally, the possibilities of
low frequency radio astronomy from space are presented on the example
of the ALFA and Nanny missions.
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1 Introduction

Scientific studies of radio signals of extraterrestrial origin, received on the ground,
have a rather short history and include such developments as radio astronomy
and the active probing of Earth’s ionosphere. To the latter category belongs
the Stimulated Electromagnetic Emission (SEE) technique discovered and de-
veloped at the Wave Group at the Uppsala Division of the Swedish Institute of
Space Physics.

A future development of particular interest are space-borne observations of
astrophysical low-frequency radio emissions which are not possible to observe
on Earth due to the ionospheric shielding. Another development is the study,
in-situ, of the EM generating mechanism associated with the ionospheric plasma
turbulence induced in a systematic and controlled way. In fact, the two lines of
development are closely related as several of the SEE mechanisms are similar
to those occurring in the perturbed solar corona where solar radio bursts have
their origin.

1.1 Why study solar radio bursts?

The research on solar radio bursts provides in many ways considerable possi-
bilities for the study of important phenomena in solar physics. Firstly, these
bursts are an ideal instrument for investigating acceleration processes which are
responsible for the high exciter velocities, see Chapter 4.1. Secondly, solar ra-
dio bursts can be used as natural plasma probes traversing the corona and the
interplanetary space, thus providing information about various space plasma pa-
rameters. Thirdly, plasma radiation processes may provide insight into different
wave-particle and wave-wave interactions, see Chapter 4.2.
Let me quote J.P. Wild (1974):

I have the feeling that to most astronomers the Sun is rather a
nuisance. The reasons are quite complex. In the first place the
Sun at once halves the astronomer’s observing time from 24 to 12
hours, and then during most of the rest of the time it continues
its perversity by illuminating the moon. Furthermore I have met
numerous astronomers who regard solar astronomy to be now, as
always before, in a permanent decline — rather like Vienesse music
or English cricket. Nevertheless those who study the Sun and its
planetary system occasionally make significant contributions. There
were, for instance, Galileo and Newton who gave us mechanics and
gravitation; Fraunhofer who gave us atomic spectra; Eddington and
Bethe who pointed the way to nuclear energy; and Alfvén who gave
us magneto-hydrodynamics. Perhaps the point to be recognized is
that the Sun has more immediately to offer to physics rather than
to astronomy.t

1See Contopoulos [31, pg. 3].



1.2 Historical review of solar radiation

Sir Oliver Lodge can be considered the person who made the first attempt to
measure extraterrestrial radio emissions. In a lecture held on June 1, 1894, he
states:

I hope to try for long-wave radiation from the Sun, filtering out
the ordinary well-known waves by a blackboard or other sufficient
opaque substances.?

In a later edition of his lecture he admits that he failed getting any hints of
solar radiation and blamed it on the artificial disturbances. But only more than
forty years later the waves that Lodge had in mind were observed.

In 1932 Jansky [56] was the first to observe radio emissions of extraterrestrial
origin. While performing studies of atmospheric statics he discovered a weak
hissing static whose origin was unknown, but was connected to the rotation of
the Earth. Jansky managed to deduce a number of interesting conclusions, for
example a disk-like contribution of the radio sources around the Earth, which
was confirmed later on.

After Jansky’s outstanding discovery, many unpublished observations and
attempts were made, but no exact location of the extraterrestrial radiation
was asserted. Researchers such as Arakawa [4], Heightman [48] and Nakaga-
mi & Miya [84] studied these disturbances without understanding what they
were observing.

The first detection of solar radio emission and the interpretation as such
took place in 1942. In 1946 Hey [49] reported that metric solar radiation had
been observed by British army equipment on February 27 and 28, 1942. No
precise measurements were made but it was estimated that the intensity was
105 times higher than expected for blackbody radiation at a temperature of
6000 K. Furthermore, this event was associated with a flare that was visible on
the Sun on February 28, 1942 [86]. Nearly at the same time, Southworth [96]
received radio emission of the “quiet” Sun at centimetric wavelengths. The
Second World War caused the publication of the results to be delayed which led
to the fact that Reber [91] rediscovered metric solar radiation in 1943. He was
the first to publish results on solar radiation, although he wrote only a few lines
on the solar radiation itself in his report on galactic radiation. Besides that,
his article gives an interesting insight in the observation equipment used at the
time. In 1946 Hey et al. [51] published a second paper on the observation of
subsidiary maxima at A = 5 m already observed by Reber. Their assumption
that the received radiation originated from discrete sources and not from the
interstellar medium was later established by Bolton & Stanley [18] which can
be considered as quite an important discovery.

Other observational highlights were the first measurement of thermal radio
emission of the moon by Dicke & Beringer [36] in 1945 while actually observing
thermal microwaves from atmospheric oxygen and water vapor. One of the

2See Lodge [71].



most outstanding discoveries was subsequently made by Ewen & Purcell [41]
at Harvard University when, in 1951, they detected the 21 cm line radiation
(1421 MHz) from the hyperfine splitting of the ground state of atomic hydrogen.
Four years later Burke & Franklin [21] discovered Jupiter as a planetary radio
source.

For a deeper insight into the history of radio astronomy I suggest the publica-
tions of Carpenter [28], which contains substantial bibliographies, Haddock [45],
Hey [50] and Southworth [97].

Concerning the history of solar radio bursts, on which I put the main em-
phasis in this thesis, I refer to Chapter 3 on page 17.



2 Thermal plasma radiation

In this Chapter I give an overview of radiation definitions including different
equilibrium models. Furthermore, plasma emission processes such as brems-
strahlung, gyromagnetic radiation and Cerenkov radiation are described.

2.1 Radiative definitions

When radiation with intensity I, at a given frequency v passes through a
medium, a certain amount of it will be absorbed or scattered and some amount
will be added. If we let A denote the cross section area of the medium which
the radiation beam encounters under normal angle 8, then, after a passage of
a distance ds under a time interval dt, the absorbed or scattered part of the

radiation is
dE,; = a, I, dA ds dt dv dS2 (1)

and the radiation amount added is
dES = j, dA ds dt dv d9, (2)

where «,, is the (linear) extinction coefficient and j, the emission coefficient.
One can rewrite «, such that

Qy, = 0,N = Kup, (3)
where

1. o, the extinction coefficient or cross-section per particle and n the absorber
density

2. k, the mass extinction coefficient or cross-section per unit mass and p the
mass density.

With respect to stellar atmospheres k,, is often called opacity.
We now can define

1. The intensity
dE,

I = cosf dA dt dv dQ ()

2. the mean intensity

[1,d0 1
= =— | I, dQ
J fdQ 47 d (5)
3. the flux
F, = /L, cos @ dQ. (6)



Making use of Egs. (1) and (2) one obtains
dl, = I,(s + ds) — I,(s) = j,ds — a,I,ds. (7

Let us now introduce the source function

Jv
Sy, = —, 8
L ®)
the optical depth
dr, = a,ds )
and p i
z z
=cosf = ds = =—. 10
1L = COS 5= 5 . (10)
By using these definitions one can rewrite Eq. (7) as
I,
,ud— =-I,+5,. (11)
dr,

This is the radiation transfer equation which one needs to solve. This form of
Eq. (11) is only valid for so-called plane-parallel media, i.e.,

AR
— 12
) (12)

where R is the radius of the medium. The general expression for Eq. (11) is

Ol cosb B 01, sinf
or Kyp 00 kypr

=-I,+8S, (13)

which can be easily transformed into Eq. (11) assuming that  does not depend
on z.

The problem that occurs if one wants to solve Eq. (11) is the complexity of
the source function S,. The ideal case is the thermodynamic equilibrium (TE)
which is characterized by the equilibrium between all processes with their inverse
processes and the equilibrium between matter and radiation, i.e., one needs only
one temperature 7' to describe the plasma. Thus, the electromagnetic radiation
of a plasma I, is isotropic (which implies F,, = 0) and can be described by the
radiation distribution of a black body or the Planck function B,:

2h1? 1
c2 e(hu)/(kT) -1

B,(T) = =I1,(T) = S,(T), (14)
where h is the Planck constant and £ the Boltzmann constant.

Other important quantities characterizing a plasma in thermodynamic equi-
librium are the Mazwellian velocity distribution

4 m 3/2 —(muv?
n(v) = —v° (%—T) e~ (mv7)/(kT) (15)



and the Boltzmann distribution which gives the excitation population

nj_ ﬂeEex/(kT)7 (16)
n 9i

where n; is the number of particles in the excited state j, n the total number of
particles, g; and g; the statistical weight of the excited and ground state, respec-
tively, and Fey the excitation energy of state j. The Saha equation describes
the ionization population

3/2
Nrt1 _ 2 U (27fmekT> / ¢Bion/(KT). (17)

N, N, U, h?

where N is the number of particles in state r and r + 1, respectively, N, the
number of electrons, U the partition function and E;,, the ionization energy.
The ionization ratio is the number of ions with nuclear charge Z in a plasma
with at least r times ionized particles and is given by

Z
2 i
__i=r

Typ =

<1 (18)

Weakly ionized plasmas are characterized by z; < 1 and strongly ionized plas-
mas by z; ~ 1.

However, thermodynamic equilibrium is only valid for isotropic and isother-
mal media which are relatively uncommon in physics. A solution to this problem
is the assumption of local thermodynamic equilibrium (LTE): While matter still
can be considered to be in equilibrium with the local kinetic temperature, radi-
ation deviates slightly from that temperature. Thus, one needs two quantities
to describe to plasma: Thatter and Tradiation- Since the radiation is no longer
isotropic, the intensity is no longer given by the Planck function, and hence
I, # B,. On the other hand S, = B, still holds. In other words, LTE is valid
if collisions dominate the energy partitioning of the matter more strictly than
for the radiation, i.e., if €, ~ 1, where ¢, is the destruction probability of the
photon, defined by Eq. (25). In stellar interiors for example, we can assume
LTE. Since F,, # 0, we do not encounter TE, but due to the high density there
is a high collision rate and thus €, ~ 1.

What happens if one no longer can expect the Boltzmann equation (16) and
the Saha equation (17) to hold? This is the case in statistical equilibrium (SE),
i.e., each level of each element can be considered as steady state. Then one has
to solve the rate equations for all populations, assuming steady states:

dn;
7 = 0= Z(anj' — niPyj)
J#i (19)
=Y niPi—ni)_ Py,
i i



where
Pij = Aij + BijJ,, + C,J (20)

A;j, B;j and Cjj; are the well-known Einstein coefficients [42]

Aij 2hV3

— 21
Bij C2 ( )
B;; _ 9 (22)
Bji i
Cij 9i (E;:)/(kT)
— = Z=e\i . 23
Cji 9i (23)

The problem which appears is that the rate equations (19) contain J,, which one
obtains from the radiation transfer equation (11). But to solve this, one needs
Sy = ju/kv, which depends on the populations, i.e., the number of absorbing
and emitting particles. Thus, Egs. (11) and (19) have to be solved together in a
self-consistent manner, because any transition depends on all other transitions.

