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ABSTRACT. We studied a radio emission of the
quiet Sun at decameter wavelengths to determine its angu-
lar dimensions. Observations were conducted using inter-
ferometers composed of antenna sections of the UTR-2
radio telescope. A number of interferometers with base-
lines of 225 to 1400 m, oriented along the meridian, oper-
ated at two frequencies of 20 and 25 MHz with a band-
width 250 kHz. We used them to estimate a shape of a
source brightness distribution. To measure the angular
size of the Sun in a wide frequency band of 8-32 MHz
another set of interferometers was used. It consisted of
two pairs of the interferometers with the baselines of 225
and 450 m elongated both along the parallel and the me-
ridian. They used digital wideband receivers operating at
the frequencies of 8 to 32 MHz to record received signals.
There was some sporadic solar activity during observa-
tional campaign in March-April 2015 that complicated
determination of parameters of the quiet Sun radiation. A
large number of radio frequency interference also noted.
To mitigate their influence we applied a few data cleaning
algorithms. The use of the algorithms in spectral strips
with a low level of interferences in periods free from po-
werful sporadic solar radiation allowed us to make estima-
tion of the angular size of the quiet Sun in two orthogonal
directions at some separate frequencies in the range of 20
to 32 MHz. Calculation of the dimensions was performed
in an assumption of Gaussian radio brightness distribu-
tion of the source. Our estimates of the quiet Sun sizes
agree well with the data of other authors. The simplicity
and convenience of determining the angular size using the
data obtained with two interferometers with different
baselines are noted. Continuation such study will allow to
extend the frequency range down to the lowest frequen-
cies where observations from the Earth’s surface are pos-
sible and give us a possibility to study how the angular
size of the quiet Sun depend on a phase of solar activity.
This study will allow us to construct a model of solar co-
rona at distances of 1.5-3 solar radii directly from the ra-
dio observations and to find out how the effective tem-
perature of the Sun changes with the frequency.

Key words: quiet Sun, angular diameter, interferometer,
decameter range.

ABCTPAKT. IIpoBeneHO AOCHIIKEHHS pPaliOBHIIPO-
MIHIOBaHHS CHOKiifHOT0 COHIIA Ha AEKAMETPOBUX XBHIIAX
3 METOI0 BU3HAUCHHS HOT0 KyTOBUX po3MipiB. Croctepe-
JKCHHS TIPOBOAMIIMICS 32 JIOTIOMOTOI0 iHTepdepoMeTpiB,

0 CKJIAJANIUCh 13 CeKIliil aHTeHH pagioTeneckory Y TP-2.
Opna HU3Ka iHTEpdepomeTpiB 3 6a3zamu Bin 225 mo 1400
M, OpIEHTOBAaHMMH B3JIOBX MepHIiaHa, IpaloBajla Ha
nBox vactoTax 20 i 25 MI'ny 3 mmpunoto cmyru 250 k1.
BoHna BukopucTOBYBajacs JJs OIiHKA (GOPMHU PO3MOALTY
SICKpaBOCTi JpKepena. [[ns BUMipIOBaHHS KyTOBHX PO3Mi-
piB y IIMPOKOMY Jiama3oHi YacTOT 3aCTOCOBAHO IHIITY
IpyIy, MO CKIajaiacs 3 JBOX Map iHTephepoMeTpiB 3
6azamu 225 i 450 M, po3TalIOBaHUMU SIK Y3AOBXK Iapaie-
JIi, Tak i B3MOBXK Mepumiana. [ peectpaiii BUPpOMiHIO-
BaHHS B HUX BUKOPHCTaHO HU(POBI MIMPOKOCMYTOBI PH-
HMadi, IO MpPAaIoTh B Miama3oHi 9acTtoT Bix § mo 32
MTI'. ¥V cnocTepekeHHsSX, MPOBEICHUX B Oepe3Hi-KBiTHI
2015 poky, criocTepiranucst IposSBU CIIOPATUIHOI aKTHB-
HOCTI, fKi YCKJaJHIOBAJIM BH3HAYEHHS IapaMeTpiB BH-
nmpomiHioBaHHA crokiftHoro CoHms. Takoxx 3a3Havanacs
BeJIMKa KIJTBbKICTh padio3aBaj] IITYYHOTO ITOXOJKCHHS.
Jlist ycyHeHHsI 1X BIUIMBY BUKOPHCTOBYBAJIHMCS KiJIbKa
AITOPUTMIB OYMIICHHS NaHWUX. 3aCTOCYBaHHs LUX allro-
PUTMIB Ha TUISHKAX CHCKTpa 3 MaJOI0 KUTBKICTIO 3aBaj B
Mepio/id, BUTBHI BiJl MOTYKHOTO CIIOPAJUYHOTO BUIIPOMi-
HIOBaHHS, JTO3BOJIMJIO 3pOOMTH TOTIEpEIHi OLIHKH KyTO-
BUX PO3MipiB crokiiiHoro CoHI B IBOX OPTOTOHAJIBHHUX
HampsMKax Ha HH3Mi 9acToT Bifg 20 mo 32 MI'n. Busna-
YeHHS pO3MIpIB TPOBEACHO y HAONMKCHHI TayCOBOTO
pO3MOoMiTy pamiosckpaBocTi mkepena. OTpuMaHi OIHKH
po3MipiB criokiitHoro CoHIst 1oOpe 36iratoThCs 3 TaHUMU
IHIIUX aBTOPIB. Biq3HaueHO MpOCTOTY 1 3pyYHICTH BU3HA-
YeHHsI KyTOBOTO PO3MIpy 3a JIaHMMU JIBOX iHTepdepomer-
piB 3 moBinbHUMH 6a3amu. IIpomoBkeHHS MOAIOHHUX I0-
CJIJKEHB JT03BOJIUTH PO3LIMPUTH YACTOTHHUH JAiala3oH 10
HaWHIKYNX 9aCTOT, Ha SIKUX MOJKJIMBE TPOBEICHHS CIIO-
CTEPEXKEHb 3 MOBEPXHI 3eMJli, BUBUUTH 3aJISKHICTh KyTO-
BUX po3MipiB criokiitHoro CoHIs Bix (a3u Horo akTuBHO-
cti. Lle m03BOINTH TakoX MOOYAYyBaTH MOAENH KOPOHU Ha
Bigcranax 1.5-3 paxmiycy CoHIs 6e3mocepeHso 3 pajio-
CHOCTEPEKEHb, 3HANTH, SIK 3MIHIOETHCS 3 YACTOTOIO e(eK-
TuBHa TemnepaTtypa CoHIs.

