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1. Introduction

It is necessary to solve two key problems before any
models of solar flares or coronal mass ejections (CMEs)
are well compared with solar observations (Forbes, 2004).

1. How to measure coronal magnetic field and to get
the favor magnetic configuration in corona, where flares
and CMEs are triggered by magnetic reconnections.

2. How to determine the exact time and location of
magnetic reconnections if the scale of current sheets are
much smaller than the spatial resolution of present solar
telescopes.

It is well known that radio observations under differ-
ent radiation mechanisms may provide a unique diagnosis
of coronal magnetic field and the non-thermal electrons.
Some techniques for radio measurements of the magnetic
fields in both chromosphere and corona were reviewed by
Kundu (1990), such as the measurement of polarization
at millimeter bands for estimating the magnetic field in
the active regions of chromosphere, the properties of gyro-
resonance radiation in microwaves for estimating the mag-
netic field in corona above the active regions, and a direct
measurement of the coronal magnetic field using cyclotron
line emission. The author of this paper will pay attention
only to the radio diagnosis of coronal magnetic field and
non-thermal electrons associated with microwave bursts,
which means the radiation mechanism in this case is domi-
nated by the non-thermal gyro-synchrotron emissions and
relevant absorptions.

On the other hand, the fine structures (FS) at decimeter
and centimeter bands have been intensively studied with
observations of the radio dynamic spectra in recent solar
circles. It is believed that these F'S may be considered as
the radio signatures of magnetic reconnections and parti-
cle acceleration. For example, the start frequencies of type
IIT bursts are emitted at the level in corona where non-
thermal electrons are accelerated. The radio millisecond
spikes may be more closed to the acceleration site than
type III bursts (Benz et al., 1982). Especially, the bidi-
rectional frequency drifts caused by the electron beams

*

The author would like to thank the SOC of Nobeyama
Symposium, 2004 for the review paper in the Proceedings. This
study is supported by the NFSC projects No.10333030 and
10273025, and ”973” program with No.G2000078403.

63

accelerated from reconnection site in two opposite direc-
tions may show the level of reconnection site in corona at
the reversal frequencies (Robison et al. 2000; Xie et al.
2000; Huang et al. 1998, 2004a). Moreover, type IT or IV
bursts and relevant FS (such as zebra strips) are closely
associated with shock waves and CMEs (Mclean, 1985),
their start frequencies correspond to the level in corona
where the speed of CMEs is larger than the local Alfvén
speed.

The time and frequency resolutions become as high as
possible in some recent solar radio spectrographs for ob-
serving the FS. But it is difficult to locate the compact
sources of these F'S in solar disk for understanding their
relationship with the other solar resolvable observations.
Before some new radio telescopes with high spatial, tem-
poral, and frequency resolutions (such as FASR) are com-
pleted in near future, it is considerable to use the radio
data with spatial resolutions, such as the Nobeyama Radio
Heliograph (NoRH) and etc, together with the data of ra-
dio spectrographs for the researches on the radio diagnosis
of coronal magnetic field, non-thermal electrons, and fine
structures associated with microwave bursts. Some recent
works are reviewed in this paper.

2. Diagnosis of coronal magnetic field and non-
thermal electrons
2.1.  Approximations used by Dulk € Marsh

Dulk & Marsh (1982) managed to simplify generally
the complicated expressions for gyro-synchrotron emis-
sions (Kriiger, 1979) in a series of exponential forms that
can be related to observations, but that the magnetic field,
the density of non-thermal electrons, and the propaga-
tion angle are given in an implicit, and thus not practical
form. Based on the approximation used in Dulk & Marsh
(1982), the explicit expressions of the coronal magnetic
field and the line-of-sight number of non-thermal elec-
trons versus brightness temperature, frequency, turnover
frequency, and spectral index were proposed by Zhou &
Karlicky (1994) and Huang & Zhou (1999) for solar mi-
crowave bursts with non-thermal gyro-synchrotron radia-
tion mechanism.
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Here, B is the magnetic field strength. c is the velocity
of light in vacuum. kp is the Boltzmann constant. Ty, and
S, are respectively the brightness temperature and the
radio flux at a given frequency v in the optical thin part
of the microwave spectra. v, is the peak or the turnover
frequency. vp is the electron gyro-frequency. 6 refers to
the angle between wave vector and magnetic field. ¢ is
the energetic spectral index of non-thermal electrons with
a single power law distribution, and § = (1.22 —+)/0.9, v
is the radiation spectral index (Dulk & Marsh, 1982).

