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The Radio Approach of Magnetic Fine Structures
in Solar Atmosphere
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Abstract

(Received 1996 May 7)

The investigation on the magnetic field in solar atmosphere is essential not only to solar :
atmosphere physics but also to solar activity. Radio observation in close connection with
information obtained in other spectral range, e.g. the optical and X-ray regions is almost a
unique method for the determination of magnetic field in the coronal and chromosphere outside
the photomosphere. On the base of relevant mechanism of emission and propagation processes

in microwave and meter wavebands, basic radio methods for the deduction of the information
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on magnetic fields of background and source region are introduced. There is evidence for
the existence of fine structures superimposed on the mean background height distribution of
magnetic fields, which are expected to be intimately related to fragmentary field dissipation
(reconnection) leading to particle acceleration and plasma heating signified by radio emission.
The radio dynamic spectra of fast fine structures (FS) in microwave bursts provide a significant
means for the diagnosis of fine magnetic structures. It is also the major scientific objects of
“Solar Radio Broadband Spectrometer” which is being set up as a key project for the 23rd solar
activity cycle.

Key words Sun: radio radiation—Sun: magnetic fields—Sun: corona—Sun: flares—Sun: chro-

mosphere—radiation mechanism: thermal—radiation mechnism: non-thermal

1 Introduction

The existence of the magnetic field and magnetic activity is the cause and energy sources
of almost all of the active phenomena in the Sun and Sun-like stars. Were it not the case for
its magnetic field the Sun might well be a uniform sphere of gas entirely devoid of interesting,
changing structures, such as sunspots, prominences, flares and mass ejection, and radiation might
be undetectable in X-rays and radio waves!!.

Kruger and Hildebrandt!? pointed out that major problems of the physics of the solar
atmosphere and processes of solar activity are due to the poor knowledge of the magnetic fields
outside the photosphere. Although qualitative evidence for magnetic field in the chromoshpere
and corona can be found in observations in different spectral regions from X-rays to optical waves,
radio waves are favored to produce quantitative information on magnetic field.

One can observe the inner corona in the three main spectral regions, optical, radio and
shortwaves (EUV, X-rays), each of them having its own domain of information. The main lim-
itation for the optical observations is that the corona can be seen only oufside the solar disk,
and the limits for EUV and X-rays observations are mostly connected with high expenses needed
for observations from space and only episodic series of observations can be obtained. The radio
observations in principle can overcome the above limitations for the other methods.

The radio methods, however, in contrast to Zeeman effect of optical waves in the photo-
sphere, mostly concern indirect methods of the determination of magnetic fields and typically
require additional information or working hypotheses, based on the reasonably assuming of the
mechanisms of radiation and propagation process. Due to the fact that the radio emission in
different wavebands is from different layers of solar atmosphere, the magnetic intensity and other
magnetic information at different layers of solar atmosphere can be deduced by making observa-
tions in different wavebands (millimeter, centimeter, decimeter and meter wavelengths).

The basic principle for radio methods to measure the solar magnetic field is different from
the Zeeman effect for optical methods . The coronal thermal plasma, due to the presence of
magnetic field, becomes non-homogeneous, and the propagating electromagnetic wave will be
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split into ordinary and extraordinary modes. Under the conditions in solar atmosphere, the
circular polarization (left circular polarization-LCP, or right circular polarization-RCP), which
reflect the differences between the two modes, are measured. The LCP (or RCP) associated with
N pole, while the RCP (or LCP) associates with S pole. It is valuable only if the polarization
observations are with high spatial resolution, because the sunspots appear on solar disk in pairs
and the global polarization degree of full solar disk is close to zero . In the early stage of solar
radio astronomy, solar eclipse provides a good opportunity to make one dimension polarization
observation. The circular polarization from following spots appears as soon as the leading spots
with reverse polarity are occulted by the Moon’s limb. In the case of radio bursts which have
small source regions, in particular of millisecond burst sources with a spatial scale of only tens
to 200 km (0”.05—0".3), radio observation can obtain fine magnetic field information in source

regions. Some detailed description can be found in the following sections.

Gelfreikh[®¥] summarized that polarization observation made with a high spatial resolution
and high spectral resolution instrument is capable of measuring the magnetic field in the solar
corona. Three methods have been developed using the RATAN-600 observation, based on dif-
ferent mechanisms of radiation and propagation of radio wave in the solar atmosphere. Using
the RATAN-600 with the new Panoramic Analyzer of the Spectrum (PAS), this new technique
produces a measurement accuracy of ~ 3% for magnetic fields of sunspots at the base of the solar
corona, with the “radio” magnetic fields being weaker than the “optical” by ~ 20%.

Lang et al.[®! synthesized the detailed spectral polarization observations of the RATAN-600
in 1.7-32cm waveband and the high spatial resolution observations of the VLA at 2.0, 3.5, 6.2
and 20.7cm wavelengths, which have been used to infer the physical parameters of a number of
quiescent active region structures, using the theory of cyclotron emission to show that the mag-
netic field strength in the corona above large sunspots is often 75%—80% of the magnetic field
strength in the underlying sunspots. Being comparing with those obtained from potential field
extrapolations, the results suggest that the coronal fields diverge more slowly than expected for a
dipole located below the solar surface. Using five-element array of Owens Valley Observatory of
Caltech, Lee, Gary and Hurford!® have obtained some similar results. Some results of the mag-
netic field of microwave burst source regions have also been obtained with high spatial resolution
imaging radio telescope, such as VLA.

