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Abstract.

The Siberian Solar Radio Telescope is one of the World’s largest solar radio
heliographs. It commenced operation in 1983, and since then has undergone sev-
eral upgrades. The operating frequency of the SSRT is 5.7 GHz. Since 1992 the
instrument has had the capability to make one-dimensional scans with a high time
resolution of 56 ms and an angular resolution of 15 arcsec. Making one of these scans
now takes 14 ms. In 1996 the capability was added to make full, two-dimensional
images of the solar disk. The SSRT is now capable of obtaining images with an
angular resolution of 21 arcsec, every two minutes. In this paper we describe the main
features and operation of the instrument, particularly emphasizing issues pertaining
to the imaging process and factors limiting data quality. Some of the data processing
and analysis techniques are discussed. We present examples of full-disk solar images
of the quiet sun, recorded near solar activity minimum, and images of specific
structures: plages, coronal bright points, filaments and prominences, and coronal
holes. We also present some observations of dynamic phenomena, such as eruptive
prominences and solar flares, which illustrate the high time resolution observations
that can be done with this instrument. We compare SSRT observations at 5.7 GHz,
including computed ‘light curves’, with observations, such as 17 GHz radio images,
Ha filtergrams and magnetograms, extreme-ultraviolet and X-ray observations, and
dynamic radio spectra.

1. Introduction

The Siberian Solar Radio Telescope is one of the World’s largest radio
heliographs. It is dedicated exclusively to solar observations and has
been operating for two decades. The working frequency is 5.7 GHz.
Solar radio emissions at this frequency originate primarily in the solar
corona, with a probable contribution from the transition region, both on
the solar disk and above the limb. An extensive data archive containing
one- and two-dimensional observations has been accumulated to date.
A brief description of the SSRT was given by Smolkov et al. (1986).
Since that time, during the last solar cycle, the SSRT underwent several
upgrades, during which new observing modes were implemented. This
was achieved without any interruption to the observations. It is there-
fore timely to describe the upgraded capabilities of the instrument, the
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observational data being produced, and the instrumental limitations to
data quality.

The magnetic field strengths in the corona overlying sunspots are
such that gyroresonant absorption at low harmonics of the electron
gyrofrequency leads to large optical thicknesses in frequencies in the
range 3-5 GHz. This leads to active region emission standing out with
high contrast against the background disk emission, which is due to
free-free, thermal processes. High sensitivity, high-resolution intensity
and polarization observations of gyroresonance and free-free emissions
provide a powerful means by which the structure and dynamics of
coronal magnetic fields may be studied (Felli, Lang, and Willson, 1981;
Kundu 1985).

Another design objective of the SSRT was the high time-resolution
observation of solar radio bursts at 5.7 GHz. One-dimensional obser-
vations can be made with a time resolution of 0.2 s and an angular
resolution of up to 15”. Two-dimensional images can be made with
the rather poorer angular resolution of 21”, and the much lower time
resolution of one image every 2 minutes. These limitations are set by the
technologies available in the 1970’s when the project was started. High-
resolution solar mapping at centimeter wavelengths has been carried
out using large interferometers such as Very Large Array (VLA; Napier
et al., 1983) and Westerbork Synthesis Radio Telescope (WSRT; Baars
and Hooghoudt, 1974). However, the VLA and WSRT are not dedicated
exclusively to making solar observations, so, although their angular
resolution is better than available using other instruments, such as the
SSRT, their availability is lower, and many interesting events may be
missed. The SSRT is used exclusively for making solar observations,
and so offers almost complete time coverage for as long as the Sun
is above the horizon. It may therefore be more effective for studies of
dynamics and evolutionary change in active region structures.

Linear arrays, such as the WSRT and the Synthesis Radio Telescope
at DRAO (Landecker et al., 2000; Tapping, Cameron, and Willis, 2003)
require twelve hours to collect the information needed to obtain a
complete, two-dimensional image; the SSRT, having a two-dimensional
antenna array, can obtain a full, two-dimensional image, in two to
three minutes. The SSRT has the disadvantage of poorer angular res-
olution, so that only larger structures may be mapped. However, the
available angular resolution, in combination with the short mapping
time (a complete, two-dimensional image every three minutes) and the
large mapping field, which permits mapping the whole solar disk in a
single operation, makes this instrument suitable for studies of active re-
gion emissions as contributions to the global slowly-varying component
(Zubkova et al., 1990; Nefedyev et al., 1993; Maksimov and Bakunina,
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1991, 1995, 1996). The dynamic range of the SSRT allows observing
the low-contrast features simultaneously with observations of bright
sources in active regions.

In the course of construction and during observations, the time res-
olution and sensitivity of the SSRT have been substantially improved,
thus extending the range of the physical tasks that can be solved using
observations at the SSRT. The receiver upgrades in the early 1990’s
made it possible to study fine time structures in 5.7 GHz emissions
from transient events. The fine time structure of radio bursts in the
5.7 GHz frequency range can be a powerful tool in the identification of
the relevant dynamic and plasma processes in the source. On the other
hand, it is difficult to identify them without information about the
localization and other spatial characteristics of the emitting sources.
When one-dimensional observations with high time resolution started
at the SSRT, only few other spatially resolved observations of fine
time structures were available. The observations of subsecond-timescale
impulsive centimetric emission with one-dimensional resolution carried
out since 1992 are actually a unique contribution of the SSRT. Second,
improvement of the sensitivity due to several upgrades of the low-noise
amplifiers in the SSRT waveguide system made it also possible to study
features of relatively low contrast with respect to the solar disk.

The SSRT currently observes the quiet Sun, filaments and promi-
nences, coronal holes and bright points, features in active regions such
as plages, sunspot-associated sources and neutral line-associated sources.

For solar stidues it is important that solar observations are carried
out at three frequencies, 5.7, 17, and 34 GHz at two large radioheli-
ographs, the SSRT and Nobeyama Radioheliograph (NoRH, Nakajima
et al., 1994), with almost full overlapping of the observational day-
times. The data acquired at these three frequencies supply information
about coronal processes an different heights in the corona and give
an opportunity to estimate the contribution of various radio emission
mechanisms.

In this paper, the current state of the SSRT is presented, mainly from
the viewpoint of the acquired data and its observational capabilities.
We discuss its observing modes, major characteristics, and data types
for different periods of the observations. We want to show both the
advantages and limitations of the SSRT observations to make its data
comprehensible for the solar community. The instrumentation and the
imaging technique at the SSRT are briefly described in Section 1. We
overview SSRT data as well as the observing modes and characteristics
of the instrument for different years in Section 2. Some examples of
quiet Sun observations are presented in Section 3. Examples of SSRT
observations of dynamic phenomena are shown in Section 4.
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Figure 1. View of the antenna system.

2. The instrument

The SSRT is located at Badary in the Tunka valley in Eastern Siberia,
220 km from Irkutsk. Its geographic coordinates are N 51°45’ E 102°13’.
The SSRT is a cross-shaped interferometer consisting of two equidistant
linear arrays, EW and NS, each of N = 128 antennas spaced by
d = 4.9 m (Fig. 1 and 2). Each interferometer’s baseline is 622.3 m.
Cassegrain antennas with a diameter of 2.5 m and a focal length of
75 cm are mounted equatorially, which determines very simple algo-
rithms of the antenna pointing control system. The working frequency
vo = 5.73 GHz (A = 5.2 cm, the frequency band from 5.67 to 5.79
GHz). The antennas detect left- and right-handed circularly polarized
radiation (LC'P and RCP). The feed of each antenna is equipped with
a ferrite polarization modulator. The period of polarization modulation
is 14 ms. At present, the SSRT observes the Sun in the two-dimensional
mode with a spatial resolution of up to 21”, and in the one-dimensional
mode with a spatial resolution of up to 15”.