KirouoBi cioBa: crokiitne CoHue, KyTOBHH AiaMeTp,
iHTepdepoOMeTp, ICKaMETPOBHIl TiamasoH.

1. Introduction

Radio emission of the quiet Sun was studied in a wide
range of wavelengths, from millimeter to decameter ones.
However, observations were not very frequent at the long
wavelengths and only at some separate frequencies. One
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of the reasons is that a flux density of the solar radio emis-
sion decrease with wavelength with spectral index o > 2 in
decameter range and flux value become less than 1000 Jy.
At the same time, the radio emission of the galactic back-
ground increases with wavelength and exceeds signifi-
cantly the radiation of the quiet Sun at decameter wave-
lengths. This requires using of antennas with a large effec-
tive area for the observations. It is of particular interest to
determine how parameters of the quiet Sun depend on the
wavelength, so these antennae and a backend facilities
have to be sufficiently broadband. Besides, they must
have a high dynamic range because of a significant level
of RFI at the decameter wavelengths. The UTR-2 radio
telescope (Braude et al., 1978) allows carrying out such
investigations. Nowadays this radio telescope is equipped
with broadband digital spectral polarimeters DSPZ (Zak-
harenko et al., 2016) with a capability to conduct observa-
tions at frequencies of 8 to 33 MHz simultaneously. De-
termination of the solar size dependence on frequency is
quite important for construction of models of physical
processes underlying generation of the coronal radio emis-
sion. As it is well known angular sizes of radio Sun do not
differ noticeably from its optical size down to short me-
ters. At the same time the first observations (Aubier et al.,
1971) showed that the size of the quiet Sun at frequencies
of 29 and 36 MHz is noticeably larger than the optical one
and increases with decreasing frequency. Some other ob-
servations were carried out from time to time and only at
some separate frequencies not lower than 19 MHz. We
present preliminary results of observations with the UTR-
2 radio telescope to determine angular sizes of the quiet
Sun in the broadband range of the decameter wavelengths.

2. Observations and results

The angular size of a radio source can be determined
by scanning with a beam of a radio telescope. In this case
an output signal is a convolution of brightness distribution
of the source with an antenna pattern. If the angular size
of the source significantly exceeds a beam width, one can
easily find the true size of the object from the width of an
output response. In the case of comparable sizes it is nec-
essary to take into account the antenna smoothing, which
increases the response width in comparison with the true
size. For example, width of the UTR-2 radio telescope
beam at 25 MHz equals 25 and it is comparable with the
angular diameter of the quiet Sun at this frequency, which
is approximately equal to 1° as measured by Abranin and
Bazelyan (1986). Unfortunately, the UTR-2 as well as
other antenna arrays used in low-frequency radio astron-
omy has antenna pattern with appreciable level of side
lobes. Moreover, correlation radiometers, which are used
to eliminate an influence of the galactic background, result
in alternating-sign view of the side lobes. Hence, two-
dimensional pattern of side lobes of such antenna is quite
complicated and changes notably with beam orientation
that complicates accounting of antenna smoothing.