The most realistic case is of course by definition non-local thermodynamic
equilibrium (NLTE). Under such conditions the source function contains a scat-
tering term besides the thermal term expressed by B, :

S, =e,B, + (]— - eu)JI/; (24)
where €, is the destruction probability for the photon

_ Cij
A+ Bijd, + Cij’

€y (25)
Note that Eq. (25) holds only for two-level atoms. The term (e, B,) describes
the transformation of the energy of the destructed photon into thermal energy.
On the other hand, the term (1 —¢,) is the scattering probability of the photon,
i.e., no thermal energy is added. Thus, if there is a high scattering rate, i.e.,
€, < 1, S, may differ quite a lot from B,,.

After this overview over several equilibrium models let us take a look at the
radiation transfer equation (11) itself. After multiplying it with an integrating
factor e” one obtains

drl, d
v oT IVT:_IVT:VT‘ 2
e +Ie I lve Sye (26)
Integration leads to
Le —1,,= /S,, e dr. (27)
0

In a homogeneous medium of thickness D where S, does not change with loca-
tion, Eq. (27) simplifies to

1,(D) = I,(0)e™™ + S, (1 — e™7). (28)



Thus, for a optically thin medium, i.e., 7, < 1
I,(D) = S, (29)
and for a optically thick medium, i.e., 7, > 1
I, (D) = I,(0) + [Sy, — I,(0)] 7. (30)
Let us pay attention to the two cases for 7, > 1:
1. I,(0) > S,: This leads to S, — I,(0) < 0 and thus an absorption line.
2. I,(0) < S,: One obtains S, — I,(0) > 0 and hence an emission line.

Because I just gave a rough overview, I suggest the following books for
deeper understanding of this chapter: Bohm-Vitense [17] can be seen as an easy
reading textbook, while Gray [42] gives a well-rounded view on the subject.
Mihalas [81] in the end contains more sophisticated mathematical handwork for
the understanding of radiation transfer.

2.2 Bremsstrahlung

Bremsstrahlung is emission caused by Coulomb interactions between charged
particles (“collisions”). It is usually referred to as free-free emission. The inverse
process is called collisional damping or free-free absorption. Since the energy
of the emitted particle £ = hw is not larger than the energy of the incoming
particle Eyin, the continuous bremsstrahlung spectrum is limited by

Eyin
h

W < Wmax = . (31)
The process may be treated classically if A\g < rg, where Ap is the de Broglie

wavelength
h

AB = 32
B me|v| ( )
and rq the distance of the closest approach. Since
Z 2
ro ~ AE ~ 25 (33)
kin
one can write the condition for classical treatment as
27Z¢?
v KL P (34)

Thus, bremsstrahlung may be described classically for w < wmax- In this case
the radiation becomes of the dipole type.

One can in fact neglect radiation due to collisions between identical non-
relativistic particles. Only quadrupole emission occurs in this case, being (v/c)?



weaker than that of dipole emission. The dipole moment of a pair of identical
particles equals
d= Ze(r1 + I‘Q), (35)

where r; are the radius vectors of the particles. If no external force is present,
then .
R=0 (36)

with R = r; + ry and thus .
d=0. (37)

Electron-electron encounters are extensively described in Dawson [32, Ch. IX]
or Haug [47]. Furthermore, bremsstrahlung by heavy particles may as well be
neglected due to the small accelerations.

An accelerated electron radiates at a rate

2 e2|v|?
P= 38
cLa e} (3)
which is the Larmor formula with
Ze?
v| = 39
o= (39)

where Z is the charge of the accelerating ion and r the distance between the ion
and electron. Assuming uniform densities ne and n; and integrating Eq. (38)
gives the total power radiated of all encounters

Ptot =

- 0 .
272e%n;n, /4—72rdr _ 8w Z2%e%n;ine (40)
r

3c3m? 3 m2ry
To

The integral diverges for » — ro. Thus, at small distances, the classical treat-
ment is no longer valid. Using Ag as a quantum mechanical quantity gives

1 h h Me

1_ _h_1h 11
"0 e T me \ kT, (41

as an approximation. This leads to

- 1672 Z2%eSmme  [kT,
Ptot = 3 -
3mecch Me

(42)

For a quantum mechanical approach one obtains®

2kT __ 3272 Z%e5nin
P =" e 43
tot 3. g 3mec®h (43)

where gg is the Gaunt factor of order 1.4

3See Dawson [32, Eq. (1.9)].
4In the Born approximation gg = 1.103.



The radiated energy of a single encounter is

T T 22%° d
e’ dr
—00 TQ ©
Omitting the calculation steps one obtains
22266 b() bg ™ b()
= —— |3+ 1 — - — 4
U M2 b [3b +< +3b2>{2+arctan(b>}], (45)
where b is the impact parameter and

Ze?

For low frequencies one can use the straight-line approzimation to compute U
which follows from the fact that distant encounters (b >> bg) are more important
than close encounters. Thus, the motion of the particle can, in zeroth order, be
considered as constant rectilinear and the Coulomb force as a perturbing force.
The unperturbed orbit is

r® = b+ vt (47)
The perturbing force can be described by
Ze2r(0)
1 =
F O] (48)
Since
FU = m,v, (49)
one obtains P(t) which has to be integrated over d¢ and leads to
20ze2\? [ dt 272%¢5
U= 26 (Ze /721 _2Z% (50)
3c3 \ me (b2 +v22)3/2 2 \ 3m2c3vb?

—0o0

A comparison with Eq. (45) for b > bg

™ 2Z266 8b0
== —5 14— +... 1
v 2 (3mgc3vb3) ( + b + ) (51)

shows that the straight-line approximation is useful for b > (8/m)bo.
The frequency distribution for an isotropic plasma can be obtained from

U= [ U(w) dw, (52)
/
where 5 2
V) = - S8 . (53)

10



The acceleration is given by

Ze? 7 b+ vt it
v = — W d
v(w) Me / (b + v?t2)3/2 © (54)

2Ze*w (b bw v bw
= 29Dy (W) Ve (2
e (5) - (5) )

where K, is a MacDonald function with

K, (zz) =

(v + %) (22)" / etivt i@ (55)

qup(%) (t2 + 22)v+1/2

—00

The MacDonald functions Ko and K; may be approximated by [78]

2
Ko(z) = 1n (E) —0.5772+ ..., (56)
Ki(z) ~ - (57)
1\T) = -
for £ < 1 and by
1
Ko(z) = K1(z) = - (58)
for z > 1. Thus, one obtains
Z2 6,,2 2 f b 1
U(w) = 8 n(w) 2e4w (v/bw) » or bw/v K1, (59)
3n  cEmv (v /bw)e= 2w/ for bw/v>1.

Finally, one may calculate the emissivity j,. For a medium with distribution
function f, the emissivity j, is given by

jv= [ Putto.rt) Epas. (60)
This may be rewritten such as
o =Ny [ w0t (0) &, (61)
since
Ky = 27r/P,,b db, (62)

where b is the impact parameter and k, the effective spectral power. N, is
the number of particles that the electrons interact with. Assuming an isotropic
particle distribution f(p), the emissivity is also isotropic

o

ﬁzNy/mW@ﬁ@, (63)

Pmin

11



where pmin = v/2hwm, for a non-relativistic particle, since

p2

Eyin = hw = .
K w 2me

(64)

According to Zheleznyakov [118], in a non-relativistic plasma with temperature

422
T T2 e (65)
2kh
the emissivity at frequencies
(8kT)3/?
—_ 66
W< w32 /mee2Z (66)
may be calculated by
. 4 ]2 SZPNN, ) 2(2kT)3/? (67)
T VETmE?e |05/2€2Z fmew |’
where § = €¢ with C = 0.577 the Euler constant. At frequencies
(8kT)3/? 4ckT
—_ — 68
w3/2, /mee2Z Cw< we2Z (68)
the emissivity is
) 4 [2 eSZ2NN
Jom o\ o (69)
3V 37 \/KTms *c3
At temperatures
wetZ2%me,
T~ 25 2 e
> "o (70)
one obtains -
4 /2 NN. 4kT
o L 2NNy [L] (71)
3V 7w \/ETmd 3 0hw

Note that Eqgs. (67), (69) and (71) represent the total bremsstrahlung emission
into two orthogonal polarizations

jl/ = jvl + jv2- (72)

Furthermore, Eqgs. (67), (69) and (71) hold only in the Rayleigh-Jeans limit, i.e.,
hw < kT. That gives

Pmin = MeVUmin K MeVUT- (73)

Thus, one can set pmin = 0 in Eq. (63). For iw ~ kT, one needs to pay attention
to an additional term g(w,T)e~"/*T  The exponent arises from ppi, # 0 and
the Gaunt factor g(w,T) from the quantum effects for p ~ pmin.

12



Finally, one may have a look at the bremsstrahlung emissivity expressed in
quantum mechanical terms. For the Born approximation

272

vT > A (74)
one obtains [118]
: 4e°Z’NN, [ “me —fw/kT
where 3
3 hw
9(w,T) = " Ko (%> ehw/2kT (76)

Using the approximation for the MacDonald function (56) for Aw/2kT < 1, this

can be reduced to

V3, kT
T ~ 12 w/Zle v
ol T) = Y2l () ()

and Eq. (75) to Eq. (71). For fiw/2kT > 1 one obtains

oo ) =207 (78)

by using Eq. (58). The emissivity is thus

6 72
iy 4 €°Z 2N4N+ /meCQ‘g_hw/kT- (79)
Vér mic Tuw

2.3 Gyromagnetic emission

Gyromagnetic emission is caused by particles in spiraling motion in a magnetic
field. Emission from non-relativistic particles is called cyclotron emission while
emission from relativistic particles is called synchrotron emission. The transition
between both definitions lies in the range of mildly relativistic velocities. In
contrast to bremsstrahlung, gyromagnetic emission is anisotropic and in general
elliptically polarized. Gyromagnetic emission by ions can usually be neglected
because of the large ion masses.

Omitting most of the calculations that would exceed the bounds of space for
this work, I only give the results for the emissivity and radiated power for cy-
clotron and synchrotron radiation. See Bekefi [8, Ch. 6], Boyd & Sanderson [19,
Ch. 9.5], Rybicki & Lightman [93, Ch. 6] or Zheleznyakov [118, Ch. 5] for an
extensive description of these phenomena.