Imaging is performed using the dependence of the angular position of
an interference maximum (order) on the observing frequency (frequency
scanning) and using the diurnal rotation of the Earth. The frequency
scanning is not widely used in radio astronomy; hence we briefly explain
this method.

The response of a two-element interferometer with a baseline d to a
point source, which has a flat frequency spectrum, is a cosine depending
on both the observing direction # and the operating frequency v:

Y cos 0>

2rd
F(0,1/)0<1—|—C05< T
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Figure 2. Diagram of the antenna system.

with ¢ being the speed of light. Because the response is a periodic func-
tion, there exist maxima of the response, interference mazima, depend-
ing on the observing direction and frequency. They are determined by
the expression cos8,, = nc/(vd), with numbers n = 0,£1, ..., £nyax,
and occur in the directions 6,, relative to the interferometer baseline.
These maxima are characterized by corresponding distances and widths
in both the frequency and spatial domains.

In a small vicinity A# of the observing direction 8, this expression
can be transformed:

F(0,A0,v) x1+cos(Q,(d,0)v — T, (AF))

with 2, = ’Tc—d sinf, ¥, = ’Td% cosf.
In modelling the performance of a multi-element interferometer, the
instrument can be treated as a large number of two-element interfer-
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ometers. The frequency response of the array is therefore given by the
sum of the frequency responses of each antenna pair, considered as a
two-element interferometer. If a compact source with a flat frequen-
cy spectrum is observed in the direction €, the multi-element linear
interferometer synthesizes its one-dimensional image in the frequency
domain. Because the response is a periodic function in the frequency
domain, it can contain more than one image of the same source. This
is determined by the condition ¢/ (dcosf) < Av, with Av being the
operating bandwidth of the SSRT.

The response of the interferometer in the spatial domain is also
periodic. To exclude the mixture of responses from different interference
orders, the angular size of the observed object A® must not be large,
A® < A/ (dsinf). The fundamental spacing of the SSRT, d, meets this
condition for the Sun. The angular resolution of the interferometer is
determined by the longest baseline pg = A/ (Ndsin#).

The characteristics of two-dimensional and one-dimensional data
produced with the SSRT differ due to the different parameters of the
corresponding beams. A total number of two-dimensional images pro-
duced by the SSRT is determined by the amount of intersections of the
interference orders of the interferometers NS and EW only (for each
interferometer, 1,4, = vd/c = 93) and depends on the observational
day alone. The rate at which the one-dimensional data are produced
by the instrument depends on sampling interval. The ultimate limiting
factor on data rate is the response time of the polarization modulators.
The side lobe levels are also different for two- and one-dimensional
beams. Two-dimensional SSRT beam in a small vicinity A8 < N/u,,
An < N/v, of the interference orders [6,,, ,,] can be represented as

Fop (A6, An) o (~1)nm SR(TUnA0) sin(rvn An)

TUu, Af TV AR

with u,, = Ndsin6,, /A and v,, = Ndsinn,, /A being the highest spatial
harmonics of the linear interferometers. The side lobe level falls off
with its number k as (2k + 1)~!, and the maximum level amounts to
22% of the main maximum. The relatively low level of the side lobes
allows using two-dimensional maps without corrections for sampling or
calibration problems when the brightness of radio sources is moderate.
For the one-dimensional beam

sin(mu, Af)\ >
Fip (A6 _—
1D (AF) o < Tu, Af > ’

the side lobe level falls off with its number as (2k + 1)72, and the
maximum level is 5% of the main maximum. We do not clean one-
dimensional data because of the low level of the side lobes.
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Figure 3. Block diagram of the SHF signal acquisition waveguide system.

2.1. SIGNAL ACQUISITION

The signals from each antenna come into the waveguide system through
the controllable superhigh frequency (SHF) switches (Figure 3) that
allow individual selection of each antenna in testing modes. Then the
signals from all antennas are combined using the waveguide system. The
system has a structure of a binary tree to make the electrical lengths
from all antennas equal. The 4" to 128" nodes of the waveguide sys-
tem have variable phase shifters that are capable of adding additional
phase delays ranging from 0 to 360°. The standard deviation of the
phase alignment is currently about 8°!. Qutput signals are combined
in each node of the binary-tree waveguide system. Amplifiers with a
noise temperature of 60 K are installed in nodes after each group of
16 antennas. The outputs from each of the four arms are combined to
form NS and EW output signals.

The waveguide system is arranged in an underground tunnel to
reduce the phase instability due to temperature variations. Remotely-
controlled peripheral subsystems are located in the nodes of 16 antennas

of the SSRT.

2.2. RECEIVING SYSTEMS

A well-known modulation technique is used to extract the correlation
component. The phases of the output signals of the two linear in-
terferometers NS and EW are modulated in the cross point of the
tunnel. The signals are combined into in-phase and anti-phase sums.
The modulated signal comes to the frequency converter located in the
observation building.

! The redundancy of the spatial spectrum in the one-dimensional mode sig-
nificantly reduces the sensitivity of the response to the amplitude and phase
distortions.
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The frequency scanning is implemented at the SSRT through the
recording power spectrum of the signal from the output of the in-
terferometer, hence, the principal part of the receiving system is a
spectrum analyzer of the intermediate-frequency signal. Historically,
there are two spectrum-analyzing systems of parallel analysis. Both
of them are superheterodyne receivers. One is an initial 180-channel
multi-frequency filter bank (MFB) developed in the course of the SSRT
construction. The other is an acoustic-optical spectrum analyzer (AOR)
built in early nineties. The present AOR has 500 channels. Each of the
receiving systems operates independently.

The block diagram of the receiving system of the SSRT is shown in
Figure 4. Basically, the structure of both the MFB and AOR receivers
is the same. The mixer combines signals from a high-stability oscillator
(Osc) with amplified signals from the waveguide system. Then the
amplified intermediate-frequency (IF) signals are led to the spectrum
analyzer, AOR (IF = 210 MHz) or MFB (IF = 70 MHz). The sampling
interval of the data acquisition system is currently 7 ms. Individual
samples are summed up by the computer of the data acquisition system
to form averaged samples with a period of 336 ms and recorded into
the hard disk. The 14-ms time resolution data are only saved for fine
time structured events. Raw data files are stored at CD-R’s.

The summation of all antenna signals in the waveguide system de-
termines a very high dynamic range of input signals, which is a critical
point of a directly imaging telescope, thus requiring a controllable
attenuator. A 21-dB attenuator is controlled by the data acquisition
system using real-time analysis of signal levels.

The receiving system is connected to the other systems of the SSRT
by means of a local area network (LAN) using the TCP/IP protocol.
The clock system uses GPS signals. The timing accuracy is 1 ms.

