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CHAPTER I

Some aspects of solar radio bursts
and their relation to coronal magnetic structures

Arie Kattenberg

1 Introduction

1.1 Summary

This thesis is concerned with three main subjects.

Chapters II and III describe a model for coronal flux tubes.
The model tube is a cylindrically symmetric localized force free
current, that is embedded in a potential field. In ).oth chapters the
growth rates and sizes of the kink mode instability are calculated
by solving the linearized equation of motion.
In chapter II the dispersion relation is calculated for the
approximation that the current is surrounded by a vacuum.
In chapter III the strong stabilizing influence of a surrounding
plasma .is demonstrated.

In chapters IV and V, observations of solar Type-I radio bursts
are presented and analysed. The observations were gathered with the
60-channel radio spectrograph in Dwingeloo.
In chapter IV a preliminary investigation of the burst properties is
presented together with a discussion of an emission theory for the
bursts and related continuum.
In chapter V the full analysis of the (statistical) properties of
dynamic radio spectra of Type-I bursts is presented. Hundreds of
individual bursts from which several parameters were determined are
analyzed statistically. A factor analysis showed only obvious
groupings. Linear regression and analysis of patterns in
scattergrams also failed to show statistical relations in the burst
parameters.

Chapters VI, VII, VIII, IX and X are concerned with



observations of solar microwave bursts. The observations, with high
time resolution (0.1 s) and high one-dimensional angular resolution
(max. 4") were made with the Westerbork Synthesis Radio Telescope.
Chapter VI describes the procedures and instrumental properties
relevant for the microwave observations, and it gives a summary of
the results.
Chapter VII and VIII both have a particular solar flare event as a
subject. In these chapters the microwave observations of the
respective bursts are compared with. X-ray data (obtained with the
Hard X-ray Imaging Spectrometer onboard of the Solar Maximum Mission
satellite), H-alpha filtergrams and other observations of the same
event.
In chapter VII the conclusion is reached that the solar flare that
was observed, occurred inside an asymmetric low lying coronal loop
system. The asymmetric magnetic field influences the paths of fast
electrons emitted by a flaring portion of the loop. In the
'footpoint' of the magnetic arc that has a strong magnetic field,
mainly microwaves are emitted, while in the other footpoint mainly
X-rays are produced as the electrons reach the upper chromosphere.
In chapter VIII the analysed flare events occur over an extended
period (half an hour) at succesive locations along the magnetic
inversion line of a complex of three active regions. The extreme
ends of the complex were more than 300000 km apart. The evolution of
an unstable coronal current and the triggering of a new current
instability in a nearby region are proposed as an interpretation and
a description of the hypothetical events is presented.
Chapter IX concentrates on the observation made in several flares
that the intensity of microwave sources can vary in different
points, far apart, simultaneously. An explanation is proposed in
terms of an oscillating coronal acceleration source for electrons.
Chapter X presents the analysis of a sample of microwave bursts,
observed with a time resolution of 0.1 s and a spatial resolution of
a few arcseconds. A bipolar nature is observed in most cases, often
with one short-lived (10 to 100 s), rapidly fluctuating, narrow
(<10") and bright source and one longer-lived (100 to 1000 s),
gradually evolving broader (15" to 25") and fainter source. This
pattern can be understood as the result of a localized coronal
source of fast electrons inside an asymmetric magnetic loop system.
The difference between the sources, that correspond to the
1 footpoints' of the magnetic arc, can be explained by the different
magnetic field strengths there and by the trajectories by which the
fast electrons arrive there.

1.2 Solar radio bursts and the coronal magnetic field

The Solar Corona emits radio waves often in all wavelength
regions. The radiation originates in the corona, most strongly from
the sun spot-associated solar active regions. These regions, with
relatively strong closed magnetic fields are hotter and denser than
their surroundings and show enhanced radio emission at cm



wavelengths the so called slowly varying- or S-component. At meter
and decameter wavelengths, the so called radio storms (designated
metric Type-I and decametric Type-III storms respectively) occur
frequently, with durations of hours to days. Other radio phenomena
are associated with the solar flares that occur in active regions.
These phenomena (viz. microwave bursts, Type-II, Type-III and
Type-IV bursts) usually have a much shorter duration than the
S-component and the storms (typically 10 - 100 minutes).

The magnetic fields in active regions play an important role in the
generation of many of these radio emissions. The emission mechanism
itself can be magnetically determined e.g. in the case of
gyrosynchrotron radiation or upper hybrid waves that are converted
to transverse (radio) waves. The latter can arise in the case of a
closed magnetic field: the field traps fast electrons and the
conditions in the mirror regions of the trap may produce unstable
electron distributions that give (indirectly) rise to radio
phenomena (Kuijpers 1974). Below a height of about 1 R9 the
plasma-beta (ratio of the gas- and magnetic pressures) is smaller
than 1. Magnetic forces cannot be balanced by pressure gradient
forces and thus the coronal currents must be nearly force free. The
structure of the magnetic field introduces density-, temperature-
and field gradients that can play a role in the conversion of wave-
or particle energy to radio waves-

•Observations have shown (Widing 1974; Widing and Cheng 1974; Cheng
and Widing 1975) that the corona above active regions consists of
'nests' of loops which show contrast in soft X-rays and extreme
ultraviolet. The location and direction of the l^ops suggests a
magnetic origin. Several authors have produced models to account
for the observed loops. For instance Chiuderi, Giachetti and Van
Hoven (1976, Giachetti et al. 1977, Van Hoven at al. 1977) proposed
a model in which the loops are low gas pressure structures, aligned
with a force free, current carrying background field. Such a
background field cannot be very realistic, since it has many
reversals of direction, contrary to the observations of photospheric
fields.
An alternative coronal loop model, in which the loop is a localized,
force free current, flowing within and parallel to a background
potential field, is proposed by Sillen and Kattenberg (1980; Chapter
II of this thesis) and Kattenberg and Sillen (1981; Chapter III of
this thesis). There the spectrum of kink instabilities that can
occur in the model loops is investigated and requirements for
stability are determined.

Part 2 of this introduction discusses the nature of Type-I bursts
(chapters IV and V of this tfasxs) and possible relations with the
coronal loop structure.
The observations of microwave bursts that are the subject of
chapters VI until X of this thesis are introduced in part 3. There
the observational properties, emission mechanisms, the origin of



microwave bursts and their relation with the coronal loops are
discussed.

2 Type-I bursts and the coronal magnetic structure

Solar Type-I storms are a common radio phenomenon at metric
wavelengths. In years of maximum solar activity they are present
during 80% of the time (Gergeley 1974). We shall first describe the
observed properties that seem to be typical, and then discuss some
mechanisms and models that have been proposed to explain noise
storms.

2.1 Observed properties

Spectrographically a noise storm consists of a broad band
( Af/f = 1 ) , long-lived ( hours - days ) continuum and superposed
narrowband ( Af/f =0.02} short-lived (0.1 - 1. s) bursts. In
chapter V of this thesis (Kattenberg and Van der Burg 1981) one can
find an extensive analysis of the properties of individual bursts in
a limited frequency range. Kattenberg, Van Hees and Van Nieuwkoop
(1981; Chapter IV of this thesis) already presented a preliminary
investigation of the burst properties. Bursts have been observed at
all frequencies between 50 and 500 MHz, but they occur most often
between 100 and 400 MHz (Elgar0y 1977). The peak flux densities of
bursts range from a few sfu (most bursts) to exceptional values of
20 - 50 sfu (sfu: Solar Flux Unit. 1 sfu = 10~22 W/n? Hz). The
continuum strengths also can be from 1 to 100 sfu. The bursts show
a tendency to occur in chains of two or more bursts, the bursts
being separated in time by 0.2 - 1.0 s, with the central frequencies
of the bursts linearly changing through the chain (De Groot et al.
1976). In most chains, the bursts appear at subsequently lower
frequencies, the drift in radio frequency of the chains is of the
order of: df/dt = -0.2 to -0.3 MHz s"1 . The distribution of the
number of bursts per chain is exponential (Poisson distribution).
De Groot et al. (1976) showed that the observed rate of occurrence
of single bursts fits this distribution when the bursts are regarded
as chains of length one. The e-folding width of this distribution
corresponds to chains of 10 - 20 seconds duration.

Noise storms are observed in most of the large, developing active
regions. They occur in bipolar or single sources associated with
strong complicated photospheric magnetic fields. The continuum
source measures 2' - 10' in horizontal extent (Fokker 1960), and has
an estimated source height and vertical extent of 5 x 101* km - 5 x
105 km (Fokker 1960; LeSqueren 1963). Estimated magnetic field
strengths at these heights in solar active regions are in the range
from 1 - 5 0 gauss (Rosenberg 1974). The burst sources measure 1' -
5', horizontally, and they occur inside or near the continuum
source. The positions of the continuum and related bursts are



usually not directly above the associated photospheric plage and
spots but more toward the outside of the active region (Bougeret
1973; Kerdraon 1973,1979). The continuum sources have brightness
temperatures in the range from 107 K to 109 K {LeSqueren 1963;
Suzuki and Gary 1979). The brightness temperature of the bursts is
typically > 1010 K (Boischot 1973; Sy 1973). The Type-I burst
radiation usually has a strong (often 100%) circular polarization.
The sense of this polarization is related to the sign of the
photospheric magnetic field associated with the storm; the observed
sense corresponds with o-mode radiation (LeSqueren 1963). The
continuum radiation is usually polarized in the same sense, but less
strongly (Kattenberg and Van der Burg 1981, this thesis: chapter V).
The burst emission is anisotropic, the radiation of each burst is
confined to a randomly oriented cone with an opening angle of the
order of 25° (Steinberg, Caroubalos and Bougeret 1974).

2.2 Origin

Many mechanisms have been proposed to explain the noise storms
or certain observed properties. So far, however, none of these
models has been widely accepted. The lack of knowledge about the
coronal (magnetic field) structure and the apparent randomness of
the phenomenon (see Kattenberg and Van der Burg 1981, chapter V of
this thesis) prevent the confirmation or rejection of most proposed
models.
Models for noise storms concentrate around two main problems: the
emission mechanism and the energy source. Below we shall discuss
several of the proposed emission mechanisms and source models, with
an emphasis on the role of the magnetic field structure.

2.2.1 Emission mechanisms

The emission of o-mode transverse radiation with brightness
temperature >> electron temperature must be the result of a
conversion from locally available free eno./gy in a non thermal
distribution of fast electrons. High frequency plasma waves can be
generated and converted to radio waves by scattering on thermal
ions, interaction with other high frequency waves ( harmonic
emission) or with low frequency waves, by linear transformation in
case of strong density gradients (Melrose 1980b), or strong
turbulence effects (Smith & Nicholson 1979). Alternatively, gyro
emission in rather strong magnetic fields could be of importance.
In order to escape, the emission must be at rather high harmonics of
the gyro frequency since its frequency must be higher than the local
plasma frequency.

The latter type of emission mechanism has been proposed by Mangeney
and Veltri (1976). They demonstated that for a suitable beam of fast
electrons (p >> p„ ), propagating in a rather strongly magnetized



plasma (1 <<ij2
e /"ce *

 2 ^ with turbulent fluctuation
level 6B/B= 6W/W = 10*2 , the o-mode is the only unstable mode of
decay. A strong magnetic field (50 - 100 gauss) is essential for
this mechanism.
The theory explains the relative bandwidth, the anisotropy and the
polarization of the Type-I burst radiation. The brightness
temperature and duration of the bursts and the occurrence of chains
and a continuum are not described by Mangeney and Veltri.

Emission of o-mode transversal radiation by the coupling of high
frequency plasmawaves (Langmuir or upper hybrid waves) with low
frequency waves (ion sound waves or whistlers) has been proposed by
a number of authors as a source mechanism for the noise storm
continuum and burst radiation. Benz and Wentzel (1981), Melrose
(1980a) and van Hees and van Nieuwkoop (1978, also in: Kattenberg,
van Hees and van Nieuwkoop 1980; chapter IV of this thesis) propose
different versions of this mechanism. These theories ascribe the
continuum to the conversion of high frequency waves from a trapped
fast particle distribution to o-mode radiation by coupling with low
frequency waves (whistlers). Van Hees and Van Nieuwkoop argue that,
because the continuum brightness temperature apparently never exeeds
a value of 6 x 109 K, it can be explained by spontaneous Langmuir
radiation from trapped electrons, which has an intrinsic upper limit
brightness temperature of 6 x 10 K (Robinson 1977). Also they
argue that the conditions for resonant whistler generation by low
energy electrons is favorable in the Type-I source regions. To
explain the bursts, Benz and Wentzel (1981) invoke field-aligned
currents in which current-driven instabilities produce bursts of ion
acoustic waves. Melrose (1980a) argues that there must be a burst of
high frequency waves instead, to produce a Type-I burst as a local
enhancement of the continuum process. Van Hees and Van Nieuwkoop
suggest that a strong MHD pulse ( <5B/B = 1) could deform the
particle distribution that was already invoked for the continuum, to
produce an upper hybrid instability that provides bursts of high
frequency waves. A travelling pulse passing subsequent so called
doable resonance locations for the upper hybrid instability,
where to / u = n (with integer n and QJ2 = O)2 +a>2 )t v/ould
then produce a chain of bursts. The magnetic fie£§ in these
emission mechanisms must be a closed configuration, to trap the
particles that emit the high frequency plasma waves. For the
efficient whistler generation the field strength should be rather
low (1 - 10 gauss). These models for the noise storm radiation
explain the production of the o-mode, the brightness temperature,
the bandwidth and the existence of a related continuum. The
observed durations and anisotropic radiation pattern, however, do
not follow naturally from these models.



2.2*2 Energy source

The total, snergy of one Type-I burst is of the order of
1015 ergs (assuming an isotropic radiation pattern, De Groot 1966).
If we assume a lower limit for the source size of 1" (Melrose 1980a)
the burst energy is a fraction 10"Hof the thermal energy in the
source region. Melrose (1980a) showed that the radiation
temperature of the high frequency plasma waves in the burst source
must be lower than T, = ldV, because no second harmonic emission of
bursts is observed. He concludes that one can account for
T x s 10

11(K and hence Tb= 10
10K, for a source size of 103 km, with

Langmuir waves generated by a trapped distribution of energetic
electrons.
These estimates imply that bursts are a rather low energy phenomenon
as compared e.g. to the energy needed to heat the source medium.
The problem clearly is, how available free energy can be
concentrated in a small source.

The observed chains of bursts, and the discovery that the chain is
the fundamental event in a Type-I noise storm (with mostly chains
that have a length of one barst occuring), can give some indication
to the origin of the bursts. If the Type-I burst radiation is
assumed to be at the plasma frequency and the frequency drift of the
chains is interpreted as a vertical motion of an exciter through the
stratified active region plasma, velocities of the order of 200 -
300 km s"1 are implied. This velocity range is comparable with
estimated local Alfven velocities (Wild & Tlamicha 1965).
The connection of noise storms with (changes in) the magnetic field
structure has been established observationaily as well as
theoretically. Brueckner (1980) reports an occasion where a noise
storm begins after long and high loops, connecting neighbouring
developing active regions had been observed to form. He concludes
that high coronal loops with a large energy input (i.e. connected to
a rapidly developing active region) are necessary conditions for
Type-I generation. Wentzel (1980) proposed a detailed model, where
small (1017 maxwell) fluxtubes that make up a large loop, are moved
around at their footpoints in the photosphere. The subtubes are
continuously braided by these motions and the twists and knots in
the spaghetti-like coronal fluxtube propagate upward with the Alfven
velocity. Inevitably the twists and knots tighten near the top of
the loop and current layers are formed in the compressed sheared
fields. A burst of low frequency waves associated with the driven
current instability (tearing mode) then causes a radio burst as
described above.

This kind of stochastic model seems very attractive at first sight,
but some observed regularities are difficult to account for. The
similarity of bursts in a chain, and the regular appearance and
drift of bursts in a chain seem unexpected from this model. Also the
conclusion of Bougeret (1972, 1973) that bursts originate from
sources with a fixed position (within 0.5'), of which only a few are
present at any time, seems hard to explain with the stochastic model



of Wentzel (1980).
This observation, that certain fixed sources, that can be stable for
hours, produce the bursts, suggests that preferred parts of the high
coronal loops are involved. Van Hees and Van Nieuwkoop (1978)
identify the parts with resonance heights for the upper-hybrid
instability in a strong MHD pulse. Bougeret and Steinberg (1977)
argue that the anisotropic radiation pattern, as predicted by the
mechanism of Mangeney and Veltri (1976), where the central direction
is determined by the magnetic field direction, selects the parts of
loops that point toward or away from the observer.

If some of the loops can be identified with weak localized
force free currents, as described by Sillen and Kattenberg (1980)
and Kattenberg and Sillen (1981, this thesis: Chapter III), the
burst sources may be associated with places where loops interact.
The observed appearance of nests of loops in active regions changes
on timescales of hours.
There are several reasons to expect interaction between loops: A
change in the strength of a coronal current will affect its shape.
Kattenberg and Sillen (1981) showed that some high lying loops can
be kink unstable ( causing global motions) with a growth time of
hours. Another possible origin for fluxtube interactions may be
currents that accumulate along the plane where the magnetic field of
the active region is horizontal. Van Tend (1979) showed that such a
horizontally flowing coronal current can be vertically stable at tywo
ranges of heights in typical active region magnetic fields (1C3 -
10 "* km and > 3 ^ 10^ km). The flare theory of Van Tend and Kuperus
(1978) ascribes a central role in the solar flare process to the
sudden rise and expansion of a current from its previously stable
heigth of about 103 - 10 ** km. At heights in the range > 3 x
10 "* km, currents again may be vertically stable. They can
accumulate there and a similar current instability to the one
proposed in the flare theory may take place.

An expanding or rising loop may encounter another loop, with a
relative velocity of the order of the Alfven velocity, i.e. 200 -
300 km s"1in the noise storm source region. The duration of an
interaction will be about equal to the Alfven transit time in a
loop; for observed loop diameters and estimated Alfven velocities,
this time is 5 to 20 s. This timescale suggests that each chain of
bursts corresponds to a dynamical fluxtube interaction. The fixed
set of burst sources would then correspond to a fixed number of
sites where moving tubes can approach each other.
The interaction may cause strong disturbances in the magnetic field
of a tube, which may produce bursts according to the model of Van
Hees and Van Nieuwkoop (1978). At the interaction site, however, one
can also expect a sheared field that is strongly compressed by the
mutually approaching fluxtubes. This implies that a current s>cet
is formed between the interacting tubes. During the approach, this
current is continually driven narrower and stronger. The bursts
could then be associated with instabilities of this current sheet.



3 Microwave bursts and the coronal magnetic structure

Microwave bursts are a solar radio phenomenon at centimeter
wavelengths. The bursts, that last a few minutes for small events
(of several sfu strength) to a few hours in major events (hundreds
or more sfu), are known to be associated with solar flares. There is
a large variation in the behaviour in time, position, frequency and
polarization of the bursts and probably different types of phenomena
are involved with different classes of bursts. Chapters VI until X
of this thesis present the observations of microwave burst and their
interpretation. Kattenberg and ?alagi (1981; chapter VI of this
thesis) describe the instrumentation and methods of observation that
were used in the microwave observations.
Below we shall first describe the observed properties of a class of
typical bursts and then discuss some mechanisms and models that have
been proposed to explain microwave bursts.

3.1 Observed properties

A common class of bursts consists of a gradually evolving
component and a superposed impulsive phase that occurs early in the
burst. The impulsive peak consists of one or several spikes that
last seconds or tens of seconds. The gradual component usually
shows a steep rise that lasts about one to several minutes, and an
exponential decay with a characteristic timescale of several minutes
to more than an hour. These impulsive microwave bursts (Kundu,1965)
usually have a broad, continuum-like, spectrum in the range from 1
to 15 GHz. About 75% of the burst spectra shows a single hump with a
peak in the range from 2 to 9 GHz (Guidice and Castelli 1975).

Spatially the burst sources are observed to be associated with the
magnetic inversion line in the flaring region (Kundu et al. 1977;
Marsh et al. 1980), or with the chromospheric H-alpha patches or
ribbons adjacent on both sides of the inversion line (Lang 1981;
Kosugi 1981). Single sources for some bursts (Allisandrakis and
Kundu 1978; Lang 1981) as well as multiple sources with different
character and time evolution (Kosugi 1980, 1981; Marsh et al. l?80)
have been reported. The source during the impulsive phase typically
has a width of 3" - 20" , with peak brightness temperature in the
range 5 x 1G7 K - 10 8 K (Allisandrakis and Kundu 1978; Lang 1981).
The gradual component, especially during the decay, can be much
wider (> 1', Kundu 1980) and it has a brightness temperature in the
range 106 K - 10 7 K. The degree of circular polarization during an
impulsive microwave burst, can be rather constant and of the order
of 1 0 - 3 0 % (Kosugi 1981) during all of the event, or show a time
evolution, with high polarization (>50%) in the impulsive phase and
weak or no polarization in the decay phase (cf. Kundu and Vlahos
1980).
The microwave burst radiation usually correlates well in time with
flare-associated X-rays and chromospheric H-alpha brightenings. The
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impulsive phase can show a correspondence in small details with hard
(> 20 KeV) X-ray fluxvariations {Kattenberg et al. 1982? chapter IX
of this thesis). The more gradual microwave component and decay
phase are reflected in the soft (< 20 KeV) X-ray flux as well as in
the evolution of the H-alpha patches.

3.2 Origin

As already mentioned, the microwave bursts are closely related
with solar flares. As is found for many other flare associated
phenomena (évestka 1976), there is very much variation in microwave
bursts. A variety of situations in solar active regions apparently
can give rise to flaring. The common picture of a solar flare is,
that accumulated coronal (magnetic) energy is suddenly converted to
heat, bulk kinetic energy, wave modes and fast particles, on a
timescale of 10 - 100 s by a chain of instabilities, ranging from
large scale magnetohydrodynamic instabilities to microscopic plasma
instabilities. The heated plasma or the fast particles then give
rise to the observed radiation (H-alpha, X-rays, microwaves e.g.)
directly or by interaction with the ambient plasma or magnetic field
(Svestka 1976). The different physical conditions in which the
particles or the hot plasma arise can give rise to different
radiation mechanisms. In specific events it is often difficult to
identify these mechanisms because the exact circumstances and
properties of the radiation are not known.
There is no general agreement about the form of magnetic energy
storage and the nature and precize order of the instabilities
responsible for the flares.
Below we shall discuss several of the proposed emission mechanisms
for microwave bursts in the context of some of the proposed flare
models, with an emphasis on the role of the magnetic field
structure.

3.2.1 Emission mechanisms

Impulsive microwave burst radiation is generally free-free or
gyro (synchrotron) radiation from thermal or non-thermal fast
electrons. Free-free radiation from a thermal plasma with T <
10' K can possibly play a role in the decay phase of many bursts
(Kundu and Vlahos 1980). But in the impulsive phase gyromagnetic
radiation of non-thermal electrons seems to plsy an important role,
as indicated by the power law shape of the high frequency part of
the spectrum, the observed circular polarizations, corresponding to
the extra ordinary mode, and a comparison of the number of electrons
needed to account for the observed X-ray and microwave brightnesses.
Again a thermal electron distribution with T < 107 K can be invoked
in strong magnetic fields (500 - 1000 gauss) in the decay phase of
bursts. MStzler (1978) and Duik et al. (1979) give analytical
approximations for the gyro emission from a (quasi thermal) hot.
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(T > 10 K) magnetized (100 gauss) coronal plasma.
Most discussions of (impulsive) microwave radiation, however, have
been concerned with the gyro emission of a non thermal electron
distribution with energies > 100 KeV in magnetic fields of a few
hundred gauss (Ramaty 1969; Takakura and Scalise 1970; Takakura
1972; Ramaty and Petrosian 1972). Non-thermal electrons are trapped
in a coronal loop and they produce emission of microwaves near the
mirror points of the trap. There the field is strong and the
particles stay there relatively long.
The gyrosynchrotron emissivity of the fast particle distribution is
roughly proportional with sone negative power of the frequency. The
slope of the powerspectrum is determined by the energy distribution
of the particles and the observation angle relative to the magnetic
field in the source (Takakura and Scalise 1970). The high frequency
part of the microwave spectrum essentially follows this emissivity
as the source region becomes optically thin there.
Below a frequency of about four times the electron gyrofrequency
various absorption mechanisms can become effective. The sources
become optically thick by this absorption and the emission declines
towards lower frequencies. Gyro synchrotron self absorption,
gyroresonance absorption, free-free absorption and the Razin effect
can all be of importance for the low frequency shape of the
microwave burst spectrum, depending on the detailed physical
circumstances in the source region (Ramaty and Petrosian 197 2;
Guidice and Castelli 1975).
The optically thin high frequency part of the burst radiation will
be circularly polarized in the sense of the extra-ordinary mode in a
degree depending on particle energies, anisotropy and field geometry
and strength. The low frequency part can show partial o-mode
polarization (Holt and Ramaty 1969).
Instead of a trapped non thermal distribution, also a continuous
beam of accelerated electrons (Matzler 1976) and a two component
(thermal halo and non thermal core) model (Böhme et al. 1977) have
been invoked to explain microwave and hard X-ray observations
together.
All of the gyro emission models for microwave bursts require
magnetic fields with strength > 100 gauss in the lower corona.
Extrapolations from photospheric magnetic field measurements and
observations and models of the S-component radiation (Pallavacini et
al. 1981) suggest that these magnetic fields can be present in the
lower corona and upper chromosphere near sunspots and above plages
in active regions.

