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Solar Spectral Fine Structure in 18-23 GHz Band
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On 30th June 1989 high sensitivity-spectral resolution observations of solar radio bursts were carried
out in the frequency range of 18 - 23 GHz. The burst observed at 17:46 UT was different from
the 60 bursts observed so far in the sense that it exhibited a frequency fine structure superimposed
on the ongoing burst in its rising phase, i.e. an additional enhancement of the flux density of the
order of 10 SFU, observed only in the 21 and 22 GHz frequency channels, lasting for about 4 s.
Interaction of an emerging loop with an adjacent loop accelerated particles in that loop from which
the broadband burst was emitted due to the gyrosynchrotron emission. The observed fine structure
is interpreted as due to thermal gyro-emission at 6th harmonic of the gyrofrequency originated from
a hot kernel with short lifetime located at the top of emerging loop. We derived the hot kernel
source parameters, the temperature as 8 x 107 K, the magnetic field as ~ 1250 G and the density

as ~ 5 x 10'% cm™2.

I Introduction

High spectral-time resolution studies of solar active re-
gions and of radio bursts at mm wavelengths are scanty.
Kaverin et al. (1979), for the first time investigated the
spectra of active regions with 60 MHz frequency reso-
lution in the frequency range of 5-7 GHz and reported
frequency fine structures with a bandwidth of 150-400
MHz. This group extended the frequency range of ob-
servations to 8-12 GHz and reported the existence of
frequency fine structure in the spectra of the active re-
gion in this band also (Kaverin et al. 1980). Later on,
Lang and Willson (1983) reported fine structure emis-
sion in active regions in the frequency range of 1375-
1720 MHz. Schmahl et al. (1984) reported steep spec-
tra in active regions in the band of 4496 to 4966 MHz.
Observations of active regions using VLA at 10 closely
spaced frequencies between 1440 and 1720 MHz, with a
spatial resolution of ~ 4 arc seconds by Willson (1985)
showed significant changes in the brightness tempera-
ture over a narrow frequency range. He attributed them
to cyclotron line emission from a narrow layer where the
temperature is elevated. Recently, Bogod et al., (1998)
using the RATAN-600 radio telescope in the frequency
range of 937.5 MHz - 17.6 GHz also observed narrow-

band emission, similar to Willson’s observations, but
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around 3330 MHz with bandwidth of ~ 750 MHz.
Stahli et al. (1989, 1990), using the Owen’s Valley
Frequency Agile Interferometer operating between 1-
18 GHz with 10 seconds time resolution, showed the
existence of frequency fine structures in the spectra
of the solar bursts. For the first time, Gontarev and
Klassen (1987) and Klassen (1992) reported frequency
fine structures in the rising part of the microwave burst
assoclated with the impulsive phase of a flare, with
fractional bandwidth of Af/f < 0.1 and intensity
AS/S ~ 10%, in the frequency range of 2100 - 3100
MHz. Fridman et al. (1994) reported “blip-like” emis-
sion in the initial phase of the bursts in the frequency
range of 8 - 12 GHz with a bandwidth of about 2 - 4
GHz and positive drift rate of 2 GHz/s. They suggested
that these emissions are due to plasma mechanism. For
the first time, we report evidence for the existence of
frequency fine structure still at higher frequencies than
reported earlier and discuss possible model for its ori-

gin.

IT Observations

Microwave observations of solar active regions and ra-
dio bursts are being carried out since 1988 by using the

variable frequency (18 - 23 GHz) radiometer and 13.7m
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parabolic dish of Itapetinga Radio Observatory, Brazil.
This system has a high sensitivity of 0.03-0.06 SFU, fre-
quency resolution of 1 GHz, and time resolution of 0.6-
1.2 seconds. The spatial resolution is ~ 4 arc minutes
at 21 GHz. Other details of the system and calibration
procedures are given by Sawant and Cecatto (1994).
For the observations reported here the time resolution
was 1.2 s.