2.3. IMAGING

Unlike synthesizing interferometers (e.g., NoRH), SSRT is a directly
imaging instrument and does not use the aperture synthesis technique.
The dependence of the angular position of an interference maximum
on the observing frequency is used to scan the Sun in altitude. The
working frequency range of the SSRT of 5.67 to 5.79 GHz is practically
always sufficient to cover the whole solar disk. The Sun is scanned
in another direction (in hour angle) due to the diurnal rotation of the
Earth. Therefore, one image of the Sun (a standard frame of 42" x 42’) is
formed in about three minutes. The typical interval between successive
two-dimensional images is about 2 minutes.
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Figure 4. Block diagram of the receiver system.

The imaging process at the SSRT is illustrated with Figure 5 where
a part of a raw record is shown (13 August 2002). Initially, the output
signals of the two linear interferometers NS and EW are combined in
in-phase and anti-phase sums (Fig. 5a and 5b) using the modulation
technique. After the detection, the corresponding sums are subtracted
from each other to form the correlation component (Fig. 5¢). Two upper
panels show in-phase and anti-phase sums, and the lower panel shows
the correlation component. Each sample (vertical cross section in the
Figure) of the raw record is a sum of one-dimensional spatial profiles
of the Sun recorded with the EW and NS arrays according to their
current scanning directions.

The responses obtained from the pass of successive interference or-
ders (for each linear interferometer) have alternate signs, and the dark
and light ellipses in Fig. 5c are the corresponding images of the solar
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Figure 5. A part of a raw record (13 August 2002): a) in-phase sum, b) anti-phase
sum, c) correlation component computed through the subtraction of the initial
in-phase and anti-phase sums. Numbers in the upper panel show interference orders
passed by the EW and NS interferometers, and in the lower panel they show solar
images formed in passes of the Sun through the corresponding pairs of the EW and
NS interference maxima. A rhombus in the lower panel shows the projection of a
square-shaped area on the sky from which a standard frame of 42’ x 42’ is formed.
Two vertical lines mark a short time interval of 20 s for which the time profiles
are shown in Figure 16. All images are nonlinearly processed to make both bright
sources and the quiet Sun pronounced.

disk. A rhombus in the lower panel shows the projection of a square-
shaped area on the plane of the image from which the standard frame
of 42" x 42’ is formed in the pass of the Sun through the intersection
of the 55-th EW order with the 42-nd NS order. An impulsive short-
duration burst occurred during this pass, so that its image is visible
during this pass only. The time profiles of this short burst are shown in
Figure 16 within a short time interval of 20 s marked by two vertical
dash-dotted lines.

Bright slanted strips in the in-phase and anti-phase sums are traces
of bright, relatively stable radio sources recorded with the EW and
NS linear interferometers. The arrows in the middle panel show the
direction corresponding to the EW interference orders —56 through
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—53 (below) and to the NS orders +41 through 443 (above). The
slopes vary during a day depending on the directions 6,, with respect
to the baselines of each linear interferometer.

The figure also illustrates the formation of one-dimensional data
simultaneously with two-dimensional imaging. This example shows the
present situation (starting from 2000), i.e., the outputs from EW and
NS linear interferometers are combined. Using independent record-
ings of the output signals of the two linear interferometers, high-time-
resolution unmixed one-dimensional images of the Sun were obtained
in 1993-2000 (Altyntsev et al. 1996b) to form two spatial profiles in
two directions. The independent recording from the two linear inter-
ferometers is currently not available, and we plan to resume it next
year.

We can see some features of the SSRT imaging from Figure 5. First,
the slanted strips corresponding to traces of bright sources observed in
subsequent interference orders of EW interferometer obviously over-
lap with each other, i.e., the same source is observed in two differ-
ent frequency channels simultaneously. However, there are gaps in the
one-dimensional record from the NS interferometer in the intervals
02:45:30-02:46:00 and 02:50:45-02:51:15 (Fig. 5a, b). The presence of
these gaps or overlapping depends on the observing directions 0, ,.
These gaps occur at different times for each linear interferometer. As a
result, a continuous source flux time profile can be computed.

Next, depending on the observing direction relative to the baselines,
the SSRT can simultaneously observe the Sun in two interference orders
at different frequencies within the operating bandwidth, as seen in
Figure 5. This feature gives an opportunity to estimate the spectral
slope of the emission under these conditions (Altyntsev et al., 1996a).

The distance between adjacent interference orders virtually deter-
mines the field of view. It varies depending on the solar position relative
to the SSRT baselines. Under favorable conditions, this allows erupting
prominences to be observed up to heights of three solar radii from the
solar disk center.

Figure 6 shows solar maps produced from the raw data. The maps
have been formed from the pass of the Sun across the interference max-
ima —56/41 (the impulsive source is observed in the pass of —55/42).
‘Dirty’ solar maps (Fig. 6a) are constructed from the raw data using
geometrical transformations to correct projection warping?. Because
the sidelobe level of the SSRT beam pattern is relatively low (< 22 %

? ‘Dirty image’ is the image as output from the imaging process. It has not been
corrected for sampling or calibration problems. ‘Clean image’ is the image after
application of an algorithm to correct the above. In general this term is applied to
an image to which the CLEAN algorithm has been applied.
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Figure 6. Solar Stokes I (a-c) and V (d) maps produced from the raw record (shown
in Fig. 5, 13 August 2002). a, projection-corrected dirty map; b, beam-corrected
map; ¢ and d, clean maps. All images are nonlinearly processed to make both bright

sources and the quiet Sun pronounced. Regions where the clean gave no satisfactory
results are filled in with black.

for a point-like source), it is even possible to use dirty maps when
radio sources on the Sun are not very bright (Uralov et al. 1998). In-
sufficiently accurate knowledge of the spectrum analyzer characteristics
results in some geometrical distortions of images. The non-uniformity of
the spectrum analyzer characteristics also causes some additional one-
dimensional variations of the brightness temperature across the solar
disk.

Figure 6b shows a beam-corrected map produced from the dirty
map. By means of an iterative analysis of the dirty map, we infer
distortions of the beam pattern due to the amplitude and phase errors
in the antenna and waveguide systems of the SSRT. Then the dirty map
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is corrected using inverse filtering with the estimated approximation of
the real beam pattern. We can see the limitation of this method in
Fig. 6b, i.e., the far side lobes with numbers exceeding 50-55 do not
fall away.

Then a performance-optimized CLEAN algorithm is applied to the
maps. The optimization concerns two points: (1) the search for the
current maximum in a source image is optimized by means of the
search within a floating window, which is small relative to the size
of the whole image, and (2) the shift of the beam is optimized by
means of amplitude filtering of the number of significant points in the
array of the beam. The algorithm is also adapted for reconstructing
extended sources, i.e., the convolution of an ideal beam pattern with
model sources of various sizes is used as a clean beam. The present accu-
racy of the phase measurements of the antenna-waveguide system does
not permit us to perform high-quality deconvolution of low-contrast
features automatically. We have not yet developed a robust algorithm
to infer the beam shape from observations. Therefore, intervention of
a user is required in preparation of the dirty beam for the CLEAN
routine, which is time and effort consuming. Clean maps are shown in
Figure 6¢ (Stokes I) and 6d (Stokes V). Regions where the CLEAN
routine gave no satisfactory results are filled in with black in Stokes I
map (NW quadrant in Fig. 6c).