3.2.2 Energy source

In 1974 solar observations in soft X-rays and ultraviolet, with
the Skylab experiment, made it clear that low lying magnetic
fluxtubes or arcades of fluxtubes play a central role in many solar
flares (widing 1974 Widing and Cheng 1975,-Cheng and Widing 1975).
Also the morphology of the chromospheric flare events, usually with
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two brightening patches on opposite sides of the magnetic inversion
line, suggests that magnetic loops are a basic element of solar
flares. Kattenberg et al. (1982; chapter VII of this thesis) give a
good example of a flare that took place in a simple (a-symmetric)
loop system.
A partial model of solar flares that accounts for many of the
observations is simply a low lying coronal magnetic loop in which at
some place energy is released. Fast electrons that propagate from
the energy release site are guided by the fieldlines, eventually
down to the lower corana and upper chromosphere, where rapidly
increasing fieldstrength and plasma density give rise to gyro
emission, thick target X-ray production and plasma heating (Emslie
and Viahos 1981). Various mechanisms have been invoked to explain
the energy release. The fast particles are often interpreted as
evidence that magnetic reconnection is taking place? from laboratory
experiments it is known that the (driven) tearing mode instability
can give rise to electron acceleration.
Priest and Heyvaerts (1974) e.g. argue that new flux that emerges in
an active region can encounter an existing field that is sheared
relative to the field lines of the new field. In the compressed
sheared field a reconnection of fieldlines can occur which leads to
the release of energy.
Spicer (1976,1977) drew a parallel between the flaring magnetic
loops and the current carrying toroidal laboratory plasmas. In
analogy to the disruptive current instabilities that have been
observed in these laboratory plasmas, he proposed that the flaring
loops undergo a resistive kink instability in which field
reconnection takes place by a driven tearing mode at specific
surfaces inside the loop.
A very hot (T > 108 K) blob of plasma somewhere in the loop can
possibly account for many of the observed flare characteristics.
Brown, Melrose and Spicer (1979) and Smith & Lilliqist (1978)
demonstrate that the electrons in such a hot plasma can be confined
to some extent. This is necessary in order to identify the duration
of the impulsive phase with the lifetime of this hot thermal source.
Ê nslie and Vlahos (1981) and Duik et al. (1979) describe various
(thermal) emission mechanisms effective in such a plasma that may
give rise to the observed radiation. The escape of electrons faster
than 3 ^ (Smith and Lillequist 1979) to the footpoint regions of
the field can give rise to the observed 'bipolar' X-ray and
microwave sources. Duijveman, Hoyng and Ionson (1981) demonstrate
how a hot coronal source could arise by rapid anomalous dissipation
of electrical currents, created by postulated strong local electric
fields.
Van Tend and Kuperus (1978) propose another flare theory without
magnetic reconnection as the basic flare instability. In this model
the vertical equilibrium of the horizontally flowing part of a
coronal current is investigated. The current forms a closed circuit
with a photospheric 'mirror' current. The coronal current is shown
to be horizontally stable when it flows in the plane where the
background active region field is horizontal. Its vertical
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equilibrium involves the expansive self force of the circuit which
is balanced by the Lorentz force of the background field and the
gravity force on (condensed) plasma inside the current. Van Tend
(1979) shows that vertical stability for currents weaker than a
certain limit can be attained in typical active region fields only
at some heights. Vcn Tend and Kuperus identify the basic instability
in solar flares with the current instability that arises when the
Lorentz force of the background field can no longer balance the
expansive force of the coror.-il current. Compression of magnetic
fields by the rising and expanding current, oscillations in
surrounding fields and dissipation of the unstable current give rise
to many of the observed flaring phenomena according to Kuperus and
Van Tend (1981), and Van Vend et al. {1982; chapter VIII of this
thesis)•

The chromospheric (H-alpha) patches of flares usually measure
more than 3 x 108 km in area (Svestka 1976). Their locations tend
to avoid the strong photospheric field regions as e.g. spots. The
associated microwave sources have sizes (one-dimensional) of up to 5
x 10 "* km (Kattenberg and Allaart 1981). If these chrotriospheric and
lower coronal sources are 'footpoint1 regions, connected by magnetic
field, 'flux tubes' with diameters much larger than 101* km in the
corona must be involved in many cases. Kattenberg and Kuperus
(1981, chapter IX of this thesis) demonstrate that impulsive
microwave sources with sizes of the order of id* km can show
brightness variations on a timescale of the order of 1 s that occur
simultaneously (within 0.1 s) over the whcle source. They argue
that the extended simultaneous variations ~annot be explained by
invoking magnetic field variations in the source region, since the
estimated coronal Alfven velocity (<103 km s"1 ) is too small. As a
solution they propose that fluctuating electron beams from a coronal
source higher up in the corona 'illuminate' the extended sources.
This high coronal source, which must be magnetically connected to
the microwave source regions, has to be relatively small itself
(< 103 km), if the variations in the beams arise as a consequence of
MHD oscillations.
The above estimates of the size of the coronal magnetic field
involved differ by an order of magnitude. Kattenberg and Kuperus
solve this apparent contradiction by using the flare theory of Van
Tend and Kuperus. The unstable current rises and expands into the
overlying weak coronal field. Since the photospheric magnetic
inversion line is curved, the overlying horizontal magnetic field
changes its direction with height. On top of the unstabls current,
a weak sheared field, connected to rather extended photospheric
footpoint regions is compressed to a much thinner current layer
where the driven tearing mode instability may be excited. The
impulsive phase is thus identified with a small coronal source
connected to extended chromospheric regions.
This scenario may also explain, qualitatively, the gradual component
of the microwave bursts. Kattenberg and Allaart (1981, chapter X of
this thesis) show that the gradual component usually starts up to a
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minute before the impulsive phase. The impulsive phase occurs just
before the maximum of the gradual phase. The rising phase of the
gradual component coincides with the period of compression of the
weak sheared field before the impulsive phase. If the velocity of
the unstable current is of the order of the Alfven velocity (500
km I"1) and the weak sheared field region has an extent as estimated
above (> 10 "• km), the expected rise time would be > 20 s. During
this time the extended loop that connects to the chromospheric
(H-alpha) sources is compressed and its total volume will decrease
by a factor of about 0.5. The thermal and pressure effects that
this compression causes may tentatively be associated with the
rising part of the gradual component that is observed also in X-rays
(De Jager 1981).
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CHAPTER II

A low 0 coronal loop model

Part I: Kink instabilities in loops
surrounded by a vacuum

Rob Sillen and Arie Kattenberg

Abstract

A localized force-free current is proposed as a model for the
observed coronal loops. An upperlimit for the growth rate of kink
instabilities in this model is found by solving numerically, in
cylinder symmetry, the MHD equation of motion, with the boundary
condition f$ =0 outside the loop. For various current densities a
spectrum of kinks is found. These instabilities will disrupt the
loops that are long or strongly twisted, on a timescale of a few
seconds. The kinks in short or barely twisted loops are too long to
fit.
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1 Introduction

Observations of the sun in E.U.V. and soft X-rays have revealed
looplike structures, anchored in or near regions with strong
magnetic fields in the photosphere and extending out into the corona
(Steward,1977). The loops are apparently stable for hours or even
days. These structures are mostly interpreted as being magnetic
flux tubes connecting regions of opposite magnetic polarity.
(Priest,1978) loops are seen to extend to heights (H) up to 105 km,
and along their length they have nearly constant diameters ( 2a ) of
up to \0h km. The aspect ratio (R/a), R being the global radius of
curvature, of these quasi-toroidal structures is of the order 10-100
(Van Hoven et al., 1977. Temperatures in the loops vary from 10f* K
to 4.10G K, densities ( n ) vary in a smaller range of 7.10llt m~ to
5.1015 m ~3 (Priest,1978). The magnetic fieldstrengths in the loops
are not directly observable but estimates of coronal magnetic field
strengths suggest values of about 10-100 gauss (Dulk and
McLean,1978).

These parameters show that the plasma-beta ( S ) in the loops is much
smaller than 1., indicating that the magnetic field structure of the
loops and their surroundings is nearly force-free. Various models
have been made to understand and predict the properties and
behaviour of the loops. Anzer (Anzer,1968a 1968b) calculates, using
the energy principle (Newcomb,1960), the stability of a general
cylindrical symmetric force-free field. He concludes that such a
field is always unstable against kink modes. However, Raadu (1972)
shows that if one takes the finite length of the loops into account,
stable configurations can be found.
ChiuderijGiachetti and Van Hoven (Chiuderi et al,1976,Giachetti et
al,1977,Van Hoven et al,1977) present a model for a cylindrically
symmetric stable loop. Their loop is essentially a non force-free
low pressure structure embedded in a high-beta force-free
environment. In contrast to this we assumed a low-beta, current
free environment in which the loop is a localized force-free
current. In this sense we present a model that is complementary tb
the model of Chiuderi et al.. For a stability analysis of coronal
loops, their finite length and observed finite lifetime are relevant
so the growth rates and wavelengths of the instabilities of our
idealized model will be important. As a' rough estimate one expects
the growth rates to be of the order of the reciprocal alfven transit
time: fiA = VA/a, with \ = the alfvenvelocity and a = the
loopradius. For the sizes, densities and fieldstrengths mentioned
above, this amounts to ft of the order of 1 Hz. As for the sizes of
the instabilities one can only say that they must fit inside the
loop so that A < L. Calculations of growth rates and sizes of
instabilities of a cylindrical,force-free flux tube have been
carried out by Goedbloed and Hagebeuk (1972). In these calculations
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however, the tube was contained by a conducting wall; for a free
boundary tube one expects faster growth (Newcomb,1960) and possibly
additional modes of instability.
In the following, we calculate growth rates and sizes of
instabilities in a simplified model of coronal flux tubes, by
solving the relevant equation of motion numerically.

2. Equilibrium model of a flux tube

To calculate the growth rates we will make use of the ideal MHD
equations. Because of the large aspectratio and the observed
longitudinal uniformity of the coronal loops (Foukal,1975), we will
use the approximation of cylindrical symmetry and exploit
cylindrical coordinates, in the same way as it is done for similarly
shaped laboratory devices. Assuming the observed loops to be
currentcarrying flux tubes embedded in a background potential field
and taking the force-free field parameter alpha a constant for
simplicity, the field inside the tube is the well known
lundquistfield:

Bg (r) = BgJj (or)
r < a

^(r) = B„J0(ar)

Here Bfl is the fieldstrength at r=0 and ^ and Jj are the
besselfunctions of the first kind.

At r=a the zero order pressure balance for a plasma-plasma
interface is

with denoting quantities outside the loop. In the corona f$ is low
so we neglect Ig and P. . In this approximation the z components of
the fields must match:

% (a) = B2(a) (=1 B£ at infinity)

which relates the infinity field to B and fixes B* :

B0 = \ / k )

In figure 1 our loopmodel is shown.
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Fig. 1. An example of the magnetic field components
in the equilibrium model.

The model is completely characterized by the dimensionless
parameter a a and by B at infinity.

For small pertubations £ of the equilibrium we can linearize
the MHD equation of motion (Bernstein et al.,1958). For cylinder
geometry (coordinates r,B/z) and for normal modes with an
expCi(me + kz - wt)] dependence, the linearized equation of motion
can be reduced to a second order differential equation in £ , as
given by equation (3) of Goedbloed and Hagebeuk (1972). We will
restrict ourselves to kinks (i.e. m=l ) because if these are
stable, in a low—beta situation, all other modes will be stable too,
as shown by Newcomb (Newcomb,1960).
By taking further into account the r dependence of the Lundquist
field and neglecting the compressibility, which is valid for kink
modes (Goedbloed and Hagebeuk,1972), we can rewrite equation (3) of
Goedbloed and Hagebeuk in the following form:

=o
(3)

where

x=rc f =
Mr

g =•

with:
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4k -

Ey giving the boundary condition at r=a we calculate the growth
rates from equation (3).

3 Equation of motion and boundary condition

We will express the resulting growth rates in dimensionless
form by writings

fi2 = <u*pu0 a2/Eg (4)

and using kA as a fiimensionless parameter. The tube is embedded in
a low-beta, potential field environment. To establish a boundary
condition we make the simplifying assumption that g =0 there, hence
the tube boundary becomes a plasma-vacuum interface. We deduce the
boundary condition there with the aid of the first order pressure
balance equation for a plasma vacuum interface:

(5)

Subscripts 0 and 1 indicating equilibrium and perturbation
quantities.
The incompressible version of this condition can be deduced from the
compressible one, given by Bernstein et al. (1956) as follows: By
using the expression for £,•£ as given by Goedbloed (1970) the first
term becomes:

,.,2 f («>2P- F2/yn)y'/r+2kBflGx/r
2un 1Pi M( «Zp-V/,i0) J
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where the prime means differentiation with respect to r and

G = ™ B z - kB9. (7)

The second term of equation (5) can be rewritten with the aid of the
well-known vector relation for Z-( Sr&o)' S.-&Q = ° a n ö bY using the
relation for i(Be ?e + Bzez ) as given by Goedbloed (1970):

""" *""~ ' """" " '"' • (8)

By using the expression given by Góedblced (1970) for Q:

and a = ~-Qz (9)

where c is an arbitrary constant and K m the modified Bessel function
of the second kind, we can rewrite, after some algebra, the r.h.s.
of equation (5) as:

-~x/r. (10)

Inside the loop we use x=r5 • outside the boundary we define

X =J§E , (11)

and if we further realize that on r=a

B6 = 9̂ ' \ = \ • F = F and x = X (12)

we may write our boundary condition on r=a as follows:

(In Km(kr)) • MrZJ (w-'pyono - Fz) *
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4 Results

Using a modified divided difference form of Ada-.s Pece formulas
with local extrapolation our second order differential equation (3 )
with the boundary condition (13 ) is solved numerically. This
solution-method is coded in a fortran subroutine. With this method
we calculated the dispersion relation depending on aa in figure 2
some of the calculated growth rate curves are given. For each tube
( each aa) the maximum growth rate is of course of most interest.
These are given in figure 3 Compared with the results of Goedbloed
and Hagebeuk (1972) who used a conducting wall around the tube our
results show new instabilities in their stable region. Also peaked
curves occur instead of their monotonically increasing curves. For
values of a a of about 3.9 our curve follows exactly the curve of
Goedbloed en Hagebeuk (1972). Just like their eigenfunctions the
solutions in this region are localized • inside the tube. In the
peaked region of our solutions the eigenfunctions show a typical
external character as can be seen in figure 4 . To check the above
obtaiied picture that adding an external region to the flux tube
introduces new instabilities, we have analytically calculated growth
rates of a skin-current model (figure 5a) with a stable flux tube:
B, = constant and Bfl = 0 and the same vacuumfield as in cur former
model. The growth rates of this skin-current-flux tube are given in
figure 5b and they qualitativally agree with the growth rates
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obtained above.

0

-Bz

ar-

Fig. 5a. The field components of a skin-current
equilibrium model.

100

Fig. 5b. Maximum growth rates of kink modes in the
skin-current model.

The finite length (L) of the observed loops has not yet been taken
into account. Some of the calculated instabilities are too long to
fit in some of the loops. In order to quantify this, we assume each
loop to be geometrically a part of a torus, with global radius of
curvature R, height above the photosphere H and inverse
aspectratio e=a/R; see figure 6a. The length of a loop is:
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L = 2R arccos(l - H/R).

This provides a lower boundary for the dimensionless wave
number |k/a | that can be accomodated in the loop:

I*/«Lin = Ë =^r(arccos{l- H/R))"
1

)= || (arccos(l - H/R)

On the other hand we can find for every value of a a an upper
boundary for |k/a| occuring in the kink spectrum, l^/almax ' s e e

figure 2,

Fig. 6a. Coronal loop geometry.

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0

Fig. 6b. Stability in terms of loop geometry and
current density.
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loops for which Ik/alm^ > |k/a|max are stable against the
calculated kink modes. Tnis is shown in figure 6b. Points in the
graph represent loop geometries. The labeled curves are loop
geometries with |k/ a|min = )k/a|max and fixed aa. E.g. A loop
with e = 0.08 and H/R = 0.7 is stable for all aa < 0.5, or e.g.
loops with aa = 0.3 are stable when their geometry is represented
by a point above and to the left of the curve labeled .3.

5 Conclusions and discussion

For our localized force-free current model, surrounded by a
vacuum, we found a whole spectrum of instabilities, for all values
of a a. The wavelengths of these instabilities can be longer than
the loops, with the result that stable loops can be found. Figure
6b shows which combinations of looplength and current density are
stable against kinks (m=l). However, higher m modes could
destabilize these loops too, in a future paper we will investigate
this, although, in contrast to kinks, these instabilities will not
affect the global shape of the loops. Comparing our results with
calculations for the laboratory situation (Goedbloed and Hagebeuk)
we find, in agreement with (Newcomb,1960) that, moving the
conducting wall to infinity introduces new modes of instability and
faster growth. In particular, the stable region aa < 3.176 of
Goedbloed and Hagebeuk's model is unstable in our calculations. We
have calculated that the unstable arches develop kinks on a time
scale of 10 s which is short compared with the observed lifetimes of
hours and even days. This discrepancy could be artificial because
of our assumption of a surrounding vacuum ( 0=0). From theoretical
considerations it is known that a surrounding current free plasma
stabilizes a pinch, thus we expect the found growth rates to be
faster than the ones in a more complicated model of the same loop
surrounded by plasma. The calculations concerning this model will
be presented in a future paper too.
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CHAPTER III

A low-B coronal loop model

Part II: Kink instabilities in loops
surrounded by plasma

Arie Kattenberg and Rob Sillen

Abstract

The low-6 coronal loop model of Sillen and Kattenberg 1980 is
extended to include a surrounding current free plasma. We
calculated the dispersion curves of kink modes by solving the
linearized MHD-equations of motion.
We found a strong stabilizing influence on the growth rates of kink
instabilities due to the surrounding plasma.
In loops that are thick, have small current densities and that have
a high density and a low magnetic field strength the growth times
for kinks become of the order of days.
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1 Introduction

In this paper we shall improve upon our model of a coronal flux
tube and its kink instabilities, which was presented by Sillen and
Kattenberg 1980, (referred to as paper I.)

The model in paper I is essentially a low beta plasma with a
localized force free current embedded in a current free environment.
We calculated the growth rates and sizes of kink instabilities in
this model, by solving, for the incompressible case, the linearized
ideal MHD equation of motion for normal modes in a cylindrical
geometry.
To derive a boundary condition at the edge of the localized current
we assumed a vacuum around it.

For every combination of the two free parameters (made
dimensionless) in the equation of motion, the wavenumber k/<x of the
instability and the width of the tube, aa, we found unstable kink
modes, on a timescale of a few seconds.

However, short or barely twisted loops are stable because the
kink modes are too long to fit.

In this paper we calculate kink instabilities for the above
model with a (low beta) plasma surrounding the current carrying
plasma instead of a vacuum.

A correct coronal loop model has to describe the observed
stability as well as the sudden disruption and the associated
instabilities of these loops.

As Skylab observations showed, solar flares fre-iuently occur in
low lying coronal loops connecting regions of opposit- magnetic
polarity that were stable for hours before flaring. (Cheng and
Widing.1975)
Spicer (1977) indicated the possibility to model a solar flare as a
resistive instability that dissipates currents in a loop.
The timescale of the flare leads Spicer to propose the so called
fast or driven tearing mode, in which a global, ideal, MHD-kink mode
drives current dissipation in small islands where the wave vector of
the disturbance is perpendicular to the magnetic field direction
(J£.g=O) .

Observations in soft X-rays also indicate that kink
instabilities are closely related to some flares (Gibson 1977).

An example of the extended model is given in fig. 1
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edge of the current
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Fig. 1. The field components of an axially symmetric
model tube, as a function of the dimensionless
radial distance.
The edge of the force free current and an example
for the position of a plasma-vacuum interface c.q.
the integration boundary are also given.

Where the parameter N(=r/a) is defined as the normalized integration
boundary used in solving the equation of motion.

We present here a short account of the effects of the
stabilizing influence of a plasma layer on the kink modes (m=l) in
our model tube, because this is still relevant in the context of an
incompressible equation of motion.
The calculated growth rates for the solar situation in this more
realistic model will be lower than those in paper I.
As shown by Newcomb 1960, this stabilizing influence is caused by
the presence of plasma around the layer where k.£ = 0. At this layer
the plasma motion of the unstable mode is perpendicular to the field
and hence its amplitude must become zero in ideal MHD.

2 Results

In paper I we concluded that only low lying ^oops with small
value of the parameter oa are expected to be stable. Hence below
we will only consider loops with o a <= 2.5. From figure 3 in paper
I we see that in this parameter region only solutions with k/« < 0
exist; the first peak in the figure.

We have studied the influence of a layer of plasma with
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variable thickness around the 'force free current.
In figure 2 one sees the growth rates of Kink modes in a tube

with fixed a for various thicknesses of the plasma layer
(parametrized by N).

N=l corresponds to the calculations in paper I and one sees
that a surrounding plasma (N > 1) has a stabilizing influence on the
:kink.

Fig. 2. Dispersion curves for one tube (a a=0.5) and
four values-of N:
N=l (the case from paper I),N=1.5, N=3 and N>N*
(=effctively infinite).
Different parts of the curves are labeled (A,B or
C), the physical meaning of which is discussed in
the text.

The thicker the plasma layer, the stronger the stabilizing influence
appears. However when the k.IS = 0 surface lies within the plasma
layer even thicker layers no longer influence the growth rate.
Hence growth rates for cases with an infinitely thick plasma layer
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can be calculated by placing the plasma-vacuum interface, which
forms the integration boundary of our numerical calculations, at a
finite radius.
The shapes of the dispersion curves for different values of N are
not necessarily constant, as demonstrated in figure 2. We will later
show that the two peaks that are seen for intermediate values of N
in this example are directly related to the character of the
eigenfunctions for the equation of motion.

We demonstrate the above mentioned effectively infinite value
for N, by calculating the variation of the growth rate with N for a
number of flux tube and kink parameters.

10

0.1

xti

.001

X - I
+ -A

e -i •

Fig. 3. The variation of the kink growth rate for
parameters aa=0.5, k/a =-0.1 or k/a =-0.4 and
for aa=2. And k/a =-0.1, as a function of N.
The different types of curves approach a constant
value for large N in each case.
N* is defined as the value of N where the final
value of the growth rate is approached with a
relative precision of 10 ~3.

In figure 3 a few typical examples .are presented; all curves show
the tendency to have a constant growth rate for large N. The shapes
of these curves varies with the value of k/o and a a. For small
values of «a the curves reach the constant value with a sharp bend,
for larger values the curves are smoother. We defined a
dimensionless limiting thickness, N* that has the value for which
the growth rate approximates the final value ( i.e. for infinite N)
with a relative precision of 10 .
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O sec

typical
growth
time

-100

Fig. 4. The maxima of the dispersion curves for
different a a. The curve from paper I (the first
peak in fig. 3 of paper I) is labeled N=l. The
present results are labeled N=k* The stabilizing
influence of a surrounding plasma layer is obvious.
The corresponding exponentiation times are given for
a model with Alfven time of 10 seconds, e.g. Va=500
km/sec and a=5000 km.

We find that larger kink modes (small k) have larger values for N*.
This reflects the behaviour of the location of the k.B = 0 surface
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as a function of k:

(k.B) = Be /r + kB„ 0 . ( 1 )

Taking for BQ and
Paper I):

the (potential) field components (given in

= ( aJ1(aa)/J0(ca) k (2)

Now we can calculate the dispersion curves of the kink
instabilities of a localized force free current, embedded in an
'infinitely thick' current free plasma.

In figure 4 the maximum growth rates of the dispersion curves
for different aa are shown.
The curve is drawn on a logarithmic scale to make it easy to compare
with the similar curve for the apparently less stable tubes
surrounded by a vacuum field.

To study the eigenfunctions for the motion of a plasma element
in the unstable tubes we compare them with those studied in paper I.
There we described external kink modes that show eigenfunctions with
increasing values towards the edge of the current. Internal kink
modes show a peak for the motion inside the tube and relatively slow
motion near the edge of the current.