The cyclotron radiation power for a electron moving in vacuum along a
helical line can be obtained by [118§]

L

P, =
2mc

1+ cos® )27 2855 (s) 72 (s sin a)?* 72, (80)

13



where s describes the number of the harmonics, 1 = vy /¢, wp = eB/mec the
cyclotron frequency and « the angle between the magnetic field and the wave
vector. Eq. (80) implies that along the magnetic field (o = 0) only cyclotron
radiation at the fundamental (s = 1) is emitted. Furthermore, at angles a # 0
elliptically polarized waves are emitted at all harmonics, whereas only linearly
polarized waves are emitted by electrons with 8 = 0 at a = 7/2.
Integrating Eq. (80) gives the total power of cyclotron radiation at the sth
harmonic in vacuum
2e’wi p% 5251 (s + 1)
c (2s +1)!

Note that the value of P decreases with 33°.

For a complete overview concerning the emissivities of the different emission
modes of cyclotron radiation see Zheleznyakov [118, Ch. 5.2.3].

The study of the emission line can provide us with a wealth of information
about the plasma. The electron pressure p. = nkT can be calculated directly
from the total energy under the line. Every line is broadened by several effects
which provides further plasma quantities.

P =

(81)

1. Radiation broadening results from the fact that a finite length wave train
cannot have a pure frequency. This is due to the finite length of any real
photon, since any atomic level in a line transition has a finite lifetime,
except the ground state. The broadening arises from the interaction of
the electromagnetic wave, i.e., the photon and an oscillating dipole, i.e.,
the absorbing atom. The process can therefore be described as a damped
harmonic oscillator, thus by a Lorentz profile.

2. Collisional broadening arises from collisions of the electrons with ions and
atoms with collision frequency v. Thus, the spectral distribution becomes

kTw?w? v

P(O) = P (1 + COS2 G)W, (82)

473 ¢3
where the last term is a Lorentzian profile. Hence, one can obtain v from
the shape of the line, i.e., the line width W, if collision broadening is
dominant.

3. (First order) Doppler broadening is caused by the thermal motion of the
electrons. This leads to a Gaussian shape of the line, i.e.,

me® [(w—ws\’
—_—— . 83
2kT (wB 0050) (83)
Hence, dominating Doppler broadening gives us the electron temperature.

Combining Doppler and collisional broadening as the two most important
mechanisms leads to a so-called Voigt profile:

P(6) x exp

P(6) x exp~(w—wn)® +(w —wp) 2. (84)
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As one can see from Eq. (84), the Doppler profile dominates the line centre
and the Lorentz profile the line wings.

4. Self-absorption of radiation: In a tenuous plasma the radiation is described
by Kirchhoff’s law. As the optical depth 7 increases due to increasing wy,
the line saturates, i.e., I, reaches the blackbody limit B,. A further
increase of 7 leads to a broadened line, because in a thermal plasma the
intensity cannot exceed B, and thus the energy distributes itself over a
wider frequency.

5. Further broadening processes are relativistic change of mass (or second
order Doppler broadening), plasma dispersion effects and rotational broad-
ening. See Bekefi [8] or Gray [42] for an overview.

If one leaves the non-relativistic case and approaches mildly relativistic ve-
locities, the cyclotron emission spectrum changes radically: Higher harmonics
of wp begin to contribute and for ultra-relativistic electrons most of the energy
is emitted in higher harmonics. For 25 keV electrons, 50% of the energy is in
higher harmonics, for 50 keV electrons it is 94%. Another characteristic is that
the emission lines of the harmonics are no longer separated by Aw ~ wg, but by
Aw ~ wpy/1 — B2. The discrete spectrum for non-relativistic electrons becomes
thus a more or less continuous spectrum for highly relativistic electrons.

The synchrotron spectrum for low frequencies

E 2
WKL We = ng (m—CQ) (85)
e

with E the electron energy is given by [118]

‘/562%22/%(2/3) (i) v : (86)

We

P, ~ —
@ 27

where I' is the gamma function. The value of P,, reaches the maximum value

1.6 e2wp
Pmax ~ 87
ph Sy (87)
at )
1 E
Wmax = 0.3we = §wB (mec2> (88)

and decreases exponentially for w > w:

V3elws [T w
P, YRN8 JTY /e,
2r ¢ 2 wce (89)

For a complete overview of the emissivities of the different emission modes
for synchrotron radiation see Zheleznyakov [118, Ch. 5.2.4].
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2.4 Cerenkov emission

In order to radiate in vacuum, a charged particle must move non-uniformly.
However, a uniformly moving charge may also radiate in a medium under cer-
tain circumstances. This effect was discovered by Vavilov and Cerenkov and is
unfairly named only Cerenkov radiation.

Consider a non-relativistic electron moving with velocity v in a medium
with refraction index n;(w). If the electron emits a photon, the process can be
described by the following conservation laws:

1 1
“mev? = —mev? + hw, (90)
2 2

meV = mevi + Rk;, (91)

where hw and hk; are the photon energy and momentum, respectively. Substi-
tuting vi = v + Av into Eqgs. (90) and (91) one obtains

1
MeVAV + §me(Av)2 + hw =0, (92)

meAv + hk; = 0. (93)

Let us assume |Av| < |v]|, i.e., the velocity change due to the emission of
the photon is small. Thus, we can neglect the second term in Eq. (92). By
eliminating Av from Egs. (92) and (93) we finally obtain a condition for the
Vavilov-Cerenkov effect:

w=kv. (94)

By introducing k; = njw/c, v = fc and the angle 6 between k and v one can
rewrite condition (94) as
Bn;cos@ = 1. (95)

Furthermore, we can transform this into
Uph = v cosf (96)

by using vpn = ¢/nj. At fixed v and vpp, the conditions (94), (95) and (96) define
the “Cerenkov cone”. Within this cone radiation is due to Cerenkov emission.
Since v < ¢ and cos8 < 1, Cerenkov radiation can be gene:rated only for vpn < c.
Omitting the calculation steps, the spectral power of Cerenkov radiation can
be calculated by [118]
2
e‘w

P,=—— 97
Y ve(w)’ (o7)
where €(w) is the dielectric permeability of the isotropic plasma. The Cerenkov

emissivity by electrons in a equilibrium plasma can be obtained from [118]

. e2wN . mevf,h
= — X —_
o = 2nyvre(w) O |7 2kT

: (98)

Note that the equation above is only valid in a non-absorbing medium and if
Landau damping is weak.
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3 Review of solar radio bursts
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Figure 1: Overview of natural and artifical radio emissions observed by the
Cassini spacecraft during an Earth flyby. August 18, 1999. Taken from
http:/ /www-pw.physics.uiowa.edu/ wsk/cas/Cassini-Earth.gif.

Figure 1 shows a dynamic spectrum obtained by the Cassini spacecraft dur-
ing an Earth flyby. It gives an overview of the frame in which solar radio bursts
fit in. As one may see, besides solar radio bursts there exist many different
radio emissions, both artificial and natural. The natural radio sources in the
solar system are of course Earth, Jupiter and the strongest radiator, the Sun.
One may divide the solar radiation into a disturbed and quite part (thermal
bremsstrahlung), characterized by the 11-year-activity cycle. Solar radio bursts
are part of the radio emission of the disturbed Sun.

In this Chapter, I summarize the most important characteristics of solar
radio bursts of type I to V, type U(N) and spike bursts as well as radio bursts
originating from Jupiter. In Chapter 4 type II and III bursts are represented as
a detailed example.

There exists a host of literature dealing with solar radio bursts. For a general
overview see Kriiger [68], McLean & Labrum [77] or Zheleznyakov [116]. The
theoretical background is presented by Bekefi [8], Benz [10], Kaplan & Tsy-
tovich [58], Melrose [78, 80], Rybicki & Lightman [93] or Zheleznyakov [118], for
example.
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Figure 2: Solar radio noise storm. OSRA (Solar Radio Observatory
Potsdam-Tremsdorf, Germany. OSRA consists of 4 sweep spectrographs
with 10 sweeps per second in the frequency ranges 40-90 MHz, 100-170
MHz, 200-400 MHz and 400-800 MHz). May 31, 1999. Taken from
http://www.aip.de/groups/osra/gallery /99053133 _sp4.gif.

3.1 Type I bursts

Type I emissions, mainly occurring in storms, consist of a continuous part and
short duration, narrowband bursts, i.e., Af/f < 1, occurring either together or
separately. They are highly polarized (~ 100%) in the O-mode and appear to
be at the fundamental of the local plasma frequency. Melrose [79] suggested
a model with fundamental emission and negligible second harmonic. See also
Benz & Wentzel [69, pg. 251-254] for a summary of their theory. The main prob-
lem with confirming such theories is the missing identification of any exciting
agent. Elgargy [40] summarized existing attempts at explaining solar noise
storms.

3.2 Type II bursts

Coronal shock waves can be caused by solar flares and /or coronal mass ejections
(CME) [3]; see Schwenn & Marsch [95] for a summary. The exact relation
between CMEs, flares and type II bursts is still a matter of debate, since the
subject seems to be quite involved [60]. The shock waves excite in their turn
type II bursts, see Figure 3.
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Figure 3: Type II  burst with fundamental-harmonic structure
and band-splitting. OSRA. February 21, 1999. Taken from
http://www.aip.de/groups/osra/gallery /990221 4.gif.

The mechanism of generation of type II bursts is still a matter of ongoing
research. The problem is to determine which coronal shock waves are associated
with these bursts. The relation between type II bursts and Moreton waves is
well accepted [83]. They represent shock waves in the chromosphere (T ~ 10* K)
and have a mean speed of about ¥ ~ 650 km/s. Newer results also suggest an
association with coronal transient waves [73] (T ~ 10 K, ¥ ~ 250 km/s). They
were named EIT-waves, see Figure 4, due to the observations by the SOHO-EIT
instrument. About 90% of all type IT bursts are associated with EIT waves [62].
Unfortunately, the observation material is not sufficient for judging if EIT waves
may be considered as the coronal counterpart of the chromospherical Moreton
waves.

Another critical point is the relation between flares and CMEs [67]. Al-
though it is well-accepted that interplanetary shocks are driven by CMEs [25],
it becomes more and more likely that coronal shocks are mostly driven by
flares [63, 105]. Thus, the essential question is to determine the region where
the emission arises and the association with the flare active region.