In the research on rapid radio fluctuation in solar flares, the findings of millisecond FS in
microwave bursts provide significant and promising approach for the probing of magneto-plasma
fine structures in solar atmosphere. In general, the radio burst emission is the manifestation of
the interaction of the energetic particles (electrons) produced in flares on ambient plasma and
magnetic fields. The radio bursts with different time scales are the manifestation of energy release
processes with different time scales, which should relate to some specific electron distribution and
magnetic configuration. Consequently, the study of microwave bursts with different time scale,
in particular of their dynamic radio spectra should be able to find the important information
about small fine structures of the magnetic fields. It is also one of major objects of “Solar Radio
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Broadband Spectrometer” which is being set up as a key project for the 23rd solar activity cycle.
So, it is an important field of research for Chinese solar radio astronomers during the coming
solar active maximum period.

2 The radio measurements of the coronal magnetic field

As introduced in [2], [3], [4] and [5], the radio polarization observation with high spatial res-
olution and high spectral resolution is capable of measuring magnetic fields in the solar corona.
Based on the different mechanisms of radiation and propagation processes of radio wave in so-
lar atmosphere, there are three methods, namely, thermal bremsstrahlung, thermal cyclotron
emission, and inversion of polarization in QT-region (quasi-transverse-region).

2.1 Thermal bremsstrahlungl®!

For the thermal plasma emission in the presence of magnetic field the radiation is generally
circularly polarized due to the difference of the opacity for ordinary and extraordinary modes
of magneto-ionic theory. For the case of not very strong magnetic field (fg < f, fe—magnetic
gyrofrequency, f-frequency of observations) , the solution of the transfer-equation may be written

for degree of polarization(®l:

P = n(fa/f) cosa, (1)
where «a is angle of direction of magnetic field, n = —d(InTg)/d(In f) the spectral index, and Tg
is brightness temperature. We can get the longitude component of the magnetic field B, as

B, =107 P(%)/(n ")), @)

where A is the wavelength of observations.

This method has been used to measure magnetic field in coronal loops and flocculi. It has
been shown that at the base of the corona in a flocculus the magnetic field intensity is practically
the same as at the photospheric level, while at the top of a loop it was found to be (about 20G
at the height about 7 x 10*km) of the order expected from simple potential extrapolation of
photospheric fields. ‘

2.2 Thermal cyclotron emission!!

The solar slow variation component emission associated with active regions in centimeter
and decimeter wavebands can be interpreted with low harmonic gyroresonant radiation (s < 4)
of thermal electrons of the corona, so it can be used to measure the magnetic field of solar active
regions. Some authors!®=12 have presented useful models. This method can also be used for
some coronal loops in decimeter wavelength range and some “radiogranules”. The magnetic field
strength and observing wavelength A are connected in the following way:

B; = 5400/A (for the second harmonic), a
B; = 3570/\ (for the third harmonic). )

We may often distinguish the second and third harmonic using polarization measurements (the
third harmonic is strongly circularly polarized). Spectral observations (spectral resolution of 0.1 f)
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show that for each sunspot associated with radio source one can find the shortest wavelength,
Ac critical wavelength (mostly in the range from 2 to 3cm, for large sunspot, the A; is shorter)
generated by this mechanism . Substituting A. for A in the formula (3) for the third harmonic,
the magnetic field strength above sunspots in the corona can be obtained. Analysis made for a
large number of sunspots has shown that radio magnetic fields are in good correlation with optical
ones measured from Zeeman splitting at photospheric level. The former are generally only ~ 20%
lower than the relevant strongest magnetic fields at the photospheric level and often exceed such
a high value as 2000G. In some cases it has been found that coronal magnetic field could change
(increase) without changes of the photosphere field of the same sunspots. This process precedes
the development of an old active region and so may be a prognostic.

It is found that the results of the magnetic field measurements of the same sunspot made in
the chromosphere—coronal transition region (CCTR) using UV carbon (CIV) line from the SMM
satellite are in contradiction with those from radio observations made with the RATAN -600. The
problem is that the radio fields prove to be significantly (by a factor of about 1.5) higher than
UV values. A possible solution of this contradiction is an extremely inhomogeneous model of
the CCTR above a sunspot. But the whole problem is certainly worth making efforts for further
observational data and more well-based and elaborate models.

2.3 Wave propagation effects-inversion of polarization in QT-region!®!

A number of wave propagation effects can be applied to the diagnostics of coronal magnetic
field, e.g. the reversal of polarization in a region of quasi-transverse propagation (QT-region) and
Faraday effect. When an electromagnetic wave crosses the region of quasi-transverse magnetic
field with the inversion of direction of the longitude magnetic field, the sign of circular polarization
of the wave may invert!’3]. The effect depends on the wave frequency and parameters of the QT-
region. From the formula of the critical frequency at which the sign of circular polarization
inverts, a simple formula for measuring magnetic field in QT-region in the solar corona may be
obtained, i.e.,[4

B; =1.57 x 103/ A(X;N.Lp)'/3, (4)

or roughly
B; = 43/;, (5)

where J; is the wavelength (cm) of the inversion of polarization, N, the electron density, and Lg
the scale length of the magnetic field.