In the present model we integrate the eigenfunctions beyond the
edge of the current. Typical eigenfunctions are shown in figure 5.

N.a

Fig. 5. Normalized eigenfunctions for the equation
of motion, for aa=0.5, k/a =-0.1 and N= 2, 2.4 and
4 .
The labels A,B and C are discussed in the text.
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that it is the presence
0 that influences the

The eigenfunctions illustrate the fact
of plasma around the surface where Jj.B =
unstable mode.
We show examples of solutions with the k_.B, = 0 surface outside (A),
inside (C) and on the edge of the current free plasma layer (B). A
sharp drop in the motion at the layer demonstrates the effect. The
labels on the dispersion curves of figure 2 indicate the typical
shape of the eigenfunction relative to the examples in fig. 5. The
shape for cases with 1<N<N* depends on both N and k/a .

3 Conclusions and discussion

The direct conclusion of our calculations is ,as demonstrated
in figure 4, the strong damping influence of a surrounding plasma on
the growth rates of kink instabilities in our model tubes. The
maximal values of }k/<»l (or the minimal kink wave length) in the
dispersion curves, however, are not influenced by the surrounding
plasma. I.e. the conclusions depicted in figure 6b of paper I about
the stability of some short or weakly twisted (small a ) tubes
remains the same. We presented the growth rates in dimensionless
units( n ) .

VA =3.3x10° VA=3.3-1O7

(cm/sec)

2.7 sec

4 min

13.5 sec

20 min

4.5 min

6.6 hr

22.5 min

33 hr

a =2 «10s a=109 a=2x108 a=109

(cm)

Table I. Growth times for kinks in model loops for
some realistic coronal parameters

In order to calculate actual e-folding times ( T ), we have to fix
the physical parameters in the expression:
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T = ( a/Va ) M"
1 (3)

Where a is the radius of the current and Va is the alfven velocity
at the axis of the current. The value for a varies from 2000 to
10000 km (Priest 1978).
The range for V a ,from 3.3*10

9 cm/sec to 3.3*10 cm/sec reflects a
variation in density (n), from 9.108 cm"3 to 5.1O9 cm"3 (e.g.
Priest 1978) and a variation in the magnetic field strength (Bo),
from 10-500 Gauss (e.g. Dulk and McClean 1978).
In table 1 we give the e-folding times for kinks in typical model
tubes.
The corresponding values of ft were selected to demonstrate both
kinks with growth times of the order of ten seconds (associated with
flare time scales) and kinks with growth times of the order of or
longer than a day (typical observation times of loops). The
existence of model tubes that are unstable on these long time scales
indicates that sometimes the u> =0 criterium used to judge stability
(marginal stability analysis) will overlook practically stable cases
(Goedbloed and Sakanaka 1974).
The long growth times provide practical stability for realistic
tubes with high, density and low magnetic field strength, that are
thick and barely twisted, irrespective of their length.

Stability of our model tubes against kinks, because the kinks are
too long or too slow, does not guarantee complete MHD-stability.
Th? tubes can still be unstable for MHD-modes with m>l. These
instabilities, however, cannot be treated incompressibly.
Also the exact current profile and density profile are of importance
for these modes and spatial variation of alpha and pressure
gradients must be considered.
This will be done in a future paper.

The ideal MHD-description is only approximately valid. In the
presence of finite resistivity in the plasma, the plasma motion
perpendicular to the magnetic field is no longer impossible.
The unstable motion in the layer around the k..g = 0 surface will be
different from the one described here and the growth will be faster.
Depending on the magnitude of the effect (i.e. the magnitude of the
resistivity) the resistive kirk growth times will have a value
somewhere between the ones calculated in paper I and those
calculated above.

To estimate the importance of the effect, the resistive motion in
the layer with ĵ.JB = 0 can be approximated by such motion in a plane
layer, since the layer is thin relative to its radius (0.1 - 0.01).
The growth times for tearing modes in a thin plane layer with
sheared field are of the order of:
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(Kuperus 1979).
With T = d/V the alfven timescale and T = 4TTG<12 the resitive
diffusion timescale. The parameter d is the thickness of the sheared
layer, a~\ the resistivity.
Taking er"1 = 105 emu we find that in most cases of table 1, the
resistive motion in the thin layer occurs on a much slower timescale
than the MHD kink. Hence the given growth times are a good
approximation.
For thin tubes with weak field and weak current density the
timescales become of the same order.
We will investigate these effects more closely in a following paper.
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CHAPTER IV

Digitally recorded type-I bursts
and some theoretical aspects of
continuum and burst generation

A. Kattenberg, R.M. van Hees and J. van Nieuwkoop

Abstract

In the first part we present the analysis of digitally recorded
type-I bursts. The procedure is described and some typical examples
and results are presented.

In the second part we propose a model for type-I emission,
compatible with low magnetic field strength. Incoherent Langmuir
waves, spontaneously emitted by trapped fast electrons are converted
to transverse radiation by coalescence with low frequency whistlers.
Recurrent upper hybrid instability in strong m.h.d. pulses explains
the bursts in this model.
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1 Introduction

The Dwingeloo 60 channel radio spectograph measures the flux
densities in both circular polarization modes. The sum (I ) and
difference (Ipol) o f these signals (with time constant T- .01. sec)
are recorded on film and can be sampled too by a digital recording
system, up to 200 times per second. 20 Channels on the low
frequency side have fixed central frequencies of 160 to 177 Mhz and
individual bandwidth of 0.9 Mhz. The other 40 channels have an
individual bandwidth of 0.17 Mhz, together they occupy a selectable
band of 13 Mhz in the range from 200 to 320 Mhz. The noise in the
narrow channels with Quiet Sun observations is of the or'der of 1
Solar Unit (S.U.; 1 S.U. = 10~22W/m2 Hz). From september 1975
until February 1978 many of the observations have been made with
special attention to solar noise storms. This paper presents a first
analysis of some of the digitally recorded data in that period. We
have restricted ourselves to the analysis of isolated single type-I
bursts. The Utrecht Radiogroup prepared procedures and computer
programs to reduce the Dwingeloo spectograph data in general and to
analyse the bursts specifically.

2 Procedure

Bursts.are selected from film by the following criteria:
- the burst must look simple and last shorter than 1 second;
- the burst must be clearly isolated from other bursis.

.15 .30 .45 .60
Timefeec)—

.75 .20 .40 .60 .80 1.0
Timefeec) —

Figures 1 and 2. Multichannel plots of type-I bursts

A computer program selects a rectangular field of the time frequency
plane from tape and reduces the raw data to Solar Units using the
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relevant calibration data. For each channel a straight line is
fitted to the background and the burst is detected as a more than 3
sigma deviation from this fit.

The background is subtracted and I plotted in a multichannel
plot, as in figures 1 and 2. For the channel containing the peak of
the burst we plot I p o l with I t o t for the upper half of the burst, so
one can judge the variation in the polarization degree (see figure
3). The rising part of the burst is plotted as an unbroken line,
the declining part as a broken line. The background noise is
represented by unconnected dots.

The spectrum of the burst at the moment of the peak of the
burst is plotted as in figure 4.

49.8-

29.9 •
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Figur 3. Polarization plot, figure 4. Spectrum of a burst

The programs produce in addition to these plots several
parameters describing shape, orientation, size, central frequency
and polarization of the burst. The exact choice of these parameters
will be discussed elsewhere. 219 Bursts, observed on 11 different
dates (2 of which rela^a possibly to the same storm) have been
processed.

3 Results

One variable to be observed in the multichannel plots is the
noise in the background. The amplitude of this component varies from
4 1 S.U. to 3 S.U..

In the plots with low background noise one can observe that the
burst has a noise component independent of the background noise
(figure 2). The amplitude of this component varies between *< 1
S.U. and 3 S.U. too.

The timescales in both these noise components are in the range
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from .05 sec. down to .01 sec. (the "integration time of the
instrument). There is no correlation of the noise in adjacent
channels to be seen.

The polarization of a burst is constant in time as evidenced by
the traces in the polarization plots (figure 3). We want to
emphasize that this conclusion is independent of possible errors in
the background value.

To investigate the individual burst spectra we fitted gaussian
curves to both low- and high- frequency parts of the profiles
(calling the width Bl and Bh respectively). The relative difference
of the widths of the fits: SH = Bh-Bl / Bh+Bl indicates the skewness
of the profile. The distribution of SH shows (figure 5)
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Fig. 5. Distribution of the skewness parameter of
burst spectra.

That most bursts have a symmetric spectrum.
Spectra with low frequency cutoff are found more often than

those with high frequency cutoff in the minority of asymmetric
profiles.

With the aid of regression analysis and scattergrams we have
looked for correlations in the various parameters describing the
bursts.

Apart from the well known variation of burst duration and
bandwidth with frequency (Elgaroy 1977) we found no relations.

4 Some theoretical aspects

The frequent occurrence and long persistence of type-1 noise
storms suggest the storms to be associated with common, non
pathological conditions in the corona. Extrapolation from
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photospheric magnetic fields to the heights of type-I sources
(h~0.4 R .) suggest field strength in these sources of the order € 5
G (Dulk and McLean, 1978).

In the following we sketch a model for the Type-I continuum
emission and a related model for the (chains of) bursts, requiring
low magnetic field strengths ( tfce

/'fj)pe
 <<c 1 ) in contrast to some

existing models, e.g. Fung and Yip (1966), Mangeney and Veltrie
(1967).

4.1 Continuum model

Sakurai (1975) observed a storm continuum to start within a
coronal MHD timescale after a change of the photospheric field type
from smooth (0p) to irregular ( $y) . Relaxation of the magnetic field
near the top of magnetic arches, triggered by these changes in the
photospheric field may be a source of trapped fast particles in the
arches. Other sources for trapped suprathermal electrons may be
considered. Collisions with the background will isotropize these
electrons and coherent Langmuir waves will not be produced.

However, a gap distribution of non relativistic electrons will
produce incoherent Langmuir waves with effective temperature Tj< 6 x
10 K as shown by Robinson (1977). This value seems to be the
observed upper limit for the brightness temperature T of the Type-1
continuum, so we need efficient conversion of Langmuir waves into
electromagnetic waves.

Here the coupling of Langmuir waves with lov.' frequency
whistlers is proposed as a conversion mechanism. In low magnetic
field strengths the abundance of whistlers can possibly be high
enough for efficient com'ersion of this kind.

When

electrons can participate in resonant whistler generation. For B = 1
G and n e = 5.10 cm"3 even thermal electrons satisfy this condition.

When T, K and «i denote effective temperature, wavenumber and
frequency of the waves, with subscripts 1, t and w for Langmuir,
transverse and whistler modes, we have: (Melrose, 1970)

L (k
1)

(k«) H

(k")

(k")
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since w = u = u it follows: T < min T±t ̂ Tw

For T-(- ~ 6 x 109 K (the apparent upper limit) :

T > 6 x 109 K
W

we get: T ^ 107 K.
w

Since this is only slightly suprathermal we expect sufficient
whistlers with this effective temperature.

4.2 Burst model

In the context of this continuum model, the burst component can
be explained by a recurrent upperhybrid instability occurring in
strong (— a i ) MHD pulses in the continuum region. Anisotropic
heating of the fast electrons in the pulse will enhance their loss
cone to give rise to a double humped vj. distribution of the
electrons.

Now stimulated plasma wave emission at the upper hybrid
frequency can take place (Kuijpers, 1975;Zheleznijakov et al., 1975)
when «w, = n w j with «Wr2 =(0~=

2 + ̂  z and integer n).
With B = 2 G and "pg -Ü50 MHz, n = 25 e.g. can be a typical

value for generation of (chains of) bursts in a travelling pulse.
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CHAPTER V

A study of the parameters of
individual type-I bursts

Arie Kattenberg and Gert van der Burg

Abstract

' The Dwingeloo 60-channel radio spectrograph has observed solar
radio emission at metric wavelengths for a long time. - Hundreds of
Type-I bursts in the digitally recorded solar noise storms were
studied and the results are presented in this paper.
We hoped to learn more about the emission and propagation of the
radiation by trying to find patterns in the dynamic spectra of
individual bursts or statistical relations between some of the
parameters that can be defined to describe the spectra. The bursts
are reduced and represented in a standard way. Graphical
representations are inspected by eye and compared qualitatively.
Numerical burst parameters are studied statistically.
We describe the properties of instantaneous burst spectra. The
polarization properties of bursts and the relation between burst-
and continuum- polarization are studied to some extent.
Apart from these results we find no significant new properties,
despite the high quality of the data.
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1.Introduction

The 60-channel spectrograph in Dwingeloo (van Nieuwkoop 1971)
was extended in 1972 with a digital recording system. (Slottje
1973) The data of each channel can be sampled up to 200 times per
second and written on magnetic tape. Because of this high time
resolution the data rate is too high to record all observations
without selection. As usual the spectrograph data are recorded on
film and only in some cases are recorded digitally. From these
digitally recorded data, parts are selected and kept for analysis
afterwards.

A first major research goal formulated for this recording
system was the investigation of solar noise storms. From the years
1974 to 1978 approximately 10 hours of noise storm activity are
available on magnetic tape.

This article reports on the first results obtained with this
material. This investigation has been devoted to the individual
Type-I bursts, later work will include the continuum and chains of
bursts as subjects of investigation.

The aim of this investigation was to study individual type-I
bursts, looking for characteristic properties and relations between
their describing parameters. This was done by reducing hundreds of
bursts, thereby representing and parametrizing these in a standard
way. Subsequently the representations were examined thoroughly to
find typical patterns or characteristics and the burst parameters
were analyzed statistically to establish relations between them.

The difficulties in obtaining positive data on the Type-I noise
storm phenomenon are well known (Elgaray 1978) and perhaps it is not
surprising that even this exhaustive investigation of a large sample
of well recorded and well described bursts did not yield new
properties or relations.
However, the high sensitivity of the spectrograph led to clear and
well defined profiles of the bursts, which is of great help in
judging the correctness of hitherto surmized characteristics.

Of the continuum only the circular polarization degree has been
evaluated to some extent.

2.Method of investigation

2.1.The Spectrograph

The Dwingeloo spectrograph consisted at the time of observation
of 40 channels with bandwidth 0.25 MHz and 0.33 MHz center to center
separation as well as 20 channels with bandwidth 0.9 MHz, 0.89 MHz
apart. The narrow channels occupied a 13 KHz band that was tunable
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in the range from 200 to 320 MHz, the wider channels were always
tuned from 160 to 177 MHz. Table I shows the frequency bands used
in this investigation and their designations. Frequency band A was
always used in combination with one of the bands D,G or L. In each
of the 60 frequency points both the sum and the difference of the
two circular polarized fluxcomponents were sampled. The
timeconstant of the reciever was 0.01 second, allowing a maximum
sampling rate of up to 200 Hz.

The noise in each channel was typically 1 solar unit ( 1 su =
1O~22 W/m2 Hz).

Table I

The names and allocated frequencies of the spectrograph bands used
in the investigation.

A band: 160.44 - 177.33 MHz
D ,, : 200.17 - 213.17 MHz
G ,, : 240.17 - 253.17 MHz
L ,, : 306.83 - 319.83 MHz

2.2.The material

In major noise storms the burst activity is often so intense
that the bursts overlap on a spectrograph recording. For this reason
we had to select quiet parts of storms with only occasional bursts.
Apart from this the following points were considered in the
selection of storms, the dates of which are listed in table II.
-The sample of bursts should have a size of the order of 100 to 200.
-A good quiet Sun background value should be available for the
periods used.
-A considerable subsample of bursts from one observing day should be
available.
-A good coverage of various frequencies must be present.
-Possible center to limb variations should not be excluded.

Table II.

The dates of type-I noise storms from which we selected individual
bursts.

01-07-1977
03-10-1977
06-10-1977
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07-10-1977
21-10-1977
16-11-1977
16-11-1977
17-11-1977
06-12-1977

2.3.Selection of bursts

The bursts were selected by their appearance on the film which
was made simultaneously with the digital recording. The following
criteria were used.
- the burst must be isolated from other bursts by more than one
channel and by more than 0.1 second.
- the burst must look simple.

In this way more than 350 bursts were chosen from the material.

2.4.Reduction

The selected bursts were reduced by a set of programs developed
at Utrecht observatory for this purpose.

The recording containing the burst and some surrounding
background is read from tape. The burst is separated from the
background in the following way:
For every frequency channel, the two outermost points in time are
taken to define a straight line as background, then successively
more points are added to the background, working from the outside
inward, enclosing the burst from both sides. When the signal
deviates more than four sigma from the background up to that moment,
the start or end of the burst in that channel is defined there. The
background is subtracted and the isolated burst is analyzed
separately.

Of every burst we made four standard plots of different
properties for visual inspection.

With a special program, a number of characterizing parameters
of the burst are obtained, for a statistical survey and for a
general search for possible correlations between any two parameters.

2.5.Standard plots

-contour plot

Figure la shows an example of the contourpiot in a frequency time
plane, with the peak of the burst (plus sign), the points where the
burst was detected above background level (vertical bars, one
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channel wide), and a contour halfway between these (connected
circles). The contourpiot can be used to judge the overall shape of
the burst and to show drift in the frequency time plane.
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Fig. 1. Standard plots of a typical burst

-multichannel plot

Figure lb shows a multichannel plot, the channel containing the
absolute peak of the burst is not offset, in this case channel 26.
The multichannel plot reveals very well whether the selected burst
was really single and whether the burst lies in the spectrograph
band over all of its bandwidth.
Bursts that appeared wider than the spectrograph band were omitted
from the sample.
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-polarization plot

Figure lc is a standard polarization plot of the channel containing
the peak of the burst. The difference of the two polarized
components of the radioflux is plotted against their sum. As the
burstflux varies in time, a trajectory is described, showing the
behaviour of the polarization in time, irrespective of any
background choice. A straight line for this trajectory implies a
constant degree of polarization of the flux, the slope of the
staight line giving the value of the polarization degree. In our
polarization plot, only the part of the burst with total flux value
above half the peak value is drawn. The rising part is drawn as an
unbroken line, the declining part as a broken line; however in most
plots the lines cover each other well. The value of the
polarization degree for this line is plotted in the upper left
corner.
The background is plotted with unconnected dots, after subtraction
of the quiet Sun level. Sometimes this background contains enough
of the footpoints of the burst to show the same degree of
polarization and show up as a line rather than a cluster of points.

-frequency profile plot

In figure Id the frequency profile at the moment of the peak of the
burst is shown. The skewness parameter 'SH' (defined later) of this
spectrum is plotted in the upperleft part of the plot.

For 180 bursts we obtained a complete set of all four kinds of
plots for visual inspection and comparison.

2.6.Burst parameters

The selected reduced burst data were also processed to produce
a set of parameters describing the burst. Since this was done
automatically we tried to define as many describing parameters as
possible. In table III we show the definitions of all the
parameters used in the investigation.
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Fig. 2. Illustration of some of the defined burst
parameters

Figure 2 elucidates on these definitions in a pictorial way. It is
clear that there will be a lot of correlation between some of these
parameters since some parameters convey almost the same information
as (a combination of) others. Statistical investigation of these
parameters like the determination ' of linear correlation
coefficients, drawing of scatterdiagrams or more sophisticated
techniques as multivariate- and factor analysis, should show the
relations between these parameters; the obvious ones like
correlation between two differently defined burst durations as well
as possible unknown relations.

For 159 bursts we obtained a (nearly) complete set of
parameters useful for statistical investigation.

all 13
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Table III

Definition of the burst parameters used in the
statistical investigation and mentioned in the text.

MAX -fluxdensity at the peak of the burst, (s.u.)
MAXF -frequency at the peak of the burst. (MHz.)
DRM -frequencydrift; slope of a least squares fit to the

channelmaxima. (sec./MHz.)
DRC -frequencydrift; slope of a least squares fit to the points

inside the intermediate contour, (sec./MHz.)
EPP -energy per point; mean fluxdensity insido the detection

contour. (s.u./MHz.sec.)
ETOT -total energy; integrated fluxdensity. (s.u.)
DHP -average duration of the intermediate contour, (sec.)
DHPM -full width half maximum duration of the time profile

containing the peak of the burst, (sec.)
BDR -mean bandwidth at the detection level. (MHz.)
BHP -total bandwidth of the intermediate contour. (MHz.)
POLM -polarization; slope of a least squares fit to points in the

polarization plot. (%)
POLG -polarization; average over the points inside the intermediate

contour of sum/difference of the two circular polarized flux
density components. (%)

SH -skewness of the burst spectrum; (Bh-Bl)/(Bh+Bl), where Bh and
Bl are half peak widths of gaussian fits to high- and low
frequency parts of the profile.

2.7.Continuum

The continuum is determined by subtraction of quiet Sun flux
values from the background that is determined with a linear fit in
each channel for each burst. The quiet Sun values were obtained in
Dwingeloo at 12 January 1978 and 20 July 1977, as close as possible
in time to the recording dates of a large part of our material.
The observed values are averaged over the two periods and fitted
with a least squares procedure to a straight line. This straight
line is used to calculate a quiet Sun value in every frequency point
where it is needed. The spectrum of the quiet Sun thus used is:

Q.S.(s.u.)= A x freq.(MHz) + B

With A = 5.875 x 10~2 (s.u./MHz) and B = -1.3 (s.u.)

The polarization degree of the continuum is determined by averaging
over the parts where the burst is not detected, the ratio of the
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difference of the two circular polarized components to their sum.
This value is influenced by the error in the quiet Sun value that is
subtracted, especially when the total fluxdensity of the continuum
is weak. The background is assumed to consist of quiet Sun and one
noise storm continuum, however weak other continua may be present
that influence our continuum polarization degree determination.
Insofar as these weak continua can be expected to be unpolarized,
the effect is that our value for the continuum polarization degree
might be be too low.

3.Results

Inspection of the pictorial representations of the bursts is
done by trying to classify them, isolating odd patterns and
comparing features.
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Fig. 3. Examples of various contourplots
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3.1.Countourplot

In figure 3 some selected contourplots of type I bursts are
shown. These examples show the existence of drift in the
intermediate contour for some bursts. The lower "detection
contour" in these examples has less evidence of drift. The
distribution of the measured drift parameter DRM, shown in figure 4
indicates that most bursts do not have a drift in the time-frequency
plane.

no
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Fig. 4. Distribution of the parameter DRM.

The near symmetry of this distribution indicates that no preference
for either drift from low to high frequencies (negative sign of DRM)
or the reverse exists. The distribution of the other driftparameter
we defined (DRC) yielded the same picture, however there was no good
correlation between these two drift parameters. Also we could not
find any distinction between drifting and non-drifting bursts with
respect to the other burst parameters.

This behaviour of the drift parameters indicates that drift is
probably not an intrinsic parameter of a typical type-I burst and
that observed drifts are possibly due to random effects in the burst
source or in the propagation.
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3.2.Multichannel plot

In figure 5 we present some characteristic examples of
timeprofiles. In figure 5a one can see that, what was selected as a
single burst, in this case shows up in the plot as a set of two
bursts.
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Fig. 5- Examples of various time profiles.

We find that as a rule the timeprofiles of type-I bursts are
symmetric, i.e. the rise and decay time are approximately equal.
This holds for all the frequency channels containing the burst as
can be judged from figure 1b. The channels indicated in figure lb
are shown separately in fig 6 , to show the degree to which the
shape is similar over the whole burst. A minority of bursts shows a
steep rise to the maximum followed by a more gradual decay (figure
5c).

Bursts with a slow rise and fast decay do not occur in the material.
The distribution of the durations, i.e. the DHPM parameter is

shown in figure 7 . The differently defined duration parameters
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show good mutual correlation, as could be expected. (the only
implication is that the shapes of time profiles do not vary too
wildly over the sample'.)
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Fig. 6. Shapes of time profiles at different
frequencies in the same burst.
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Fig. 7. Distribution of the duration parameter DHPM.
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3.3.Polarization plot

The polarization plots clearly indicate that, at least in the
channel containing the peak of the burst, the degree of polarization
of the radioflux in a type-I burst is constant (see also Zlobec
1975). This can be judged from a few examples gathered in figure 8.
This conclusion holds for all the bursts in our sample, irrespective
of the value of the burst polarization, or the value of any other
parameter describing the burst. Chernov et al.(1972) found a
variable degree of polarization for some weakly polarized bursts*
This behaviour could be consistent with our results only if it is
occurring in the channels not containing the maximum. We checked
the behaviour of the polarization degree in channels not containing
the peak of the burst, only with a few strongly polarized bursts.
We find that the polarization degree is constant in time and has the
same value in all the channels containing the burst. This is
demonstrated in figure 9 where in a normal polarization plot the
other channels of a burst are added with an offset.