We calibrate the Stokes I and V images as I = (RCP+LCP)/2 and
V = (RCP — LCP)/2, respectively, adopting the quiet Sun’s bright-
ness temperature Tgg = 16000 K (Zirin, Baumert, and Hurford, 1991,
Borovik 1994). In particular, the maximum brightness temperature in
the image shown in Fig. 6 is 2.7 MK. The overall sensitivity in solar
observations is currently 1500 K for an image formed in a single pass of
the Sun (integration time 0.336 s). From observations of the Moon we
measured the system noise contribution of 800 K. The dynamic range
of raw data is about 30 dB, and the dynamic range of clean maps
is ~ 20 dB. The dynamic range is limited by the accuracy of phase
measurements.

The absolute positional accuracy for SSRT images is generally not
sufficient for accurate coalignment with other solar images in order to
study features within active regions. The positional accuracy can be
improved using standard methods.

3. Overview of observational data

The SSRT observes the Sun every day during about 02-08 UT in winter
and during 00-10 UT in summer. SSRT images (one pair per day,
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Stokes I and V) are available at the sites http://ssrt.iszf.irk.ru/ssrt,
http: //www.eastsib.ru/~ssrt/, http: //www.ssrt.org.ru/. These sites al-
so show high-time-resolution time profiles since June 2000. Calibrated
SSRT data in the FITS format, also one pair per day, are accessible
via anonymous ftp at ftp://iszf.irk.ru/pub/ssrt_data /fits/. Raw SSRT
data files (special format) are stored at CD-R’s along with some Stokes
I and V maps per day in FITS files. The typical length of raw data files
is 30-40 Mbytes for routine records (one hour record) and of order 100
Mbytes for high-time-reolution records. We have developed an applica-
tion with the graphics user interface to process raw SSRT files, which
performs all operations described above. In particular, this application
produces files in FITS format, which can be viewed and analyzed using
standard software.

3.1. DATA OVERVIEW

The first observation mode implemented on the SSRT was one-dimen-
sional imaging using drift scans, where the Earth’s rotation carried the
Sun through the antenna beam (Smolkov et al., 1986; Zubkova et al.,
1990; Nefedyev et al., 1993). In this mode, a single spatial profile of
the Sun with a resolution of up to 15" is formed in about two minutes.
The sampling interval is about 0.3 s. The SSRT produces typically of
order 150 drift scans per day at a single frequency, with the interval
between them being of order 3 minutes. This is possible due to the
multi-maximum beam of an equidistant linear interferometer: the po-
sition of each interference maximum on the sky is rigidly fixed, and the
antennas follow the Sun during the daytime.

Then two-dimensional mapping from one-dimensional observations
was implemented using Earth rotation aperture synthesis techniques
(Alissandrakis et al. 1992). The resolution obtained in these maps was
of order 15" x 45" (Sych, Uralov, and Korzhavin, 1993; Uralov et al.,
1998a). After the implementation of two-dimensional imaging in the
correlation mode in 1996, we use the correlation-mode maps almost
exclusively.

In the course of observations, the SSRT underwent several upgrades
of the receiving system and low-noise amplifiers in the waveguide sys-
tem. The major changes in the observational modes were:

— In 1992, the one-dimensional imaging by means of the frequency
scanning put into operation to improve the temporal resolution up
to 56 ms (Altyntsev et al. 1994).
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— In 1993, the multi-frequency filter-bank receiver was equipped with
a Fast Data Acquisition System (FDAS). This improved the time
resolution to 14 ms (Altyntsev et al. 1996a).

— Two-dimensional imaging was performed since early 1996 with
AOR (Uralov et al. 1998b) and from fall of 1996 till 2000 with
MFB (Blinov et al. 1996). The imaging technique which we used
with data from these two receiver systems was slightly different.
Using MFB data, two solar images per day were produced, and
the formation time for a single image was 20 to 60 minutes. Using
AOR data, the imaging is performed during the whole daytime. In
1996-1999, we used an integration of several images during 20 to
60 minutes to enhance the sensitivity.

— After 2000, two-dimensional imaging is performed simultaneous-
ly with high-time-resolution one-dimensional imaging (14 ms) of
the EW 4+ NS combination. Since the summer of 2000, we use
AOR single-pass images only, and do not perform multi-channel
recording from MFB.

All these are the reason for the several changes of the time resolution
and sensitivity. Further details are given in Table 1. The table shows
the time resolution of the SSRT in the one-dimensional mode and the
sensitivity in the two-dimensional mode.

In addition to the imaging SSRT data, we have total flux data
recorded with the radio polarimeter at 5.7 GHz located at the SSRT
site. These light curves along with routine 0.3 s 1-D SSRT recordings
provide information about events occurring during the observational
daytime.

High-time-resolution data are only retained for events with subsecond-
timescale fluctuations.

4. SSRT observations of the quiet Sun

4.1. GENERAL FEATURES

The SSRT is unique in that it can yield well-sampled maps of an area at
least three solar diameters across, in three minutes or so. It can be used
to make maps showing all spatial scales, from the solar disc itself down
to the spatial resolution (21" in the two-dimensional mode). The fluctu-
ation sensitivity allows seeing low-contrast and large-scale features like
filaments or coronal holes against the background of the solar disk and
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Table I. SSRT data types available for different years

1D 2D!
0.3 s 56 ms 14 ms 10000 K 5000 K 1500 K

1983- MFB
1991 MFB
1992 MFB AOR:

EW?
1993 MFB AOR: FDAS:

EW & NS EW
1994 MFB EW & NS EW
1995 MFB EW & NS EW
1996 MFB & AOR EW AOR MFB®
1997 MFB & AOR EW AOR AOR MFB
1998 MFB & AOR EW AOR MFB
1999 MFB & AOR EW AOR MFB
2000 MFB & AOR AOR: AOR?
EW4NS®

2001 MFB & AOR EW+NS AOR
2002 MFB & AOR EW+NS AOR
2003 MFB & AOR EW+NS AOR

!Total sensitivity essentially determined by the solar noise contributions

?Linear interferometers are specified, the signals of which are recorded

3Two 2-d images per day. The formation time for a single image is
20-60 min in this mode only (MFB, 1997-2000)

*Single-pass images

5Combination of responses of two linear interferometers EW + NS

prominences against the sky. The dynamic range allows observing low-
contrast features simultaneously with observations of bright sources in
active regions.

Emission at the SSRT working frequency is characterized by a rel-
atively large contribution of gyroresonance and thermal free-free emis-
sion with respect to higher frequencies, and by a moderate contribution
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of thermal free-free emission with respect to lower frequencies. A high
contrast of radio sources with respect to the quiet Sun is typical of the
SSRT working frequency. The brightness temperature of steady radio
sources in active regions can exceed 2 megakelvin (MK) at 5.7 GHz.

Below we illustrate these features with some SSRT data obtained
for different phases of the solar activity cycle.

4.2. COMPARISON OF AN SSRT MAP WITH IMAGES OBSERVED IN
OTHER SPECTRAL DOMAINS

Figure 7a shows an example of SSRT observations in total intensity.
This is an averaged SSRT map observed close to the solar minimum, on
6 October 1997. This example of observations of a relatively quiet Sun
is interesting also in connection with the approaching solar minimum.
The moderate brightness of the observed radio sources permits using
dirty SSRT maps. For comparison, Figure 7 also shows Ha data from
Big Bear Solar Observatory (b) and radio data at 17 GHz from NoRH
(c), SOHO/EIT images at 304 A (d) and 171 A (e) as well as the
Yohkoh/SXT image (f).