The use of this method for a number of active regions has shown that the distribution of
the magnetic fields in the corona is in general in agreement with the ones extrapolated from
the photosphere level in potential approximation. That is generally true for the heights from 20
to 100 thousand km. Important local deviations are met , however, especially in flaring active
regions. The value of 10 to 40 G seems to be typical for the heights of 70 to 120 thousand km
above the photosphere.

2.4 Gyro-synchrotron radiation
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In literature [2], it has also been pointed out that gyromagnetic radiation at higher harmonics
corresponding to greater energy of the emitting electrons (called gyro-synchrotron radiation)
has been applied to radio burst emission, and the information about the magnetic field can be
extracted from the shape (frequency extent) and position (spectral maximum) of the emitted
spectrum. Thus, the magnetic fields in source regions of radio bursts can be obtained.

From the theoretical point of view, microwave spectroscopy should have the potentiality to
diagnose the behavior of energetic electrons and magnetic field in a burst source, but additional
assumptions are usually necessary to separate the properties of magnetic fields from those of the
electron distribution. It seems to be impossible to calculate the magnetic field from the com-
plicated relation of the gyro-synchrotron radiation or synchrotron radiation before the simplified
expressions of the two type of radiations were given by Dulk, Marsh[25) and Dulk(16]. After that,
using some assumptions some authors!!”~1% presented the estimative formulas of magnetic fields
in burst source regions. Zhou and Karlicky??), and Zhoul?!) decreased the number of these as-
sumptions, with T}, (the source brightness temperature) only, and presented a more direct useful
way to calculate the magnetic field in microwave source. The formula is as follows,

1
== il = e 0.52+0.08
gl ( 2/ (KT, A1)V;;i?{+0'gs'5v 0.718-0.905 4~2.52 u.os.s) 2 , (6)

where A; = 4.24 x 10'410%3(sin §)0-34+0-078 4, — 2.8 x 10°, §-the power-law energy index of
electrons,f-the viewing angle, k-Boltzmann constant, Vpeak-the peak frequency of intensity spec-
trum at maximum time. Therefore the term NL, which is the total number of superthermal
electrons along the line of sight, can be obtained. Consequently, the solar radio broadband spec-
trometer, which is being set up, will play an important role in the aspect of the magnetic field
measurement in microwave burst source regions.

3 Temporal fine structures in microwave bursts and magnetic micro-
structures in corona

3.1 The time profiles with different time scale of microwave bursts

The time profiles of radio bursts are the morphological features which have been studied for
long time and analyzed most extensively. Time scale is one of the important characteristics of time
profiles of radio bursts. The duration of bursts are from fractions of second to hours. According to
time profiles, radio bursts can be morphologically classified in simple impulsive type, gradual rise
and fall type and complicated type. In comparing with the radio bursts in metric wavelength,
the microwave bursts are more smooth and details-less. But in some microwave bursts, there
appear complicated pulses and pulse groups with different time scales superimposed on the slow
varying burst background. A microwave burst with complicated time profile and different types
of time structures, recorded by Beijing Astronomical Observatory (BAO) at 2840MHz frequency
is illustrated as a typical example in Figure 1?2, in which the main part of the burst consists of
numerous steps with much steeper flux rising than the envelope subpulses may recur at a quasi-
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periodic repetition rate, flux pulsations may occur, and subsecond and shorter time duration

spike are found to be superposed on a slowly varying emission. From this one can distinguish a
sequence of different time scales in five

ranges:

3041.0 ; -

S.F.U. Bejing Astronomical Observatory (1) tens minute duration of the
May 16, 1991 main burst;

2840 MHz PROSS -

(2) a few minute duration of the
main burst pulses;

— ti
o 0o (3) a few second dura .10n of the
gﬂ;l‘.}l] pulses, which are a prominent fea-

ture of hard X-ray records (elementary
bursts), and the time scale of type III

b \/’NL"" burst groups;

a few fractions of second du-
06:42:16 —————— o506 UT (4) a few fractions o iz,

32;21.}4 ration of the subpulses, which are a
5 L! prominent feature of mm-wave burst
\M J” records (sub-bursts), and the time

scale of single type III burst; and

ll
N (5) shorter than 0.1 second dura-
084619 _._.—-—-—"'"""':16:39 ~06:46:59 UT

tion of fine structures, which are the

V}x J\A\u A F‘r‘“\ 7 time scale of spike emission.
f hJ \ jwh\/ ¥ It is interesting that the fine tem-
" V N

\

poral structures also appear in other
wavebands, such as Ha (Fig.2[?%),

Sy et S R Hard X-ray emission (Fig.3[241), and
jw‘m so on. The remarkable fact is that

Mﬁ although the burst time structures

"‘f&h’i}\ ]l spread over a quite broad range, they

are not randomly distributed. For in-

b b S e & dividual bursts the scales of the tem-
Fig.1 The time structures with different time scales in poral structures do not appear to form

the event on May 16, 199127, a continuum, rather they group into
different ranges of scales. As a typical example, the event of May 16, 1991 is shown in Fig.1. It has
been widely accepted that electrons accelerated or heated by flares in the solar corona are most
directly detected from their gyromagnetic emission which is produced by means of interacting with
magnetic field, and collisional bremsstrahlung with ambient plasma in the course of microwave
bursts. The temporal structures of the emission of the microwave bursts reflect the production
rate of the energetic electrons and the characteristic scales of the underlying kinetic instability.
Consequently, the investigation on the time structures with different scales is essential to the

study on flare physical processes, physical parameters of flare source regions, and in particular