In the three years of observations of active regions,
with a total of about 500 hours, only two active regions
showed evidence of frequency fine structures in their
spectra with a bandwidth of about 2.0 GHz lasting up
to 90 minutes (Cecatto, 1990; Sawant et al. 1994). Dur-
ing the period of June-July, 1989, we have observed ~
30 microwave bursts, 11 of them on 30th June, 1989
when the antenna was tracking the active region AR
5569 which had a magnetic field of 2100-2500 G at the
photospheric level (Coffey; SGD 540-1, 1989) and was
located at N19 W24. Out of the 11 bursts observed,
only one showed frequency fine structure.

The burst reported here, exhibiting frequency fine
structure, started at 17:46:01 UT and showed maximum
intensity at 17:46:10 UT. Microwave (18-23 GHz) time
profiles of this burst are shown in Fig. la. The differ-
entiated intensity time profile plot which brings out the
presence of frequency fine structure at 21 and 22 GHz
more clearly is shown in Fig. 1b. The burst duration is
defined as the time interval when the signal is above 3o
level, where o 1s rms noise. The total duration of the
broad band burst is ~ 20 seconds and its peak inten-
sity 1s about 90 SFU. A frequency fine structure can be
seen before the maximum at 17:46:06 UT, superposed
on the broadband burst. This narrow band structure
has a bandwidth of about 2 GHz, intensity of 10 SFU,
and total duration of ~ 4 seconds.

This burst was associated with H-« flare of SN type
and soft X-ray M2.1 flare as observed by GOES satellite
begining around 17:37 UT. The UltraViolet Spectrom-
eter Polarimeter (UVSP) on board the Solar Maximum
Mission satellite also observed this burst. It started
around 17:45:30 UT, showed a peak after 17:46 UT and
lasted for ~ 2.5 minutes (Schwartz, 1992).

Occurrence of fine structure in the microwave burst
and/or its spectra reported up to 1-18 GHz by various
authors are mentioned in the introduction. Our ob-
servation suggests that they can be observed up to 22
GHz. Nine of the bursts observed by us on June 30th,
1989 were found to be associated with hard X-rays and

5 of them were found to be associated with Owen’s Val-
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ley observations in the frequency range of (1-18) GHz.
Six of these bursts were analyzed with Hard X-ray data
of Solar Maximum Mission satellite, and three showed
one to one correlation in intensity and time with each
time structure observed in the high energy (>200 keV)
bursts (Sawant et al., 1993). This leads us to believe

that the observed fine structure is of real solar origin.
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Figure 1. (TOP) Time profiles of a microwave (18-23 GHz)
solar burst observed on June 30, 1989 at ~ 17:46 UT with a
frequency fine structure in 21-22 GHz during the rise time.
(BOTTOM) Differentiated time profiles at all six frequen-
cies exhibiting more clearly the fine structure in 21 and 22

GHz.

IIT Discussions and Interpreta-
tion

As mentioned in the introduction, fine structures in

the active regions and bursts spectra in the microwave
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range have been reported since 1980. At the same time,
Zheleznyakov and Tikhomirov (1982) theoretically sug-
gested that hot kernels located on the top of a magnetic
loop with dimensions up to 6 arc seconds can emit ther-
mal cyclotron radio emission and bremsstrahlung which
may contain a set of lines at cyclotron harmonics and
the maximum at plasma frequency. Lifetime of these
emissions can be smaller than a couple of minutes or
some seconds. These lines can appear as fine structure
superimposed on the spectra of the active region and/or
on the bursts and can be detected with an antenna hav-
ing reasonably good sensitivity and spatial resolution of
~ few arc minutes as is in our case, whereas the detec-
tion of cyclotron lines reported by Willson (1985) and
Bogod et al. (1998) essentially requires high spatial
resolution of the order of a couple arc seconds.

There is enough evidence that hot kernel or mi-
crowave sources lasting for a couple of seconds do exist.
Recently, observations of transient bright points in X-
rays have been reported by Kundu et al. (1994), and
Van Driel-Gesztelyi (1996). Observations of transient
brightening at X-ray wavelengths lasting for about 2
min. (Shimizu, 1995) and transient microwave bright-
ening at 15 GHz lasting for about 30 s (could be less due
to VLA’s poor time resolution) by Gopalswamy et al.
(1994) support the possible existence of such short lived
sources. Observations of transient microwave bright-
ening lasting for seconds and their comparison with
brightening in soft X-rays were noticed by Gopalswamy
et al. (1994).