However, the propagation angle # is still remained as
a free or unmeasurable parameter in these expressions.
Hence, the coronal magnetic field and the density of non-
thermal electrons can not be calculated self-consistently
using Eqs.(1)-(4). One method was proposed by Huang &
Nakajima (2002) to solve the propagational angle with
the polarization degree r. (Dulk, 1985), together with
brightness temperature, frequency, turnover frequency,
and spectral index.

(5)

> —0.78240.545 cos 6

re=1.26 x 100-03561(—0-071 cos0 (L
VB

which is rewritten as an equation of z (x = sin#):
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All of the coefficient in Eq. (6) are measurable and
defined in Huang & Nakajima (2002). After the angle
is solved from Eq. (6), the 2-dimensional distribution
of the coronal magnetic field strength is calculated self-
consistently in one event on Nov. 28, 1998 observed by
NoRH. Fig.1 shows the contours (100-600 Gauss) of the
calculated magnetic field strength overlaid on the bright-
ness temperature of NoRH at 17 GHz in different times of
the microwave burst. In fact, two components of magnetic
field parallel and perpendicular to the wave vector are ob-
tained in these calculations with the solved propagational
angles.

Another way to solve the angle was obtained by Huang
(2004b) with the expression of the turnover frequency in
Dulk (1985).
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the logarithm of Eqgs.(1), (3) and (7) will lead to three
linear equations of B, NL, and #, which are readily solved
to get three explicit expressions of B, NL, and 6 versus v,
Ty, 0, and v, as shown in Eqs.(8)-(10) (Huang, 2004b):
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Fig. 1. The contours (100-600 Gauss) of the calculated mag-
netic field strength overlaid on the brightness temperature of
NoRH at 17 GHz in different times of a microwave burst on
Nov. 28, 1998.
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All of these coefficients are defined as the functions of
0 (Huang, 2004b). The general calculations from Eqs.(8)-
(10) for the relationship of B versus v, Ty, d, and v, are
displayed in Fig.2. When § < 3.5, B is monotonously in-
creasing with v and Ty, respectively, and decreasing with
vp. When 3.5 <0 < 6.0, B is monotonously decreasing with
v and Ty, respectively, and increasing with v,. When
6 > 6.0, B is again monotonously increasing with v and
Ty, respectively, and decreasing with v,. Hence, B is a
non-monotonic function of § for given v, v, and Ty,.

On the other hand, the relationship of the line-of-sight
number of non-thermal electrons with v, v, and Ty, re-
spectively does not change with different values of . NL
is always monotonously increasing with v and T} respec-
tively, and decreasing with v,. Hence, NL is a monotonic
function of §, and NL always increases with increasing the
value of ¢ for a given v, v, and Ty,.

NIL = 10f21(6)T£2(6)Vf23(6)1/1{24(6)
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2.2.  Ramaty and Takakura’s model

It is emphasized that the approximations used by Dulk
& Marsh (1982) are only available for 2 < § < 7, 10 <
5 < 100 (s is harmonic number), low energy cutoff equals
10keV, 6 ~ 20° —80°, v, defined as the frequency at the
optical depth 7 ~ 1, and the emission of X-mode. Also,
these approximations can be used only for a simple and
isolated source without significant changes of the magnetic
field, the angle and etc, along the line-of-sight within the
emission region.