All images are centered, evenly oriented (solar North is up), resized
to the same spatial scale, and nonlinearly displayed to show both
bright sources and the quiet Sun. We removed the limb darkening
from the Ha image and ‘re-rotated’ it from 5 October, 15:43:59 UT
to 6 October, 02:25:57 UT to compensate for the solar rotation and
to make the comparison easier. We averaged three SSRT maps, eight
NoRH 1s-snapshots produced with an interval of 10 min as well as
19 Yohkoh/SXT images to suppress the fragmentation of low-contrast
features in NoRH snapshots and to enhance the sensitivity. All these
images before the averaging are also ‘re-rotated’ to the same time.
The SOHO/EIT images are degridded and flat-fielded. The three SSRT
maps used in the averaging are formed in 48, 33, and 10 minutes.

The SSRT map at 5.7 GHz shows a wider range of brightness com-
pared with the NoRH map at 17 GHz. This is because of the greater
contribution of coronal emissions at lower frequencies. In particular,
the maximum brightness temperature in the SSRT map is 75700 K
(source 1), while in the NoRH map this source has Tp = 18 000 K. These
brightness temperatures suggest that we are dealing with optically thin
radio emission. In general, for optically thin thermal bremsstrahlung of
a source with a kinetic temperature of T > Ts we expect the ratio
(Tesz—Toss7)/(Te1r—Tgs17) to be equal to (17/5.73)% = 8.8. Note
that the quiet Sun’s level in the NoRH image analyzed is 10370 K.
This ratio is 7.8 for source 1 and 6.7 for source 2. The disaccord of
the measured values with the expected ratio can be due to 1) different

ssrt_rev.tex; 5/06/2003; 16:06; p.17



18 V.V. Grechnev et al.

9

SSRT, 5.7 GHz, 01:14-04:05

o
_ e ”,
“'-‘\,,__ _____/"/ e
Big Bear, Ha, 5 Oct., 13:48 SOHO/EIT 171A, 01:00:15

s g ¢

NoRH, 17 GHz, 02:31:28—-03:41:28 | Yohkoh/SXT, 02:06:33-03:05:17

Figure 7. Comparison of an SSRT Stokes I dirty map of 6 October 1997 with data
from other spectral domains. All images are nonlinearly processed to make both
bright sources and the quiet Sun pronounced. Solar North is up.
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spatial resolution for both instruments (the cross section of the beam
is typically 25" for the SSRT and 15” for NoRH), which results in
different contamination of the bright features with darker environment,
2) limited of the sensitivity of the NoRH, 3) artifacts of the CLEAN
routine in NoRH images when the brightness of a source is close to the
CLEAN level of 3000 K (Maksimov et al. 2001), and 4) imaging and
calibration errors in both images. Taking into account all these factors,
we conclude that these values do not contradict optically thin free-free
thermal emission.

Generally, the bright coronal features in SSRT maps are mostly
similar to the SOHO/EIT 171 A and 195 A images (Tpear = 1.3 MK
and 1.6 MK). However, the ‘F’-shaped feature (3) in the SSRT map
has the best similarity with higher-temperature images observed by
SOHO/EIT at 284 A (Tpear = 2.0 MK, not shown) and soft X-rays
(T > 2 MK). Plages and/or dense emitting plasmas above them in
the corona are visible in the SSRT map. One of them is a bright
region extended across bright source 2. Its brightness temperature is
(32 — 54) 10° K. A bright region around source 1 represents a coronal
counterpart of a plage with 75 = (33 — 58) 10°> K. Note that there is
also a dark filament in this region, which complicates the situation.
Extended bright region 10 is one more plage field.

Coronal (‘X-ray’) bright points are detectable in all images, and even
in Ha. However, feature 4 (Tp5.7 = 31000 K) is not well pronounced
at 17 GHz (Tp17 = 11900 K). The brightness temperature for feature
5 is 43000 K at 5.7 GHz and 14000 K at 17 GHz. Still more bright
points can be found by careful comparison of the SSRT and soft X-ray
images. Their brightness temperatures in SSRT images are typically
some 10 K, and they also show a general agreement with optically
thin free-free emission (Maksimov et al. 2001). In this case, the ratios
of the brightness temperatures calculated for the optically thin limit
are 8 for feature 5 and 10.5 for feature 4.

Dark region 12 close to the North Pole matches the darkest part of a
coronal hole well visible in SOHO/EIT 171 A and Yohkoh/SXT images.
Coronal holes that are often visible in SSRT images are generally inho-
mogeneous, with brighter and darker portions (Krissinel et al. 2000).
This fragmentation makes coronal holes at 5.7 GHz not as pronounced
as in soft X-ray images. Therefore, contours of coronal holes observed at
5.7 GHz are located inside coronal holes visible in extreme ultraviolet
and soft X-rays, and they are fragmented. In particular, coronal hole 12
has an average brightness temperature T g5 7 = 12490 K for the whole
region visible as a dark feature at 5.7 GHz, and the deepest depression
has Tgs.7 = 10900 K. It is not detectable at 17 GHz. Generally, coronal
holes at 17 GHz are sometimes manifest as fragmented features, but
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they are not distinct (Gopalswamy et al. 1998, Krissinel et al. 2000). To
a first approximation, the more pronounced coronal contribution at 5.7
GHz (38% on the average, considering T(s) is an apparent explanation
of these facts.

Dark filaments and filament channels are also visible at 5.7 GHz.
Filaments must be optically thick at both 5.7 and 17 GHz, but at 5.7
GHz they are observed with higher contrast and show more details. For
example, the configuration of dark filament 6 is more conspicuous at 5.7
GHz, where it shows extended northward features 7 (TB 5.7 = 13560 K,
Tp1r=9830K), and 8 (Tps7 = 14850 K, Tp17 = 10420 K). Feature
8 is still more pronounced in later images which are not shown. In this
example, the brightness temperature of the darkest part of the filament
is 5000-8400 K, with an average of 6800 K at 17 GHz (the contrast of
1.5:1), while the corresponding values are 6 100-12500 K and 8500 at
5.7 GHz (the contrast of 1.9:1). At about 13 UT that day, that filament
was ejected.

Another dark filament is seen in the northeast part of the disk, with
well-pronounced darkest portion 11 close to the limb (T = 13800 K
at 5.7 GHz, and at 17 GHz it is not detectable, Tg = 10600 K). The
brightness temperature of the filament is not as low, 12500-14 000 K,
probably, because the filament is not well resolved. Also, dark filaments
and filament channels with Tg = (9 — 12) 10® K fringe region 10 from
the southeast and northwest.

The dark feature just under the label 2 apparently has counterparts
in the SOHO/EIT 304 A and NoRH images. However, it can also be
due to a side lobe from bright source 2.