There have been only a few in-situ measurements, since CMEs seldom reach
Earth’s orbit. Most CMEs fade away before they reach Earth’s orbit. While
for f ~ 400 MHz the radiation originates from the solar corona, for f ~ 20 kHz
the radiation is located at 1 AU, i.e., Earth’s orbit.
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Figure 4: Coronal shock wave event. SOHO. April 7, 1997. Taken from
http://sohowww.nascom.nasa.gov/gallery /COSTEP /cos005.gif.

The bursts occur as emission stripes in dynamic radio spectra and have nar-
row bandwidths, i.e., Af/f < 1. They drift slowly from high to low frequencies,
i.e., Df ~ —0.1 MHz s~!. The drifting rate can be calculated by

_f1an

D— 3 Vr
TN a v

(99)
where N is the particle density and V; the radial source velocity.

The main component is also called “backbone” and is weakly circularly po-
larized (~ 5%) in the O-mode. Higher time and frequency resolution provides
some fine structures, for example the so-called “herringbones” which are rapidly
drifting, broadband emission stripes shooting out of the “backbone” at higher
and lower frequencies. About 20% of type II bursts show “herringbone” fine
structure. These emissions represent the signature of type III bursts which
can be considered as electrons that are accelerated by the shock wave. They
are slightly higher polarized than the “backbone” and show also a fundamental-
harmonic fine structure. Further fine structures are band-splitting, see Figure 3,
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Figure 5: Type II burst with typical precursor pattern. OSRA. June 11, 1999.
Taken from http://www.aip.de/groups/osra/gallery/99061112.gif.

and multiple-lane structure.?

Some of the observed type II bursts show three fundamental bands at a
frequency ratio of about 3:2:1, see Figure 3. The emission, described in Chap-
ter 4.2, and acceleration processes, described in Chapter 4.1, are still subject
to research. General consideration favours that type II bursts are generated by
shock drift acceleration [54]. This is only valid for quasi-perpendicular shocks.
Mann et al. [72] suggested a model for quasi-parallel shocks which also gives an
explanation for the location of the radio emission. High and low frequency wave
components are needed for the fundamental type II emission. Both components
appear commonly only in the vicinity of the transition region of the shock. Thus,
one concludes that this is the locus of generation of these bursts and that the
instantaneous bandwidth represents the density jump across the shock wave.
The density jump can be calculated by the Rankine-Hugoniot relations [89].

The emission at the fundamental is assumed to be caused by the interac-
tion of Langmuir waves L with ion sound waves S which leads to a transverse
electromagnetic wave T' (L + S — T'). The Langmuir waves in their turn are
assumed to arise from excitation by the shock wave. Since wg < wr,, one ob-
tains wr ~ wr,. The emission at the second harmonic arises from the interaction
of two Langmuir waves (L1 + Ly — Tb1,). The emission process for the third

5See Holman & Pesses [54] for different fine structure configurations.
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Figure 6: Arc pattern. OSRA. March 31, 2000. Taken from
http://www.aip.de/groups/osra/gal 2000/00033192b.gif.

harmonic is quite controversial [120]. See Chapter 4.2 for a deeper treatment.

Newer research [61] locates the type II source above active regions. These
results were obtained by using X-ray observations made with the Yohkoh satel-
lite. Furthermore, flare-related phenomena preceding type II emissions were
observed: The type II precursor and the arc pattern. This has provided new
knowledge concerning electron injection and emission processes.

The precursor appears as a group of fast drift bursts. They occur in coronal
loops from the impulsive flare phase to the onset of the type IT burst and their
spectral location could be found near the backward extrapolated type II lanes.
The fact that these bursts are found between the site of the Ha emission and
the type II burst onset implies the idea that the precursor is a result of the
disturbance which later becomes the exciter of the type II emission. However,
one cannot determine if the electron beams, which are assumed to give rise to
the precursor, are accelerated by the disturbance or if the disturbance suppresses
a part of the spectrum. Figure 5 shows a type II burst starting at 11:14 UT
at f ~ 200 MHz and typical precursor pattern at 11:08 UT — 11:12 UT around
f ~ 150 MHz.

The arc pattern consists of short-duration series of narrow-band bursts oc-
curring immediately before the type II onset and ending between the split bands
of the type II burst. Due to the inverted U-shaped envelope it was named arc,
see Figure 6. It shows fundamental-harmonic fine structure, but no band split-
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Figure 7: Group of type III bursts. OSRA. February 11, 2000. Taken from
http://www.aip.de/groups/osra/gal 2000/000211h3.gif.

ting. X-ray observations revealed that the source is located above the coronal
loops creating the precursor and near the locus of type II emission. Due to the
shape and no band splitting one may assume that the emission process for the
arc is quite different than for the type II emission. Furthermore, the arc source
is located close to, but different from, the type II source which implies that the
arc might be due to a change of propagation conditions from closed to open field
lines. Observations of type III bursts associated with arc structures underline
this idea. See Klassen et al. [61] for an extensive description of the precursor
and arc phenomena.

Type II bursts were first observed at fixed frequencies simultaneously by
Payne-Scott, Yabsley & Bolton in 1947 [87]. Later, dynamic spectra of type II
bursts were obtained by Wild and others in the 1950s.

3.3 Type 111 bursts

These emissions, see Figure 7, can be considered as the signature of electron
beam-driven radio bursts associated with flares, although not every flare is ac-
companied by a type III burst. This reflects the following steps of the flare
phenomena:

1. the energy release mechanism
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Figure 8: Reverse slope (RS) burst. OSRA. March 11, 1999. Taken from
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2. the acceleration process of the non-thermal particles
3. their propagation along open or closed field lines
4. the generation of the observed emission

As mentioned above, the main feature of type III events is the high drift
rate (df /dt) ~ 100 MHz s~ and their broad bandwidth. They occur over
a frequency range of 8 GHz > f > 10 kHz with corresponding speed of the
exciting electrons of 0.2¢ < v < 0.6¢ given in most published papers, while Dulk
et al. [37] mentioned a considerably lower value of 0.07¢ < v < 0.25¢. The bursts
occur in groups of 10 or more (up to 100) during the impulsive phase of a flare
and are common whenever an active region is present on the Sun.

The associated electrons (~ 1033 /beam) propagate along open field lines.
Travelling outward, they result in “normal” type III bursts, see Figure 7. Down-
ward propagating electrons lead to a so-called reverse slope burst (RS burst),
see Figure 8. Furthermore, two electron beams travelling down- and upward,
respectively, have been observed. They are so-called “bidirectional type III
bursts” [92]. These “oppositely drifting pairs” provide a unique possibility to
determine to plasma density in the acceleration source. This can be achieved by
measuring the location of the separatrix. Aschwanden et al. [6] stated that the
production of bidirectional beams is quite common. However, it is well-known
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that upward propagating beams are more likely detected than downward pro-
pagating ones. This might be due to enhanced free-free absorption at higher
decimetric frequencies or the finite distance necessary for the beam evolution,
among other things. Benz et al. [11] observed type III bursts in the low corona
up to f ~ 8.4 GHz.

As mentioned above, type III bursts are associated with flares. Extensive
studies by Aschwanden et al. [5] showed a high correlation between clustering of
type III bursts and hard X-ray (HXR) pre-burst structures, so-called “elemen-
tary flare bursts” [33]. Aschwanden also gives an overview of different timescales
during particle acceleration:

1. total flare duration (enhanced HXR emission): & 10 min

2. impulsive phases (occurrence of rapid HXR fluctuations and clustering of
type III bursts): = 1 min

3. modulation of acceleration efficiency (HXR “elementary bursts”): =5 s

4. period of single bursts (timescale on which an Alfvénic disturbance tra-
verses the source): ~ 1 s

These timescales were also reviewed by Sturrock et al. [99].

At metre and decametre wavelengths, type IIT bursts show a significant har-
monic structure, while this is very rare at decimetre and kilometre wavelengths,
see Figure 7. Type III are moderately circularly polarized at the fundamental
(~ 50%), emitting in the O-mode. The harmonics are less polarized than the
fundamental, but in the same sense [14].

The interpretation of type III bursts proceeded quite slowly, as characterized
by the so-called “Sturrock’s dilemma” [98]. Sturrock showed that, using stan-
dard parameters, the distance at which the injecting electron beam loses all
its energy to waves was much shorter than observed. Several attempts were
made to resolve this dilemma but none of these delivered a complete solution
to the problem. The “standard model” states that the electron beam suffers
only Coulomb and weak wave losses, i.e., it can travel large distances almost
undisturbed. This problem was recently solved by Thejappa et al. [101] by using
measurements made by ULYSSES. The question still remains how the particles
are injected from the flare release volume and how the inhomogeneous magnetic
field influences the observed emission.

In 1995 Vlahos and Raoult [104] suggested a new model containing several
beams injected in different fibres of the magnetic field. Their simulations led
to results well-related to observations. The number of injected beams may be
related to the well-known division of type III bursts in “isolated”, “groups” and
“groups with continuum”. This model was improved by Isliker et al. [55].

Fast drifting type III bursts, called type IIId, present a special subclass and
form maybe a solar burst class on their own. Type IIId bursts drift faster than
“normal” type III bursts, occur sometimes before a “normal” type III burst and
arise from the relativistic head of a electron beam [88].

25



O0SRA-Tremsdorf-Germany

File: 990219.roh Total file time: 28647.2 s
Event date: 19. 2.1399  Total image time: 10.0 s T Qintensity) [arb. unts]
Sweep rate: 9.981 Hz File start time: 7:47:16.8 UT ! Y :

UT [rem:s]

s,
AT 2.0 9:37: 4.0 9:37: 6.0 $:37: 8.0 9E7:10.0

300

3501 -

Frequency [MHz], (linear)

400

6586 6588 6580 6592

Start time offset [s] GCreated: Wed Sep 15 11:35:27 1999

Figure 9: U(N) burst. OSRA. February 19, 1999. Taken from
http://www.aip.de/groups/osra/gallery/990219.gif.

Another subclass are type IIIb bursts: Chains of split-pair and narrow-
band bursts (so-called stria-bursts) that appear on high-resolution and high-
sensitivity spectra. Type IIIb bursts are supposed to be precursors to “normal”
type III bursts [34] and are very short bursts (< 1 s) with a narrow bandwidth
of about 15 to 100 kHz. They are nearly as common as type III bursts and
highly circularly polarized (~ 100%).

Type III bursts were classified by Wild [112]. He also suggested that these
emissions are due to streaming electrons — a suggestion which is still valid today.

3.4 U(N) type bursts

The so-called U(N) emissions, Figure 9, are also due to suprathermal elec-
trons, just as type III bursts. In contrast to type III bursts, these electrons
are travelling along closed magnetic field lines [59]. The dynamic spectrum of
such a burst looks like an inverted letter U and thus this component has been
given the name of an U burst after its discovery by Maxwell and Swarup in
1958 [20].