3W PRER: KB ASREW 44 0 5 it 205

1.00

. \/"l \ Ha

the coronal magnetic fields. o :
3.2 Physical processes with dif- e
ferent time scales 0.60

As mentioned above, the tem- & | l 8.4GHz
poral structures with different time /
scales associate with the energy re- 4:20 N
lease processes in different speed. 0.00 oY ", Lba racs snecirnl obsctvalioni e
Kruger et all?l have discussed and 12:08 12:09 12:10

UT ON Dec. 17, 1980

compared some models for energy re- Fig.2 The comparison of the Ha lightcurve with the time

lease with different time scales. profile of the corresponding event in the microwave region at

(1)Collisionless conduction fronts  8.4GHz and in HXR at 29 keV clearly shows the close

The rise time of the microwave corresponding of some prominent spikes!?3l.
i T T
2 burst with the thermal flare mode, proposed by
190 1 Brown et al.[?®l, and quantitatively analyzed by
3: Batchelor et al.l27 is
g
8 500 R, (7)
ol Vs YN where [ is the length of the loop, and ¢ is the
M| 21:46:15 oL ion acoustic speed. For the parameters of av-
ol B ol erage burst sources, 7, = 5-55 s. This model
i has difficulties to explain regular structuring of
ETF subpulses and fine structures of emission at the
‘t‘% < 1 s scale.
3 20|— (2) Twisted magnetic loop model
A Sturrock et al.?® proposed a nonthermal
0 21 R TR G T model, unwinding of a twisted “elementary flux
: : izaii tube” (EFT) as the elementary energy release
\_ i process. The unwinding time is
é"“% | l Ta =1/Va, (8)
g 0|L where Vj is the Alfvénic speed. The timescale
NW is as high as 100 s, and this model probably acts
0 T S TR T Y TR too slowly.
il i (ﬁﬁ'l i (3) Coalescence model
Fig.3 HXR time profiles (29-183 keV) at 50 ms Tajima et al.1?*! proposed nonlinear current

per point of a solar flare which occurred on 1980 loop coalescence in a nonthermal model where
Oct. 1824, the impulsive energy release again involves
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a reconnection process. The characteristic timescale of the duration of impulsive energy release

in the model is

Te = 1a/Va (9)

One can expect I, to be somewhat smaller than typical loop lengths. The timescale of 7, ranging
from tens of millisecond to a few seconds can be found. It is a useful model.

(4) Electron cyclotron maser (ECM) instability

This instability presents an important mechanism for the production of the emission with
millisecond timescale (Holman et al.l*%l, Melrose and Dulk/®®], Sharma et al.[*!l), where in flaring
loops the maser emission at the electron—cyclotron frequency and its low harmonics strongly and
rapidly produces by the energetic electrons with some special distribution. Due to the high growth
rate, the timescale of the duration of impulsive energy release can be as short as 10~3s, or less.

The mechanisms of energy release with different timescale mentioned above are closely related
with magnetic field strength and configuration in source regions. In the following, it will be
introduced that the information of fine magnetic structures can be obtained through the study
of microwave FS. It is the diagnosing means which could not be reached with any exiting high
spatial resolution radio instruments. i
3.3 Spatial fragmentation of microwave burst sources and fine magnetic structures

The time structures with short timescale of radio bursts are the manifestation of the frag-
mentation of flaring processes in temporal domain or in space. A major flare may consist of
thousands of type III bursts (microwave type III bursts are an important kind of time fine struc-
tures in microwave), and ten thousands of spike emission. Thus, a major flaring process consists
of a great number of small energy release processes, which is called “fragmentation” 3%, Some
examples are as follows.

(1) In the radio waveband, there are type III bursts (including metric, decimetric type III
bursts, blips, type III-RS bursts, and microwave type III bursts), spike emission and so on.

(2) “Elementary flares” in the HXR waveband: Kiplinger et al. 24 reported that there are
53 out of 2830 HXR flares with rapid impulses of less than 1s time scales at 29-183 keV energy
band (Fig.3).

(3) The sharp impulses with one to a few seconds in Ha waveband[23].

The above HXR and radio observations were full-Sun measurements without spatial res-
olution. They do not discriminate between the time evolution of a single energy release region
accelerating electrons at a highly variable rate and the activation of many different release regions
triggered by an initial disturbance. The observations of spatial fragmentation require very high
spatial resolution (better than 0.”1) with high time resolution (shorter than 0.1s) which are not
yet available. For coherent radio emission, the observed frequency is related to the density of
the source (plasma emission) or its magnetic field (gyrofrequency) . Thus spatial resolution can
be achieved by frequency resolution and time resolution, e.g. in a spectrogram. High resolution
spectrograms have shown that the millisecond radio spike has extremely narrowband (0.4%-4%
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of the center frequency with an average of about 2%). There is a relation as follows.
d/H < Av/v, (10)

where d is source diameter, H the relevant scale length, and Aw the observed bandwidth. Taking
H = 10*km, then d < 200km. Besides, from the duration of individual spike At(d = At -V, V is
the disturbance speed) and argument of some authors (Li et al.3!) it can be deduced that the
source diameters are from a few tens to 200 km. However, the radio spectral observations of some
major events have shown that tens of thousands of spikes in dense clusters spread over an octave
in frequency. It means that these small volume unit with less than 200 km diameter of energy
release regions must spread over a broad range. It is the phenomena of spatial fragmentation of
burst sources. The other evidence of spatial fragmentation is as follows.