The more strict model of non-thermal gyro-synchrotron
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Fig. 2. The calculated magnetic field B versus a. vp with
(v =10"Hz and Ty, = 105K, b. v with Ty, = 105K and
vp= 109Hz, and c. T}, with v =2.0 x and10°Hz, vp = 109H z.
The value of § is selected as 2.5 with solid line, 3.0 with short-
-dashed line, 4.0 with dot-dashed line, 4.5 with dot-dot-dot—
dashed line, and 6.0 with long-dashed line, respectively. The
panel d. for the calculated magnetic field B versus the spec-
tral index with v =10 Hz, T}, = 105K, and different values
of vp from 1.6 GHz to 10.0 GHz.

radiations with a single power-law distribution (F(F) =
AE™?) are derived by Ramaty (1969) and Takakura et al.
(1970), in which the thermal cyclotron resonant absorp-
tion and a dipole magnetic field are considered. The Razin
effect and self-absorption may be neglected at higher fre-
quencies or optical-thin part.
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Here, Ty, Fy., and 7, are respectively brightness

temperature, flux, and emissivity at a give frequency v.
The sign of F refers to the ordinary or extraordinary
modes in the cold plasma dispersion relation. mg is the
mass of an electron. By is the magnetic field in photo-
sphere. d is the scale of the dipole magnetic field. N and
T are respectively the density and the temperature of the
ambient plasma. pPp,in and ppq. are the momentum in re-
spect to Epin (low cutoff energy) and E,q. (high cutoff
energy).

There are more free parameters in Egs.(11)-(15) than
that in the approximations used by Dulk and Marsh
(1982), such as A, Bo, pmins Pmaz, N, T, and 6. The

)2 1)
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Fig. 3. The effects of different pmaz, N, T, and 6 on the
graph of the ratio of flux at 11.2 GHz and 9 GHz versus
7 calculated from the ratio of flux at 14 GHz and 11.2
CHz. a. 0 =20,40,60°, N = 10%m~3, T = 5 x 105K,
Emazr = 5MeV, b. N = 108,10%,100e¢m =3, 6 = 60°,
T =5x108K, Emar = 5MeV, c. T =10%,5x 10%, 107K,
0 60°, N 10%m=3,  FEmas 5MeV, d.
Emaz = 0.5MeV,2MeV,5MeV, 6 = 60°, N = 10%m~3,
T =5x10K. Some parameters are fixed, such as Bo=800
Gauss, 6 =2-7, Epin = 10keV in all panels.

effects of 0, N, T, and p,,q. on the calculations are shown
by the ratio of flux at 11.2 GHz and 9 GHz versus v
calculated from the ratio of flux at 14 GHz and 11.2
GHz, in which 6 = 20,40,60°, N = 10%,10%,10%m=3,
T =10%5x 10%,10"K, Enae = 0.5MeV,2MeV,5MeV,
respectively from left-top to right-bottom panel (Huang,
2004c¢). The coefficient A of power-law is just cancelled by
the ratio between two frequencies. It is evident that the
variation of 0, N, T, and p,.., with typical values ranged
in corona only make small difference in the curves of Fig.3.

When the magnetic field By is 200, 500, and 800 Gauss,
the calculated curves are separated evidently in Fig.4.
Hence, the local magnetic field is a very sensitive param-
eter to the calculations (Huang, 2004c).

Moreover, the variation of FE,,;, from 10-90 keV also
has strong effect on the calculations as shown in Fig.5.

Therefore, some insensitive parameters may be fixed,
such as 6, N, T, and p;qaz, but the magnetic field and
the low energy cutoff have to be solved together. On the
other hand, the low energy cutoff is fixed as 10 keV in
the approximations used by Dulk & Marsh (1982). So,
the calculations of Egs.(1)-(10) are still not self-consistent.
On the other hand, if the range of low energy cutoff is
limited in small values such as 10-30 keV (Huang, 2004c),
Egs.(1)-(10) may be a good approximations of magnetic
field and non-thermal density.

A more recent calculations with Eqgs.(11)-(15) show the
density of non-thermal electrons in loop top source is al-
ways larger than that in foot point source in two examples
of NoRH (Fig.6), in one of which foot points are much
strong than loop top, but in another event, the loop top
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Fig. 4. The magnetic field By is 200 (solid), 500 (dashed),
and 800 (dot-dashed) Gauss respectively for different ra-
tio and v ((§ =5, 0 = 60°, N =10%cm™3, T =5 x 106K,
Erin = 10keV, Emar =5MeV).
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Fig. 5. The magnetic field By is 800 Gauss for different ratio
and v, Epin = 10 —90keV, respectively from bottom to top
of each panel, N =10%m =3, T =5 x 105K, Emnar =5MeV,
0=60°,0=2—-71.

is much stronger than foot points (Zhou et al., 2004).