Some filaments not detectable with NoRH are nevertheless visible in
SSRT maps (Zandanov and Lesovoi 1999). An apparent explanation of
all these facts is the higher contrast with the quiet Sun (Tgs = 16 000 K
at 5.7 GHz and Tgs = 10000 K at 17 GHz). The higher brightness
temperature of filaments in SSRT images with respect to NoRH images
is due to somewhat worse spatial resolution of the SSRT which increases
contamination of the filaments with brighter environment, and, prob-
ably, due to different contribution of the corona-prominence transition
region at 5.7 and 17 GHz (Drago 1990). Filaments with higher kinetic
temperature, about 10000 K, are obviously not visible at 17 GHz, but
still visible at 5.7 GHz.

Extended feature 9 above the southwestern limb is a prominence
identifiable in SOHO/EIT 304 A and NoRH images. Its shape does
not resemble well the prominence in Ha image apparently because this
picture was obtained about 12 hours before, and the ‘re-rotation’ we
used is not three-dimensional. The average brightness temperature of
the prominence as seen at 5.7 GHz is 10600 K, and it is 3400 K at
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17 GHz (the same region). The average brightness temperature of the
prominence portion visible at 17 GHz is 13000 K at 5.7 GHz and
8500 K at 17 GHz.

The discussed items of radio observations at 5.7 and 17 GHz provide,
in particular, an identification criterion if a dark feature observed in
radio images can be either a filament or a coronal hole: if this feature
is dark both at 5.7 and 17 GHz, it is a filament or a filament channel,
not a coronal hole. This criterion can be useful if no other data are
available.

4.3. POLARIZATION DATA

Measurements of the coronal magnetic fields from radio data have
been extensively addressed (e.g., Kundu 1965; Kundu and Alissandrakis
1984; Gelfreikh, Pilyeva, and Ryabov 1997; Alissandrakis et al. 1996).
Polarization data produced with the SSRT were analyzed by Maksimov
and Bakunina (1991, 1995) and Uralov et al. (1998b). Hence, we briefly
mention here only a few points relevant to this issue.

In the simplest case, when we observe free-free emission from a
homogeneous, thermal, optically thin, hot plasma within large-scale,
weak coronal magnetic field B < 200 G, we expect the emission to
be circularly polarized in the sense of the z-mode with a degree r. x
2cosf(vp/v) ~ 107>Bcosf at 5.7 GHz, where 6 is the viewing angle
relative to the direction of the magnetic field (Zheleznyakov 1970, Dulk
1985). The same factor cos§ applies to the degree of polarization of
radio emission and to the longitudinal magnetogram.

However, the magnetic fields diverge and hence fall off with height
in the corona, thus decreasing in strength and increasing in spatial
extent. In addition, the obvious effect is the averaging of the observed
quantities within the beam of the instrument, and it is more important
for compact features. Thus, comparisons of the degree of polarization
with the photospheric magnetic fields can disagree with the estimate
given above. Gyroresonance effects at harmonics of the gyrofrequency
in stronger magnetic fields can still more complicate the situation, and
it is not possible to judge about magnetic fields in those cases without
radio spectra.

Figure 8 shows a photospheric magnetogram and SSRT polarization
data for the same observation of 6 October 1997 shown in Figure 7.
The left panel (a) shows a SOHO/MDI magnetogram for that day, at
01:39:03 UT (black corresponds to S-polarity, and white corresponds
to N-polarity). The right panel (b) shows the same SSRT map in total
intensity as in Figure 7a, and it is overlaid with black +5% contours of
the polarization.
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SOHO/MDI, 01:39:03 SSRT, 5.7 GHz, 01:14-04:05

Figure 8. Comparison of the SSRT polarization map of 6 October 1997 with a photo-
spheric magnetogram. a) SOHO /MDI magnetogram of October 6 1997, 01:39:03 UT.
b) SSRT Stokes [ map (halftone, same as in Fig. 7a) overlaid with contours of the
degree of polarization computed from the SSRT Stokes I and V maps under the
assumption of optically thin emission. Contour levels are +5%. Halftone images are
nonlinearly displayed to show both bright and faint features. Solar North is up.

The overall picture of the magnetic fields at the photosphere is rather
simple. There are three active regions on the solar disk with rather
weak magnetic fields, AR 8090, AR 8091, and one more, weak region
at southeast with no name, which we labeled AR_3. Enlarged images
of these regions marked in Fig. 8a by white boxes along with contours
of the radio polarization are shown in Figure 9, left panels a, ¢, and e.

Black contours on the enlarged images show a positive degree of
circular polarization of the radio emission, and white contours show a
negative polarization (reversed with respect to the magnetogram for
clarity). Contour levels are 5% and +15%. Three panels b, d, and f
show three enlarged regions of the SSRT Stokes I image from Fig. 8b. In
the computation of the degree of polarization, all pixels, corresponding
to pixels in Stokes I and V maps with values below the sensitivity
level or below the dynamic range with respect to the brightest source,
are zeroed everywhere in the map. This technique can miss weaker
polarized sources, and careful analysis is required to detect them. The
degree of polarization is computed under the assumption of optically
thin emission, i.e., the quiet solar disk of 16000 K is subtracted from
the Stokes I map.

The configuration shown by the degree of polarization resembles the
photospheric magnetogram. The sense of polarization of radio emission
corresponds to the z-mode.
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Relatively strong magnetic fields are concentrated in compact or
thin features. The maximum photospheric magnetic fields are —894 G
(AR 8090) and +756 G (AR 8091). The maximum brightness temper-
ature in the SSRT Stokes V map are —5700 K and +4 800 K.

To ascertain that the radio data do not contain any contribution
of the gyroresonance emission, we compare the total intensity of the
microwave emission with soft X-ray emission. Soft X-ray emission is
due to emission lines and thermal bremsstrahlung of optically thin hot
plasmas (T' > 2 MK). The brightness of the soft X-ray emission is
proportional to the column emission measure. The brightness of the
thermal free-free radio emission is proportional to the column emis-
sion measure and has a weaker dependence on temperature T~ 1/2.
Therefore, if we compare the optically thin thermal free-free emission in
microwaves with soft X-ray images, we expect them to resemble each
other. However, if gyromagnetic radio emission is present, it would
show up as compact bright radio sources in regions where the circular
polarization is conspicuous without counterparts in soft X-rays.

Figure 10 shows normalized one-dimensional vertical spatial profiles
computed from the SSRT total intensity map (quiet solar disk subtract-
ed) and from the soft X-ray image observed with Yohkoh/SXT (shown
in Fig. 7f). This one-dimensional representation is more convenient for
the comparison and shows some quantitative features. We also plot
in Figure 10 the spatial profile of the circular polarization (Stokes
V, gray-dashed). To suppress the instrumental effects and noises, the
SSRT Stokes V map is processed in the same manner as the degree of
polarization described above. To simulate the instrumental smoothing,
we convolved the soft X-ray image with the model of the SSRT beam.
The spatial profile of the polarization is shifted upward by 0.5 to show
it better.

Figure 10 shows that both microwave intensity and soft X-ray one-
dimensional profiles mainly resemble each other well. The trough in the
middle part of the soft X-ray profile is due to the large-scale depression
in the soft X-ray image to the south from the equator. However, this
area is not dark in microwaves due to the presence of plasmas with
T < 2 MK visible in SOHO/EIT 171 A image. There are many other
features detectable in these profiles. For instance, a compact depression
in the microwave profile around —860” is due to dark filament 6 (see
Fig. 7). The depression in soft X-rays from 700" northward is due to
the north polar coronal hole, which is not so clearly pronounced at 5.7
GHz.