The data suggests strongly that for type-I bursts the degree of
polarization is a constant over all its duration and at all
frequencies where the burst is occurring.
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Fig. 10. Distribution of the shape parameter (SH) of
the frequency profiles.

3.4.Frequency profile plots

The shape or skewness parameter SH, was introduced to answer
the question whether there exists low- or high- frequency cutoff.
In figure 10 we present the distribution of this skewness parameter.
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Most bursts (84) appear to have a rather symmetrical individual
spectrum; 43 bursts show a low frequency cutoff and 24 a high
frequency cutoff. Examples of these 3 types of frequency profiles
can be found in figure 11 .
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Fig. 11. Examples of various frequency profile
plots.

The different numbers for high and low frequency cutoff do not seern
very significant, hence no conclusion on intrinsic cutoff in
individual type-I burst spectra can be drawn (apart from the
conclusion that there is probably no such cutoff).

Most symmetric profiles can be fitted well with a gaussian, a
small group of the symmetric profiles are less peaked and rather
broad (figure lid).

3.5.Burst parameters

The 13 burst parameters were first examined using a statistical
procedure "factor analysis" (see e.g. Nie et al,1975), which shows
the grouping of parameters due to common variation i.e. mutual
linear correlation. We hoped to find grouping due to physically
meaningfull relations apart from the expected grouping due to the
redundancy in the parameters. The only groups indicated by the

62



factor analysis were;

MAX, EPP, ETOT ( the energy of the burst);
POLG, POLM ( the polarizationdegree of the burst);
DHP, DHPM ( the duration of the burst);
BHP, BDR ( the bandwidth of the burst).

This shows nicely the expected grouping in the parameters due to the
fact that more parameters were defined than are necessary to
characterize the burst.

This result led us to discard for subsequent analysis a
superfluous set of parameters and we only used:
MAX. MAXF. DRM, DHP, DHPM, BHP, POLM, SH.

Between the parameters that describe a burst, we calculated
linear correlation coefficients. The first sample consisted of 159
bursts from various storms. Apart from the obvious correlation
between DHP and DHPM, we found no new linear relations: all
remaining coefficients were vanishingly small as can be seen in
table 4, where the upper triangle of the correlation matrix shows
these values.

In the lower triangle of table IV the results of a linear
correlation analysis of a sample of 45 bursts of (one storm on) one
day only (3 October 1977) can be found. The correlation coefficients
are somewhat higher than in the matrix for all bursts, however no
linear relations are indicated in this sample either.

By constructing scattergrams, relating every choice of two
parameters with each other, we looked for possible non-linear
relations between the parameters.
In this stage of the investigation we also constructed new variables
from the already defined ones; e.g. MAX/DHPM would give an
indication of the peaked-ness of the timeprofiles etc.
These new parameters were also used in the construction of
scattergrams.

However, except for the well known variation of the burst
duration and bandwidth with frequency (Elgar^y 1977) the
scattergrams showed no non linear (nor linear) relations between the
various parameters.
This implies e.g. that we also did not find evidence for Elgargjy's
remark that, due to Landau damping, long lasting bursts should show
a high- or low frequency cutoff.(Elgaroy 1977)

4.Relation of burst- and continuum polarization

In this section, we give a brief summing up of two observing
periods.
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Table IV.

(Pearson) Linear correlation coeffficients. Upper triangle refers to 159
bursts from various storms; lower triangle to 45 bursts of 3 October
1977. See for an explanation of the abbreviations table III.
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3 October 1977:
According to the Nan^ay interferometric observations at 169

MHz/ there was exactly one active noise centre. Closer inspection of
the McMath-Hulbert Calcium Report (Solar and Geophys. Data) reveals
two sunspot regions, both on the northern hemisphere (McMath no. 963
and 967). Both continuum and bursts were right-handed circularly
polarized during the observing periods.

Start time Duration Freq.
(UT)

12:11:30
12:11:30
12:20:55
12:25:30

(sec)
245
60
125
60

A
D
G
L

Cont.pol. Burst pol.
(percent) (percent)
65 - 80 80 - 100
65 - 75 80 - 100
95 - 100 80 - 100
95 - 100 80 - 100

Remarkable is the increase of continuum polarization with frequency.
But the existence of two sunspot regions indicates that we are
posssibly dealing with two noise storm centres.
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17 November 1977;
During -this day, Nan<gay observations point out the presence of

one active region. The Ca-report shows three sunspot groups on the
northern and one on the southern hemisphere (McMath no. 031,033 and
035). Continuum as well as bursts were right-handed circularly
polarized.

Start time Duration Freq. Cont.pol. Burst pol.
(UT) (sec) (percent) (percent)

10:28:30 210 A 8 0 - 9 0 80 - 100
10:36:00 120 D 6 5 - 8 5 95 - 100
10:28:30 90 G 8 0 - 9 5 75 - 100

Although one has to be very careful with drawing conclusions
about the continuum polarization, there seems to be a relation
between the degree of polarization of bursts and continuum. For all
noise storms observed, bursts and continuum roughly show the same
amount and sense of polarization, with the bursts generally slightly
higher polarized than the continuum. Only one exception has been
observed, viz. the storm of 21 October 1977. The polarization of
the continuum ranged between 10 and 40 percent (left-handed) in the
A-band and was opposite to the sense of the intermediate burst
polarization. In the G-band, the continuum was unpolarized with the
bursts having both types of intermediate polarization. The occurence
of the two senses of polarization in spectrographic noise storm
observations is usually interpreted as evidence for the presence of
at least two noise storm centres. This is not in conflict with the
Nan<jay observations, combined with the Ca-report, showing three
sun spot groups, two on the northern and one on the southern
hemisphere.

5.Conclusion

The hope that a "brute force" attempt to find characteristics
of the type-I burst emission mechanism by analysis of the
statistical relations of burst parameters is destroyed apparently.

An important conclusion of the present investigation must be
stressed here:
The lack of structure in the dynamic spectra of type-I bursts is
intrinsic,
it's not noisy data or bad statistics that is hiding the structure,
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it is just not there.
Virtually everything that can be concluded from the study of

individual dynamic type-1 burst spectra can be summed up in a few
sentences (we not only include results from the present
investigation, but also previously found and many times confirmed
results (Elgar0y 1977)):

-The duration of type-I bursts varies from 0.2 sec typically at 400
MHz to 0.8 sec typically at 100 MHz.
-The time profiles at one frequency have a slight tendency to show a
short rise and longer decay phase.
-The instantaneous spectra have a gaussian shape of a few percent
relative band width.
-There is no intrinsic frequency drift.
-Bursts of one storm center have roughly the same degree of
polarization ( usually 100%) in the same sense.
-The polarization degree of the burst radiation is a constant in
time and at different frequencies.

Dynamic spectrograph observations of noise storms also show
relations in groups of bursts, e.g. their lining up in the form of
slcwly drifting chains of bursts (Wild 1957, de Groot et al'. 1976)
but these relations are not studied here.

The relative lack of features in the burst is possibly related
to scattering propagation in an inhomogeneous corona.
The constancy of the polarization all over the burst however
suggests that this quality is intrinsic to the emission before
considerable scattering occurs. Hence in the case of partly
polarized emission, either depolarization occurs near to the source
in a region small enough to be homogeneous, or it is intrinsic to
the emission mechanism.

As a matter of fact, questions of propagation cannot be treated
on the basis of spectrographic material alone.
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CHAPTER VI

One-dimensional high time resolution solar observations
with the Westerbork Synthesis Radio Telescope

Arie Kattenberg and Francesco Palagi

Abstract

During' 1980, in cooperation with the Solar Maximum Mission
program, the Westerbork Synthesis Radio Telescope has been used for
solar observations with time resolution of 0.1 sec. We describe the
equipment and procedures that were used for these observations.
Also we present a summary of the data that were obtained and a
morphological description of some of the microwave bursts.
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1 Introduction

The Utrecht radio group, preparing for the Solar Maximum Year
(SMY), proposed in 1978 the adaption of the Westerbork Synthesis
Radio Telescope (WSRT) to solar observations with high time
resolution.
The idea appeared feasible and in 1980 about 25 observing days with
the new "Solar Mode" of the WSRT (Bregman 1980) were completed
succesfully. This note describes the procedures, special hardware
and software and typical output formats used in these observations
and also a summary of the results obtained in 1980.

In order to have feedback during observations and to be able to
select interesting periods from the abundant data output, the
Utrecht observatory, in collaboration with the technical group in
Dwingeloo, has built a Realtime Display System (RDS).

Images from this system will be presented in the parts 2 and 3,
to show some of the observed bursts globally.
Westerbork was one among the many ground based stations which were

cooperating during the SMM flight to cover a maximum of observable
aspects of phenomena of the active sun.
In this framework, comparison of Westerbork observations with
simultaneous observations obtained with the Hard X-ray Imaging
Spectrometer (HXIS) aboard the SMM appears to be quite natural, as
this instrument is built and operated by the Utrecht Laboratory for
Space Research, i.e. both are dutch groups residing in Utrecht. The
HXIS instrument was made jointly with a group from the University of
Birmingham (van Beek et al. 1980).

This paper will provide basic information for future reference
in publications on more detailed studies of selected microwave
bursts. Also we create here a suitable occasion to acknowledge the
work of many persons that made the observations possible.

2 Instruments

2.1 The Westerbork Synthesis Radio Telescope

The WSRT consists of 14 dishes of 25 m diameter arranged in a linear
East-West array (The original configuration with 12 dishes is
described by Baars and Hooghoudt (1974),in 1980 the addition of 2
dishes doubled the longest available baseline length). Ten of the
dishes, designated 0 through 9, are fixed in position with a mutual
distance of 144 meter. The outputs of the fixed telescopes are
correlated with those of 4 movable ones (A,B,C and D) to yield 40
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interferometers.
A and B are positioned on a railtrack adjacent and east to telescope
9, generally 72 meters apart, and c and D are on a railtrack more
than 1200 meters east of telescope 9, with the same mutual distance
as A and B.
The combination of the 40 in te r fe romete rs produces a synthesized
one-dimensional beam whose p r o p e r t i e s depend on the pos i t ions of the
movable t e l e scopes .
The beam r e s o l u t i o n i s determined by the l a r g e s t b a s e l i n e , the
r e p e t i t i o n i n t e r v a l of the beam pa t t e rn i s determined by the
g rea t e s t common d iv i so r of the base l ine l e n g t h s .

<

z

POSITION

Fig. 1. The one-dimensional synthesized beam pattern
that was used for the solar observations.

The "54-meter configuration", for which the baseline lengths
are given in table I, and of which the antenna pattern is shown in
figure 1, was chosen for the one dimensional measurements for the
following reasons:

-The typical size of an active region is a few arc minutes and in

Table I. Lengths in meters of the baselines in the "54 meter
configuration" used in the solar observations.

T e l e s c o p e : 0 1 2 3 4 5 6 7 8 9

A: 1350 1206 1062 918 774 630 486 342 198 54
B: 1422 1278 1134 990 846 702 558 414 270 126
C: 2646 2502 2358 2214 2070 1926 1782 1638 1494 1350
D: 2718 2574 2430 2286 2142 1998 1854 1710 1566 1422
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order to reduce ambiguity in the location of a feature in the
synthesized image the repetition rate of the beam pattern should be
larger than the active region. _

-The set of baseline lengths is semi regular and the corresponding
beam pattern shows a negative-positive sequence in the grating lobes
which can be of help in the location of the bursts within the field
of view.

The real angular size of the -beam pattern is determined by the
wavelength and the source position in the sky relative to the
instrument (Fomalont and Wright 1974).

35'-

ro

E
u
10

resolution is

3—5 «1CT3 image size

Fig. 2. The width of the one-dimensional (solar)
image as a function of the absolute value of the
hour angle of the source. The curves for two
declinations of the source are given. The
resolution, which depends also on the shapes and
strengths of the sources involved, is a fraction of
the image width.

In figure 2 we show how resolution and image size vary with hour
angle and declination for 6 cm observations in the used 54-meter
configuration.
The best resolution is of the order of 4 arc seconds, around central
meridian passage of the source.
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The limiting factor in the time resolution in the
one-dimensional mode is the digital line backend. Complex
visibility functions in two Stokes parameters (I and V) for the 40
interferometers can be sampled at a rate of ten per second. The
integration time is 900 ms.

Calibration of the phases and base lines of the 40
interferometers was done primarily at night with properly chosen
point sources. Reduction of these calibration measurements was done
as a standard facility. In addition to this, calibration
measurements were done in between the solar observations in an
alternating scheme.
In several instances these calibrations can be used to improve the
phase accuracy of the instrument in view of the reduction of a
microwave burst.
The average phase error for the 40 interferometers can be in the
range from 5 to 10 degrees after reduction.

west -

east-
west-

east-

I I-stokes parameter

V-stokes parameter

band I -
running mean

band II -
running mean

-time 10 sec

Fig. 3. An example of the output of the Realtime
Display System. The recording during burst 2162b is
shown. The labels (I, II, III and IV) on the
horizontal bands are used in the text.
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2.2 The Realtime Display System

The RDS consists of a mini computer, a special purpose interface box
and three cathode ray tubes. The computer is connected to the disc
controller of the WSRT online computer system and it can read the
interferometer data shortly after they have been acquired. The data
are sorted and scaled, fourier transformed and scaled again. The
interface box converts the digital result of the fourier transform
to an analog signal suitable to be displayed on a cathode ray tube.

The synthesized one-dimensional brightness distribution is
displayed both in the form of an x-y diagram, (the brightness
distribution as a function of celestial angle) on one screen, and
with gray level representation (the brightness distribution as a
function of time) on two other screens. One of these is part of a
camera system that produces a recording on film of the observations.

The RDS ouput format on film is illustrated in figure 3. The
picture consists of four equally wide horizontal bands separated by
narrow gaps. The time coordinate goes from left to right, second
marks can be seen in the upper and lower gaps, date and (UT) time
are written in the middle gap. The displayed digits refer to the
left nearby second mark. Double second marks indicate half and
whole minutes in time.
The four wide horizontal bands represent the one-dimensional solar
brightness distribution as it varies in time. The width of each band
corresponds to the width of the one-dimensional beam pattern as
shown in figure 1.

The solar brightness distribution is displayed in bands I and
II in the form of either the I and V Stokes parameters or the left
and right circular polarizations.
To enhance subtle time variations in the signals, a running average
on a timescale of a few seconds is subtracted and the result is
displayed in bands III and IV respectively.
Small microwave bursts ( larger ones have not been recorded) are
therefore displayed best in these two bands.
In most cases the beam pattern can easily be recognized. This means
that the observed microwave burst sources are not much larger than
the beamwidth.

Due to discontinuous fringe stopping, an error occurs about every
ten seconds. The wrong scan shows up very conspiciously in bands
III and IV of the RDS output because the running average that is
subtracted in these bands sustaines the error for several scans.
The grey level in the RDS image is internally represented by a ten
bit number. Over- or underflow of the signal due to improper scaling
or exceptionally large signals can be seen as black points in a
white (saturated) region or as white points in a black part of the
image.
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The RDS can also.be used to replay offline ( when needed,
slowly) possibly reduced and "cleaned" observations.

3 Observations

3.1 Observers, dates and objectives

The Program Committee of the Netherlands Foudation for Radio
Astronomy received requests for solar observing time en the WSRT
during SMY from three different groups of astronomers:

-The University of Maryland at College Park (USA).
* A program to do image synthesis of active regions and study
microwave bursts at timescales of the order or larger than the
normal WSRT integration time.

-The Arcetri observatory at Florence (Italy).
* They also wanted to do image synthesis of active regions to study
the development of cm-wavelength active regions on timescales larger
than 8-12 hours.

-The Utrecht radiogroup (the Netherlands).
* Devoted to the study of flare build up and microwave bursts in the
high time resolution mode.

For all these observations the target active regions
effectively determined by the FBS and SERF organizers.

were

Table II. The observing periods with the WSKT high time resolution
mode in 1980. The target regions, the observation frequency and the
type of low time resolution observations during the gaps between two
high time resolution periods are indicated. Also the co-observers
using the low time resolution mode simultaneously are mentioned.

Period Hale Freq gaps Synth 10 s bursts

June 19 (1979 test) 16073 4874
May
May
June
June
June
Sept
Sept
Sept

20 -
22 -
10 -
13 -
17 -
19 (
24 -
28 -

21
27
12
16
19
test)
27
29

16850
16863
16884
16898
Center
17117
17145
17171

4784
4874
4874
4874
608.5
4874
4874
4874

cal
cal
cal
608.5
4874

cal
cal

Mar
Mar
Are
Are
Utr

Mar
Mar

Mar
Mar
Mar
Mar

Mar
Mar
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Observing time has been allotted to all of these groups, partly by
having them share the instrument. In table II all periods during
1980 with solar observations, the type of observations, the target
regions and the responsible groups at the WSRT are listed.

3.2 Procedures

The primary WSRT data are stored on a magnetic disk. After about two
hours the contents of the disk must be copied to magnetic tape.
Sorting of the normal (10 second integration time) type synthesis
data is also done in this pause in the high time resolution mode.
The normal observing mode of the WSRT can still be used while
writing tape or integrating data. As mentioned above, calibration
measurements are done during these periods; also sometimes low time
resolution observations of the sun were done.
An observing day consists of 12 hours, split up in 6 to 8 periods
with the high time resolution mode, each lasting one to two hours,
separated by intervals in the normal observing mode that last about
10 minutes.
Table II gives the type of low time resolution observations that was
chosen at a particular observing day.

A specially developed program that interpolates ephemeris
tabular data, calculates the apparent source position, with a
precision of a few percent of the maximum resolution--
Special "solar mode" observing programs for the Westerbork system
were made by H. van Someren-Greve of the Foundation staff.

High time resolution observations, stored on magnetic tape and
on the RDS film, were transported to Utrecht for reduction and
interpretation.

4 Results

During the periods mentioned in table II for the 6 cm
observations, 75 microwave bursts were observed.
We present a summary of these results in table III, concerning 54
bursts that were either stronger than 1 sfu or also observed by
other stations.

We will describe the table column by column. The first 3 columns
give the date of observation, the FBS action period number and the
Hale active region number.
Column 4 gives the WSRT sequence number of the observation that we
used to identify the bursts.

In colums 5 to 8 some burst parameters are given:
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Estimated peak flux density,
duration.

UT time of start and peak, and the

To estimate the peak flux densities the total power registrations of
the events and subsequent calibrations are used. By comparing the
solar output with thejoutput of -alweak^calibrator source for which
the antenna temperature equals the known system temperature (130 K),
the antenna temperature during-thé solar observation- can be found.
The flux density of the microwave burst was then calculated assuming
they are point sources in the beam centre. The distribution of the
fluxdensities is presented in figure 4.

25 r
unpolanzed ;

polarized .:

Fig. 4. The distribution of peak flux densities of
the observed bursts. The fraction that showed
polarization in the RDS images is indicated.

In column 9 we give morphological data that are derived from the
recording of each event.
Typical examples of the RDS recordings are given in figures 3 and 5.
The burst in figure 3 (burst 2162b) is unpolarized (no structure in
band IV). There is only one spatial component in which apparently no
fast fluctuations in time (i.e. timescale shorter than a few tenths
of second) are present.
In figure 5 (burst 2124b) an example is presented that has
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polarization and two components that show very short lived
fluctuations. . . . .

Fig. 5. The RDS recording of burst 2124b. The
format is explained in figure 3 and in the text.

Table III. Overview of selected bursts observed with the WSRT solar
mode in 1980. The columns and the used abbreviations are explained
in the text.

DATE

19.06.79
21.05.80
22.05.80
23.05.80

24.05.80
25.05.80

26.05.80

27.05.80

FBS Hale WSRT
ACT AR SEQ
# # #

16073 5544
1 16850 1660
1 16863 1691
2 1733a

1733b
1739
1743
1762
1800
1804a
1804b
1806
1834
1840a
1840b
1840c
1844
1846
1872

Peak Start Peak Dur Morph Other
flux time time descr related
sfu UT UT min p s t observations

3.0
1.5
2.0
1.6
3.0
2.2
2.4
4.2
3.2
2.3
5.5
1.0
1.7
1.6
1.9
2.3
2.2
12.0
6.8

13:05
09:54
05:55
08:29
09:09
14:38
15:54
08.25
10:15
13:25
14:10
15:44
07:32
11:19
11:31
11:49
15:22
17:26
07:54

13:09
09:59
05:57
08:31
09:10
14:40
15:55
08.29
10:17
13.34
14:12
15:45
07:33
11:22
11:37
11:51
15:23
17:28
08:22

18 n 2 f
28 SGD
24 SGD
15 SGD,BBS0
40 y 1 s SGD,BBSO
20 y 1 s SGD
5
30 y 1 s SGD
8 n 1 s SGD,BBSO
21 n 1 s SGD
15 y 2 f SGD.BBSO
11 SGD,BBSO
20 SGD,BBSO
12 BBSO
16 SGD.BBSO
12 SGD,BBSO
12 y 1 s SGD.BBSO
5 y 3 f SGD,BBSO,SMM
48 y 2 f SGD,BBSO,SMM
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DATE FBS Hale WSRT
ACT AR SEQ
# # #

Peak Start Peak Dur Morph Other
flux time time descr related
sfu UT UT min p s t observations

10.06.80 4

11.06.80

12.06.80

13.06.80 5

14.06.80

15.06.80

19.09.80
26.09.80

27.09.80

16884 2099a
2099b
2101
2105
2107
2124b
2126
2162a
2162b
2172

16898 2195
2201
2204a
2204b
2206a
2206b
2233a
2233b
2235a
2235b
2237
2239
2270b
2272a
2272b
2274
2282a
2282b
2284

17117 3001
17145 3601a

3601b
3601c
3603b
3603c
3605a
3605b
3607

17171 3604b
3646

0.5
1.3
0.9
2.7
1.6
6.9
3.3
1.9
0.5
2.2
9.7
1.0
7.0
8.7
1.0
5.4

14.9
10.7

2.3
1.6
3.7
2.0
2.2
1.3
1.6
2.9
1.2
2.3

17.9
3.5
1.0

25.0
1.0
0.5
1.0
1.0
1.0
1.5
1.0
1.0

10:00
10:09
11:48
14:00
16:30
09:08
10:26
09:25
09:31
16:48
06:21
12:08
14:05
14:14
16:47
17:28
05:45
06:22
08:21
08:41
10.32
11:42
06:09
07:37
08:00
09 : 33
15:26
15:30
17:27
12:37
10:15
10:37
10:41
11:50
12:15
13:04
14:07
16:05
09:45
14:37

10:02
10:17
11:51
14:09
16:34
09:10
10:30
09:26
09:33
16:49
06:22
12:16
14:06
14:15
17:05
17:29
05:48
06:27
08:23
08:46
10:37
11:43
06:11
07:38
08:02
09:38
15:27
15:32
17:28
12:38
10:17
10:38
10:41
11:53
12:16
13:05
14:08
16:05
09:47
14:38

7 y 1
18 y 1
15
55 n 1
15 y ?
17 y 2
16 n 2

2 n 1
8 n 1
5 y 3

50 y 1
21 n 1
9 y 3

12 y 3
37 y 2
7 y 3

37 y 2
46 y 1
19 n 1
32 n 1
37
2 n 1
9 y 2
2 y 1

12 y 2
25 y 1
4 y 2
3 y ?
7 y 2
3

15 n 1
4 y 2
9 y 2
5 n 1

15 n 1
5

11 n 2
2 y 2
4 y 1
6 y 2

s BBS O
s BBS O

BONN,BBSO
S SPO,BBSC,SGD,VLA
S SPO,BBSO,VLA
f BONN,BBSO
f BONN,BBSO
S BBS O
s BBS O
f VLA
f SGD.SMM
s
S SPO.SGD
f SPO,SGD,BBSO
s SPO,SGD,BBSO
f SPO.SGD.BBSO
s SGD
s SGD
s
s

s
s
f SMM
s
s SPO,BBSO
S SPO
f SPO,SGD,BBSO

SGD
BBS O
BBSO,SGD,SMM

f
f
s
S SGD.BBSO
s

s
f SGD
s
S SGD

78



In column 9 these properties are indicated as follows:
9 p -polarization (Yes/No)
9 s -number of spatial components
9 t -Fast or Slow time fluctuations.
A question mark is entered when no definite estimate could be made.
In figure 4 we marked the distribution of polarized bursts also.

In column 10 we list stations Which were observing the same active
region at that time.
The abbreviations that we used are:
SGD-the flare is reported in the Solar and Geophysical Data.
BBSO-Big Bear Solar Observatory.
SPO-An FBS related observing program by R.Falciani (Arcetri Observ.)
at Scramento Peak Observatory.
SMM-Solar Maximum Mission Satellite.
BONN-An FBS related observing program at Effelsberg.
VLA-An FBS related observing program by M.Felli and K.Lang with the
Very Large Array.
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CHAPTER VII

Radio, X-ray and Optical observations of
the flare of June 13 1980, at 6 h 22 m UT.