Itapetinga—48GHz

(1) Observational evidence in millime-

ter waveband: Brown et al[l*2?l reported .513 g g c

that using a multi-beam front-end system, % D
operating at the focus of the 13.7m antenna = V

at Itapetinga Radio Observatory (Brazil) , :g' K‘\,\.
which has a sensitivity of 0.04 s.fu. (so- 0

15 1
y : : B 10:10:20.0  10:10:30.0  10:10:40.0  yT
lar flux unit) and gives a spatial definition

of about 2 arcsec in the determination of
burst centroids with up to 1 ms time reso- 10:10:29.129 10:10:49.954 UT
Iution. The sites of fast structures existed
in an impulsive burst on October 28, 1992
at 10 :10UT were determined. It is shown in

Fig.4 that the time profile of the event con-
sists of four groups of fast impulses, A, B,
C and D at the upper panel. The dynamic

Declination /arcsec

burst map (bottom) shows that the emis-
sion centroids of the fast pulses labeled A,

B, C and D come from distinct places in the Dynamic Burst Map

bursting area, separated by about 5 arcsec. 20 x 20 arcsec . |

This result directly suggests that these fast Right Ascensionfarceec

pulses are not coincident both in time and Fig.4 Upper: high speed pulsations from a millimeteric
in space. Since the microwave emission can (48GHz) radio burst. Bottom: location of emission
also be associated with the primary energy centroids for pulses A-D in the upper panel/®?,
release in flares, the conversion of magnetic free energy is also “fragmentation”.

(2) As mentioned above the microwave emission in flares produces from that energetic elec-
trons interacting with magnetic fields, so the fragmentation in space of microwave bursts may be
attributed to the fragmentation of the magnetic structures, where exist relevant fine magnetic
structures. Consequently, the finding of microwave fast ES is strong evidence of the “magnetic
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elements”. Sturrock et al.[?8! proposed that the magnetic micro-structure patterns of “elementary-
flux-tube” and “magnetic knot” are the relevant magnetic structures for the generation of energy
release processes with very short timescale, and the magnetic field of active regions has a cell-like
structure which could lead to a pulse-like structure in the time development of energy release. It
was also pointed out that the variation of magnetic field from the smallest detectable values (a few
gauss) to the values characteristic of sunspot umbrae (several thousand gauss) is not continuous.
Observations(?®! indicate that; at the photospheric level, magnetic field line tends to be pulled to-
gether into small flux regions with dimensions of an order of 500km or less, in which the magnetic
field strength is of an order of 1000-1500 G. In consequence, the magnetic field at the photosphere
tends to be aggregated into ‘knot’ in which the flux has values of order of 10'%* Mx. The effect
of the elementary-flux-tube structure would decay with height in a distance comparable with the
distance between flux tubes. If the average photospheric field strength in an active region were
100 G, this inter-knot distance would be about 1500km, and they form the “elementary-flux-tube

(28]

array” as shown in Fig.5 Under some conditions, magnetic reconnection develops to form

“magnetic islands” and “second islands”.
The basic concepts of this section can be summa-
rized as follows . “Elementa.fy—ﬂux—tube” plus magnetic
“d knot forms elementary flux tube array, and the recon-
nection among the elementary flux tubes forms magnetic
+ - island and secondary island. Thus we have the fine struc-
tures of the coronal magnetic field. An elementary flare
= burst represents energy release of a single flux tube (5-
20s). The sub-bursts are due to the development of mag-

Fig.5 Schematic representation of possi-
ble coronal magnetic field structure, de- 1€tic islands (tens to hundreds ms). An elementary burst
termined by the aggregation of photo- 8TOUp represents energy release of a elementary flux tube
spheric magnetic field into discrete array. Certainly, these are assuming models for inter-

knots(?®]. preting the fast bursts. The direct demonstration is
very difficult, but the investigation on mi-
crowave fast F'S, in particular on their dy-
namic spectrum will present a significant
contribution to the deepening of the under-
standing of this field.

(3) Vlahos!®2=34] proposed a working

hypothesis of fine magnetic structures for /
the micro-energy release of producing “mi- Photosphere

croflares” (microbursts). Subphotospheric

and photospheric turbulence continuously Fig.6 A large scale loop in composed of thousands of

splits the large scale magnetic tubes into mil-  small scale fibers. Hundreds of thousands of small
lions of twisted flux tubes, which are isolated explosions form a “flare”*2

from each other. These are fibers and have different density and temperature profiles as a func-
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tion of the distance from the photosphere, as shown in Fig.6. In the model described here the
“flare”is the accumulation of N (thousands or millions) microflares that are triggered almost si-
multaneously. In this highly inhomogeneous environment reconnections, shock waves and MHD
waves are simultaneously present. The energy release is fragmented. There are two levels of frag-
mentation: (i) fragmentation driven by the photosphere with the formation of fibres, (ii) local
fragmentation due to the interplay of coalescence and tearing instability. MHD wave activity
will be enhanced by the microflares and will drive new microflare activity. Their contribution
is not simply the addition of N independent microflares, and the microflare is also not a scale
down version of the flare. Many microflares acting together in a relatively small volume produce
a different phenomenon which will be named “statistical flare”. What is the cause of the sudden
concentration of microflares in such a small volume? What is the cause that a large collection of
small fibers suddenly to be triggered to reconnect?