3. Diagnosis of the location of radio fine struc-
tures
3.1.  Millisecond spikes at 2.6-3.8 GHz

Solar radio millisecond spikes are recognized as the so-
lar magnetic activities with the smallest time and space
scale, and well associated with HXR elementary bursts,
as well as evidence for the coherent plasma emission and
particle acceleration with short time scale originated from
magnetic reconnections sites or shock fronts. The millisec-
ond spikes are often detected in decimeter bands (Benz,
1986), with time scales of several ten or hundred millisec-
onds, narrow bandwidth of 2-5 percent, and fast drift rate
of several tens to hundreds MHz per second.

It is difficult to locate the sources of spike emissions due
to their very compact size (hundreds or even tens km) pre-
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Fig. 6. a. The NoRH image at 17 GHz on July, 10, 2000. b.
The NoRH image at 17 GHz on Aug 20, 2002.

dicted from the short time scale and narrow bandwidth.
Some measurements were reported by Krucker et al.
(1995, 1997) with VLA at 333 MHz and YOHKOH/SXT,
respectively. A scenario is proposed where the energy is
released in or near the spike source, and in which the
spikes, the type III bursts and the thermal source origi-
nate from the same energy release. Another measurement
was reported by Altyntsev et al. (1995) with SSRT at 5.7
GHz, the source size is unexpected large (tens arcsec) may
be caused by the strong angular scattering at centimeter
bands (Bastian, 1994).

One event on Nov.2, 1997 is studied at 2.6-3.8 GHz
with high time (8 ms) and frequency (10 MHz) resolu-
tions (Huang, 2004d). Several spikes with lifetime of tens
ms and relative bandwidth of 2-3% were superposed on
the ambient burst (Fig.7). The most interesting feature
of one spike at 03:04:54.6 UT (marked in Fig.7) is a very
fast frequency drift (several GHz/s) in bi-direction with
reversal frequency at about 3 GHz (Fig.8), which is im-
portant to determine the level of magnetic reconnection
in corona (Liu et al., 2002).

Figs.9-10 show the NoRH contours at 17 GHz overlaid
on YOHKOH/SXT and SOHO/MDI images around the
time of spike emissions. The radio source is composed of
one extended source is embedded in a large and bright
soft X-ray loop system, and a compact source located
at one foot-point of a small soft X-ray loop. The mag-
netic field is simplified as a dipole with multiple positive
(white) and negative (black) polarities. The 17 GHz con-
tours are marked by ”a” (compact source), and "b, c,
d, e, {7 (extended source). Fig.11 show the time profiles
at these sub-sources, the counterpart of the radio spike
at 03:04:54.6 UT only exists in the compact source, with
Stocks I, V components and polarization degree in Fig.12.
Moreover, the magnetic field in the compact source is
larger than that in the extended source, the condition
the electron cyclotron maser mechanism for spike emis-
sions is satisfied only in the compact source, i.e., the elec-
tron plasma frequency is smaller than the electron gyro-
frequency (Huang, 1987).

Even the working frequencies of NoRH is much larger
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Fig. 7. The time profiles at 1, 2, 3.75, 9.75, 17, and 35 GHz
of NoRP on Nov.2, 1997. The line is marked as the selected
time of a radio spike.
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Fig. 9. The contour of the radio source at NORH 17
GHz (03:04:58 UT) overlapped on the YOHKOH/SXT
(03:15:04.135 UT) image in AR8100 on Nov. 2, 1997.
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Fig. 10. The contour of the radio source at NoRH 17 GHz
(03:04:58 UT) overlapped on SOHO MDI magnetogram at
03:15:04135 UT on Nov. 2, 1997.
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Fig. 13. The time profiles at 1, 2, 3.75, 9.75, 17, and 35 GHz
of NoRP on Aug.25, 1999.

than that of the spectrograph, and the counterpart of the
spike at 17 GHz is not clear in NoRP data (Fig.7), but it
is really visible in NoRH data with high spatial resolution
and sensitivity. The physical explanation for this coun-
terpart is that the electron beams for spike emissions at
lower frequencies may reach very low corona for 17 GHz
emissions.