We suggest that the observed fine structure can orig-
inate from hot kernel’s radio emission, lasting for a cou-
ple of seconds. However, we do not rule out the possi-
bility that it may be due to plasma emission since our
limited spectral-time resolutions do not permit us to
investigate possible drift rates, as observed by Fridman
et al. (1994) for the interpretation of their observations
in the frequency range of 8-12 GHz.

The proposed model for interpretation of the ob-
served fine structure is shown in Fig. 2. The emerging
loop (B) interacts with the adjacent loop (A) and ac-
celerates the particles which generate the broadband
(18-23 GHz) radio emission in loop (A). The hot ker-
nel lasting for < 4 s in loop (B) generates a set of
cyclotron line emission at 6th harmonic which is the
observed narrow band structure as superposed on the
broadband emission since antenna’s beamwidth 1s large
enough to cover the whole active region including both

the loops. Typical values of temperature and density

for the remainder of loop (B) are 107 K and 10! em=3
respectively. Values for the surroundings of the loop
are 105 K and 10° em™3,

SOURCE PARAMETERS
OF HOT KERNEL
BROAD BAND BURST

NARROW BAND EMISSION Ah=(1-2) )(Il)a om

B-~1250G
T=8x10" K
N=5x10"2em3
L1 x10° om

ESCAPE LEVEL OF
~ =X 21 GHz EMISSION

INTERACTING
LOOP REGION

PHOTOSPHERE (NOT TO A SCALE)

Figure 2. Simplified sketch for the magnetic configuration
in the source. Broadband burst is produced in the loop (A)
while the kernel located in the emerging loop (B) is respon-
sible for the frequency-time fine structure.

It is well known that radio emission can escape
above 27 harmonic and in case of hot kernel depend-
ing upon the kernel parameters it can emit higher har-
monic. The estimated magnetic field values up to 5"
harmonic are > 1500 G, however, at the height of es-
cape level of 22 GHz radio emission they are not consis-
tent with the observed magnetic field of the associated
active region. At the 6" harmonic the order of mag-
netic field at escape level is ~ 1250 G, and is consistent
with the observed photospheric magnetic field, ~ 2300
G, of the associated active region AR 5569. Therefore,
we assume the lowest harmonic, 6%, at which the fine
structure emission can be originated.

According to Zheleznyakov and Tikhomirov (1982)
the conditions of radiation escape at frequency w = swpg
are given by:

wZ

——L - <s(s+1)

R
wy sinZag

where w, is the angular plasma frequency, wp is an-
gular gyrofrequency, s 1s harmonic number and «g is
the angle between the ray path and the magnetic field.
For N, 5 x 10'? em™3, B = 1250 G and a¢ = 1 rd,
we can estimate that radiation escape occurs at s > 7
for the ordinary mode and s > 6 for the extraordi-
nary. However, optical depth for ordinary mode is lower
than that for the extraordinary as is discussed in detail
ahead. Therefore, our assumption the observed radia-
tion is at the 6th harmonic is reasonable. We estimate
the temperature, electron density, magnetic field and

its variation through the kernel and its thickness from
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our observations. Assuming that the narrow band emis-
sion is generated at the 6th harmonic in 21 GHz for the
extraordinary mode, the value of estimated magnetic
field in the kernel is ~ 1250 G.

Radio emission at 21 GHz can escape from a height
of > 1 x 10® cm just above of the photosphere under as-
sumptions that emission is at least at second harmonic
and assumed density model is ten times that of Krin-
berg and Teplitskaja (1972). These authors provide a
table with the physical parameters - electron density,
temperature, height, etc - in the outer solar layers at
maximuim of solar activity.

The observed and suggested source sizes in the fre-
quency range of 15 to 23 GHz are of the order of 2-10
arcsec (De Jager, 1979; Marsh & Hurford, 1980; Gopal-
swamy et al. 1994). Smaller source sizes of the order of
2 arcsec will increase the brightness temperature to the
order of about 5 x 10® K, and will be the opposite in the
case of bigger source sizes for the observed flux value of
the fine structure. Hence, we assume a source size of the
order of 4-5 arcsec. From the observed flux density of
10 SFU for the fine structure and assuming source size
of 4 arc seconds for the kernel, the estimated brightness
temperature is 8 x 107 K. Temperature of this order has
been reported from X-ray kernels (Shimizu, 1995) and
from microwave arcsec resolution observations (Marsh
and Hurford, 1980).