From mentioned above, the internal relations of the temporal fine structures (the fragmen-
tation of flares in time), fast processes of energy release (the fragmentation of flaring processes
in space), and fine structures of the coronal magnetic field have been described.

The basic processes of plasma reflected from the fine structures in microwave bursts (where
the magnetic fine structures deduced from) usually have the features of smaller scale in space
and of variation in time, and do not depend on the understanding of border condition and
parameter distribution in the large scale. Therefore, the inadequacy in spatial resolution of the
radio observation will not produce an influence on the precision and self-consistency of the theory.

3.4 Some existing results in China

(1) Huang et al.[®536] analyzed a microwave burst’s dynamic spectrum, which was quoted

5.1GHz
150 4

100

5.0GHz
o \\N
e
T 4,9GHz
5 -/\JJ ‘\\'\_/

100

ﬁ 4.8GHz
150 A
100 — T T — T T T T
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Fig.7 Flux density versus time profiles of some frequencies near the peak of an event of type “Hand” [¥7],
from observations of Allaart et al*”l with 4-8GHz multichannels spectrometer at Dwingloo Radio
Astronomical Observatory. This event with short time scale and narrow bandwidth was defined
as type “hand” shown in Fig.7. The main characteristic of this event is that there are at least two
pairs of positive and negative frequency drifts. The event is proposed as evidence of a magnetic
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tube with a small scale and acceleration of electron beams with a short time scale at the source.
From Fig.7, the frequency drift rate is £11GHz -s71, the relative bandwidth of this event is
about 6%, and the time scale of single pulse is about 20-30 ms. Then, this FS has the mechanism
similar to that of ms spikes in decimeter waveband, and the emission is also excited by some
kind of plasma instability caused by nonthermal electrons. Thus the characteristic frequency of
the FS corresponds to ambient magnetic field (electron gyrofrequency or its high harmonic at the
sources), and the phenomenon of frequency drift reflects the existence of small scale inhomogeneity
of the magnetic field along the direction of the nonthermal electron’s movement. In Fig.7, the
phenomenon which the frequency drift rates reverse from positive to negative or inversely, may
directly interpret that the nonthermal electrons trapped in magnetic flux tubes with small scale
are reflected back and forth, or the plasma instability is excited by that the nonthermal electrons
cross through the sections of magnetic flux tubes. It is deduced from the observations and
theoretical analysis that the average velocity of nonthermal electrons is about 0.1 ¢, the density
of the electron beam is about 10*-cm™2 (107 of that of the ambient electrons), and the dimension
of a micro-magnetic tube is about 600km, with information of various micro-magnetic structures.

Due to the corresponding relation between characteristic frequency and magnetic field strength
of source regions, the scale of source region and one dimentional distribution of the magnetic field
can be deduced from frequency drift, if the average speed of energetic electrons is known. Hence,
a wealth of information containing in the dynamic spectra of the solar radio FS is very impor-
tant for understanding the mechanism of solar flares, the parameters of source regions, and in
particular the magnetic fields. The paper!®® is a good example.

(2) Li, and Qinl®®! proposed a “dual quasi-periodic pulsation model” for interpreting the fast
FS superposed on microwave bursts at short centimeter waveband. It has been proved that the
relative intensity variation of rapid impulses approximately equals to the relative variation of the
magnetic field strength of the source regions, and some parameters of the source regions were
obtained, as shown in Table 1.

Table 1
inside the flare kemel underlying the flare kernel
(FMA wave mode) (Alfvén wave model)
Ty = 3.75 x 10°K Ty = 2.9 x 107
Nae— 11056102 cnid N2 =6.94 x 101%cm—3
B; = 122G By = 126G

(3) The inadequacy of the spatial resolution of radio observations, because of the overlength
of the long radio wavelength, is the major difficulty for the determination of the spatial position of
the sources of microwave ms bursts, but it may be mitigated by making comprehensive analysis
using the data both in radio and optical wavebands. The work of Fu et al.3% is a tentative
attempt of this kind of analysis. Some very well data of the October 2, 1993 event!4°), including
time profiles at three frequencies of 10 cm waveband and two dimension spectrogram and video
record in Ha waveband were obtained. The results show that there are considerable correlation!4!
between the two wavebands, and both the complicated impules group and microwave type III
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burst group can be found in a small region of 2” x 2" arcsec, and that suggests a spatial fine
magnetic field configuration. A paper of the results is in preparation.

4 Some radio spectral phenomena and the coronal magnetic field

Since the emission of quiet Sun and S-component at meter wave is rather weak, magnetic
field estimation is mostly taken from the imformation on radio bursts.
4.1, MHD shock wave and slow-drift bursts(?