3.2.  Type IlI-like at 4.5-7.5 GHz

Fig.13 gives another example of rich fine structures (FS)
started about one minute prior to the main burst with the
maximum emission at 4 GHz for the FS, and 10 GHz for
the main burst, respectively. The time profiles at 4.5-7.5
GHz coincide very well with that of hard X-ray (from 25
keV to >300 keV) in both of the main burst and the FS
as shown in Fig.14 (Huang et al., 2003).

The dynamic spectrum at 4.5-7.5 GHz in the top panel
of Fig.14 show a group of type I1l-like bursts with drifts
from lower to higher frequencies, which means that the
electron beams move down from higher to lower corona.
The burst at the start frequency around 4 GHz should be
emitted close to the level of acceleration or reconnection
site. The sources of the FS and main burst are located
in Fig.15, the double source appeared, and down source
(FS) was only strong in the pre-flare phase, after that the
up source (main burst) was dominated. The SOHO/MDI
contours in Fig.16 shows a typical dipole magnetic field
around the main source, which should be contributed by
the foot-point emissions. On the other hand, the F'S seem
to be emitted close to the loop top, which is consistent
with the typical flare model. The location of FS is con-
firmed by the time profiles of different sources. Fig.17
gives the Stocks I and V at 17 GHz of the main and FS
sources. It is evident that a strong fluctuations in the pre-
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Fig. 16. The contours of SOHO/MDI (solid lines for 200 G,
300 G, and 400 G, dashed lines from -200 G to -1000 G with
interval of 200 G) overlaid on YOHKOH/SXT images in the
event on Aug 25, 1999.

Fig. 14. The comparison between the time profiles of
BATSE X-ray (three middle panels for three energy channels)
and the spectrum of radio FS at 4.5-7.5 GHz (top panel) as
well as the integrated time profile in full band (bottom panel)
on Aug 25, 1999.
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Fig. 15. The contours of R+L at 17 GHz of NoRH (5 x 10*- &

108 K) overlaid on YOHKOH/SXT images in the pre-flare
and rising phases of the event on Aug 25, 1999.
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flare phase only happened in the source of FS at 17 GHz,
which is consistent with the time profile at 3.75 GHz in
Fig.13.

The dynamic spectrum with high time resolution (5 ms)
in Fig.18 shows one example of the type III-like, which
may be considered as a twisted magnetic rope with time

Fig. 17. The time profiles (Stokes I) and polarization (Stokes
V) at 17 GHz of NoRH in the main (first and second panels)
and FS (third and fourth panels) sources, respectively.
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Fig. 18. The dynamic spectrum with time resolution of 5ms
for a selected type Il1-like at 5.2-7.6 GHz of NAO on Aug 25,
1999.

interval of 0.3 s and frequency interval of 0.5 GHz, and
the phase velocity of a typical Alfvén speed (Huang et al.,
2003).

3.8.  Microwave type IV and III, and zebra at 2.6-7.6
GHz

In an event on April 21, 2002 with X1.5 flare and
very high-speed CME (Huang, 2004e), the time evolution
of TRACE images overlaid by NoRH 17 GHz contours
(Fig.19). The main radio burst started at higher frequen-
cies as shown in the first panel with a double source at
two foot-points as shown in SOHO/MDI magnetograph
and 34 GHz contours of NoRH (Fig.20). After that, a ra-
dio ejection was detected from foot 1 at 01:49 UT (while
foot 2 disappeared), associated with the expanded flare
and post-flare loops. The loop-top was extended along
the solar limb and well coincident with the EUV loops.
The velocity of radio ejection and expanded loops keeps
ten km /s until the post-flare phase.

It is emphasized that the polarization sense of the radio
ejection at loop-top source (LCP) is opposite to that at
foot 1 (RCP) as shown in Fig.21.

Figs.22-23 show the Stokes I and V profiles at 1, 2, 3.75,
9.75, 17 and 35 GHz of NoRP in this event. The maxi-
mum time is around 01:25 UT with turnover frequency
of about 10 GHz corresponding to the 17 GHz emission
from foot 2 source in Figs.19-20. Almost during the same
time as the radio ejection started (01:50 UT) from foot 1,
a very strong emission at low frequencies (1-2 GHz) ap-
peared with reversal polarization sense from RCP to LCP,
which predicted as the coherent emissions by Kundu et al.
(2004).