The frequency drift inversion of U bursts can be explained by the fact that
the causing electrons first rise into the upper layers of the corona and then move
down again. Observations reveal a strong relation to flares (more than 80% of
U bursts are accompanied by flares). Another interesting feature is that the
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Figure 10: Type IV burst. OSRA. January 19, 2000. Taken from
http://www.aip.de/groups/osra/gal 2000/000119k4.gif.

“turn” frequency (which is related to the maximum altitude) is connected to
the maximum drift rate |df /dt|max. This represents on the other side the radial
velocity of the agent. Observations made by Dumas et al. [39] in 1982 revealed
a third ascending branch following a U type burst. So this event was named
N type burst and it is believed to represent radio emission of electrons trapped
and mirrored in solar magnetic loops.

Hillaris, Alissandrakis and Vlahos [52] suggested a model for N type bursts
in 1988. They showed that under coronal conditions one can treat a thermal
cloud injected at one end of a large loop (with a length of the order 2 x 105 km)
by using the free streaming drift approximation. Much research has to be per-
formed in that area.

Karlicky et al. [59] studied the trajectories of superthermal electrons in coro-
nal loops by using a 1-D test particle model. They found that U(N) bursts can
arise not only from mirroring in a convergent magnetic field, but also by scat-
tering of the electrons by an enhanced whistler turbulence in a loop leg. The
model was successfully proved on an observed U(N) burst (February 23, 1993).

U bursts have a lower occurrence rate than type III bursts. Especially in the
solar wind, U bursts are very rare. Note that a U burst disappearing before or
at the turning point is often named J burst.
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Figure 11: Type IV burst with pulsation fine structure. OSRA. January 19,
2000. Taken from http://www.aip.de/groups/osra/gal 2000/000119k4 1.gif.

3.5 Type IV bursts

Type IV bursts, Figure 10, are complex broadband bursts which are strongly
polarized. In the classical picture, electrons are accelerated in the current sheet
and then trapped in large magnetic arches. Known features of these events are
pulsations with a sharp cut-off, Figure 11, and the so-called “zebra patterns”,
Figure 12, which represent fibres oscillating in frequency and can be observed in
highly resolved dynamic spectra [15]. Furthermore, so-called intermediate drift
(IMD) fine structures were observed, see Benz & Mann [12] for a review on the
various theories on IMD.

On 17 February 1992, new fine structures in the “zebra” pattern were dis-
covered [30]: A rapid frequency shift of the whole “zebra pattern” by an amount
comparable to the stripe separation. Furthermore, a sub-splitting of a stripe
into two stripes was observed. Interpretation has still to be made, but the
most common idea is that these fine structures are caused by particle injection
into a magnetic trap. Zebra patterns are quite complex structures and hence,
numerous theories have been suggested, see Chernov et al. [30] for an overview.
The main idea behind these models is electrostatic emission at twice the plasma

resonance:
Wuh = /W2 + wd = 2ws, (100)

with wyn the upper hybrid frequency, w, the plasma frequency, wp the cy-
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Figure 12: Zebra fine structure in a type IV burst (f vs. ). OSRA.
260 Mhz < f < 360 Mhz. August 17, 1998. 07:06:21 - 07:07:07 UT. Taken
from http://www.aip.de/groups/osra/gif input/980817-0706s.gif.

clotron frequency and s an integer harmonic number. Furthermore, a long-
lasting “evolving emission line” (EEL) was discovered. It appeared as a narrow
band emission (Af ~ 10 MHz) oscillating sinusoidally in frequency. The EEL
is possibly due to coherent emission, since incoherent emission would generate
much broader spectra. The particular emission process is not understood yet.

Chernov et al. [30] compared two theories with the new observations: The
L +W — T model by Chernov [29] and the Winglee & Dulk model [113]. The
first model uses Langmuir wave — whistler coupling at normal and anomalous
Doppler resonances. It can explain all fine structures and leads to an expected
magnetic field of 11 x 10~* T in the source. The latter model is characterized
by electron-cyclotron maser emission of upper-hybrid waves at double plasma
resonance. This model can most possibly explain the EEL originating in the
dense current sheet.

3.6 Type V bursts

Type V bursts appear as diffusive broadband quasi-continuous emission after
some type III bursts. They were classified by Wild et al. [20, pg. 176] due to
their wide spectra, their long duration (a few minutes) and their association with
type III bursts. Type V bursts were reviewed by Suzuki & Dulk [77, Ch. 12.10].
Unlikely type III bursts, that are associated with the impulsive phase of HXR
bursts (E < 100 keV), type V bursts are correlated with the gradual decay phase
(E ~ 30 keV) [90]. Due to the broadband nature, no convincing fundamental-
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harmonic fine structure has been found, although evidences were presented that
both components are occasionally observable. Type V emissions are circularly
polarized (< 10%). Most surprisingly, the polarization of type V bursts preceded
by a type III bursts shows an opposite sense than the type III polarization [38].
A change from O-mode in the type III burst to X-mode in the type V burst
is favoured. This requires however an evolution of the angular distribution of
Langmuir waves from angles of < 20° to < 60° from the magnetic field.

Raoult et al. [90] presented a model that claims that type III and V bursts
are generated in the same coronal structures. The injected distribution of elec-
trons consists of a spiky, energetic and a slowly evolving, less energetic part,
representing type III and V emission, respectively. The two populations are
coupled and reinforce each other. Thus, this could be the reason for the fact
that type III and V bursts are mostly observed together. It is supposed that
type V emission arises from electrons in high coronal loops adjacent to the open
field lines traversed by the type III electrons.

3.7 Spike bursts

OSREA-Tremsdorf-Germany

File: GO011873.018.roh Total file time: 217.1 s
Evert dote: 18 1.2000  Total jmage time: 4025 7 1770 S0 AT G0 B, B s e
Sweep rate: 10.041 Hz  File start time: 11:11:57.9 UT E Y :
UT [herm:s)
11:13:30.0 11:13:40.0 11:13:50.0 11:14: 0.0
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L -
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Figure 13: Spike bursts. OSRA. January 18, 2000. Taken from
http://www.aip.de/groups/osra/gal 2000/00011873 1.gif.

Narrowband spike bursts, Figure 13, with a duration of a few tens of mi-
croseconds are another type of radio emission of the disturbed Sun correlated
with HXR. They occur in groups with up to 10* bursts under a time period of
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1 minute and show fine structure in frequency and fundamental-harmonic bands
up to the sixth harmonic [43].

Metric spikes show a high correlation with metric type III bursts, they occur
near the start of these type III bursts. It is not known if decimetric or microwave
spikes are of the same physical manner. Metric spikes are always higher pola-
rized than the type III emissions, sometimes showing opposite sign. A possible
explanation of the strong association might be that the electron beam excites the
type III bursts and earlier the spike emissions at higher frequencies. However, it
might also be possible that these spikes are produced by wave turbulence within
the acceleration region.

Decimetric millisecond spikes show the fastest fluctuations (< 200 ms) and
the narrowest bandwidth (Af/f = 0.01 — 0.05) of any radio bursts. From their
bandwidth one may derive the extremely non-thermal brightness temperature
(Ts = 10*® K) and the size of the sources (< 200 km) [9]. These bursts were
found to be highly circularly polarized (up to 100%), emitting in the X-mode [44]
and exhibiting fundamental-harmonic fine structure. Newer results show that
in fact any polarization degree may occur with similar probability and that the
polarization varies from the centre to the limb, i.e., the polarization degree tends
to zero toward the limb [44]. Decimetric spikes may be classified according to
their type III or IV association, respectively.

The emission may be due to two mechanisms: Synchrotron radiation or
plasma emission associated with MHD and hydrodynamic shocks. Up to now,
sufficient observational material to distinguish between these two mechanisms
is not available [60].

3.8 Jovian radio emission

The low-frequency Jovian radio emission was discovered by Burke & Franklin
in 1955 [21]. The radio spectrum of Jupiter spans the frequency range from
10 kHz to 3 GHz and is dominated by strong non-thermal radiation generated
by the planet’s inner magnetosphere and probably upper ionosphere.

Frequencies above 100 MHz are dominated by a continuous component gene-
rated by synchrotron radiation arising from trapped electrons between 1.3 and
3 Rj. This component is characterized by a broad spectral peak at decimetric
wavelengths (DIM), longitudinal asymmetries due to asymmetries in Jupiter’s
magnetic field and slow intensity variations.

The decametre wavelength (DAM) component between a few tenths of MHz
and 39.5 MHz is Jupiter’s strongest radio source. It exhibits a rich fine struc-
ture in frequency and time and is strongly dependent on the longitude of the
observer. The DAM component is supposed to be generated near the electron
cyclotron frequency, but neither location of the emission nor emission processes
are determined.

At frequencies below 1 MHz, two components with spectral peaks at kilo-
metric wavelengths (KOM) are significant. The bKOM component is bursty
and broadbanded showing a strong association with the planetary rotation.
The nKOM component is narrow banded and relatively weak with a peak near
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Figure 14: Jovian radio bursts observed by the Cassini spacecraft. October 25,
1997. Taken from http://www-pw.physics.uiowa.edu/ wsk/cas/kronos.gif.

100 kHz. It is supposed to arise from the outer part of the Io plasma torus
(8 to 10 Ry) and is generated near the electron plasma frequency.
For a complete overview of Jovian radio emission I refer to Dessler [35].

3.9 The importance of low frequency radio astronomy from
space for the research on solar bursts

The ionosphere of the Earth prevents ground measurements below a few MHz
and has a certain influence (described by its extinction coefficient) on the ob-
servations through the measurement window. Thus, an observation station
above the ionosphere could provide measurement possibilities undisturbed by
the ionosphere and below a few MHz. In particular, type III bursts are observed
below this limit. Furthermore, a higher spatial resolution provided by a radio
interferometer, as ALFA [107, 110], could produce new insights into the rela-
tion of “backbone” and “herringbone” emissions or other fine structures such
as band splitting. Polarigrammes, particularly with the novel polarimetry tech-
nique developed by Carozzi et al. [27] at IRFU, could be helpful to distinguish
the different emission modes.
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4 Solar type II/III bursts as a detailed example

Here I give an overview of acceleration mechanisms and emission processes
responsible for the fundamental and harmonic emission in solar type II and
type III bursts. Furthermore, collisionless shocks are described.

4.1 Acceleration mechanisms

The acceleration of the particles play an important role for the radiation in solar
radio bursts. Here I present a short outline of different acceleration mechanisms
such as shock drift acceleration, SLAMS, stochastic and shock drift acceleration.