The type II bursts’ frequency drift rate depending on the shock velocity and the phenomenon
of band splitting in type II bursts have been used for a long time to derive information about
magnetic fields. Difficulties arise from the fact that a uniform and generally accepted theory of
type II bursts is still missing.

(1) Shock velocity

There are different approaches to explain how plasma waves are excited by shock waves
associated with type II bursts. According to the earliest approach by Pikelner and Gintsburgl4?],
the Langmuir waves are excited by a MHD shock if the Alfvénic Mach number M, exceeds a
critical Mach number M, given by

MA:i>MC=1+g(8”g—2H), (11)
where g;: > NkT and vp < vy, and v, is plasma frequency. The B can be deduced from (11).

(2) Band splitting ,

The effect of band splitting of type II bursts can be interpreted in different ways either by
magnetic or geometrical effects. If one looks for magnetic effects, three variants of interpretation
are to be noted:

(i) Emission separation by magneto-ionic resonances/43!

The center frequencies of two separate bands are vy, and vy, then

il 2 i Sy i 2\1/2
Vi =Vp, Vg =Uyp= (Vp ik VB)
. 2

Avm%;’f(w»m),

k]

(12)

where Av is the difference of center frequencies of separate bands. The B can be deduced from
vg.
(ii) Emission separation by zero of the refractive index/44]

1 I
V1 =Ulp; Vo =1Vp+ QVBi Av = EVB(VP > vp) (13)

(iii) Another approach was proposed by Serd, Sheridan and Stewart45] by deriving the
related Mach M number from the Rankine-Hugoniot jump condition and hence again concluding
the magnetic field from the shock speed is obtained. ;

B =5.1 x 10" %v[km - s7 '], [MHz] M ~[G], (14)
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where v is shock speed, and v, is plasma frequency ahead the shock front.
4.2 Fast drift bursts!?
(1) Polarization of harmonic radiation
According to Melrose et al.[48] the degree of polarization P of the second harmonic of the

plasma frequency is

44 ve
P= f(a,og)VB, (15)

where f is a function of the angle 8 between wave propagation and the magnetic field B, and 6,
denotes the limiting cone angle of the distribution of Langmuir waves.

(2) Time profile of ordinary polarization

Due to propagation, the time profile of the degree of polarization of a fast drift burst indicates
the magnetic field. At the beginning of such bursts the totally polarized part corresponds to the
distance As between the escape level of the ordinary and extraordinary wave modes so that

As = vaAt = —"VELN, (16)
where v4 is the drift velocity of the exciter and
dnN. 17t
by = [ ds ]

is the scale height of the electron density N,!47].
4.3 Spectral fine structures(?

Spectral fine structures are abundant in nearly all types of solar meter wave emission. Tech-
nical difficulties of the magnetic field determination often arise from the lack of simultaneous
spectral and spatial resolution. Examples of basic processes coming into consideration for mag-
netic field diagnostics are in the following.

(1) Double plasma resonance

The condition for double plasma resonance v, = Svg was applied to the interpretation of
fine structures in U-type bursts and Zebra patterns(48:49],

(2) Whistler waves

The drift rate of fiber bursts interpreted as signature of whistler waves is given by

dv v vg rw S
Al Ml SRR ! it B B Wb Mo
D= % Lva 2c(yp) (VB (1 VB) ) ; (17)

where vy is the group velocity and vw the frequency of whistler wave, respectively [59.

The possibility of calculating the magnetic field by means of the fine structures in microwave
burst spectrogram and some results will be introduced in the last section.
4.4 Radio pulsation in coronal loops

The pulsation in radio bursts is a kind of fine structure of radio bursts which frequently
appear and contain a wealth of useful information of source regions, and using these information
some physical parameters and the magnetic field and magnetic structures of source regions can
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be deduced. The radio telescopes and radio spectrometers with high time resolution are very
powerful means for the investigation on radio pulsation. The pulsation period P is one of the
parameters characterizing pulsating structure. Observed periods are usually assumed to be in the
range of 0.5s < P < 50s, but periods have also been observed as short as tens ms and amounting
to 2-5 min, and the most common are 0.5-5 s. Aschwanden!5!] presented an extensive review
of the radio quasi-period pulsation in coronal loops. The radio pulsation are classified in three
groups according to their driver mechanisms:

(1) Magnetic flux tube oscillations (the emissivity of trapped particles is modulated by a
standing or propagating MHD wave).

(2) Cyclic self-organizing system of plasma instability (wave-particle, wave-wave inter-actions), .
and

(3) Modulation of acceleration (acceleration/injection of particles into the source).

Now, we only briefly introduce the MHD oscillations which have been more frequently studied
and applied. The theoretical aspect of this model can be found in Roberts et a2 For the

magnetoacoustic oscillations in compact magnetic flux tube, the characteristic time is [52
E — 4G/UA, (18)

where a is the radius of the tube and vy is the Alfvén velocity. Taking P = 0.1's, @ = 100 km (the
dimensions of fast burst source are tens—200 km), then, vp = 4 x 10°km - s~!, and the magnetic
field can be estimated. In the case of reflections in a trap, one has the length of the trap,

l=P.v (19)

where v is the velocity of the fast particle. Assuming P = 0.05 s, and v = 10°km - s~1, then the
length of the magnetic flux tube is I = 5000 km. For propagating MHD wavel51],

P ~2.6(a/va). (20)

Thus it can be seen that the phenomenon of radio pulsations is also an important clue for the
diagnosis of the coronal magnetic fields.