We see no gyromagnetic peaks in the microwave intensity spatial
profile, and all peaks in it match peaks in the soft X-ray profile. In
particular, we note that the microwave intensity in polarized regions
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AR 8091 AR 8091

Figure 9. Comparison of the SSRT polarization map of 6 October 1997 with a pho-
tospheric magnetogram. (a,c,e) Enlarged parts of the magnetogram marked in Fig.
8a by white frames overlaid with contours of the degree of polarization. (b,d,f) Cor-
responding enlarged parts of the Stokes I map overlaid with the same contours (Fig.
8b). Contour levels are £5% and +15% (black positive, white negative). Halftone
images are nonlinearly displayed to show both bright and faint features.
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Figure 10. Comparison of one-dimensional microwave and soft X-ray spatial profiles
in S-N directions. Solid: SSRT, Stokes I. Dotted: soft X-rays. Gray dashed: SSRT,
Stokes V shifted by 0.5 upwards. The quiet solar disk is subtracted from the SSRT
Stokes I map. Yohkoh/SXT image is convolved with a model of the SSRT beam. The
horizontal axis shows arc seconds from the solar disk center. Vertical dash-dotted
lines show the solar disk center and the photospheric radius.

coincides closely with soft X-rays. All this suggests that the estimate of
the degree of circular polarization for free-free thermal emission applies
to the data under consideration.

Figure 11 illustrates the measurements of the magnetic fields av-
eraged over polarized areas visible in the Stokes V map and the cor-
responding regions in the magnetogram. Triangles connected with the
solid curve show the coronal magnetic fields inferred from the SSRT
data. Squares connected with the dotted curve show the values mea-
sured from the magnetogram. Six points show six polarized regions.
The figure shows that the measurements from radio data and from
the photospheric magnetogram are rather close. There exist, however,
many obvious reasons for differences. More detailed analysis of these
data is beyond the scope of this paper.

Another possibility for measurements of coronal magnetic fields at
larger heights from SSRT data is to use polarization reversal effects in
the propagation of the microwave emission through regions of quasi-
transverse magnetic fields (Ryabov and Maksimov 1999).
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Figure 11. Comparison of the estimates of the coronal magnetic field inferred from
the polarization measurements at the SSRT with the photospheric magnetogram
produced by SOHO/MDI. Plotted values are averaged within the polarized ar-
eas in the Stokes V map and the corresponding regions in the magnetogram.
Triangles connected with the solid curve show estimates obtained from the mi-
crowave data. Squares connected with the dotted curve show measurements from
the magnetogram.

5. Observations of dynamic phenomena

5.1. ERUPTIVE PROMINENCES AND A POST-ERUPTIVE FLARE

The SSRT observes eruptive filaments and prominences (Lubyshev et
al. 1996, Maksimov and Nefedyev 1991, 1992, Uralov et al. 2002). An
example is shown in Figure 12. The figure shows a CME-associated
loop-like eruptive prominence ejected on 14 January 2001 from a north-
west polar region. The eruption is recorded in about fifty frames with
an average interval of order 2.5 minutes, and six of them are shown in
the figure. The brightness temperature of the prominence is typically
less than 15000 K. To make it more visible, the brightness of images is
limited at 15000 K, which causes apparent ‘blurring’ of the solar disk.
There is a hump on the solar limb at the western end of the loop-like
prominence, and this distorts the circular shape of the disk. Fragments
of the prominence in the figure can be detected up to two solar radii
from the solar disk center.
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Figure 12. An eruptive prominence observed on 14 January 2001. The brightness of
images is limited at 15000 K to make the prominence pronounced, and this results
in blurring the solar disk. Axes show distances from the solar disk center in fractions
of the solar radii.

Another example is presented in Figure 13. It shows four frames
of a record of an eruptive prominence observed with the SSRT on 4
September 2000. The event started with an activation of the filament on
the solar disk, where there was no active region. The SSRT recorded the
motion of the filament across the solar disk and its subsequent motion
on the background of the sky. The images in Figure 13 show the ejecta
also during the latter stage, when its twin-loop-like configuration is well
visible.

The eruption of 4 September 2000 was followed by a weak large-
scale two-ribbon flare associated with the formation of a post-eruptive
arcade. The flare occurred in the region where the initial filament was
located, beyond any active region. The absence of strong magnetic
fields determined, in fact, an entirely thermal character of the post-
eruptive flare. For this reason, the images of the flare in Har, microwaves,
and soft X-rays match each other well (Figure 14). The figure shows
as a halftone: a composite soft X-ray image produced from several
Yohkoh/SXT frames in the interval of 06:06-06:16 UT to enhance
the sensitivity and dynamic range (a), an SSRT image composed of
five frames in the interval of 06:04-06:17 UT to fit the interval of the
composite soft X-ray image (b), an Ho image obtained at 06:32:25 UT
at Kanzelhoehe Observatory (c), and an SSRT image obtained at the
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Figure 13. An eruptive prominence observed with the SSRT on 4 September 2000
(four frames of forty). Axes show arc seconds from the solar disk center.

same time as Ho image (d). Contours overlaid on the soft X-ray and Ha
images show the SSRT images. Contour levels are [24, 48, 96] x 10° K.
A good correspondence is seen of the microwave and soft X-ray images.
Bright features in He, i.e. footpoint regions of loops constituting the
post-eruptive arcade, also correspond to its image visible in soft X-rays
and microwaves.

The thermal character of the flare is also illustrated with light curves
shown in Figure 15. Three light curves are shown in this figure: total
flux time profiles computed for the flare region from SSRT data (solid),
NoRH data (dashed), and the thermal radio flux predicted by GOES
soft X-ray data (dotted). The total radio flux is computed as

Slefu] = 7.22 X 10_111/[2GHZ] pfarcsec] ZTBi[K]a
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Figure 14. Images of a post-eruptive thermal flare of 4 September 2000. a) soft
X-rays (Yohkoh/SXT), composite image of 06:06-06:16 UT overlaid with contours
of the SSRT image (b). Contour levels are 48000 and 96000 K. b) SSRT, 5.7
GHz, 06:04-06:17 UT; ¢) Ha, Kanzelhoehe Observatory, 06:32:25 UT overlaid with
contours of the SSRT image (d). Contour levels are 30000 and 60000 K. d) SSRT
image of 06:31-06:33 UT. Axes show arc seconds from the solar disk center.

where T’p; is the brightness temperature of a pixel (with a width p).
The thermal radio flux is computed from soft X-ray data as

Spepa) & 3% 1078 EM i T

(Grechnev 2003). The emission measure EM and temperature T of
the emitting plasma are computed from GOES data using the GOES
software by R. Schwartz. The light curves computed from SSRT and
GOES data are smoothed over five points to suppress jumps due to the
insufficient accuracy of the calibration and computations. The level of
the quiet Sun is subtracted from SSRT and NoRH data. The presence of
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Figure 15. Total flux time profiles of the post-eruptive flare observed on 4 September
2000: SSRT at 5.7 GHz (solid), NoRH at 17 GHz (dashed), thermal radio flux
predicted by GOES soft X-ray data (dotted). Samples at 5.7 GHz are marked with
filled circles. GOES and SSRT light curves are smoothed over five points.

a dark filament in the event region before the flare determines negative
values of the pre-flare total flux.