Thus, knowing the magnetic field and electron tem-
perature, the density of X-ray kernels is estimated from

static equilibrium condition:
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g;ﬂz_ = NkT
Substituting the values of B, T and k we obtain N ~
5 x 10'? em™3. From the center frequency and band-
width of the fine structure we estimate the magnetic
field variation and also thickness for the kernel as given

by

AB Ah Af

5 = I ~ A
where A B is the magnetic field variation, Ah is thick-
ness of the kernel, Lp = (%%)_1 is the magnetic scale
height, Af is bandwidth of fine structure, and f is the
center frequency. The estimated variation of magnetic
field through kernel is ~ 150 G for % ~ 0.1 and thick-
ness of the kernel is ~ 1.5 x 10% ¢cm for the magnetic
scale height, Lg = 10? cm.

We have calculated the optical depth to determine
the range of angles at which the radiation 1s optically
thin at 21 GHz using Eq.9 in Zheleznyakov and Zlotnik
(1988) paper:

where B is = \/% e, m and c are electron charge and
mass, and light velocity, in C.G.S. units respectively.
N is density, f is observing frequency, k is Boltzmann’s
constant and T temperature of the kernel, and Fj,(«)

is given by

Fjis(a) = sin?* " 2a(sin®a + 2s cos?a £+ V/sinta + 4s%cos?a)?

|cosa|(sinta + 4s2cos?a £ sin2ay/sinta + 4s2cos?a)

where « is the angle between the line of sight and the
magnetic field. Subscripts j and s are mode and har-

monic, respectively.

Fig. 3 shows the variation of optical depth with the
angle between the line of sight and the magnetic field
for the 6th harmonic of the gyrofrequency at 21 GHz,
T=8x10"K, Lg = 10° cm, and N = 10"*—10" cm—3
in the kernel for the ordinary and extraordinary modes.
According to the Fig. 3, the extraordinary mode - rep-

resented by the solid line - dominates the emission for

both density values. For angle values greater than 25-
30 degrees, the ordinary mode is the dominant one. For
the assumed values of the physical parameters, the op-
tical depth is < 1 for e-mode and o-mode if angle o7
were to lie between about 10 - 15 and 25 - 30 degrees,
respectively, and beta plasma (%/N.k.T < 1). Hence

the radiation can easily escape.

Some remarks has to be done. First, our 4 arcmin
spatial resolution does not permit to determine the site

of the hot kernel emission within the source. Second,
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frequency band coverage was narrow enough (6 GHz
compared to the broad continuum from 1 up to 100
GHz emitted by the stronger bursts) to permit detec-
tion of just one line corresponding to a unique of the set
of harmonics emitted by the source. Third, high tem-
perature as 8 x 107 K gives a width of gyroresonance
layer, that is of the order of the radiating source size. In
this case, width of the layer is equal to source size over
height. For the parameters we have taken the width of

cyclotron line will be 50% wider than observed.
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Figure 3. Optical depth variations at 21 GHz with the an-

gle between line of sight and magnetic field direction in the

kernel are shown for densities 10> ¢m™, and 10'* cm™°
indicated by 1 and 2 for o-mode (dashed lines) and e-mode

(continuous lines).

IV  Conclusions

For the first time, observations are reported of narrow
band (2.0 GHz), short duration (< 4s), fine structure
superposed on broad band burst observed in the fre-
quency range of 18 - 23 GHz. This emission is suggested
as due to the thermal radiation from hot kernel at the
6th harmonic.

Assuming an upper limit of the kernel size as 4 arc
seconds, the temperature of kernel is derived as about
8 x 107 K. Also, we estimated a magnetic field of ~
1250 G, and electron density of ~ 5 x 10'? cm™3. From
the centre frequency and bandwidth of the fine struc-
ture, the variation of magnetic field and thickness of
the kernel were estimated as 150 G and 1.5 x 10® cm,
respectively.

High spatial-time and frequency resolution observa-
tions over a wide band in microwaves with polarization

are required to confirm our model.
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