5 Summary and conclusions

5.1 Some existing results

Kruger and Hildebrandt/? made a summary of the existing results of the raido measurement
of the coronal magnetic fields, as shown in Fig.8. From [4], we have the average height distribution
of coronal magnetic fields: a magnetic dipole field can be used as a reference model from which
if the maximum field at photosphere is B,,,the magneticfield at a height z above a sunspot can
be deduced by

B. = BuZ3(Z + Z7?), (21)
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where Z4 is the fictive dipole depth below the photosphere. An analysis of 36 compact S-
component sources observed at RATAN-600 is consistent with an average magnetic field at
the bottom of the corona (Z ~ 2 x 10% km) of 1750 G, with a magnetic scale height Lp =
B(Z)(dB/dZ)" of 7 x 10° km, and a gradient of the magnetic field dB,/dZ = (0.25 £ 0.1)G -
km ™}, corresponding to a gradient of 0.37G-km ™' at the level of the photosphere. Same evidence
of fields of 1800G existing in the corona above sunspots has been obtained by VLA observations
(White et al.[5%]). The force-free extrapolated photospheric field (black dots in Fig. 8) of a mag-
netogram measured on 4 July 1973 (Hildebrandt!®®)) shows an astonishing agreement with the
dipole distribution. Up to a height of about 1.5 x 10° km above the photosphere also the same
dipole distribution is in accordance with fields derived from the reversal of circular polarization
in QT-regions marked in by cross in Fig. 8 (Peterova and Ryabov[57]). In some contrast to the
data quoted above, the magnetic fields derived from different burst observations can be different
and partly exceed the maximum dipole field deduced from S-component observations. This is
the case in particular for the fields obtained from the interpretation of fiber bursts by whistler

47]

wavel® or from type II bursts!*”). Due to possible density irregularities, also for other magnetic

58,59]

field estimations the absolute height scale is not very certain! , but it can be partly overcome

£-1
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Fig.8 Measure of magnetic fields compared with dipole distribution above the center of a large
sunspot (Bm = 2500 G, full line: dipole depth Za = 2 x 10* km, broken line: Z4 = 3 x 10* km); black
dots refer to a force-{ree extrapolated photospheric field; s-s component, w—fiber bursts (whistler wave),

I-type II bursts, M-microwave bursts (16.02.1984**)) mm-mm bursts (29.09.1989[54])?),
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by limb observations. In a case, of an off-limb source provided the behind -limb flare on 16
February 198453, 8 GHz emission was detected at a height of > 2x 10° km above the photosphere
(Fig.8). For the first time, 87 GHz radiation was recorded at presumably more than 3 x 10° km
above the limb during the event on 29 September 198954 In Summary, according to the present
state of magnetic field estimated by radio methods, the following conclusions can be obtained!?:

(1) Magnetic fields at the bottom of the corona up to about 2000 G are indicated by gyro-
magnetic radiation of the S-component. This is consistent with a dipole active region (sunspot)
reference field with scale length of the order of 10* km in the low corona under nonflaring condi-
tions.

(2) Magnetic field derived by various radio burst emissions tends to exceed the dipole distri-
bution where direct height estimates from off -limb sources are in consistency with that obtained
from indirect methods depending on given electron density models. Magnetic field transport by
plasma flows may be responsible for a height dependence slower than B ~ R—3.

(3) Superimposed on the mean height distribution of magnetic fields; there is evidence for
the existence of fine structures of the field for both flaring and nonflaring conditions.

(4) Magnetic fine structures are expected to be intimately related to fragmentary field dis-
sipation (reconnection) leading to particle acceleration and plasma heating signified by radio
emission.

5.2 A key research project of solar radio astronomy in China in the 23rd solar active
cycle.

Now the radio approach of magnetic fine structures in solar atmosphere has been introduced.
Because the radio method provides us with a unique quantitative measurement of the coronal
magnetic field, considering the development of solar physics, solar activity and solar magnetic
research which is the superiority in solar research in China, we should pay close attention to the
study of the radio coronal magnetic fields and fine magnetic structures with radio methods. It
should be taken as a key research project in the coming solar activity period.

. Although the measurement of radio coronal magnetic fields in nonflaring time needs the
equipment with high resolution in frequency and space which will not be established in China in
the near future as mentioned above, the measurement of radio coronal magnetic fields in flaring
time can be made using the equipment without spatial résolution, in particular the observation
of microwave dynamic spectrogram with high time resolution, which provides us with a powerful
means for the diagnosis of fine structure of the coronal magnetic fields. It is also the major
scientific objects of the “Solar Radio Broadband Spectrometer” which is being set up as a key
project for the 23rd solar active maximum period in China. The frequency range covered by
this equipment is 0.7-8 GHz, corresponding to the regions of the height 5 x 10> — 2 % 10° km
(fundamental wave) and the range of electron density 1011-10%m~3 in solar atmosphere.

It should be emphatically pointed out that the solar magnetic field and its relation with
solar activity are the important tasks in solar physics. Besides, solar radio astronomy is only one

field of the research in solar physics, and therefore joint investigation of observation and theory
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in radio, optical, UV and X-ray wavebands is required for final approach.
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