A. Kattenberg, M. Allaart, C. de Jager,
A. Schadee, J. Schrijver, K. Shibasaki,

Z. Svestka and W. Van Tend.

Abstract

A subflare of importance Sf was observed on June 13 1980
simultaneously by instruments aboard the Solar Maximum Mission (SMM)
and various ground based observatories. We describe and compare
different kinds of observations, with emphasis on the Hard X-ray
Imaging Spectrometer (HXIS) images and spectra, and on the
one-dimensional microwave images with high time and spatial
resolution, obtained with the Westerbork Synthesis Radio Telescope.
(WSRT) .

The fast electrons causing the X-ray and microwave impulsive
bursts had a common acceleration sourre, but the bursts were
produced at the opposite footpoints of the loops involved, with
microwaves emitted above a sunspot penumbra.
The flare (of a "compact" type) was probably triggered by an
emerging flux, and two possible interpretations of this process are
briefly discussed.
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1 Introduction

On June 13 1980, during FBS action period nr. 5, a flare of
type Sf (Solar and Geophysical Data 432, Part 1) occurred in Hale
region 16898 (NOAA region AR2502, 17° east, 18°north). It started
around 6:21 UT and peaked around 6:22; the subsequent decay phase
lasted roughly 50 minutes. ~~ ~ ~ ~~ ~-

We set out to compare the relevant X-ray maps and spectra made by
the Hard X-ray Imaging Spectrometer (HXIS) (van Beek et al.,1980)
aboard the Solar Maximum Mission (SMM) and the microwave data
obtained with the Westerbork Synthesis Radio Telescope (WSRT).
In order_to arrive at a more complete description and understanding
of the active region^ and theZ flare process we obtained and used
other kinds of observations from many ,-sources. ; _We used H-alpha
images" from Kanzelhöhe, Bucharest Solar Station, Observatoire de
Meudon, and Big Bear Solar Observatory. Magnetograms from Meudon
and Big Bear and a map of line of sight velocities from Meudon
informed us about the pre-flare situation. Soft X-ray images from
the X-Ray Polarimeter (XRP) aboard the SMM (Acton et al.,1980) and
hard X-ray flux recordings from the Hard X-Ray Burst Spectrometer
(Orwig et al.,1980) were also part of the collection of observations
used in the analysis of this flare.

Due to the good coverage of observations at various wavelengths and
at different timescales it appears possible to obtain a clear
picture of the active region. We will first des.- ribe the active
region, the context in which the flare occurred. Subsequently the
flare observations are presented and analysed.

The great variety and generally good quality of the relevant
observations make the analysis of this small and 'ordinary' event a
very worthwile effort. ^

2 The Active Region

Below we will present the observations concerning the active
region, first separately for each type of observation, and
thereafter combined into one coherent model of the flare.
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Pig.l.: Overview of the .active region. Superposed on an H-alpha , fiJtergram (Big Bear Solar
Observatory) are the fluxcontours of soft X-rays as observed with the XRP experiment at
17:06 . The labels for the sunspots are used in the text. Inversion lines were the line of
sight magnetic field component changes sign, as derived 'from a magnetogram from the
Observatoire de Meudon, are indicated with hatched lines. A dotted circle' indicates a
velocity anomaly coinciding with part of a magnetic inversion line-



2.1 Observations

2.1.1 H-alpha

An H-alpha image from Big Bear, taken 10 hours after the flare,
shows two active regions, each with preceding and following spots,
which we designated A, B, C and D (figure 1). The small flare we
discuss here, appeared in the plage region between A and B.

It would seem that we may safely assume that no major changes in the
active region have taken place on the timescale of a few hours
wherein only relatively minor events occurred. We therefore expect
that the situation of figure 1 still resembles the situation before
and during the flare.
We note that A is the most prominent spot in the field. The fibril
structure between A and B indicates magnetic fields connecting plage
regions with different magnetic polarities, the field direction
being reflected by the fibril orientation. No prominence is seen
near the inversion line (see next subsection).

2.1.2 Magnetic field

The Meudon and Big Bear magnetograms, made ten minutes before and
ten hours after the flare respectively, confirm the relatively
simple bipolar magnetic structure of the active regions formed by A
and B and by C and D (figure 1). The most important exception to
this is a p-polarity intrusion in the f-polarity field 20" west of
spot B. Field values in the range from 400 to 600 gauss are
measured by Meudon observers inside this intrusion. In figure 1,
the horse-shoe shaped inversion line around the intrusion is
indicated and also the inversion line between A and B as derived
from the magnetograms. In the plage regions between this line and
the spots, where the flare locations are, the value of the measurer»
field component ranges from 100 to 500 G.
The magnetic field values in the spots are given in table I.

Table I. The magnetic field strengths in the sun spots,

Spot fieldstrength polarity
(Gauss)

A 1500-2000 p (+)
B 1000-1500 f (-)
C 1000-1500 p (+)
D 1000-1500 f (-)
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2.1.3 Velocity field

The map of the line-of-sight component of the photospheric velocity
made by Dr. Rayrole in Meudon ten minutes before the flare, shows a
rather common pattern of velocities in the active regions. E.g. spot
A shows a normal horizontal penumbral outflow pattern with
velocities of the order of 2 km s~.
Just as in the magnetogram, the region 20" west of spot B shows an
anomaly. On the western leg of the U-shaped inversion line
surrounding the magnetic intrusion a patch of upward velocities with
magnitude of about 900 m s"1is seen. This patch is also drawn in
figure 1 (dotted).

2.1.4 Soft X-rays

The soft X-ray map of the pre-flare situation was obtained from Dr.
Antonucci. The observation, the contours of which are given in
figure 1 with dashed lines was made with the XRP in the FCS channel
nr. 1 which normally reflects ionisation temperatures of 3xl06K (O
VIII). The extended and relatively hot and dense plasma producing
the soft X-rays is apparently located in the lower corona above the
plage region near B.

2.1.5 6-cm microwave radiation

The WSRT was used during the Solar Maximum Year (SMY) by various
investigators as described by Kattenberg'and Palagi (1981). The
observations obtained at June 13 nave also been used to synthesize a
two dimensional microwave map of the active region (a slowly varying
component) . This map is shown in figures 2a and 2b, overlaid on a
photograph of the region obtained in the visual.

The most important microwave sources are clearly related to the
magnetic fields. In figure 2b the circular polarization of the
microwave radiation is shown. The preceding polarity regions emit
apparently strongly polarized microwave radiation. Spot A is
polarized up to 50% in the right-hand sense. The polarization shows
the typical 'shell' structure described by Allesandrakis (1980).
Since the radiation from region A is so highly polarized in this
pattern the emission must be related to the gyro-resonance process.
The absence of polarization in the region around B combined with the
high microwave brightness there suggests free-free emission as the
most important source for microwave radiation there.

2.2 Synthetic picture of the Active Region

The region of which A and B form the most important spots appears to
be a simple bipolar region. The strongest fields are found in the
umbra of spot A and the high value of the microwave polarization
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Fig. 2. The WSRT synthesized maps superposed on a white light
photograph (Big Bear Solar Observatory).

2a: the unpolarized image (I-stokes parameter).
2b: the circular polarization (V-stokes parameter).
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degree with a high brightness indicates gyroresonance emission. To
observe gyro-emission in the lowest harmonics (n=2, 3) at the
observing frequency of 4.8 GHz, magnetic field strengths of 600 -
900 gauss must be present at coronal heights. 10" South-west of B
is the region of strongest microwave emission. As compared to the
source near A this is a relatively dense region of low magnetic
field strengths.

Between A and B we infer a loop system in the chromosphere and low
corona, which contains the hot or dense matter seen in soft X-rays,
with a field direction as indicated by the chromospheric fibril
structure.

In the plage region near one end of this loop system, 20" west of
spot B, an emerging flux region (EFR) was observed about 6 minutes
before the flare.

One can find a more detailed analysis of these sources and the
related observations in Drago et al. (1981).

3 The Flare

We will first comment on the various flare observations and
thereafter combine the observations into one picture and flare
scenario.

3.1 Observations

3.1.1 H-alpha

The alignment of the various X-ray and microwave sources that are
described below, was done relative to the optical images of the
sunspots. The HXIS flare image in the lowest energy band is used to
compare the position with the XRP X-ray image, which in its turn is
aligned with the optical spots. The Microwave images were aligned
with help of a whole disc calcium filtergram made at the Utrecht
Observatory. The coordinates of the optical spots can then be
obtained and brought in relation with the known coordinates of the
WSRT image. Using only a limited set of H-alpha filtergrams with
rather poor seeing, we cannot present a detailed account of the
H-alpha chromospheric events. We therefore restrict ourselves to a
rather qualitative description of the H-alpha observations.

The flare occurred in two patches, each measuring about 5" x l."5,
located more or less symmetrically with respect to the inversion
line between A and B. The patches are indicated in figure 3; they
have a somewhat elongated apppearance. The two flare patches appear
to be brightenings of a pre-existing structure. They remained at the
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same mutual distance during the course of the flare. The patch near
A (HA) is located roughly 17" east of A ; it is bent and the
brightest part is located inside or above the penumbra of spot A.
The patch near B (HB) appears less bright than HA. It is located
17" to the south-west of B. Significantly, the patch does not
coincide with the emerging flux region we noted above but it is
located 17" to the south of the EFR. This patch too is brighter
towards the sunspot.

3.1.2 Hard X-rays

The region of X-rays with energies between 3.5 and 30 keV was almost
completely covered by the fine field of view of the HXIS-instrument,
allowing a spatial resolution of 8". The X-rays started at 6:21:20
UT and reached a broad maximum around 6:23:00, to fade slowly
thereafter. Most of the radiation had energies less than 11.5 keV.
The weak radiation between 11.5 and 22 keV rose rapidly to a
distinct maximum at 6:22:27 (the time of the second microwave burst)
and decreased irregularly from that time on. Poor statistics do not
allow an exact determination of the rise time of the hard X-rays,
but it was definitely less than one minute.
Hard X-rays were also present around the time of the first microwave
burst. However, since HXIS applied integration times of 7 s at 15 s
intervals in the no-flare mode, simultaneity cannot be proven.

The projected X-ray region (figure 3) coincided roughly with the
region of H-alpha brightening with a strong concentration, XB, to
the brightest part of HB and a smaller concentration, XA, at the
position of HA, some 3. 5x10 "* km WSW of XB.
The dominating XB emission started at 6:21:20 over an initial area
with diameter of about 10k km. After reaching its broad maximum
around 6:23:00 XB expanded somewhat. Also, the peak of radiation
may have moved a little to the West during the decay phase, but
certainly over no more than one pixel (5700 km). The XA radiation
was detected first at 6:22:20 and held an intensity of about 10
percent of the XB radiation during the whole flare. If this 10
percent ratio is typical, XA may have been excited simultaneously
with XB at 6:21:20, but its radiation would initially have been too
weak for detection. Some weak radiation was found in the region
between XA and XB. The hard X-ray burst at 6:22:27 came primarily
from XB, but also a few counts from XA were spotted.

Though the X-ray lightcurves of the whole region show a smooth rapid
rise and a gradual decay, the lightcurves of individual pixels do
show structure. The most striking feature is shown in figure 4,
where it appears that the lightcurve of the second brightest pixel
in XB has maxima around 6:23 and 6:27, almost simultaneous with the
intensity maxima of the brightest pixel in XA. Also, there is
evidence that the pixels close to XA in the direction of XB, show
intensity maxima a few tens of seconds after the XA maximum at 6:23.
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3.1.3 X-rays from 26 - 52 keV

The Hard X-ray Burst Spectrometer, which has no spatial resolution,
observed bursts in its 26 - 52 keV channel only. The timeprofile
with its striking resemblance to that of the microwave bursts, is
presented in figure 5.

3.1.4 Soft X-rays

The flat crystal spectrometer (FCS) of the XRP obtained soft X-ray
pictures of the flare region in 5 spectral lines (corresponding to
formation temperatures between 3 and 16 x 10 K, cf. Acton et al.
1980) with a best time resolution of 2 minutes, and a best.spatal
resolution of 10". The shape and development of the X-ray flare is
consistent with the results obtained by HXIS. The output of the FCS
alignment sensors gives an accurate position of the X-ray picture
with respect to the sunspots. The bent crystal spectrometer (BCS)
of the XRP provided us with high-resolution spectra near the Ca XIX
and Fe XXV resonance lines, integrated over the whole observed
region.

3.1.5 6-cm microwaves

The projected baseline, which gives the size and orientation of the
one-dimesional 6 cm images of the flare is drawn in figure 3. In
view of the orientation of the double structure observed in H-alpha
and of the elongated structure seen by HXIS and XRP, it is obvious
that the direction of the one-dimensional resolution happens to be
badly oriented relative to the flare structure and makes it
difficult to obtain unambigeous information about the location of
the microwave flare.

The fluxdensity variation in the strongest source is shown in figure
5. The profile shows two peaks of roughly the same height, followed
by an exponential decay on a longer time scale. The first peak
occurred at 6:21:54.8 UT. The peak flux density was 9.5 solar flux
units (sfu) and its FWHM duration 28 s. It was 22% right-hand
circulary polarized. The second peak occurred at 6:22:26.5 UT. It
was of about equal strength as the first one and it lasted 17.5 s.
Its polarization degree was 11%, also in the right-hand sense.
Immediately after the second peak, the flux-density was about 3 sfu,
decaying with an e-folding time of 10 minutes.

The WSRT observations give one-dimensional synthesized images
with a spatial resolution of the order of 5". Figure 3 gives an
example of these one-dimensional images, roughly at the time of the
first peak.

Mainly during the rising part of the first peak of the time profiles
quasi-periodic oscillations of the source occur, with a timescale of

91



6h18 6h20 6h22

Fig.5.: A comparison of the 6 cm microwave time profile (upper,WSRT)
with X-rays in the energy range 26 - 52 keV (lower,HXRBS). The
ordinate scale refers to the X-rays only.

420

Fig.6.: The flux variations at three (one-dimensional) positions
with 5" mutual distance, demonstrating the presence of two sources
during the impulsive phase.
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about 1.5 s. These oscillations, which are also seen in other
microwave events, are the subject of an other investigation
(Kattenberg and Kuperus, 1981). It is demonstrated by these
authors, that the impulsive burst originates from one slightly
asymmetrical source with FWHM of 9". The double peaks and the
oscillations mentioned, all represent flux modulations of this
single fixed source. As demonstrated in figure 6, where flux
variations in three positions about 5" apart are shown, there is an
indication for a second weaker source, with different
characteristics, during thé impulsive phase. The curve labeled 160
shows the behaviour of the main impulsive source. The label 162
refers to a (one-dimensional) position 10" to the North-West, and
there the impulsive peaks show up in a faint, smoothed and retarded
fashion. Position labeled 161 (5" in between 160 and 162) shows an
intermediate behaviour, as can be expected from the fact that the
beamwidth was of the order of 10" at the time. The pattern suggests
a second source of roughly 10" width, relatively weak as compared to
the main impulsive source ( 2 sfu), varies more smoothly in time and
is 8 s delayed. Polarization measurements show no polarization at
position labeled 162.

The delay and the one-dimensional separation suggest an apparent
velocity 1000 km" s ; however if one source is related to HA and
the other to HB, the implied velocity is > 5000 km s~ .
In the decay phase the source becomes much broader, e.g. at 6:28 we
observe a Gaussian burst source with FWHM 20", shifted over 10" -
15" to the North-West. It is difficult to determine wether this
shift is due to the effect of baseline rotation on the
one-dimensional position of a source near HA, or wether we are
looking at a source at the location of HB. However the sense of
polarization and the strength of the impulsive sources suggest that
the former is the case.

3.2 Interpretation

3.2.1 Location of sources

The strong time correlation of the microwave and the hard X-ray
bursts, as seen by HXRBS, indicate that they result from a common
phenomenon, probably the process of primary energy release. However,
the two kinds of radiation appear to come from different places.
The polarization of the fast fluctuating microwaves is right handed,
suggesting that these microwaves come from a region of positive
polarity, i.e. close to XA. But it is reasonable to assume that the
hard X-rays (26-52 keV) come from XB where HXIS observed radiation
between 11 and 30 keV.

If we assume loops connecting the A and B regions with the site
of primary energy release somewhere at their tops, one wonders why
the A-legs produce mostly microwaves and the B-legs mostly hard
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X-rays. Since the photospheric magnetic field strength near A is far
greater than that near B, a possible explanation may be found by
assuming an asymmetry in the loop system in the hot tenuous corona.
The consequences of this assumption for the production the X-rays
and microwaves have been investigated by Matzler (1976). A stronger
field in the A-legs may mirror fast electrons at considerable heigth
in the corona, where they produce microwaves, but prevent them from

. penetrating into regions dense enough for making hard X-rays. The
field in the B-legs may be too weak to make the fast electrons
produce microwaves, or to prevent them from penetrating into denser
layers.

3.2.2 Temperatures and emission measures; energetics

Prom the HXIS observations temperatures were derived from count
ratios in the 5.5-8 keV and 8 - 11.5 keV energybands at the X-ray
maximum (6:23) and during the decay phase (6:27). XA, XB and the
flare as a whole appeared to be equally hot, 2x10 7 K at both times.
A slight cooling of about 10 percent during these four minutes may
be inferred. The emission measure as deduced from the 5.5 - 8 keV
band counts are summarized in table II. The temperature later on in
the decay phase could not be determined as the counts in the 8 -
11.5 keV band became too few.
Temperatures can also be derived from the BCS spectra. We have used
the ratio of the fluxes in the k satellite of Ca XVIII and in the
resonance line of Ca XIX as temperature indicator (cf. Sylwester et
al. 1980). The temperatures obtained range from 1.2 x 10 K between
6:20 and 6:26 to 10' K during the later phases of the flare. The
iron spectra could not be used for temperature determination, since
the number of counts in the lines was too low. The fact that these
values differ from those obtained with HXIS indicates that the flare
plasma had a multi-temperature structure.
When we assume the thickness of the X-ray emitting layer of the
order of 10^ km, the emission measure (EM.) 5 x 10^' cm"^indicates
an electron density n„ of 10 cm , which implies a total number of
Ng = EM./ne = 5 x 10^7 electrons involved. The thermal energy of
these electrons with T e = 2 x 10

7 K is Eth= NekTe = 8.5 x 10
2 8 erg.

The two-dimensional shape and size of the microwave sources are not
known. Assuming that the source for each peak in the impulsive phase

Table II. Emission measures (cm ) derived from counts of photons in
the 5.5-8 keV range.

XA XB total

46 47 47
6s23 8xlO,6 4xlO47 5xl047

6:27 8x10 2x10 4x10
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is circular, with diameter equal to the observed one-dimensional
width (9") a brigthness temperature of the order of 2x10 K is
implied for these impulsive peak sources. The second weaker source
indicated in the impulsive phase would have a brightness temperature
of 5 xlO6K.
The decay phase source which was much weaker and broader than the
impulsive peaks, has a brightness temperature of the order of 106 K
(also assuming circularity).
The material that is seen in X-rays, is not the same as that seen in
microwaves in this case. Assuming free-free radiation from a thermal
source with characteristics as indicated by the HX1S observation
(Emission measure öxlO**7 cm"3.Temperature 2x107 K) one would predict
0.02 sfu at 6 cm (Ramaty and Petrosian, 1972) originating from the
source observed by HXIS, far less than the 3 sfu as observed by WSRT
early in the decay phase. Apparently the radio emission is due to a
plasma not seen by HXIS, implying an upper limit for T£ of 5 xlO

6 K.
The observed brightness temperature (10 K), however, indicates a
plasma with Tg, > 106 K. Assuming T e = 2 xlO6 K we find that an
emission measure of 2 xlO l+8cnr3 is implied by the fluxdensity at 6 cm
in the beginning of the decay phase.

In the case that the amount of thermal energy in this source is
comparable to the amount we deduced from the X-ray observations in
the other leg of the loop system, the density in the microwave
source would be n = 3 xlO9 cm , which is an acceptable value.

4 Scenario of the flare; conlusions

The observed H-alpha flare patches (figure 3), delineate the
chromospheric footpoint region of a low lying coronal magnetic field
in which the primary energy release occurred. Apparently from a
single source in the asymmetrical loop system, fast electrons were
produced (in a rapidly fluctuating burst of about one minute
duration). Guided by the fieldlines, the fast electrons reach the
lower corona where the fieldstrength and density increase rapidly
(to a few hundred gauss and a few times 10 cm" respectively). In
the strong umbral magnetic field above spot A, the electrons mirror
high above the chromosphere causing a burst of magneto
bremsstrahlung. In the other footpoint region towards spot B, the
weak field does not influence the fast electrons much; there is a
low microwave output and the electrons reach layers that are dense
enough to give rise to 'thick target' bremsstrahlung at moderately
hard X-ray energies. This source geometry and the radiation
signatures expected, were considered already in some detail by
Matzler (1976). In this case the spectral characteristics of the
microwave and X-ray sources pointed to the different identities of
the sources.

The emerging flux region noted by Meudon observers, is possibly
related to the occurrence of this flare as it is well known that
many flares are closely associated to an emergence of flux (Svestka,
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1976). The flare theory of Priest and Heyvaerts (1974) describes
such a scenario, in which the field of the emerging flux is strongly
sheared with respect to the existing field. A thermal instability
in the current sheet that is produced in the corona on the interface
of the old and new magnetic systems, is the driving force for
tearing mode instability in the central thin neutral sheet. There
electrons are accelerated to produce the lower coronal and
chromospheric effects like microwaves. X-rays and H-alpha features.
However, the above observations conform also to the flare theory of
Van Tend and Kuperus (1978). In this theory, the emerging flux
region causes a weakening of the general coronal active region
magnetic field, by incrasing the complexity of the sources of that
field at the photospheric level. A strong electric current in the
lower corona comprises the stored energy of random photospheric
footpoint motions (twist and shear) over an extended period. This
current, that lies in the plane where the background magnetic field
is horizontal, becomes vertically unstable due to the change in
background field. This mechanism too leads to particle
acceleration. The energy of fast particles and strongly heated
plasma is derived from the kinetic energy of the rapidly rising and
expanding currents through compression and current dissipation.
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CHAPTER VIII

The Solar flare of 07s49 UT on May 27, 1980:
H-alpha, Microwave and X-ray observations

and their interpretation

W. van Tend, A. Kattenberg, M. Allaart,
C. de Jager, A. Schadee, J. Schrijver, K. Shibasaki

Abstract

We present observations of a small but complicated flare, which
had brightenings in three active regions. Spatially and temporally
resolved observations are available in X-rays, H-alpha and
microwaves. Outstanding aspects are: (1) The flare consisted of a
series of events occurring succesively along the magnetic inversion
line, the excitation progressing with an apparent speed of 200 km
s"1 ; (2) This culminated in two impulsive bursts in microwaves, soft
X-rays and H-alpha which occurred strictly simultaneously (< one
second) at the two extreme ends of the active regions; (3) While the
microwave and H-alpha sources of the impulsive burst were localized
in small areas on both sides of the magnetic inversion line, the
soft X-ray burst was positioned over the inversion line and was more
diffuse. We deduce a scenario for the flare based on the
development of an erupting current circuit. Most events of this
flare can be explained, except for the extreme simultaneity of the
two impulsive phase microwave bursts.
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1 Introduction

In 1980, the Solar Maximum Year, many solar flares were
observed simultaneously with different instruments in different
wavelength regions.
The Solar Maximum Mission Satellite (SMM) carried eight instruments
designed to observe solar activity.
Joint observing sequences were organized in action periods devoted
to the Flare Build up Study (PBS) and the Study of Energy Release in
Flares (SERF), during which the SMM instruments and many ground
based instruments were pointed to the same active regions.
The flare that we will describe occurred on May 27 (during FBS
action period nr. 2) from 7:49 UT until 8:40 UT in several places
spreaded over a rather large area that contained the following
active regions:
Hale nr. 16862, 16863 and 16864(NOAA nrs. 2467, 2470 and 2469), with
four sunspots, labeled A, B, C and D, see figure 1. The main
H-alpha flare occured at the position 19° South, 12° West (labeled
Ae in figure 1).

1.1 Instruments

We have X-ray data from the HXIS experiment aboard SMM (Van
Beek et al., 1980), comprising two-dimensional images with time
resolution of 3 seconds and spatial resolution of 32", in six energy
bands in the range from 3.5 to 30 keV.
Also we have one-dimensional microwave images (6 cm wavelength) with
time resolution of 0.1 second and spatial resolution of 7", obtained
with the Westerbork Synthesis Radio Telescope (WSRT) (Kattenberg and
Palagi 1981).
An H-alpha movie of the flare made in Tel Aviv (Israel) was obtained
via H.Zirin from Big Bear Solar Observatory.
Finally we have a recording of the integrated X-ray flux in the
range from 26 - 52 keV, from the HXRBS instrument (Orwig et al.,
1980) aboard SMM with time resolution of 0.001 second from
K.J.Frost.