4.1.1 Shock drift acceleration

All models for solar type II and III bursts must be able to explain the production
of suprathermal and highly energetic electrons, since solar radio burst emission
arises from such particles. Holman & Pesses [54] argued that these electrons are
produced by shock drift acceleration, i.e., the electrons gain energy by reflection
at the moving shock front. The increase in velocity can be calculated by

‘/f’” = 2ugsec ¢ — VL”, (101)

where is vy the shock speed, ¢ the angle between the shock normal and the up-
stream magnetic field and V¢ | and V; | the particle velocity parallel to the mag-
netic field after and before the reflection, respectively. Assuming 7' = 2 x 106 K
for the solar corona gives the thermal speed of the electrons

Vthe = VKT /me = 5500 km s~ (102)

The “backbone” emission requires suprathermal electrons at V| > 3 v¢n e-

Using
Vi) = V20m,e = 7800 km s (103)

and v; = 730 km s7! leads to a validity limitation for ¢ > 80°. Here I as-
sumed that V; | can be expressed by the velocity of the greatest probability in
a Maxwellian plasma, i.e., V; | = \/ﬁvth,e.

For the “herringbone” emission, electrons with V¢ = 78000 km s~! are
required. Assuming

Vi =2 % V2 0me = 15500 km s (104)

leads to the fact that these electrons can only be generated for ¢ > 88.5°.
Hence, shock drift acceleration may play a considerable role only for quasi-
perpendicular shocks.

The energy gain for an electron after one reflection can be calculated by [102]

€f Bz
— =144 =-1]. 105
Ty (Bl ) (105)

For a coronal flare shock one can estimate the Alfvén Mach number with
My ~ 1.5, which gives an energy gain of about ef/€; ~ 3.5.
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4.1.2 SLAMS

In 1994 Mann & Liihr [75] proposed a mechanism responsible for electron ac-
celeration at quasi-parallel shocks: So-called SLAMS (short large-amplitude
magnetic field structures) were observed during in-situ measurements in the
quasi-parallel region of Earth’s bow shock [94]. Within SLAMS the magnetic
field is deformed and changed into a quasi-perpendicular geometry and thus,
electrons can be locally accelerated to high energies via shock drift acceleration,
see Chapter 4.1.1. Mann & Liihr proposed that SLAMS exist also in the solar
corona. Since SLAMS present strong magnetic enhancements, this could explain
the multiple-lane fine structure often observed in solar type II bursts. Klassen et
al. [60] showed an example of a type II burst created by a quasi-parallel shock.

4.1.3 Diffusive shock acceleration

The main idea behind this mechanism is that scattering permits a fast particle to
bounce back and forth across a shock front many times. Thus, it gains energy
by each reflection. The mechanism was suggested simultaneously by several
authors in 1977-78, see Blandford [16], for example, and was applied to cosmic
rays in the heliosphere and further astrophysical processes.

4.1.4 Stochastic acceleration

Stochastic acceleration, also called “Fermi acceleration”, causes suprathermal
electrons and ions to diffuse further to higher energies. This is due to random
electric fields, as in MHD turbulences, structured electric fields, as in electro-
static double layers, or random particle motion. This acceleration mechanism
can be described by a momentum diffusion coefficient D(p). In general,

2
D(p) = %,

where v = ¢f is the particle speed and «a the acceleration efficiency. See Miller
et al. [82] and Park et al. [85] for an extensive description.

(106)

4.2 Emission processes

Since both type IT and III emissions are due to plasma radiation emission, one
can simultaneously treat both types. This includes the excitation of plasma
waves by an agent, i.e., electrons running away from the shock front for type IT
and electron beams for type III bursts. The plasma waves finally transform
into escaping electromagnetic waves by scattering off low-frequency structures
or modes.

4.2.1 Emission at the fundamental plasma frequency

The emission at the fundamental plasma frequency arises from the non-linear
interaction of a Langmuir wave L with an ion sound wave S which leads to an
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escaping transverse electromagnetic wave T’
L+S—T. (107)

Since
wr, + Wws = wT (108)

and ws < wy, must be valid, process (107) leads to radio emission slightly above
the local plasma frequency wr ~ wr,, where

wr, & wp(1+ gk2/\123) (109)
with Ap the Debye length. Furthermore, momentum conservation
kr + ks =kt (110)
must be fulfilled.

4.2.2 Emission at the second harmonic plasma frequency

The origin of the second harmonic is well accepted as being the result of the
coalescence of two Langmuir waves

Ly + Ly = Tor. (111)

The conservation laws
W1 + W = War, ™~ 2wL, (112)
k; +ky = ko, (113)

must be fulfilled. This process is optically thin [120] and thus, Tor < T3.
According to Zheleznyakov [118], the brightness temperature of the radiation at
the second harmonic can be calculated by

- 812 ke’ fETE Lo,
~ 5 ,
15v/3 m2civivpn

Tor, (114)

where fi, = wr /27 is the local plasma frequency, x Boltzmann’s constant,
vr = +/&T/me the thermal electron velocity, T} the brightness temperature
of the Langmuir wave and Loy, the characteristic size of the region in which
Langmuir waves with f; exist. From

w? = w? + 3k2vd (115)
one can estimate Lo, as ) s
6kiv
Ly, ~ — LIy, (116)
Wi,
since L
dN\
In=N|{|— . 117
= () (117)



Setting k1 ~ wr,/vpn and inserting Eq. (116) into Eq. (114), one obtains

42m) e’k ff o
5V/3 micd vpy L

This expression for Tp, holds only for an isotropic spectrum of plasma waves
and optically thin combinational scattering. In the anisotropic case, Eq. (114)
contains a multiplier ¥(#) = sin? § cos? @, where 6 is the angle between k; and
kor,. Momentum conservation implies an upper limit on the phase velocity of
Langmuir waves participating in process (111):

2c
7

4.2.3 Emission at the third harmonic plasma frequency

T, ~ (118)

Uph < (119)

The emission process for the third harmonic is most controversial. Since the
third harmonic is observed quite rarely and has an unclear appearance, no theory
could be tested satisfactorily.

The first possibility allowed by conservation laws is the two-step process

L+ Ly — TQL; Tor, + Lg — Tar.. (120)
The second possibility is the direct interaction of three Langmuir waves
Ly + Ly + Ly — Ty, (121)

Zheleznyakov & Zlotnik [119] showed that process (120) is most probably res-
ponsible for the third harmonic emission in type III bursts, since process (121)
has a smaller efficiency in the source of these bursts. On the other hand, the
plasma waves involved in the second process of (120) need to fulfil the condi-
tion [22, 23, 119)]

0.22¢ =

< Uph < 0.9¢. (122)

c c
2v2+V3 2V2 -3
How does this inequality apply for type II and III emission? Since the origin of
the “backbone” type II emission is unknown, one cannot make any statement
about the validity of Eq. (122). The “herringbone” type II emission is believed
to arise from electrons with ve ~ 0.04 c¢. Since ve & vph, one concludes that
process (120) can not generate the third harmonic in “herringbones”. However,
Eq. (122) represents no restriction on the electrons generating type IIT bursts
(0.2¢ < ve < 0.6¢). Besides that, process (121) is not restricted by any conserva-
tion laws and may thus lead to generation of the third harmonic in both type II
and III bursts.

According to Melrose [78], Tsytovich [103] and Zheleznyakov [117], the emis-
sivity into the wave T3, can be calculated as

2
o — R Wiy,
3L — . gr )
vy, dt

(123)
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where

= 2\/§w—CL, (124)
vE = ?c (125)
and Wi,
~—% = /H(kgL,k17k2,k3)Wk1Wk2Wk3dA (126)
with
dA = 6(wsr, — w1 — ws — wy) 8(kar, — ki — ko — k3) dkydkadks.  (127)

One can write the energy densities in terms of brightness temperatures of the

plasma waves:
kT
Wi, = (271')13' (128)

Furthermore, we have

8m2wsr, (4m)3wiwows|S|?

O(wip€eL)/OwsL |0€) [ Owr||Oe) [Ouwz||De) [Ows|’

II(kar., ki, ko, ks) = (129)

where S is the non-linear conductivity vector. I omit the very space consuming
expression for S [120, Eq. (19)].
Let us assume an isotropic plasma. In this case we have

2

¢ =1- % (130)
and
2 c?

Using Egs. (130) and (131), one can calculate the denominator in Eq. (129).
Assuming an isotropic Langmuir wave spectrum one may integrate Eq. (126):
de3L -~ 2971'7 ka‘:fAkl
a3 v

W, ISP (132)

A simplified expression for |S| is [120, Eq. (21)]:

1 e k2
S|~——— "L, 133
S| 167 m2 wi (133)

Thus, Eq. (126) may be simplified to

dWi,, 27° (e \* KTAk

me) vic3w;
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Now one can express the emissivity a§;, in terms of the brightness temperature
of the Langmuir waves:

2 L kT Ak K3
a ~ V2 (i) Mo s, (135)
8(2m)* \me vicdwi
For the optical thin case the brightness temperature of the third harmonic may
be expressed as:

e

T3, = f???a(éJLLSL- (136)
One may assume Lgj, ~ Loy, [7] and thus rewrite Eq. (136) as

OF

0
6 ¢ \me Uph

Ty, ~ T3 Ly. (137)

Logically, we have Ts1, ~ T2, i.e., the brightness temperature of the third har-
monic T3p, is the third power of that of the Langmuir wave T;. Furthermore,
T, is strongly dependent on vph (Tar, o v3)).

To avoid aforementioned difficulties with process (121), Cairns [22, 23] sug-

gested the following three-step process
L+S— L Li+Ly—Te; Ton+L — Ty (138)

for explaining multiple plasma radiation in Earth’s bow shock. Kliem [64] trans-
ferred typical plasma parameters for solar type II bursts to explain their har-
monic radiation. Process (138) is of importance only if the transformation of
Langmuir waves into Langmuir waves with greater phase velocity is optically
thick,® i.e., the energy density of the “fast” Langmuir waves is not less than the
energy density of the “slow” Langmuir waves. Furthermore, ion-sound waves
occur only in non-isothermal plasmas, i.e., T, # Ti. However, in the solar
corona, which contains the source of solar radio burst emission, we rather need
to consider thermodynamic equilibrium. An appropriate process in isothermal
plasmas that replaces the first step in process (138) may be induced scattering
of Langmuir waves on ions:

Li—»L+1. (139)

Note that the L'-waves need to fulfil inequality (122). Zaitsev [114, 115] es-
timated the efficiency of process (139) assuming that the initial width of the
k1-spectrum of the plasma waves is larger than the change of k; during one
interaction. Thus, the change of the averaged spectral density Wy, = kW,
can be calculated by [58]

6Wk1 _ IW 6Wk1

ot TR

(140)

6See also Chapter 2.1.