All three light curves are close, which supports the thermal nature
of the flare. They also illustrate the average accuracy of the calibration
of the SSRT data. It seems satisfactory. However, the frame-to-frame
stability of the calibration is worse, at best 30%, especially when SSRT
maps contain much brighter sources.

This eruptive event including the weak post-eruptive flare was an-
alyzed by Uralov et al. (2002). Flares that are more powerful were
analyzed by Altyntsev et al. (1998, 1999) using one-dimensional SSRT
data, and by Altyntsev et al. (2002) using two-dimensional SSRT data.

5.2. HIGH-TIME-RESOLUTION ONE-DIMENSIONAL OBSERVATIONS

To study the phenomena of the shortest timescale, we use the one-dim-
ensional mode. Up to now, the SSRT has supplied spatially resolved so-
lar radio data of the highest temporal resolution. High-time-resolution
observations with a one-dimensional resolution of up to 15” are per-
formed simultaneously with two-dimensional mapping. These data are
retained for events with fine time structures. The time resolution of
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Figure 16. High-time-resolution one-dimensional record (Stokes I) produced from
the raw record of 13 August 2002. a, part of the time profile within the interval
marked in Fig. 5 by vertical dash-dotted lines; b, expanded time profile within the
interval marked by vertical lines in the upper panel (a). The time resolution is 14 ms.

these recordings is 14 ms. Total flux time profiles for separate com-
pact sources composed of one-dimensional recordings with this time
resolution have a sensitivity of 0.05 sfu.

An example of a high-time-resolution one-dimensional recording for
the total intensity produced from the raw recording of 13 August 2002
(Fig. 5) is shown in Figure 16. The time profile within the interval
marked in Fig. 5 by vertical dash-dotted lines is shown in the upper
panel, and the expanded time profile within the interval marked by
dash-dotted lines in the upper panel is shown in the lower panel.

To form the time profiles, an ‘alignment’ was carried out of the raw
recordings of the impulsive sources along the directions corresponding
to the responses of the EW and NS interferometers separately (shown
in Fig. 5 by the arrows). Small ‘strips’ of 41" only are integrated cov-
ering the impulsive sources to exclude the contribution of the other
sources on the solar disk. The difference of the smoother background
in the time profiles formed for the EW and NS interferometers is due
to the differing observing conditions for these interferometers. How-
ever, the impulsive components resemble each other well. There is no
significant polarization in this event, and we do not show it.
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Because the sum EFW 4+ NS is used to form high-time-resolution
data, the time profiles computed from one-dimensional data are con-
taminated by the response of the other interferometer (Fig. 16, outside
of dash-dotted lines). This is negligible when rapid fluctuations under
study are observed within time intervals, which are short relative to
the pass time across radio sources.

Another example (Figure 17) shows a total flux time profile of
an impulsive microwave source along with a dynamic spectrum ob-
tained at the National Astronomical Observatory of China, NAOC
(time resolution 5 ms) measured during the flare of September 17,
2001 (Altyntsev et al. 2003). The total flux time profiles are computed
from SSRT high-time-resolution one-dimensional data by integrating
the one-dimensional data over the region of the impulsive source. The
time profiles obtained with both remote instruments at the same fre-
quencies of 5.69 and 5.77 GHz show a reasonable accord. They also show
that features in subsecond-timescale time profiles can be due to spectral
features. We also see that this short burst is significantly polarized.

Using SSRT data, it is possible to estimate the drift rate and density
gradient in regions where fast-drifting bursts are generated.

The spatial position of the impulsive source can be found as an
intersection point of the projections of the knife-edge beams of the
linear interferometers EW and NS onto the solar disk.

As for polarization data in the high-time-resolution one-dimensional
mode, one has to be aware of an artifactitious polarization proportional
to the derivative of the total intensity due to the time-sharing in the
polarization measurements (Altyntsev et al. 1996a).

High-time-resolution one-dimensional SSRT data were used in stud-
ies of fine time structures in solar radio emission (e.g., Altyntsev et al.
1994, 2000). In particular, despite the seemingly poor angular resolu-
tion of the SSRT, a statistical analysis of those observations revealed
a positional dependence of the source size on the solar disk in sup-
port of the scattering of centimetric radio emission in the solar corona
(Altyntsev et al. 1996b).

6. Summary and concluding remarks

We have presented the current state of the SSRT and its observa-
tional modes after several upgrades carried out since 1992. Some of
recent findings made from the SSRT data are outlined, and the obser-
vational capabilities of the SSRT are considered. Observational data
acquired since 1983 are overviewed. Some data processing and analysis
techniques are also addressed.
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Figure 17. Dynamic spectrum and time profiles of a subsecond-timescale impulsive
burst of September 17, 2001 flare. Panels (a) and (b) show the dynamic spectrum
recorded at NAOC in the total intensity (RCP + LCP) and circular polarization
(RCP — LCP) in the frequency range 5.2-6.4 GHz. White horizontal dash-dotted
lines mark the frequencies of 5.69 and 5.77 GHz at which the burst was record-
ed at the SSRT (two interference orders, EW linear interferometer). Dashed gray
horizontal lines mark the limits of the operating band of the SSRT. Panels (c) and
(d) show single-frequency time profiles recorded with the NAOC spectropolarimeter
(thick lines, black RCP, gray LCP) and total flux time profiles computed from the
high-time-resolution SSRT record (solid RCP, dashed-gray LCP). Symbols mark
sampling times of the SSRT record.
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The observational capabilities of the SSRT are determined by the
observing frequency of 5.7 GHz and instrumental characteristics. The
spatial sensitivity allows good seeing all spatial structures from the spa-
tial resolution (21” in the two-dimensional mode) up to the field of view
covering the entire solar disk and reaching three solar diameters. The
sensitivity of the SSRT allows good seeing low-contrast and large-scale
features like filaments or coronal holes against the background of the
solar disk and prominences against the sky. The dynamic range allows
observing the low-contrast features simultaneously with observations
of bright sources in active regions.

The working frequency determines a relatively large contribution
of gyroresonance and thermal free-free emission in SSRT data with
respect to higher frequencies, and moderate contribution of the free-
free emission with respect to lower frequencies. Polarization data from
the SSRT allow measuring coronal magnetic fields. The high contrast
of radio sources with respect to the quiet Sun is typical of the SSRT
working frequency of 5.7 GHz. The brightness temperature of steady
radio sources in active regions can exceed 2 MK at 5.7 GHz.

The SSRT observes dynamic phenomena such as eruptive promi-
nences and solar flares. The rate of two-dimensional mapping is not
sufficient for detailed imaging of short impulsive flares; however, high-
time-resolution observations with a one-dimensional resolution of up to
15" are performed simultaneously with two-dimensional mapping. The
time resolution of these records is 14 ms. These data are retained for
events with fine time structures. Total flux time profiles for separate
compact sources composed of one-dimensional records with this time
resolution have a sensitivity of 0.05 sfu.

We think about a further modification of the SSRT through the
extension to the multi-frequency capability and change the operational
principle to the parallel aperture synthesis (Zandanov, Altyntsev, and
Lesovoi 1999, Lesovoi 2001). All these would extend the observational
opportunities of the instrument.
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