2 Observations

We will first describe how the flare was seen by the various
instruments separately and then present an overview of these
observations in the form of a table that lists the events in time
order. In figure 1 an H-alpha picture of the region where the flare
occurred is given. The various places where (possibly projected) the
described events were seei. are labeled for reference in the text.
Times are given in universal time (UT).
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Fig. 1. An H-alpha filtergram of the active regions in which the analyzed flare occured. The
spots, plage regions and (H-alpha , X-ray or microwave) source locations are indicated and
labeled.



2.1 H-alpha

The first brightening in H-alpha was at 7:49 in the bright
point (HD) near spot D. HD was roughly circular with 5" diameter.
The brightness slowly increased for several minutes and the point
was present during all of the event, with a rather broad maximum in
time from 8:05 until 8:20 .
At 7:54 a bright fleck (HB1) appeared inside the penumbra of spot B.
This fleck (5" diameter) rose to a maximum around 8:04 and then
gradually declined during the rest of the flare events.
A second bright fleck (HB2) similar to HB1 appeared inside spot B at
8:01. It had a comma-like shape, with the tail extending towards
HB1, forming a faint bridge between the two. Again it took about 10
minutes for this point to reach its maximal intensity (around 8:12)
after which it declined gradually during the rest of the flare
event.
A rather extended region in the trailing (east) part of region B,
labeled Be in figure 1, brightened for several minutes around 8:16 .
The impulsive phase of the flare, the major brightening in all
observed wavelength regions, occurred at 8:21 . In H-alpha the
region east of A, labeled Ae, brightened suddenly and dramatically
at this moment. The source shown in figure 1 consisted of two
closely adjacent patches in a region of 1' x 0.'5. The patches were
on different sides of the magnetic inversion line that can be
inferred from a magnetogram from Kitt Peak Observatory. The H-alpha
brightness gradually declined in the minutes following the flash.

2.2 X-rays

The HXIS data are summarized in figure 2 : pixels measuring
32" x 32" are projected on the flaring region. Light curves of the
X-rays (3.5 - 30 keV) are shown from 7:57 to 8:33 UT. Ticks indicate
8:01, 8:16 and 8s22 UT. The plus signs stand f> r .spurious counts,
well above background level.

We first point to the four pixels overlying spot B wherein the
bright flecks HB1 and HB2 occurred. The right upper pixel and, to a
lesser extent, the right lower pixel saw X-rays, the two other
pixels near to nothing. This spatial distribution r.;akes it hard to
associate the X-rays with HB1 and HB2. Moreover, the light curve of
the brightest, right upper pixel does not follow their H -time
profile, but rather that of the bright point HD near spot D, just
outside the HXIS- field of view. So, from both the spatial and the
temporal distribution we conclude that the H-alpha brightening of HD
is accompanied by the observed X-radiation, and those of HB1 or HB2
are not.

The main X-ray burst lasted from 8:21 until 8:36 UT witn its
peak at 8:24. It covered the H-alpha brightening of Ae, an elongated
source, bridging the magnetic inversion line, with an extension over
the region R, where no H-alpha brightening was seen. A few minutes
earlier, at 8:16 UT, R had already produced a weaker X-ray burst,
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Fig. 3. Intergrated X-ray flux in the energy range 26 - 52 keV as observed with the HXRBS
experiment.



simultaneous with an H-alpha brightening in Be, but on the
-projected- other side of the magnetic inversion line between Be and
R. Still earlier, at 8:01 UT X-rays were seen in two pixels at the
very center of the 8:24 main burst in Ae.
The time variation in hard X-rays (26 - 52 KeV) as observed by the
HXRBS experiment are shown in figure 3.

2.3 6 cm microwaves

The WSRT observations also show several sources at different
times. Their one-dimensional positions (and widths) are indicated
with tilted lines in figure 1. The quiet background is not
represented.

In several instances, the 6 cm radiation closely followed the
behaviour of the H-alpha emission.
At the positions of Ae, HB1 and HB2, sources were seen with the same
temporal behaviour as described above for the H-alpha emisssion. In
figure 4, the microwave observations are represented. The total
power plot of the burst is presented, adjacent to and with the same
time axis as the contours of the microwave intensity at different
(one-dimensional) position. The labels of the sources correspond to
the names of the regions in figure 1.
The source near spot D showed a long and gradual profile in time,
followed by a sudden impulsive phase and then a decay phase.
Starting at about 8:02 it rose gradually to a broad maximum around
8sl2 and it then declined again until 8:21:47. At that moment the
impulsive phase of the flare occurred and the source near D
brightened suddenly and dramatically. During the broad maximum
around 8:12, the flux density from that source was 0.5 sfu, and it
had a brightness temperature of 2 x 10 K. The source near D in the
impulsive phase, reached a peak flux density of 5 sfu with a peak
brightness temperature of 10 K.
There were two microwave sources associated with the two H-alpha
flecks HB1 and HB2. They showed time variations similar to the
H-alpha variations: the microwave source associated with HB1
(penumbra) was present from about 8:01 until 8:20. The source
associated with HB2 (umbra) appeared around 8:07 peaked around 8:12
and disappeared in the background at 8:18. The H-alpha sources were
very similar in size and brightness; the associated microwave
sources were very different. The source near HB1 reached a peak
flvuc density of 1.5 sfu and a peak brightness temperature of 4 x
10 K. The one near HB2 reached 0.5 sfu at most, and a brightness
temperature of 5 x 105 K.
Around 8:16 two sources associated with the regions labeled R and Be
reached their maxima. Both microwave sources started around 08:14
and faded away around 8:22. The western one had a peak flux_density
of 0.2 sfu and a peak brightness temperature of 7 x 103 K, is
seemingly not associated directly in position to any of the observed
sources or features. The other source that peaked around 8:16 had a
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Fig. 4. The variation of the total power in time and one-dimensional
WSRT images from the flare in the form of a contour diagram.
Contours are drawn for levels of 0.5, 0.25, 0.125 etc. relative to
the absolute peak of the microwave event.
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peak flux density of 0.5 sfu with associated brightness temperature
of 10 K, it was associated to an H-alpha flare patch indicated in
figure 1.
Associated with the two H-alpha patches at Ae, an extended (30")
microwave source was observed, apparently comprising 6 cm radiation
from both patches. Its peak flux density was 5 sfu and the peak
brightness temperature was about 10 K. After the impulsive peak
this source decayed with a typical timescale of 5 minutes.
Daring the impulsive phase, at 8:21:47, the microwave observations
show two sources. Their temporal behaviour was very similar and
nearly simultaneous (see figure 5), spatially one is associated with
region Ae; the other is associated to region HD, it is unresolved
and hence smaller than 7" in size. Unfortunately the sources had
the same angular distance as the distance between the main beam and
its sidelobe in the synthesized one dimensional beam pattern.
(Kattenberg and Palagi, 1981). However the success of beam
deconvolution and the markedly different behaviour in time of the
thus found sources (figure 5) convince us of the reality of the two
sources and their nearly simultaneous peaking (within one second).

2.4 Overview-

In table I the flare events described above are listed, as
observed in different wavelengths and at different times. As can be
seen in figure 4 and in table I, the microwave (and H-alpha and soft
X-ray) events occurred in a regular succession along the magnetic
inversion line.
The first events occurred near D, then spot B showed activity, after
that region Be and its surroundings showed brightenings in H-alpha,
X-rays and microwaves, and finally the plage area indicated with
'Ae1 flared at the observed wavelengths. The apparent speed,
suggested by the successive events, is about 200 km s"1, using the
straight line distance between D and Ae. If there would have been a
disturbance following the magnetic inversion line, however, the
actual distance travelled along the curved line was much larger and
the speed of the disturbance would have been of the order of 1000 km
s •
Two observed events do not fit in this general pattern; Ae brightens
in soft X-rays around 8:02, apparently not in relation to any of the
other observed events, but it can be regarded as a precursor to the
impulsive phase at 8:21. Secondly, the microwave source near D that
flashes simultaneously with the impulsive source in Ae does not fit.
The observations show the X-ray flash to be emitted by a fairly
extended ('diffuse') region. This needs not to be in disagreement
with the assumption that the initial source of the X-ray flash is a
localized small region, because it is known from experience with
other X-ray flares that energetic electrons, even if they are
initially confined to a small region, may rapidly diffuse over a
larger area (De Jager et al.,1982).
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Fig. 5. The microwave intensity variations at three (one-dimensional) locations during the
impulsive phase. Two positions in the extended source near Ae and one near D are plotted, to
demonstrate the partial correlation and near simultaneity of events in Ae and D.



3 Interpretation

The polarities and estimated field strength of the magnetic
features in the photosphere are given in 'Solar Data' (in Russian).
On the basis of this data, a rough picture of the fieldline
configuration in the regions under consideration can be sketched, as
shown in figure 6.
With this picture as a stage, we may try to reconstruct the physical
processes and make a scenario of this solar flare of which the
observations are summarized in table I.

Table 1. Summary of the observations. Every observed source is
represented with a column. The presence of a 'broadening' of the
line in the column indicates the period of maximum strength of that
source.

Be

TimeCM) 6<njHa] X Sen X 5cm|Kg|x

7:50 _.

9:00 .

8:10.

8:20 _

8:30.
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3.1 Location of the instability

A. model for the onset of a flare related magnetohydrodynamic
instability has been given by Van Tend and Kuperus (1978). In this
model an electric current located along the magnetic neutral line in
the corona suddenly lifts off, when it har reached a threshold
height determined by the photospheric polarity distribution. At the
threshold height the downward Lorentz force of the background field
determined by the photospheric polarities can no longer compensate
the upward force on the coronal current. This upward force is the
Lorentz force of the magnetic field caused by an oppositely directed
current on the photospheric surface. Which closes the circuit. This
current serves to satisfy the photospheric boundary condition, and
can be represented as a mirror current below the photosphere.

Fig. 6. A three-dimensional view of selected field
lines of a potential field originating from six
fotospheric monopoles. The relative fluxes of these
have been taken as follows: A -15, Ae +15, B -10,
Be +10, C -2, D +2.

Van Tend (1980) showed that the coronal current and the mirror
current are connected at the locations where the background field
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crossing the neutral line is strongest. Those locations occur on
the lines connecting opposite magnetic polarities close to each
other. In the three active regions under consideration here, five
such locations are present; from south to north these are: (1) in
area Ae, (2) A and Be, (3) B and Be, (4) B and D, (5) C and D. In
between two adjacent pairs the coronal current reaches a maximum
height, and there an instability is most likely to occur. Thus,
there are four such locations, each associated with three of the
sources of the background field. Of those sources Ae, B, Be and D
are observed to be involved in the flare. Also it is near D (and
subsequently near B) that the first signs of the flare occur in
H-alpha . Thus the most probable location for the onset of the
instability is the one in between B, Be and D.

No prominence seems to have been associated with the coronal current
at the likely eruption site in between B, Be and D. Evidently no
prominence had formed yet around the coronal current there before
the eruption threshold was reached. The absence of a prominence
does not exclude the presence of an electric current in the low
parts of the corona, where the 'neutral-line current' is assumed to
flow.

3.2 Cause of the instability

The instability threshold can be reached in two ways. First, the
electric current in the corona may increase in strength and thus
rise, and reach the fixed threshold. Secondly the threshold may be
lowered by changes in the background field. If a larger coronal
current is created for the first mechanism to work, then motions of
field line footpoints or newly erupted flux would probably be
observed near the instability site (Van Tend and Kuperus, 1978, Van
Tend, 1979, chapter 7). For this flare no photospheric changes have
been reported in that area. Only in an area to the west of the spot
A a steady growth of the magnetic flux was observed in the days
before and after the flare, but at that place no flaring activity
was observed. A discussion of how this growth can lower the
threshold and thus cause the flare by the second mechanism, will be
given in the following.

On the basis of the magnetic field calculations we conclude the
following: At low heights the neutral line runs north till beyond
the active region made up of B and Be. Then it bends west, and
north again in between C and D. At heights above about 50000 km
this topology changes. The neutral line continues north after B and
Be, while the area D is enclosed by a separate piece of neutral
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line. There is a downward field in between the two neutral lines.
So D is an isolated polarity at these altitudes.

The algorithm used by Van Tend (1980) to calculate the magnitude and
stability of the coronal current cannot be applied near the point
where the neutral line topology changes. It is only applicable
where the plane defined by the neutral lines at all heights is
sufficiently vertical and flat. In this case the plane has a saddle
point, where the neutral line topology changes.

At low heights a stable coronal current runs along the neutral line
in the direction from Be to D, since the background field crosses
the neutral line in the direction towards B (Van Tend and Kuperus,
1978). North of the active region made up by C and D a stable
current has to run northward. Extrapolating these results for low
heights, based on the horizontal stability requirement, it is seen
that the current at the saddle point has to run westward when
considering the neutral line from Be to D, and eastward, when
considering the northward extension of the neutral line through the
C-D system. Hence the equilibrium current has to be zero at the
saddle point.

At small heights the neutral line is sufficiently flat for the
algorithm of Van Tend (1980) to apply. A finite, stable coronal
current is possible there. Since the current is zero at the saddle
point, a maximum value for a stable current has to exist in between.
Thus the saddle point height is an upper limit to the maximum stable
height for a coronal current.

The field computations show that the saddle point occurs at a height
of 55000 km for relative fluxes in Ae, Be and D of 10, 10 and 2,
respectively, each compensated by equal negative fluxes in A, B and
C. For relative fluxes of 15, 10 and 2, the saddle point height is
lowered to 51000 km. Thus growth in the active region consisting of
A and Ae alone can lower the upper limit to the instability height
in between B, Be and D. Assuming that the instability height itself
is also lowered by this growth, which seems very likely, the
conclusion can be drawn that the flare described in this paper can
be attributed to the growth reported in the southernmost active
region, the only region showing growth.

Ill



3.3 Development of the instability

Kuperus and Van Tend (1981) have considered the adjustment of
the magnetic field during and after the eruption of the coronal
current. The eruption removes the field lines that are closed
around the coronal current. The post-eruption field is made up of
the field lines connected to the photosphere which were already
present before the eruption. There is no need for reconnection on a
large scale.

In the first stage after the onset of the instability, the current
circuit is assumed to expand upward and possibly sideward, while the
magnitude of the current does not diminish significantly. In this
stage loops of connected field lines may be compressed or displaced.
In a second stage the current diminishes as the circuit expands
further (Anzer, 1978). As a result the closed field lines disappear
and the connected field lines start moving to their future
equilibrium positions. Oscillations are set up by their overshoot.

The damping of these oscillations was assumed to constitute the main
thermal and non-thermal energy release. The sudden character of
this energy release was ascribed to the attainment of instability
thresholds in small volumes. The manifestations of this energy
release only are indirect indications of the invisible
magnetohydrodynamic phenomena that preceeded. The present detailed
observations however still permit a considerable refinement and
improvement of the model of Kuperus and Van Tend (1°31).

3.3.1 Initial energy release

As the coronal current erupts, its footpoints will remain
fixed, one in between B and Be, the other in between B and D. The
initial energy release, as seen in H-alpha , soft X-rays and
microwaves is evidently confined to the western part of the circuit,
involving loops connecting B and D. A more detailed analysis
relating the local development during the first 25 minutes of the
flare to the structure of the magnetic field has not been possible.
The short X-ray brightening of Ae at 08:00 could possibly be related
to a high loop connecting B and Ae, which is being compressed by
vertical expansion of the current circuit.

3.3.2 Development towards the impulsive phase

The footpoint towards the south-east is located in between B
and Be. Southward horizontal expansion of the current circuit in
the neutral line plane will be limited by the strong background
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field in between the two polarities. Expansion of the current
circuit into this region requires much work to be done against a
high magnetic pressure. Hence southward expansion will be slow.

At larger altitudes the background magnetic field in between B and
Be is not particularly strong anymore. Another maximum occurs only
in between A and Ae. Thus at larger heights the southward expansion
of the current circuit will be much less restricted. We associate
the soft X-ray brightening of region R south of B-Be at 08:16 with
the compression of high lying loops, caused by the sudden horizontal
breakthrough of the current above the B-Be active region. The
H-alpha brightening at Be at about the same time is located more to
the north. Therefore, it presumably is not as intimately related to
the southward compression by the current. It may have been caused
by subsequent relaxation, as discussed in the following.

As the sudden further expansion occurs, the current in the circuit
diminishes in magnitude. Less closed field lines around it are left
per unit length. This will cause field lines connecting B and Be,
which had been displaced before, to fill up more space in the lower
corona. These field lines will overshoot into oscillations, the
damping of which causes heating. We associate the H-alpha
brightening around 08:16 in region Be with the damping of these
sudden oscillations. The decrease of the current corresponds to a
wider separation between the field line rings around the current.
Their new distribution has to be communicated around the whole
circuit before the expansion can take its full effect. Roughly
estimating the circuit length involved at this time as 340 000 km
(twice the distance A to D) and the propagation speed as a coronal
Alfven speed of 1000 km s , a retardation time of almost six minutes
is found. This corresponds nicely to the five minute delay observed
between this stage and the impulsive phase at 08:21.

3.3.3 The impulsive phase

The observations during the impulsive phase seem to be rather
conflicting. The H-alpha (two patches on opposit sides of the
magnetic inversion line) and x-ray (elongated source crossing the
inversion line) observations suggest local activity in Ae. The
microwave observations show simultaneous impulsive sources in Ae and
near D.

The impulsive phase in region Ae seems to be a flare event induced
by the developements above, an instability of a current above che
magnetic inversion line. The changes in the field structure above
region Be, propagate with the alfven speed to the nearby region Ae,
Where a current is held down by the lorenz force of the background
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field, as described by Van Tend (1980). The changes in the
background field then trigger the current instability and thus cause
the release of energy at Ae. The fact that the filament seen
between Be and B remains at its place during all of the described
flare events and the occurrence of a precursor in soft X-rays in Ae
(8:01) strengthen the impression that Ae is a separately flaring
region.

In contrast to this description, the impulsive microwave events that
occur within one second in Ae and near D, a distance of about
170 000 km, suggest a connection with almost the speed of light,
rather than an MHD effect. The pattern suggests that relativistic
particles are produced by a high coronal acceleration source in
magnetic field that connects the two microwave sources. The near
simultaneity implies in that case that the difference in path length
from the acceleration source to the two microwave sources is smaller
than about 10000 km. The implied connecting fieldlines between Ae
and D, are not present in the approximate field calculation shown in
figure 6. Also, the flux variations of the source near D correlate
partly with the variations in the east part, and partly with those
in the west part of the extended source in Ae (two profiles labeled
AeE and AéW in figure 5). If these parts are assumed to be
associated with the two observed H-alpha flare patches, as seems
reasonable, then D would have to be connected to two regions of
different magnetic polarity

To summarize, the source structure of the flare in Ae, with patches
close to and on opposite sides of the magnetic inversion line,
suggest a flaring loop with a length and height of about 30000 km
(the dimension of the sources). The simultaneous correlated
microwave events near spot D, however, imply a connecting field
between Ae and D (with a length > 200 000 km) in which a
symmetrically located acceleration source provides the electrons
that cause the microwaves in the loop's footpoints.
It seems difficult to reconcile both conflicting pieces of
observation.
The suggestion that the MHD disturbances generated above Be as
described in part 3.3.2, trigger both the events at Ae and those
near D, by propagating both ways, does not explain the correlation
and simultaneity on a timescale of a few tenths of seconds that is
observed (figure 5).

4. Conclusion

The observations of this flare have indicated two additions to
the scenario of Kuperus and Van Tend (1981). First, there is the
fact that the subsequent sudden brightenings can be associated with
new stages in the expansion of the erupting current filament. These
various stages are a consequence of the interaction of the current
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circuit with the spatially varying background field in a particular
case. The rich spatial structure, like the one observed in this
case, was not taken into account in the earlier general scenario,
which is based on a gradual eruption and had more difficulty in
explaining the existence of subsequent sudden brightenings.
Secondly, while the present observations show that both the
compression of loops and jthe subsequent relaxation are causes of
brightenings, the wavelength regions of these brightenirigs do not
show clear^correlations with the assumed ways of magnetohydrodynamic
development. " : "•" •"••---—•- "———: —

No satisfactory explanation has been' found for the /extreme
simultaneity of the impulsive phase microwave bursts in Ae and D.
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CHAPTER IX

Spatially coherent Oscillations in Microwave bursts

Arie Kattenberg and Max Kuperus

Abstract

Solar microwave burst observations (made with the WSRT) with
high time and high spatial resolution show large scale (>8000 km)
short period ( 1.5s) modulations of the source.
It is argued that an interpretation in terms of alfven oscillations
in the microwave source is ruled out by this observation. Instead
it must be tho source of the fast electrons, that produce the
microwaves, that is oscillating.
The fluctuating acceleration region is identified with a volume
where a sheared field is compressed against a flux tube by an
unstable current. MHD oscillations in the overlying fluxtube are
caused by the pushing force. The rapidly expanding current plays a
major role in the flare theory of van Tend and Kuperus (1978).
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1 Introduction

Recent observations with the Westerbork Synthesis Radio
Telescope (WSRT) with high spatial and high temporal resolution of
solar microwave bursts show short period oscillations with periods
of the order of a second. A particular example is the microwave
burst observed on June 13, 1980 at 6 h 22 UT in Hale region nr.
16898, which was related to a solar flare, as shown in figure 1.

Pulsations with a similar timescale have been reported
frequently in Solar type IV bursts (de Groot 1970). They have been
interpreted in terms of radially oscillating fluxtubes (Rosenberg
1970)• The eigen period of the fluxtube is determined by the Alfven
crossing time. Hence T-1 /V^ , where 1 is a characteristic radial
structure length and V^ is the alfven velocity. The oscillation of
the flux tube, and consequently of the magnetic field, would then
modulate the radio emission, which in the case of type IV bursts was
presumably synchrotron radiation.

420

96 108 120 Sec

6.23.00

Fig. 1. Time profiles at different locations in the
one dimensional WSRT solar image during a microwave
burst. In the rising phase to the first major peak
the oscillations discussed in the text occur.
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Zaitsev and Stepanov (1975) showed that under coronal
conditions, longitudinal tube waves are heavily damped by the
surrounding plasma. Meerson et al. (1978), proposed that the radial
oscillations could be sustained via bounce-resonant coupling between
the waves and a cloud of energetic protons, produced in the flare
and excecuting trapped motion in the loop.

The WSRT observations described in part 2 of the paper indicate
another difficulty in the use of this model for the explanation of
pulsations of this type; the pulsations discassed seemed to be
coherent over a distance of the order of 101* km.

If it is assumed that the pulsations were caused by radially
oscillating magnetic fluxtubes, Alfven speeds larger than
lO*1 km s"1 would be requiered. Under coronal densities ( ne= 10

8 cm3)
this would require B >> 1000 gauss. There is no evidence for such
high field strengths and they are difficult to justify on
theoretical grounds.

We therefore abandon the idea that flux tubes would oscillate
coherently over such large distance. In part three we propose a
model where the oscillations are excited in a much more restricted
volume.

20'

Fig. 2. Spatially resolved components of the
microwave burst, at different times, showing that
the whole source is varying during the discussed
oscillations.
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2 Observations

The observations were made with the high t.ime resolution (0.1
s) mode of the WSRT described by Kattenberg and Palagi (1981). The
prominent oscillations indicated in figure 1 have a period of 1.5
seconds. By subtracting the one dimensional brightness distribution
between two peaks from the one during a peak we obtain the true
brightness distribution of the oscillating component. In figure 2
we see several of the peaks resolved spatially with this method.

Apart from the values for the flux density, the pulses all have
the same size, shape and location as the fast rising background
microwave burst source component in which they appear. The source
profiles, wich are well resolved, have a FWHM of 9" i.e. the extend
of the source is of the order of 10000 km. Within the limitations
of the 0.1 second sampling rate the entire source seems to change in
brightness instantaneously.

An other burst, at 17 h 28 UT on 26 May 1980 in Hale region
16863 (S13 W07), showed quasi periodic fluctuations on a timescale
of 0.4 second. Again the source appears as an instantaneously
varying slightly tilted triangle with a base of 8000 km.

The observations can be explained in terms of modulation of the
electron acceleration process rather than the radio emission
mechanism. It is suggested that the electrons could be produced in
pulses in a small region high in the corona, and that the electrons
from this region could be guided down along the magnetic field lines
into the microwave source region. The model is discussed in greater
depth in the following section.