The coherent emissions are analyzed with dynamic
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Fig. 19. The TRACE images overlaid by 17 GHz contours
of NoRH at different phase of the event

Fig. 20. The SOHO/MDI magnetograph overlaid by 34 GHz
contours at 01:15:21 (solid) and 02:24:26 (dashed) UT

spectra of Hiraiso and Chinese Radio Spectrographs.
There are a pair of moving type IV bursts respectively
at 0.2-2 GHz from higher to lower frequencies and at 2.6-
3.8 GHz from lower to higher frequencies (Fig.24).

The fine structures with fast frequency drifts evidently
exist in the the type IV continuums at 0.2-2.0 GHz and
2.6-3.8 GHz. The dynamic spectra at 2.6-3.8 GHz with
time resolution of 8 ms (Fig.25) are selected in four time
intervals marked in Fig.24. The strong fluctuations at 2.6-
3.8 GHz (Figs.22-23) indicate that the type IV bursts are
not real continuums. A group of quasi-periodic emission
clusters are shown in the top panel of Fig.25. There are
very slow frequency drift of moving type IV (5 MHz/s)
and the very fast drift of type IIT (several GHz/s) respec-
tively in second and third panels. The fourth panel shows
the multiple zebra strips with middle frequency drift (50
MHz/s). The three components of frequency drifts are
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Fig. 21. The contours of Stokes V at 17 GHz are overlaid on
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Fig. 22. The Stokes I profiles at 1, 2, 3.75, 9.75, 17 and 35
GHz of NoRP in the event
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Fig. 24. A pair of moving type IV bursts at 0.2-2.0 GHz and
2.6-3.8 GHz

mixed in all panels of Fig.25., which may correspond to
different speeds of current sheet or flare loop (tens km/s),
shock waves (hundreds km/s), and non-thermal electrons
(tens or hundreds keV) associated with magnetic recon-
nections that took place above the 17 GHz loop-top source
in Figs.19-21.

The location of FS sources are also studied in some
recent papers for zebra structures at 4.5-7.5 GHz with
data of SSRT and Chinese spectrographs (Altyntsev et
al., 2004; Melnikov et al., 2004).

4. Summary

The approximations of Dulk & Marsh may be used for
diagnosis of coronal magnetic field and non-thermal elec-
trons with non-thermal gyro-synchrotron radiations when
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Fig. 25. The quasi-periodic emission clusters and three com-
ponents of frequency drifts from top to bottom in the dynamic
spectra at 2.6-3.8 GHz.

the low energy cutoff is close to 10 keV, as well as the
other conditions given in Dulk & Marsh (1982) are sat-
isfied. A series of papers (Zhou et al., 1994; Huang et
al., 2000; 2002) are completed for this purpose, some ex-
plicit functions of coronal magnetic field and non-thermal
electrons are derived from the self-consistent calculations
with measurable values of frequency, turnover frequency,
flux or brightness temperature, and spectral index.

On the other hand, if the low energy cutoff varies in a
broad range (Gan et al., 2002), the coronal magnetic field
and low energy cutoff should be calculated simultaneously
with more strict model of non-thermal gyro-synchrotron
radiations (Ramaty, 1969; Takakura et al., 1970). The
other parameters are not sensitive to the calculations, such
as the high energy cutoff, propagation angle, the density
and temperature of ambient plasma (Huang et al, 2004c).
Therefore, the new method will be developed for radio di-
agnosis coronal magnetic field and non-thermal electrons
with non-thermal gyro-synchrotron radiations.

The another topic mentioned in this paper is the lo-
cation of radio bursts with FS. Especially, the bursts or
the FS with frequency drifts, such type III bursts and
millisecond spikes with very fast drifts caused by parti-
cle accelerations, the moving type IV bursts with slow
drifts caused the moving of flare and post-flare loops, or
the middle drifts of the zebra structures caused by shock
waves. The location of these bursts or FS may give some
direct or indirect signature of magnetic reconnections and
particle accelerations. The key point to locate the sources
of the radio bursts with FS is how to joint the data of
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heliographs with high spatial resolution and the data of
spectrographs with high temporal and frequency resolu-
tions.
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