38



where the probability o! is

dr 2wy,
l=— . 141
T 2T memivk (1 + To/Th)? (141)
The typical time scale of change of W, is then
1 8Wk1 1 6Wk1

= ~ . 142
N W ok Y ok (142)

Thus, the coefficient of spatial decay or growth is given by

1
T o OWy,

= = — . 143
M1 U%r ’U%r ak_l ( )

Using Eq. (143), one can transform Eq. (9) for the optical depth into

Oél BWk
= = | & Ldl. 144
T1 /ul dl /U%r 6k1 di ( )

One may replace the integration over the ray path dl in Eq. (144) by integration
over wave numbers ki, since

L 2
L (145)
Wi,
which follows from
wi = w? (1) + 3k%(1)v3 = const. (146)

Using Eq. (141) and v$" = 3k;v% /wr,, one can rewrite Eq. (144) as follows:

8 ¢ I W g
27 memivi (1 + T /T3)? Ak

™ =

(147)

The integral in Eq. (147) may be considered as some averaged value Wy, and
can thus be approximated by

k2l<.',T1
Wi, = ——. 148
k1 (27{')3 ( )
Hence, we finally obtain the optical depth
A 2k 2T2L
=355 4 2 it 12 N’ (149)
27 mem;vg (1 + Te/T) !
where v
a= 2t (150)
uT

Thus, for fr, ~ 160 MHz, vr = 3 x 10° m/s and an inhomogeneity density scale
length Ly ~ 10 m, Eq. (149) gives

T
T ~9 X 10*11(1—;. (151)
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Induced scattering (139) is efficient only if the process is optically thick, i.e.,
71 > 1. At a ~ 3 (for vpn ~ 10°m/s), this inequality holds only if the brightness
temperature of the “slow” Langmuir waves fulfils

Ty > 10" K. (152)

Condition (152) is fulfilled in type II sources. Hence, Langmuir waves with
smaller phase velocity may in fact be transformed into waves with greater phase
velocity, which are necessary for the second step in process (138). Thus, one
may summarize that the radiation at the third harmonic plasma emission in
type II bursts is due a modification of process (138):

Ll—)LI+I; L11+L12—>T2L, T2L+LI—)T3L. (153)

The emissivity of the electromagnetic waves resulting from process (153) can be
calculated as follows [103]:

w:,l’ (ksr, ko, kl) =

he(2m)Swr, (k)2 (1 N (ksz3L)2)
16mm2war, (ksr, )wor (Kar,)

k2, k2
2L V3L (154)
x 6(ksr, — kop, — k')d (w3 — war, — w'),

where w:’l, is the probability of coalescence of plasma and electromagnetic waves
into electromagnetic waves. Using Eq. (128), one can transform the transfer
equation for the energy density [117, 118]

de3L / t WwsL, dk2Ldkl
= g — § ]_
dt Y war,w' Wiear Wi h(2m)3 (155)
o Ty 3 dkr dK'
3L K t Nt 2L
~ 1 (ksr, ko, K )T'T: 1
dt 2th /th ( 3L, B2L, ) 2L (27{')6 ( 56)
Integration over dkoy, leads to
dTSL ke’ I} I} N2 n,!
~ TT: — — 1
= = e / b 8(wsr, — war, — ') (K')2dK’, (157)
where I assumed (loor, K )?
oL, Kar,
—— ~ 1. 1
N 158
Note that
dk’ = (k')? sin Odypdfdk’ (159)
and
k3 = (kap + K')? = k3, — (K')? — 2kspk cosf. (160)
Integration over df by using d(wsp, — war, — w') gives
Qwst, _ OWal o 41 cing = \/3k'esin @ (161)

20  0kZ,
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Time Freq. Band  T3'#* Source size Flux
UT MHz [10°K] [] [HPBW] [10* Jy]
27 Sep 1993
12:10:57- 164 9 3.5 3.7 3.1 280
-12:11:14 327 2fL, 8 1.9 1.6 7100
435 3fi 0.7 1.6 1.8 73
12:11:20- 236 2f1, 380 2.3 2.7 22000
-12:11:40 327 3fL 0.3 1.8 1.5 20
12:12:00- 236 2f1, 300 24 2.9 21000
-12:12:35 327 3fL 09 20 1.7 82
28 Dec 1993
12:12:07 236 2fL, 0.9 22 2.7 47
12:12:37 327 3fL 0.3 1.5 1.3 14
12:13:22 164 2f1, 1.6 2.3 1.9 46

Table 1: Brightness temperature of the fundamental and harmonics of type II

bursts. OSRA. 1Jy = 10726 Wm™?Hz~'. HPBW: half-powe
Adapted from Zlotnik et al. [120, Table 1].

in the denominator in Eq. (157). Thus, integration over dk’ gives

dTsy, 1 ke / N3t ,
= T'TordE' .
dt 16v/2 m2cwi (k) 2

The integration limits are given by Eq. (122), i.e.,

1190 < k' <4590,
c c
Let us approximate
/ (K3 T'Tordk' ~ (K )3T Ty, AK',
since the exact dependence on k' is unknown. Furthermore, T put
wL,

E=a
c

r bandwidth.

(162)

(163)

(164)

(165)

with 1.1 < @ < 4.5 and assume Ak’ ~ k'. Thus, Eq. (162) may be simplified to

dT3r, wa® ke>
dt 4+4/2 m2c®
Using Eqs. (123) and (136), we get

fRT Toy,.

(166)

(167)



Here, one needs to assume that Ls;, ~ Ly, unlike for process (121). This is
due to the fact that the spectrum of the second harmonic originates from all
elements of the nonuniform source [119]. This leads to

m2at Ke?

12 m2c8

Ts1, ~ fET'Tor, L. (168)

One may replace T, by Eq. (118) and approximate T' by T' ~ Ty, since T'

can only be obtained by a self-consistent analysis of the plasma wave transfer
across the spectrum. Finally one obtains:

4.4 2,4 p4372
4nta* ke fi Ty Ly

T: ~
T 53 mid vl

(169)

Note that vph is the phase velocity of the “slow” Langmuir waves creating the
second harmonic, not of the “fast” Langmuir waves generating the third har-
monic.

4.3 Collisionless Shocks

Type II bursts are thought to arise from fast magnetosonic shocks [77, Ch. 13].
Here a short outline of important characteristics of collisionless shocks is given.

Up- and downstream quantities of a shock wave are related by the Rankine-
Hugoniot relations, see Priest [89] for an overview. For an oblique shock one
obtains

M2, X sin? 6 [{7 FX(@2- 7)}M§1 - X{(’y F1) - X(y— 1)}]
(170)
+ 0ty - X7 [yuX + Mo {X(r- 1) - 1+ 1} | =0,

where M3, = v1/va1 the Alfvén-Mach number, X = N,/N; the density jump
across the shock and 6 the angle between the shock normal ng and the upstream
magnetic field B;. The indices 1 and 2 describe the quantities in the up- and
downstream region, respectively. Furthermore, the Alfvén velocity is given by

By

VAl = —— (171)
v pomp N1
and the upstream plasma beta is obtained from
2uo N1k T
By = o (172)
1
Thus, the increase of the magnetic field can be calculated by
By M3, -1 L
B |- \/c0520+ (m X2sin? 6. (173)
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Usually the three solutions to Eq. (170) refer to fast, intermediate and slow
shocks, respectively.

A fast magnetosonic shock is critical if vh,e = c¢g2, i.e., if the downstream
speed parallel to the shock normal v,5 equals the downstream sound speed cag

given by
cos = 4| 2 (174)
P2

with pa the mass density in the downstream region. Thus, Ma; may be replaced
by the critical Alfvén Mach number M§{* such that Eq. (170) transforms into

(Mgt — X2 { (y + 1) (ME)? cos? 6 — 41 X — (METY)2 X2}
) | ’ (175)
+ (y = DX (Mg - 1) sin? g = 0.

Thus, one may calculate M§5t, according to Mann et al. [73] 1.2 < M§Ht < 2.3
for quasi-parallel shocks and 1.5 < M§Ht < 2.8 for quasi-perpendicular shocks.
Furthermore, they assumed that the relative instantaneous bandwidth is related
to the density jump accross the shock

Af o2 _ N2
PR Y 1=vVX -1 (176)

In a statistical analysis of type II bursts they found a smallest value for the
instantaneous bandwidth (Af/f = 0.16) which corresponds to a density jump
of X = 1.35. Thus, one may conclude that the type II exciter must exceed a
threshold in order to generate type II emission. This agrees quite well with ob-
servations, since not every flare or CME is accompanied by a type II burst. Let
me point out that there are several theories on the source location of type II
bursts. Lampe & Papadopoulos [70] and Krall & Smith [65] assumed down-
stream emission while Holman & Pesses [54], Krasnosel’skikh et al. [66] and
Benz & Thejappa [13] favoured upstream emission. Early theories considered
even the transition region of the shock to be the locus of the emission. Re-
cent in-situ observations by Hoang et al. [53] showed that fundamental and
harmonic emission originates from the down- and upstream region, respectively.
The ALFA mission could provide a unique possibility to prove these theories.
See Chapter 5.1 for further details.

43



5 Low frequency radio astronomy from space
and solar radio bursts

5.1 The Astronomical Low Frequency Array (ALFA)

The frequency window between 30 kHz (just above the interplanetary plasma
frequency) and 30 MHz (a few times the plasma frequency in the ionosphere of
the Earth) is the last unexplored part of the electromagnetic spectrum. Ground
based radio telescopes may observe down to 10 MHz on the nightside near
sunspot minimum and down to 15 MHz on the dayside near sunspot maximum.
Near special locations on Earth, i.e., near the magnetic poles, measurements
down to 2 MHz were performed. This resulted in quite poor resolution: Galactic
surveys were obtained with the Llanherne array in Tasmania with a resolution
of about 5.6° at 3.7 MHz [24] and 2.6° at 8 MHz [26]. Note that radiation
from within our Galaxy may be not be received below ~ 1 MHz due to the high
absorption coefficient of the interstellar ionized hydrogen at lower frequencies [1].