3 Interpretation

The emission of impulsive microwave bursts is usually ascribed
to magneto bremsstrahlung from electrons with. v= 1/3 c. (Svestka,
1976) This velocity is much larger than the Alfven velocity, and
hence the electrons can produce simultaneous effects over much
greater distances. We propose the following model for the origin of
the coherent microwave fluctuations.

The extended region of microwave burst emission is connected by
the magnetic field to a region higher in the corona where the
electrons are accelerated. The acceleration could be caused by
reconnection and tearing mode instability in sheared magnetic
fields. The tearing instability could be driven by the erupting
current filaments described by van Tend and Kuperus, 1978, van Tend
1979, Kuperus and van Tend, 1981 a,b.

The filament eruption associated with the flare triggers the
tearing instability in overlying coronal loops. It should be noted
that in the event of June 13, 1980 there is evidence for sheared
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coronal fields since the neutral
polarities is curved (figure 3).

line dividing the magnetic

Fig. 3. An H-alpha filtergram made two minutes-after
the onset of the flare, showing the chromospheric
brightenings. The fotospheric magnetic inversion
line is also drawn in the figure.

The expanding current filament, which is the basic ingredient
of the flare theory of van Tend and Kuperus (1978), pushes the
sheared field together. In this configuration we expect the tearing
mode to be a fast tearing mode (Spicer,1976) with a caracteristic
growth time:

_ _ 2/3 _ 1/3 (1)
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being the local Alfven
= (4wod)"1 the diffusion

transit time and
velocity) is the local

with A
d/VD (with V D

diffusion time.
It has been argued (Kuperus 1976) that the characteristic

length d of the tearing region in flares is of the order of
d=10 cm. With a Coulomb resistivity of fi = a - 10 e.m.u. we
find T,^ 200
burst.

s which is of the same order as the duration of the

Now it is of importance to note that the pulsations occur
during the rising branch of the burst and not during the decay. The
oscillations are clearly excited during the pushing.
As soon as the tearing mode originates electrons can be accelerated.
The acceleration mechanism is still a matter of debate but it is
well established that magnetic field reconnection in dilute plasmas

( 3 =^ maqn
to h

always associated with the acceleration ofaas^maqn
particles to high energies. In the case of microwave bursts we only
need mildly relativistic particles (v= 0.3 c).

oscillating
coronal source sheared

fields

filament

neutral line
coherent
microwave
source

Fig. 4. Hypothetical three dimensional structure in
the corona as discussed in the text. An unstable
current in the neutral plane of the active region
expands into a sheared inhomogeneous magnetic field.
Oscillations modulating the particle stream v are
exited at A. Coherent microwave oscillations are
thus observed over the extended region B.
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From the very beginning of electron acceleration at point A (see
figure 4), presumably close to the top of a loop, the electron beams
travel downwards to the magnetic footpoints where they generate
gyrosynchrotron emission. The extended region B at the footpoints
fluctuates simultaneously since the fluctuations are produced by the
characteristics of the acceleration region at A. Any pulsation at A
therefore shows up at B and the coherence of fluctuations in B is
simply explained.
If the path lengths from A to different parts of the source in B are
given by AB and AB the synchronisation is given by:

At =(AB -AB )/v (2)
1 I. el

which is less than the time resolution of the Westerbork system (0.1
s).

Using this hypothesis we are now in a position to identify the
oscillations as global magnetohydrodynamic oscillations of the
coronal flux tube at the acceleration region A near the top of the
loop in the same way as has been proposed by Rosenberg (1970) for
type IV bursts. A period of T =1.5 s is consistent with a radial
oscillation of a flux tube with 1000 km diameter and an Alfven speed
of VA =700 km/s.
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CHAPTER X

6 Centimeter observations of solar bursts
with 0.1 s time constant and arcsec resolution

Arie Kattenberg and Marc Allaart

Abstract

The results are presented of the high time resolution (0.1 s)
observations of solar microwave bursts with the Westerbork Synthesis
Radio Telescope. The ten (rather weak) microwave bursts that are
described here were observed at 6 cm wavelength during the Solar
Maximum Year (1980) in the Flare Buildup Study (FBS) action periods.
The bursts are very different in detailed appearance, as e.g. their
time evolution, their polarization structure and the occurrence of
strongly polarized spikes and spikes at different positions. There
are, however, also interesting similarities. The bursts appear to
have a bipolar nature, with different characteristics of the two
sources. Often one of the sources is narrow (< 10"), bright
(T > 10 K) and higly variable in time. The other source is
broader (> 15"), fainter (T < 5 x lu K) and it shows a more
gradual evolution in time. The pattern can be understood as the
result of flaring in an asymmetric coronal magnetic arc.
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1 Introduction

In this paper we present some of the main observational results
of 6 cm observations with high time and spatial resolution obtained
with the Westerbork Synthesis Radio Telescope (WSRT) during the
Solar Maximum Year (SMY, 1980 - 1981). A description of the
observing technique, instrumental properties and observing periods
is given by Kattenberg and Palagi (1981); in that paper one can also
find a summary of the microwave bursts that have been recorded with
peak flux densities between 1 and 25 sfu. To identify the bursts,
we will use in this paper the Westerbork observation numbers, that
were introduced there. Several of the bursts are described in more
detail and are compared with observations in other wavelength
regions (hard and soft X-rays,H-alpha ) as presented by Kattenberg
et al,(1981a), Van Tend et al. (1981) and Kattenberg & Kuperus
(1981). Here we wish to present an overview and we attempt a
comparison of all of the well reduced burst data.

Solar microwave bursts are usually closely related with solar
flares. The emission is often interpreted as magneto bremsstrahlung
of fast electrons in strong magnetic field regions in the lower
corona (impulsive phase) or as bremsstrahlung from a hot plasma in
the lower corona (decay phase). The microwave radiation is known to
be well correlated with X-rays and both of these radiations are
thought to be closely related to the initial coronal energy release
process in a flare.
Burst characteristics vary from weak (1 sfu) short-lived (few
minutes) events to bursts that last 2 - 3 hours with peak flux
densities of thousands of solar flux units (Kundu 1965). Single
dish and interferometric observations like the ones we describe
below have shown some general properties. Many bursts show a strong
impulsive component, superposed on a more gradually evolving main
burst. The impulsive phase occurs early in the burst, lasting
typically 10 - 100 s. It is often one single source with Full Width
at Half Maximum (FWHM) in the range 3" - 20" (Alissandrakis and
Kundu 1978, Lang 1981) and with peak brightness temperature 5 xlO7 K
- 108 K (ibid.). The circular polarization degree of the radiation
in the impulsive phase can be strong (> 50 %) (Kundu 1980, Lang
1981).
The gradually evolving part of the burst , which can also occur
without impulsive phase, lasts from minutes to two or three hours.
The source is much broader than that of the impulsive component;
usually sizes > 1' are observed (Kundu 1980). The brightness
temperature is typically 10 6 - 107 K. During this phase the
circular polarization is low or absent (Alissandrakis and Kundu
1978).

The above quoted properties, however, are only based on a few
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well observed examples, and there are many indications that
exceptions occur.
Hobbs et al. (1974) reported structure in active regions on a
spatial scale < 1", observed at 3.7 cm. Fast fluctuations in
flare-associated 10 cm emission, on a timescale of milliseconds, as
reported by Slottje (1980), also indicate that spatial finestructure
< 1" may be quite common in microwave bursts. Some observers report
a simple source structure; a single stationary source that evolves
in width, strength and degree of polarization (Alissandrakis and
Kundu 1978, Lang 1981), others report multiple sources of different
character and with different evolution in time (Enome et al. (1969),
Kosugi 1980;1981, Marsh et al. 1980). Sources of cm emission
apparently can be associated with the inversion line of the
photospheric magnetic field (Kundu et al. 1977, Marsh et al. 1980),
or with the chromospheric H-alpha flare patches or ribbons (Lang
1981, Kosugi 1980;1981). Multiple components can be 18" apart
(Marsh et al. (1980) but a separation of more than 3' has been
observed (Kosugi 1981). Enome et al. (1969) observed 'sympathetic'
bursts occurring almost simultaneously in distant active regions.
The pattern in the evolution of the degree of polarization (high
polarization in the impulsive phase followed by rapid decline to
zero in the decay phase) that Kundu and Vlahos (1980) discuss is not
always observed; sometimes the time profile of the V Stokes
parameter shows variations similar to those in the I-profile, during
all of the burst, implying a rather constant degree of polarization
(Kosugi 1980;1981, Lang 1981).

2 Reduction and representation methods

2.1 Beam deconvolution

The one-dimensional WSRT beam properties and the calibration
procedures were already described in Kattenberg and Palagi (1981).
After Fourier transformation of the interferometer outputs, the
one-dimensional solar brightness distribution is still convolved
with the synthesized beam. In order to deconvolve, two methods were
developed.
Firstly the image can be decomposed into many point sources, by
repeated subtraction of synthesized beam patterns from the convolved
brightness distribution. This method is the one-dimensional version
of 'cleaning' (HÖgbom 1974) that was developed for two-dimensional
synthesized radio images. Contrary to the two-dimensional case, the
sidelobes of the one-dimensional beam can be about the same height
as the central peak, which makes it difficult to identify the source
and discern it from its sidelobe response. By using a suitable
weighting function, the cleaning can be concentrated on selected
parts of the brightness distribution.
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A second aproach to find the true brightness distribution from the
convolved one, is model fitting. We adapted an algorithm developed
by Palagi (1982) that fits (convolved) gaussian sources to the
distribution iteratively. The assumption that several gaussian
sources can represent the true brightness distribution, can only be
approximately valid and also the method takes much more computer
time than cleaning. On the other hand, model fitting can give
source locations and widths very accurately even when only a few
baselines are measured (i.e. when the synthesized beam is very
complicated). We used this method to determine the source widths
given in part 3. The method cannot determine widths smaller than the
beam width with good accuracy.

2.2 Background

Associated with solar active regions, one finds at cm
wavelengths the so-called S-component; thermal bremsstrahlung from
coronal condensations above plage regions and gyro resonance
emission from strong field regions near sunspots (Pallevacini,1981).
This component forms a background in the one-dimensional brightness
distributions described here (e.g. figure 2). The background
changes in the course of several minutes due to two effects:
The slowly varying component changes in strength and shape, and the
orientation of the one-dimensional projected baseline relative to
the sources changes as the earth rotates. Due to this changing, it
is difficult to separate the background from a microwave burst
source, especially when the burst is very weak or has a long
duration. In some cases subtraction of the brightness distribution
just before the onset of the burst, or subtraction of a distribution
interpolated between one before the onset and one after the decay of
the burst has been succesfull. However in most cases background
subtraction was not attempted or only used to determine parameters
(e.g. degree of circular polarization).

2.3 Timing

Discontinuity in the fringe stopping system in the WSRT causes
an error every ten seconds (cf. Kattenberg and Palagi 1981). In
figure 6 where time profiles of several points in the brightness
distribution during a burst are shown, the effects of this type of
error are apparent at 06:22 UT. Because the exact time of these
errors are known, a clock readout error of the Westerbork system was
discovered. As the source of this error is still unknown, it limits
the timing accuracy to about 1 second.

127



2.4 Representation

To investigate the obtained solar brightness distributions, one
has to present the data in such a way that it can be inspected and
compared by eye. To study different aspects, moreover, different
representations have to be provided to bring out specific details.
We will now describe the various kinds of plots that we present in
this article, in order to show the format, purpose, use and
shortcomings of each method of presentation.
Total power plots, like the one in figure 1 show the time-averaged
response of one single dish and receiver, usually over an extended
period (several minutes). Most observations of cm bursts are in the
form of this type of recordings and these plots can be used to
classify the event. Also they provide a simple means to overview a
whole observation period or long event.
The most detailed, most complete image of an event is provided by
contour plots similar to figure 2 . The signal level at different
moments and on different positions is represented by contours of
equal flux level. If the absolute peak in the event has height = 1,
then the contours have levels 0.5, 0.25, 0.125 etc.
Time profile plots as e.g. presented in figures 3a and 3b are able
to show the smallest structures and signal variations. The
fluctuations in the fast rising in figure 6 do not show up in any of
the other representations.
A detailed look at the source structure at a certain moment can be
obtained from a plot of the brightness distribution. Figure 13
shows such one-dimensional snapshots of the background and microwave
burst source.

3 Results

A summary of the results of the high time resolution
observations is presented in Kattenberg and Palagi (1981). Here we
present a more detailed analysis of ten microwave bursts. Three
criteria have determined the selection of the bursts that are
described below:
-The peak flux density; Bursts that are much stronger than the
(system) noise and the background (S-component) sources, are easier
to analyse than weak bursts.
-Bursts for which HXIS observations were available were analysed
with high priority.
-Finally some bursts that appeared to have fine structure in space
or time, as judged from the Realtime Display System images
(Kattenberg and Palagi, 1981) were studied in more detail.

Although the ten bursts discussed below are very different, it
is possible to give a number of characteristics that are observed in
most cases. All except one (3001) show at least two spatial
components with more or less different characters. In most cases,
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there is a resolved, gradually evolving polarized source (often with
more or less constant degree of polarization) and an unpolarized
rapidly varying "spiky" source, often unresolved in space and time.

We will describe the bursts individually, each description
starting with a table of relevant parameters, and then discuss the
similarities* The, relative locations . will -be indicated with 'east'
and 'west' although the orientation of the projected baseline is not1

always in an east-west direction. In : the r^ figures and tables,
numbers related to the reduction procedure :are used to -label
one-dimensional (source) positions. The active regions in which the
bursts occur are indicated by their NOAA number. An entry 'Fringe'
in the tables gives the width and orientation of the one-dimensional
image. The orientation is given as the angle between the projected
baseline and the east-west direction in the sky.
The circular polarization degree will be given as a percentage, the
.sign indicating the sense (minus indicating Right-hand circular and
plus indicating Left-hand circular polariztion).
All the source parameters vary in time. In the descriptive tables we
give representative -values related to the instant of the highest
intensity'peak' of the source. Brightness temperatures of the
sources are esimated in the table by assuming that the sources are
circular. ;

17.

15.

1 .
£
a -

if ia

i

14:05 14:09 14.13 1417
TimetUX)

14:21

Fig. 1. Total power plot of bursts 2204a and 2204b
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3.1 Bursts nr. 2204a and 2204b

Burst.
Date
Time
Active Rgn.
Fringe
FWHM beam
Sources
Width
Peak flux
T
Polarization

Burst
Date
Time
Active Rgn.
Fringe
EWHM beam
Sources
Width
Peak flux
T
Polar ization

2204a
13 June
14:06:04

1980
I

2502, 2511
14.24',
3.4"
161
14"
6.5 sfu
2 x 107

few %

2204b
13 June

-17.07 0

183
13"
1.5 sfu

K 5 x 106 K
-60 %

1980
14:15:17
2502, 2511 n

14.60',
3.4"
155
5 "
6.5 sfu
1.5xlO8

few %

-18.40

160 188
5 " 7.5"
1 sfu 5 sfu

K 2 x 107 K 5 x 107 K
few % -50 %

These bursts seem closely related and are therefore described
together. Both show the typical temporal and spatial structure
described above. Figure 1 shows the total power during this event.
Figure 2 is a contour plot showing both bursts. The spatial center
of the sources is about the same, but burts b has more separation
(92") than burst a (59"). In both cases, the eastern component is
the spiky one, unpolarized and rather narrow. The western components
are polarized, during the peak as well as the decay phase. Also the
degree of polarization is similar (-60% and -50% respectively).
The second burst is the more interesting one; time profiles in both
polarizations for both sources are shown in figures 3a and 3b. By
comparing the gradual components (labeled 188) it is clear that
globally the polarization degree is about constant. Individual peaks
can show up with a different degree of polarization, in some cases
amounting to 100%.
The spiVy source seems to jump from one location to the other,
indicated by 154 and 155. The projected distance is only a few
seconds of arc.
Another interesting detail, not visible here, is a short (0.5 s)
spike 10 seconds before the first burst event shown in figure 3b.
Its location is between the gradual and spiky components, at the
position of the spiky component of burst 2204a. This may be

130



associated with a trigger for the second burst event (2204b), or a
remnant of burst 2204a as i t s location suggests.

T 0' +1'
Position (Arcmin)

Pig. 2. Contour plot of bursts 2204a and 2204b. The relative heights
of peaks and contours in the I stokes parameter are indicated.
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14.1515

141515 14:1S3O Time (UT.) _», 141545

Figs. 3a and 3b. Time profiles in the right- (3a) and left-handed
(3b) circular polarizations of source components in burst 2204b.
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3.2 Burst nr. 1846

Burst
Date
Time
Active Rgn.
Fringe
EWHM beam
Sources
Width
Peak flux

Polarization

1846
26 May 1980
17:28:20
2467,
32.56'
7.7"
153
6"
7 sfu
1 x 10
-40 %

2469, 2470
, -88.08

155
7 "

8 1.5 sfu
K 2 x 10 K

few %

181
20 "
4 sfu ,
6 x 10° K
few %

This burst occurred only 4 minutes before "sunset" (telescopes
reaching hour angle limitation), so we observed only the impulsive
phase. Also the resolution is quite low which is not altogether a
negative effect, considering the large distance that was found
between separate sources in this case (almost 3 1). Figure 4 shows
the time profiles of the 3 components discerned within this burst.
The eastern ('northern' would be more appropriate in this case)
sources are only separated by 12". Their timeprofiles, that are
different in character and duration, peak at nearly the same moment.
The profile of the spiky source (153), seems symmetric in time, with
similar details on both sides of the highest peak. Such symmetries
were already reported by Crannel et al. (1978).
A study of the source structure of the source labeled 153 shows that
it is resolved and that the fluctuations all originate from the same
(one-dimensional) source that varies synchronously over its extent.
The other source (labeled 188) peaks 3 s later than 153 and 155. A
look at a single uncleaned (i.e still convolved with the synthesized
beam; Kattenberg and Palagi, 1981) brightness distribution during
the peak of this source (figure 5, about 2 seconds after the peak in
source 153 and 1 second before the peak in source 181) shows it may
consist of two sources with different sense of polarization, too
close to be seen separately otherwise.
Good (soft) X-ray and H-alpha observations of this flare exist, and
it is analyzed in that context in more detail by Kattenberg et al.
(1981b).
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1729

Pig. 4. Time profiles in the I Stokes parameter of source components
in burst 1846

40-,

20.

f-20.

-1S" -101

.101

-5' 0" 5'

Position (Arcminj-

T
10' 15'

Fig. 5. One dimensional solar brightness distribution during burst
1846.
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3.3 Burst nr. 2195

Burst 2195
Date 13 June 1980
Time 06:21:55, 06:22:27
Active Rgn. 2502, 2511
Fringe 26 .72 ' , 49.57°
EWHM beam 6.3"
Sources 160 162
Width 9 " 6 "
Peak flux 8 sfu 2 sfu
Tb 5 x lO7 K 3 x 107 K
Polarization -28 % few %

In H-aplha this burst showed a bipolar sturcture with H-alpha
patches on both sides of the magnetic inversion line. Due to an
unfavorable baseline orientation, however, these H-alpha patches are
projected on almost the same point in our one-dimensional projected
baseline. The microwave burst only shows one single source in this
case. A closer look at this source shows that it is a-symmetrical,
and in figure 6 we plotted not only the time profile in the peak of
the source, but also profiles 5" and 10" to the west of this center.
The westernmost location peaks about 8 seconds later than the less
smooth center of the impulsive event. Also there is no polarization
there, while the peak source itself had a polarization of -28% and
-13% (respectively for the two subsequent peaks in time.). It
cannot be decided wether this source labeled 162 in figure 6 is in
reality about 10" (8000 km) separated from the source labeled 160,
or wether their true distance is 5 times larger, as suggested by the
H-alpha patches.
In the rising part of the first impulsive peak of the strongest
source, quasi periodic (1.5 s) oscillations are seen (figure 6).
Kattenberg and Kuperus (1981) demonstrated that these flux
variations are coherently simultaneous over the extended (8000 km)
one-dimensional source as a whole within the resolution of 0.1 s,
similar to the fluxvariations in the source of burst nr. 1846.
A more detailed analysis of the related flare by a comparison of
many different observations (soft X-ray images, H-alpha filtergrams
etc.) is presented by Kattenberg et al. (1981a).
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Pig. 6. Time profiles at three (one-dimensionally) adjacent locations in burst 2195



3.4 Burst nr. 1804

Burst
Date
Time
Active Rgn.
Fringe
EWHM beam
Sources
Width
Peak flux
Tb
Polarization

1804
25 May
14:11:
2467,
14.74'
3.5"
157
7 "
1 sf U
10 ' K
+10 %

80
39
2469, 2470
, -50.17°

151
1.5 "
2 sfu
5 x 10
-20 %

This source again has a double stucture in space, with a spiky
and a gradual source. Both sources are now polarized. The broad and
gradual one about +10% and the spiky one -20%. The last value is an
average; for every individual spike the polarization is a little
different. Time profiles, shown in figure 7 give the impression that
the peaks in the gradual source are related with the peaks in the
spiky source; there is a two to three second time delay between the
peaks. The separation of the two sources is about 15" projected on
the one-dimensional baselines.

14.11
Time (U.TJ

14:t2

Pig. 7. Time profiles in the I Stokes parameter of source components
in burst 1804
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3.5 Burst nr. 5544

Burst
Date
Time
Active Rgn.
Fringe
fWHM beam
Sources
Width
Peak flux

5544
19 June 1979
13:09:20
Hale nr. 16073
5.92', -03.17°
6.0"
24 28
6 " 22 "
1 sfu 3 sfu
10' K 3 x 106 K

This burst was observed during a test measurement in the
developement of the high time resolution mode. The old (Baars &
Hooghoudt,1974) configuration of the baselines was used, with a
longest baseline of 1260 meters. The total event lasted rather long
(20 minutes) (see figure 8) and, remarkably, the impulsive phase did
not occur in the beginning, but somewhere halfway in the event.
Again there is a broad gradual source with at its very edge a spiky
one. The spiky source seems to progress from one location to an
other (labeled 24 and 25 in figure 9), possibly indicating two
different locations, brightening at successive times. We are not
sure about the polarisation but judged from single interferometer
outputs, it seems that the spiky source is unpolarized and the other
one has considerable degree of polarization.
Also in this case the peaks in the broad gradual scarce occur about
10 seconds later than the peaks in the spiky source. The projected
distance between the sources is about 22".

Time (UT) .

Pig. 8. Total power plot of burst 5544
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13:08

Fig. 9. Time profiles of source components in burst 1846



3.6 Burst nr. 3601

Burst
Date
Time
Active Rgn.
Fringe
FWHM beam
Sources
Width
Peak flux
T
Polarization

3601
26 September 1980
10:37:53
Hale nr. 17145Q
11.99', -00.25
2.8"
123 140
5 " 4 "
1.5 sfu 12 sfu
3 x 107 K 4 x 108

few % +10 %

180
18 "
12 sfu

K 2 x 107 K
few %

This was the burst with the highest peak flux (25 sfu) in our
1980 programme. This burst also has a double structure, shown in
figure 10. The eastern component is very narrow and its decay phase
was clearly exponential. The total duration of the event was rather
short, about 2 minutes. The western source was much broader and
weaker than the eastern one. Both sources are rather weakly
polarized. The narrow one about 10%, the broad source even lower. A
few seconds before the narrow source reaches its peak, a spatially
unresolved and -100% polarized event occurred inside the narrow
source, 2" to the west of its peak. Figure 11 shows time profiles
in the two circular polarizations at different positions. The
weaker and broader source is also represented in figure 11.
The source distance is 89"; there is some indication that both the
broad and the narrow source are bipolar, similarly to the source
described in burst 1846.

The source labeled 123 in the table, is rather weak and we are not
sure that it is real.
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-1' O' +1'

Position (Arcmin)
2'

Pig. 10. Contour plot of the left circular polarized component of
burst 3601
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60.

140

1 0 : 3 8 Time (U.TJ 1039

60.

1037

140

1 0 : 3 8 Time CUT) 1039

Figs, lla and lib. Time profiles in the two circular polarizations
(lla right- and lib left-handed) of source components in burst 3601
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3.7 Burst nr. 1872

Burst
Date
Time " :

Active Rgn.
Fringe
FWHM beam .
Sources
Width -"
Peak flux
Tb

1872
27 May
08:21:
2467,
16.08'
3.8"
119
32 "
5 sfu
3 x 10

1980
47
2469, 2470
, 21.22°

201
8 "
1.5 sfu

6 K 1 x 107 K
Polarization -10 % -10 %

This seems the most complex event of our collection. There are
several reasons why data reduction is difficult for this event:
-There are at least six different sources involved. :;
- The duration of the event is about 30 minutes, excluding the decay
phase. This is too long to assume a constant background that can be
subtracted.
- Most of the event is much weaker than the background.
- The region over which sources appear is wider than one fourth of
the one-dimensional image size (16'.08), so sources appear in or
near sidelobe responses of other sources.