The Astronomical Low Frequency Array (ALFA),” proposed by the JPL
and NRL, will provide the first sensitive, high-angular resolution radio survey
at low frequencies and thus open a new window for astronomical investiga-
tions. Figure 15 shows ALFA’s angular resolution vs. frequency compared
with existing ground-based radio observatories. It will consist of 16 small satel-
lites, each equipped with crossed dipole antennas. The satellites will be placed
in a spherical array with a diameter of about 100 km in a distant (10® km),
interference-free and stable orbit around the Earth. Terrestrial interference will
not be a problem for ALFA. Measurements by the WAVES instrument on the
WIND spacecraft showed that above 6 MHz 93% of the observations are within
3% of the galactic background, see Figure 16. Taylor et al. [100] investigated
the propagation of terrestrial radio emissions through the ionosphere to analyze
the low frequency radio noise environment for ALFA.

The scientific reward of this project can be expected to be rather great.
Firstly, new unexpected phenomena may be discovered. Harwit [46] estimated
in an interesting analysis that one third of the phenomena in the universe have
been discovered. Of the 43 phenomena in his study, 39 can be found in a
frequency range from 3 x107 MHz to 3x 10! MHz. So one just can guess how
many unknown phenomena one may encounter in the frequency range from
30 kHz to 30 MHz observed by ALFA. Secondly, as Harwit stated, improved
observing capabilities lead also to a great scientific return, as proved by other
all-sky survey missions in spectral regions not observable from Earth, such as
TRAS, Uhuru and GRO. In the following a short overview of the ALFA scientific
objectives are given:

1. Solar radio bursts: Several solar phenomena such as flares, filament erup-
tions and CMEs manifest themselves in different non-thermal radio bursts.
ALFA will provide highly resolved measurements, both temporally and
spatially. Thus, one may be able to sense the solar and interplanetary

7ALFA homepage: http://sgra.jpl.nasa.gov/html_dj/ALFA.html
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Figure 15: ALFA’s angular resolution in comparison with other radio observa-
tories. Taken from http://sgra.jpl.nasa.gov/html dj/ALFA-res.gif.
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Figure 16: Observation of artificial interferences measured by WIND. Taken
from http://sgra.jpl.nasa.gov/html dj/ALFA-RFI.gif.

plasma density and magnetic field structures between the Sun and Earth.
Furthermore, one may track solar disturbances from the Sun to the vicinity
of the Earth. Earthbound measurements allow only tracking to ~ 30 MHz,
i.e., a height above the Sun of about ~ 0.5Rg. This makes space-based ra-
dio observations absolutely urgent. Eventually, this may lead to improved
heliospheric density models [74] which is essential for a better understand-
ing of interplanetary space plasma and an improved space weather fore-
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casting.

In fact, several spacecraft missions observing the Sun at low frequen-
cies have been launched, such as the Radio Astronomy Explorer (RAE
1 and 2) [2, 106]. However, the measurements were obtained from sin-
gle spacecraft with simple dipole antennas. Thus, one could track only
the centroids of the radio type III bursts due to the poor angular resolu-
tion. As shown in Figure 17, the improvement in resolution and detection
of both thermal and non-thermal emission is essential. The upper part
of Figure 17 shows a superposition of solar thermal emission with non-
thermal emission of a type III burst observed by Clark Lake at 50 MHz.
The middle part of Figure 17 gives an impression of a measurement of the
same bursts shown in the upper part obtained by the WAVES instrument
on the WIND spacecraft. Here, only the centroid of the bursts can be
observed, but no spatial resolution or detection of thermal radiation is
achieved [76]. The lower part of Figure 17 shows the expected observation
by ALFA. Both thermal and non-thermal emissions can be imaged simul-
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taneously providing high temporal and spatial resolution. Furthermore,
ALFA will track solar disturbances to distances of about 1 AU. Mapping
of the vicinity of the shocks associated with type II bursts would provide
further information on sites of particle acceleration. Finally, behind-the-
limb type IIT bursts are scattered back and hence illuminate transient
CMEs instantaneously due to their high speed. This would be helpful to
map these transient phenomena.

. The “quiet” Sun: Coronal holes and streamers are the main characteristics
of the quiet Sun. The first are sources of the fast solar wind and the latter
overlie dark filaments and resemble the pre-eruptive state of CMEs. The
dominating emission of the quiet Sun is thermal bremsstrahlung from the
corona (T ~ 10® K). Ground-based measurements were obtained down to
the ionospheric cutoff. X-ray observations could follow the propagation
of these disturbances to rather small distances from the Sun. ALFA will
provide monitoring of these phenomena from the solar corona to distances
far behind the orbit of the Earth. Especially Earth-directed CMEs, so-
called Halo-CMEs, may be predicted more precisely.

. Mapping of interplanetary density structures: By tracking type III bursts,
which can propagate far behind the orbit of the Earth, one may obtain
detailed maps of the interplanetary magnetic field. Since type III bursts
are travelling along open field lines outward from the Sun, they directly
reveal the field line structure. Furthermore, the magnetic field around
CMEs will be provided. This is essential for the understanding of the role
of CMEs in particle injection and /or acceleration for solar radio bursts. As
mentioned before, the association between flares and CMEs is not clearly
demonstrated, neither their importance during radio burst events.

. Terrestrial impacts: The most geoeffective disturbances are the fast solar
wind, exhibiting a 27-day-periodicity, prominence eruptions and CMEs.
Geomagnetic storms constitute a considerable danger for Earth-based
and space-borne technological systems and, of course, astronauts. ALFA
will solve two of the greatest problems: The prediction of the arrival
of such a disturbance and its geoeffectiveness. CMEs that are related
with shocks are most geoeffective and may be tracked directly by ob-
serving the associated type II emission. Slower moving CMEs that do
not produce shocks may be tracked directly by measuring the enhanced
thermal bremsstrahlung or indirectly by using illumination by behind-the-
limb type IIT bursts. Nowadays, solar coronographs predict Earth arrival
within an error of a day or two. ALFA will improve the error to the range
of hours.

ALFA will also provide new insight into the Earth’s magnetosphere.
The Auroral Kilometric Radiation (AKR) is observed below a few hundred
kHz and is an example of the Earth’s natural radio emission. Furthermore,
plasma emissions at twice the local plasma frequency is generated at the
Earth’s bow shock. Deeper within the magnetosphere the nightside AKR
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Figure 18: Time-averaged radio emission from Jupiter. Taken from
http://sgra.jpl.nasa.gov/html_dj/ALFA-spectrum.gif.

is scattered off of dayside density irregularities which characterizes the
day-side cusp. These structures will be observed, highly spatially and
temporally resolved, by ALFA.

5. Evolution of galaxies: ALFA will also look for “fossil” galaxies to deter-
mine the frequency and duration of the active phase of galactic nuclei.
This information on early epochs of galaxies could lead to an improve-
ment of models for the evolution of massive black holes in galactic nuclei.
Furthermore, ALFA could take a look back into the protogalaxy era by
exploring higher redshifts which are typical for galaxies with steep spectra
at low frequencies.

6. Life cycles of matter in the universe: The interstellar ionized hydrogen is
the last major component of the interstellar medium whose distribution
is not accurately known. However, the large-scale distribution is essential
for our understanding of the interstellar extinction caused by this gas.
Furthermore, ALFA could test the theory that cosmic rays are created
in supernova remnants. This could be done by directly measuring low
energy energy electrons needed for initiating shock acceleration. In ad-
dition, mapping of the 3D distribution of galactic low energy cosmic ray
electrons could be helpful for further the progress in understanding cosmic
ray propagation.

7. Testing of theories and discovery of new phenomena: Note that most of
the processes participating in emission and absorption processes are only
observable at low radio frequencies. Strong coherent emitting processes
are common at low frequencies. Figure 18 shows the relative strength of
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coherent and incoherent emission from Jupiter. This intense coherent radi-
ation provides a wealth of information on the local plasma and is only ob-
servable at low frequencies. Similar coherent processes are expected from
supernova remnants, quasars and active galaxies. Furthermore, ALFA
will perform spectral measurements of supernova remnants, thus locating
shock acceleration sites which are held responsible for the generation of
high energy cosmic rays. Especially, ALFA will detect low energy electrons
that are essential for injection processes in to shock acceleration mecha-
nisms. This cannot be done by X-ray observations. Another interesting
possibility provided by ALFA is the direct detection of coherent cyclotron
radiation from extrasolar planets. Although the radiation originating from
Jupiter is below the detection limit of ALFA, this limit might be exceed by
other giant planets, since stellar-wind-driven cyclotron emission is strongly
depended on the stellar wind flux. It is proved that in some stellar systems
the stellar wind flux exceeds that of the Sun by many orders of magnitude.

ALFA was subject of two conferences [107, 110] and was also presented on
more general meetings [57, 111]. Furthermore, a scientific article [109] and a
public article [108] have been published. For a summarizing overview I suggest
the report to the “Radio & Submm Astronomy Panel”® which outlines the scien-
tific goals, objectives and needs for starting the Astronomical Low Frequency
Array.

Unfortunately, no further progress concerning the initiation of the ALFA
mission has been achieved since the last NASA call for MIDEX proposals a
couple of years ago. A limitation to the observation of solar radio bursts is
considered as a promising approach for the next proposal. Furthermore, the
Nanny nano-satellite mission could provide evidence for the enormous possi-
bilities hidden in such a mission.

5.2 The nano-satellite Nanny

The development of the nano-satellite Nanny started in 1998 at IRFU. The
first phase concentrated on the development of miniaturised and more efficient
components, sensors and subsystems in general. Nanny-1 can be considered as
a modernised and miniaturised version of the Astrid-3 nano-satellite.

Some of the scientific objectives are the establishment of the relationship
between space plasma turbulence and electromagnetic radiation. This would be
an essential milestone to further our progress in space physics. Furthermore,
extended studies of the interplay between the local self-organisation of the space
plasma and the surrounding medium will be performed. In-situ studies of the
Stimulated Electromagnetic Emission (SEE), a phenomenon discovered by Bo
Thidé at IRFU, are of high interest also since this effect may limit the band-
width of low-altitude satellite global telecommunication systems. In the same
manner as ALFA, Nanny will track low-frequency solar radio bursts as well as

8http://rsd-www.nrl.navy.mil/7214/weiler/kwpdf/report-long6.pdf
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the Auroral Kilometric Radiation (AKR) and other “natural” electromagnetic
emissions by using new antenna, detector and signal techniques.

Nanny-1 is suggested to be followed by a pair of nano-satellites, Nanny-2 and
Nanny-3. The use of such a “mini”-interferometer will drastically improve the
spatial and temporal resolution. Thus, the Nanny project can be a convenient
precursor mission to the Astronomical Low Frequency Array (ALFA).

At the moment, extensive Phase-A and Phase-B studies are performed in
order to apply for fundings to build the first spacecraft. For more information
I refer to the Nanny homepage® at IRFU, since no publication is available yet.
It is planned to launch Nanny-1 in the end of 2002 or the beginning of 2003.
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