Microwave sources appear in succession from west to east along the
projected baseline. A comparison with H-alpha and X-ray observation
is made and interpreted by Van Tend et al. (1981). The event seems
to consist of a series of flare-like brightenings that appear in
succession along the magnetic inversion line through three active
regions.
In the present paper we restrict ourselves to the major impulsive
phase. Figure 12 shows an uncleaned brightness distribution during
this phase (the brightness distributions just before the. flash is
subtracted as a background). Two sources appear, unfortunately
inside each others sïdëTöbe response -(the source—distance is about
250"; the sidelobe distance 241"). The eastern source is rather
extended, with' different time profiles at both sides. The outward
side decays more slowly. The western source correlates in time with
both sides of the other and they all reach their peaks
simultaneously to within one second.
In both sources, the peak value of the V Stokes parameter is about
20% of the peak value of I. The location of the contours of highest
V relative to those of I, however, is uncertain due to the sidelobe
confusion. Also the times of the peaking in V and I do not
coincide. A reliable value for the degree of polarization cannot be
given.
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3.8 Burst nr. 2284

Burst
Date
Time
Active Rgn.
Fringe
FWHM beam
Sources
Width
Peak flux
Tfe
Polarization

2284
15 June 1980
17:28:08
2502, 2511
29.55', -86.23°
7.0"
156 160
12" 14"
15 3.6
6 x 10 K 10J K
28 % -17 %

Like burst 1846 it occurred only a few (4) minutes before
'sunset', resulting in a low resolution.
Although only one (strong) microwave source seems to be involved,
its shape changes in a very complex way. The best way to illustrate
this is to show several (uncleaned) one-dimensional images, as in
figure 13a - i. The profiles of I and V in the part of the whole
image that contains the active region are given, at 9 times, with 8
seconds separation in time.

The main peak (figure 13f) seems to be bipolar, time profiles
in figure 14 are at the positions of the peaks of these polarized
components.
Oscillations in the rising phase, as described in bursts 1846 and
2195 occur at the position indicated with ' 156'.
The first major peak clearly has two components, situated east of
the position of the second (strongest) peak.
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4 0 .

-10' O' +10' -10' O' +10' -10' O' +10'
Position (Arcmin.)

Fig. 13. One dimenional solar brightness distributions in the I and
V Stokes parameter, at 8 s intervals, during burst 2284
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156

160

17:27:30 17:28.00
Time(U.T.)

17:28:30

Fig. 14. Time profiles in the Stokes parameter at the positions of peaks in the V brightness
distribution of burst 2284.



3.9 Burst nr. 3001

Burst
Date
Time
Active Rgn.
Fringe
FWHM beam
Source
Width
Peak flux

3001
19 September 1980
12:38:03
Hale nr. 17117
3.08', -0.48°
3.4"
43
17"
3.5 sfu
7 x 106 K

This rather exceptional event in the sample is related to a
surge, observed in H-alpha by R.Falchiani (1980).
Although the rise time of the burst is rather short (order of 10 s)
it does not show the characteristics of a 'spiky' source. The
source is quite wide (17") and it shows similar time profiles at
every position (figure 15). Figure 16 shows a contour plot of this
event. It is rather 'smooth', indicating no spatial or temporal fine
structure.
Polarization data were lost, as this burst was observed during a
short test observation.

12.38 Time(U.T)- 12.39

Fig. 15. Time profile typical for different locations in the source
of burst 3001

148



Position (Arcmin.)
Fig. 16. Contour plot of burst 3001
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4 Summary and discussion

Ten microwave bursts is only a very small sample, considering
the great variety in their appearance that is observed.
Consequently any generalizing of these observations to demonstrate
emerging characteristics as we do below, cannot be considered
significant for any individual (impulsive) microwave burst. However,
some characteristics seem to emerge from the above described cases.

With the exception of burst 3001, which seems a simple, possibly
thermal event, the microwave burst sources seem to have a bipolar
nature, as judged from the V- or I-recordings. The burst images in
the V Stokes parameter can show different polarities on both sides
of an otherwise single source and in general they show different
degrees of polarization whenever the source is bipolar. The I
images often show two sources that are clearly related in time and
that have very different characteristics. The apparent distance is
often 10" to 100", but in some cases a distance of more than 2' or
3' is found. In the descriptions in part 3, the two sources were
characterised by their time behaviour. The 'spiky' sources, that
can last from 10 to 100 seconds, show strong fluctuations on short
time scales, sometimes apparently shorter than our 0.1 s time
resolution.

The 'gradual' components last much longer, typically ending in an
exponential decay with an e-folding time of the order of minutes.
Their time profiles are rather smooth. Sometimes they look like
delayed (1 to 10 s) smoothed versions of the spiky source's
profiles, sometimes the gradual source presents a short rise
followed by a much longer decay. In the latter case the spiky
source usually occurs during the rising phase, and it peaks just
before the broad maximum of the gradual source. The widths of the
spiky sources are of the order of 1" to 10", the gradual sources are
broader, 15" to 25". Since the estimated flux densities of both
types of sources are usually comparable there is a marked difference
in estimated brightness temperature, the spiky sources being
apparently hotter (up to a few times 108 K) than the gradual sources
(as low as a few times 10 K). The degree of circular polarization
of the two sources is always different, most often a rather high
degree of polarization (>20%) is present in the gradual source
whereas the spiky source is often barely polarized. However, this
pattern is not as clear as the other regularities mentioned above.
We have not observed any (apparent) source motions. We do observe
that the spiky source actually consists often of a few sources with
slightly different characteristics and positions, that brighten at
different times; the source seems to jump around in the course of
time over short distances, comparable or smaller than their size.
The various sub sources have different degrees of polarization as is
also observed sometimes for individual spikes in a spiky source that
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have the same position. The degree of polarization in -uch events
can have any value, but rather low degrees (<20%) seem to occur most
often.
In some cases, the shape of the spiky source indicates a narrow
kernel embedded in a wider and weaker halo. In some cases, the time
profiles show a kind of symmetry around the highest peak.

It would seem that the above pattern of two related sources with
different characteristics, can be explained with an asymmetrical
flaring coronal loop. The photospheric magnetic field in active
regions is often asymmetric, with a strong concentration of one
polarity in the leading spots and more extended weaker fields in the
trailing plage region with the other polarity. When flaring occurs
in the high parts of magnetic arches, the loop system that is
involved will have two 'footpoint' regions with different
properties. One region will be relatively small and it will have a
relatively strong magnetic field. The other region will be more
extended and have a weaker magnetic field. Beams of fast electrons
from the flaring part, high in the loop, propagate along the
fieldlines of both 'legs' downward. The gyrosynchrotron emission
process that causes the microwave emission (Svestka 1976) depends on
the magnetic field strength in the source and on the velocity
distribution of the electrons. Theoretical microwave spectra of
such footpoint sources (e.g. Ramaty & Petrosian 1972, Böhme et al.
1977) show a single roughly triangular shape. The high frequency
part is optically thin and it reflects the frequency dependence of
the emissivity (roughly a power law). The low frequency part of the
spectra can be determined by various absorption processes, viz.
Gyro synchrotron self absorption, gyro resonance absorption, free -
free absorption or the Razin effect, depending on the circumstances
in the source (Ramaty & Petrosian 1972, Guidice & Castelli 1975).
The frequency where the peak of the spectrum is located is
proportional to the magnetic field strength, typically at a few
times the gyro frequency of the electrons (Ramaty & Petrosian 1972).
Observations show that most spectra of weak or moderately strong
impulsive bursts have their peak in the range from 4 to 6 GHz
(Guidice and Castelli 1975). At our observing frequency of 4.8 GHz
the sources with strong field will tend to have the spectral peak at
a higher frequency. In these cases an optically thick source will
be seen with rather low degree of polarization in the sense of the
o-mode (Holt & Ramaty 1969). Sources with a relatively low field
strength will have a maximum in the spectrum at lower frequency than
4.8 GHz, appearing there as optically thin sources, possibly
strongly polarized in the sense of the extra-ordinary mode.
An asymmetric loop system may thus show a narrow, weakly polarized
source on one side and a broader, polarized source on the other
side. In reality, the different characteristics of the two sources
are not only determined by unequal field strengths, but also by the
fact that different distributions of electrons will be present in
the two sources due to unequal propagation conditions towards the
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two sources (Matzler 1976). Moreover, the electron streams injected
into the different legs of the loop may have different initial
properties. Simultaneous observations of the microwave spectra from
each footpoint separately, would be needed to investigate these
aspects more detailled.
The smooth time profiles of the gradual, broad sources as contrasted
to the spiky profiles of the narrower source may reflect the time
behaviour of the electron beams at different energies. In strong
field regions, relatively high energy electrons can be mirrored and
can participate in microwave production, whereas in regions with
weaker field they will penetrate into dense layers of the upper
chromosphere before magnetic reflection can occur (Matzler 1976).
Recent solar flare models as proposed by Brown, Melrose & Spicer
(1979) describe a hot (T > 108 K) plasma, localised in a magnetic
tube as the emitter of fast electrons (v ^ > 3 x v , ,Smith &
Lilliequist 1978). Emslie & Vlahos (1981) describe the radiation
signatures of this flare model, assuming an additional acceleration
source. The distribution of fast electrons in this case consists of
the high energy tail of a maxwellian and a superposed power law
distribution of accelerated electrons. Rapid fluctuations in the
acceleration process can become visible in the strong field source
where relatively high energy electrons produce the microwaves. The
more gradual evolution of the thermal core would show up in the
source with weak field.

The 'jumping around' of narrow source spikes and their different
polarizations and sizes, indicate that several discrete loops are
involved. A source structure with central core, embedded in a halo,
as we observe in some cases, has been modeled by Btthme et al.
(1977). To verify the model in more detail, however, spectra of
(components of) the sources are needed.
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Radio Stoten van de Zon
en hun relatie tot

Coronale Magnetiese Strukturen

SAMENVATTING

De zonnecorona is een zeer heet, ijl gas dat zich bevindt boven
het voor het oog zichtbare 'oppervlak' (fotosfeer) van de zon. Het
gas van geladen deeltjes (plasma) van de corona bevindt zich in een
magneties veld dat zijn oorsprong in de fotosfeer heeft. Naar
buiten toe wordt de corona steeds ijler en gaat zij over in de z.g.
zonnewind, een uitstromend plasma. Men onderscheidt twee soorten
gebieden in de zonnecorona:
-Coronale gaten zijn gebieden waar de veldlijnen van betrekkelijk
zwak magneetveld naar buiten uitwaaieren.
-Aktieve gebieden worden gekenmerkt door sterke magnetiese velden
die verschillende gebieden van de fotosfeer met elkaar verbinden.
In de fotostfeer vindt men de grootste concentratie van magnetiese
velden in een aktief gebied rond zonnevlekken. Omdat plasma stromen
en warmte geleiding voornamelijk langs magneetvelden plaatsvindt is
het magneetveld de oorzaak van belangrijke verschillen in
eigenschappen tussen coronale gaten en aktieve gebieden.
De uitstroming van zonnewind is sterk boven de coronale gaten
terwijl de corona in aktieve gebieden dichter en heter is dan de
omgeving.
De aktieve gebieden danken hun naam aan het voorkomen van explosieve
gebeurtenissen, de z.g. zonnevlammen. De gebieden zijn ook bronnen
van veel radio en röntgen straling. Vaak voorkomende vormen van
radio straling uit aktieve gebieden zijn de radio 'stormen' op meter
en decameter golflengten, die dagen kunnen voortduren. In deze
stormen komen kenmerkende radio 'stoten' voor, zoals de z.g. Type-I
radio stoten in het meter golflengte gebied.
Bij een zonnevlam wordt energie van electriese stromen in de corona
in korte tijd omgezet in warmte, beweging, (schok) golven en
versnelde deeltjes. Deze explosieve gebeurtenissen en hun gevolgen
kunnen worden bestudeerd, o.a. door de radio- en röntgen-straling
die ze uitzenden. De z.g. microgolf uitbarstingen op cm golflengtes
zijn voorbeelden van radio verschijnselen die direkt samenhangen met
zonnevlammen.
Het onderzoek van aktieve gebieden en zonnevlammen heeft aangetoond
dat de z.g. coronale lussen een belangrijke rol spelen. Het plasma
in een aktief gebied blijkt opgedeeld in afzonderlijke lussen of
bogen die een temperatuur- of dichtheids contrast met hun omgeving
hebben. Het fotosferiese magneet veld kan gemeten worden. Met
zekere aannamen kan dan het coronale veld daarboven geschat worden.
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Dergelijke berekeningen tonen aan dat de lussen de richting van het
plaatselijke magneetveld volgen.

In dit proefschrift worden onderzoek naar de mogelijke aard van
de coronale lussen en waarnemingen van radio straling uit aktieve
gebieden gebundeld.

In hoofdstuk I, de inleiding, wordt ingegaan op bovengenoemd verband
tussen coronale lussen en radiostoten zoals de Type-I stoten en
microgolf uitbarstingen. Emissie mechanismen en modellen die
beschrijven hoe die verschijnselen ontstaan worden besproken, met
een nadruk op de rol die magnetiese strukturen spelen.

In hoofdstukken II en III wordt een model voorgesteld om coronale
lussen te beschrijven. In dit model is de lus een electriese stroom
die langs het veld van het aktieve gebied stroomt. Beide
hoofdstukken behandelen de mogelijke instabiliteit die zo'n stroom
kan ondergaan, de z.g. kink instabiliteit. De groei snelheden en
afmetingen van kink instabiliteiten in verschillende lussen worden
berekend.
In hoofdstuk II wordt dat gedaan met de vereenvoudigende aanname dat
de stroom door een vacuum omgeven is. In hoofdstuk III wordt die
beperking opgeheven en wordt gedemonstreerd dat het plasma om de lus
een sterk dempende invloed heeft op de groei van kink
instabiliteiten.

Hoofdstukken IV en V beschrijven waarnemingen van Type-I radio
stoten. De 60-kanaals radio spectrograaf in Dwingeloo heeft
jarenlang Type-I radio stormen vastgelegd op magneetband. De
oorzaak van Type-I stoten is niet bekend; een studie van de
oorsprong ervan vereist een gedetailleerde beschrijven van hun
eigenschappen.
In hoofdstuk IV worden de eigenschappen van de radiostoten, zoals ze
in Dwingeloo zijn vastgelegd, beschreven, gevolgd door een discussie
over een mogelijk model voor Type-I stormen en stoten. Uit het
onderzoek van de Type-I stoten bleek o.m. dat de polarizatie graad
van de radio straling constant is gedurende de hele stoot en dat de
frequentie profielen van de stoten een eenvoudige, symmetriese vorm
hebben. Nieuwe aspecten bij het emissie model dat besproken wordt
in hoofdstuk IV zijn de uitgangs punten:
-Een laag magneet veld in de bronnen van ruisstormen en
-(zoals waargenomen) een betrekkelijk lage oppervlakte helderheid
van de ruisstorm bronnen.
Hoofdstuk V bevat een uigebreid verslag van het onderzoek van de
eigenschappen van honderden Type-I radio stoten. De in getalvorm
gebrachte, beschrijvende eigenschappen als sterkte, duur,
polarizatie graad enz. werden statisties onderzocht om na te gaan of
er verbanden zijn die een aanwijzing kunnen geven over de aard van
de radio stoten. Dat zulke verbanden niet bestaan is een van de
belangrijkste conclusies van dit hoofdstuk.
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De hoofdstukken VI t/m X van dit proefschrift hebben als
belangrijkste onderwerp waarnemingen van microgolf uitbarstingen die
gedaan werden met de Westerbork Synthese Radio Telescoop (WSRT).
Deze waarnemingen, met een korte tijdsconstante sn een hoog
ruimtelijk oplossend vermogen, werden gedaan in het kader van het
internationale 'Zonne Maximum Jaar' (SMY, Solar Maximum Year;
1980/1981). Hierbij werden over de hele wereld en vanuit de ruimte
(met de Solar Maximum Mission satelliet, SMM) gelijktijdige zons
waarnemingen gedaan.
In hoofdstuk VI worden dft manier van waarnemen, de eigenschappen van
de gebruikte instrumenten en de gevolgde procedures beschreven. De
manier waarop het beeld van de zon wordt weergegeven op het door de
Utrechtse en Dwingeloose sterrewachten gebouwde weergave toestel
(Realtime Display System) wordt beschreven aan de hand van enkele
voorbeelden. In dat hoofdstuk staat ook een samenvatting van de
belangrijkste waarnemingen van microgolf uitbarstingen die verkregen
zijn.
De hoofdstukken VII en VIII hebben elk een enkele zonnevlam als
onderwerp. Waarnemingen van die vlammen met andere instrumenten (met
name van de, voornamelijk op het Utrechtse Laboratorium voor Ruimte
Onderzoek gebouwde, 'Hard X-ray Imaging Spectrometer', aan boord van
de SMM), worden vergeleken met de microgolf gegevens waardoor een
gedetailleerd beeld van de gebeurtenissen in de vlammen ontstaat.
De vlam die in hoofdstuk VII geanalyseerd wordt, blijkt plaats te
vinden in een sterk a—symmetriese coronale lus. Hoog in de lus
wordt energie vrij gemaakt waarvan een deel in eerste instantie in
de vorm van zeer snelle electronen langs beide 'benen' van de lus
naar beneden vliegt. In een van de 'voetpunten' is het magnetiese
veld sterk, waardoor de electronen sterke radiostraling uitzenden en
verhinderd worden om in dichtere lagen te geraken waar ze röntgen
straling zouden kunnen veroorzaken. In het andere voetpunt is een
veel zwakker veld, waardoor daar maar weinig radiostraling
geproduceerd wordt en de electronen dringen daar door in diepere,
dichtere lagen waar hun energie in röntgen straling wordt omgezet.
De zonnevlam die in hoofdstuk VIII beschreven wordt was een
ingewikkelde keten van gebeurtenissen, die gedurende een vrij lange
tijd over een uitgestrekt gebied plaatsvond. Drie aktieve gebieden
waren zodanig gelegen, dat de lijnen die de grens tussen de twee
magnetiese polariteiten op het zons oppervlak aangeven, een honderd
duizenden kilometers lange kronkelige lijn vormden. Aan weerszijden
van deze lijn lichtten, na elkaar, steeds nieuwe bronnen op alsof er
een verstoring langs ging met een snelheid van ongeveer 1000 km/s .
In het hoofdstuk wordt een verklaring voor dit verschijnsel geopperd
en bediscussieerd.

In hoofdstuk IX wordt ingegaan op een detail dat ontdekt werd in de
microgolf uitbarstingen. Gedurende de snelle stijging naar de piek
van een uitbarsting worden soms min of meer regelmatige
schommelingen in het signaal waargenomen die een periode hebben van
ongeveer 1 seconde. De WSRT metingen laten zien dat de gehele bron
van de microgolven, met een uitgestrektheid van bijna 10000 km.
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staat, te 'knipperen'. De voortplantings snelheden van verstoringen
in zo'n bron zijn echter hooguit 1000 km/s , zodat de uitgestrekte
gelijktijdige helderheids wisselingen niet door plaatselijke
verstoringen van de bron gevormd kunnen worden. In dit hoofdstuk
wordt een model voorgesteld waarbij de schommelingen ontstaan in een
bron van snelle electronen op grotere hoogte in de corona. Deze
ontstaat door een uitdijende opstijgende electriese stroom die
magneties veld voor zich uit samendrukt en in trilling brengt. In
bundels van wisselende sterkte vliegen de elektronen naar de
voetpunten van het magneetveld, waar ze radiostraling opwekken.
In hoofdstuk X worden de waarnemingen van tien goed onderzochte
microgolf uitbarstingen gepresenteerd en besproken. Dankzij de
gedetailleerdheid van deze metingen met de WSRT, zowel wat betreft
vorm en plaats op de zon als wat betreft variaties in de tijd, en
dankzij de nauwkeurige meting van de (cirkulaire) polarizatiegraad
van de straling zijn deze waarnemingen uniek. Het beeld van de
microgolf uitbarstingen dat hier naar voren komt is als volgt. Vaak
zijn er twee bronnen bij betrokken met een verschillend karaktter.
Een van de bronnen is breed (>10000 km), sterk gepolarizeerd (>20%c)
en toont een langzame ontwikkeling in de tijd (een stijging
gedurende enkele tientallen sekonden gevolgd door een tragere daling
van enkele minuten). De andere bron is smaller (<5000 km), vaak
ongepolarizeerd en wild variërend in de tijd. De duur van deze bron
is meestal enkele tientallen sekonden, juist gedurende de stijging
van de brede, geleidelijke bron. Dit beeld kan begrepen worden met
een model van een a-symmetriese coronale lus, zoals bij hoofdstuk
VII beschreven werd. Behalve dit algemene beeld zijn er echter ook
veel detail gebeurtenissen in dit hoofdstuk beschreven, zoals 100%
gepolarizeerde kortstondige bronnetjes, (schijnbare) bronbewegingen
en samenhang tussen bronnen die heel ver van elkaar verwijderd
liggen.
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Stellingen behorende bij het proefschrift:

Solar radio bursts
and their relation tc

coronal magnetic structures

De groeitijden van globale kink-instabiliteiten in lage coronale
lussen stemmen overeen met waargenomen tijdschalen in zonnevlammen.

Dit proefschrift, hoofdstukken II en III

Verhitting van de corona door anomaal elektries geleidingsvermogen,
zoals voorgesteld door Rosner et al. (1978), moet als stationair
verhittings mechanisme worden uitgesloten.

Rosner, R., Golub, L., Coppi, B., Vaiana, G.S.:
1978, Astrophys- J.222, 317.

Het model voor coronale fluxbuizen van Van Hoven, Chiuderi en
Giachetti (1977) voorspelt vele omkeringen in de richting van het
magneetveld om de buis, hetgeen niet door de waarnemingen wordt
ondersteund.

Van Hoven, G., Chiuderi, C , Giachetti, R.: 1977,
Astrophys. J.213, 869.

De voorkeur voor een ligging op het westelijk zonshalfrond van
vlammen die meetbare snelle protonen stromen bij de aarde
veroorzaken, bestaat niet voor vlammen met een 'Comprehensive Flare
Index1 > 11.

Een natuurkundig model ter verklaring van Solaire Type-I radio
stormen moet ketens van Type-I stoten als fundamentele
gebeurtenissen verklaren, waarvan de enkelvoudige stoten een
bijzonder geval zijn.

De Groot, T., Loonen, J., Slottje, C.: 1976, Solar
Fhys.48, 321.



De (schijnbare) positie van Type-I radio stoten kan beinvloed zijn
door straalbreking in de ruimtelijk variërende dichtheid van een
aktief gebied.

Van den Berg, A.M.: 1976, "Opties-geometriese
voortplantings verschijnselen van electro-magnetiese
straling in de zonne-corona", Intern verslag
radiogroep van het Sterrenkundig Instituut te
Utrecht.

Met een eenvoudig model, waarbij de elektronen van een kortstondig
geinjekteerde bundel zich langs onregelmatig verlopende paden van de
zon af bewegen, kunnen de tijdsprofielen van Type-III radio stoten
beschreven worden.

De 6 cm straling van zwakke, enkelvoudige, impulsieve microgolf
uitbarstingen komt uit voetpunten van coronale magnetiese lussen.

Dit proefschrift, hoofdstukken VII, VIII, IX en X

Ten onrechte nemen Kundu en Vlahos (1979) aan dat het verloop in de
tijd van de polarizatiegraad gedurende impulsieve microgolf
uitbarstingen, zoals beschreven door Kundu en Alissandrakis (1978)
algemeen voorkomt.

Alissandrakis, C.E., Kundu, M.R. : 1978, Astrophys.
J.222, 342.
Kundu, M.R., Vlahos, L.: 1979, Astrophys. J .232,
595.

De woorden ";C" en "DOES>" in de 1979-standaard voor de computertaal
FORTH maken deel uit van een slecht gestructureerde operatie. Het
verdient aanbeveling deze construkties in een toekomstige standaard
aan te passen.

FORTH Standards Team: 1980, "FORTH-79", distributed
by the FORTH Interest Group (F.I.G.)



Het is onwetenschappelijk om aan te nemen dat computer programma's
met kunstmatige intelligentie nooit slimmer dan hun makers kunnen
worden.

Dat het in detail, logies combineren van correcte onderdelen niet
hoeft te leiden tot een logies geheel, wordt geïllustreerd door de
prent "Waterval" van M.C. Escher.

Bool, F.H., Locher, J.L., Wierda, F.: 1981, "Het
grafiese werk van M.C. Escher", Meulenhoff
Amsterdam, Cat. nr. 439.

: Arie Kattenberg
15 september 1981