In the scanning method the size of the source are de-
termined by width of the antenna response. An alternative
method is an interferometer one, according to which, an
angular size of an object can be calculated based on am-
plitudes of response of interferometers with different base-

lines. The antenna of the UTR-2 radio telescope has T-
shape view and consists of two rectangular arrays oriented
in the north-south and the east-west directions. Each array
consists of a number of sections with a distance between
their centers 225 m. It allows forming a number of inter-
ferometers with different lengths and direction of their
baselines. Ability of such interferometers to measure the
angular size are illustrated in Fig. 1, where the calculated
dependence of normalized visibility function y, on a
length of the baseline L at 25 MHz is shown. Calculations
were made for sources with different diameters with
Gaussian radio brightness distribution, located at a decli-
nation of 22°. It is obvious, that the interferometers with
the baseline of 225 m formed by the nearest sections and
also with the baselines of 450 and 675 m can be used to
determine the angular diameter of the quiet Sun.

Observations of the quiet Sun with such interferometers
were made in May, 2014 (Melnik et al., 2018) with mul-
tichannel receivers (Rashkovsky et al., 2012), which are
usually used in observations with the URAN interferome-
ter network (Megn et al., 1997). Experimental data y(L)
were close to calculated dependencies of a source with
Gaussian brightness distribution that allowed to deter-
mine the angular diameter of the Sun using values of a
correlation coefficient y; and 7y,, determined only at two
baselines L; and L,, according to expression:

0= ZZ,ﬁln(Z) ln(}q /}/2) (1)
7 (L~ L)

Technique of the observations and calibrations of the
interferometers for such measurements is described by
Shepelev (2015). Basic restriction of the receiver used in
the observations is an ability to operate only at two dis-
crete frequencies with a bandwidth 250 kHz that limits a
range and sensitivity of the observations.

To study the possibility of determining parameters of
the quiet Sun radio emission in a wide frequencies range,
we observe this radio source since 31 March to 5 April,
2015. The DSPZ wideband spectral polarimeters operat-
ing in the range 8—32 MHz were used as receivers. Each
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Figure 1: Dependence of normalized visibility function on
a baseline and an angular size of a source. Squares mark
the baselines shaped by sections of the EW antenna, trian-
gles — by sections of the NS antenna
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Figure 2: The experimental values of normalized visibility
function versus a baseline length at frequency of 20 MHz

receiver forms at its output a complex dynamic cross
spectrum that is dependence of a covariance of two input
signals on frequency and time. Four receivers were con-
nected to outputs of the sections of the north-south and
east-west arrays of the UTR-2 radio telescope, forming
two interferometers with the baselines of 225 and 450 m
oriented along a meridian, and two similar interferome-
ters oriented along a parallel. This configuration of the
equipment allows determining the angular size of the
quiet Sun radiation in the equatorial and polar directions
in the entire frequency range of the radio telescope using
the visibility function, measured on two different base-
lines. To determine a shape of the dependence using ob-
servations on a larger number of baselines we applied
two four-channel URAN's receivers with operation fre-
quencies 20 and 25 MHz connected to the sections of the
north-south antenna. Observations with these interfer-
ometers showed that the experimental dependences y (L)
were close to the calculated responses from a source with
a Gaussian brightness distribution (see Fig. 2) and reaf-
firmed admissibility of applying a technique of determi-
nation of the size from responses of two broadband inter-
ferometers according to (1).

Note that at the beginning of April a declination of the
Sun is about 6°, therefore projections of the interferome-
ter baselines are noticeably shorter than distances be-
tween the sections of the north-south antenna. For the
same reason, the low position of the Sun, there was a
significant amount of RFI in the observations. For illus-
tration in Fig.3 we presents dependence of the angular
size of the Sun on frequency and time, calculated accord-
ing with (1) using data obtained during one day of the
observation on April 4. Raw output signals of the receiv-
ers used for these calculations were processed in no way.
Obviously there are a large amount of interferences in the
signal, especially at the lowest frequencies, that makes it
possible to estimate only the tendency to increase a size
with decreasing frequency. To obtain reliable results in
such observations, it is necessary to develop algorithms
for removal of RFI, for example, those used in URAN's
receivers (Rashkovsky et al., 2012). This is especially
true for the lowest part of the frequency range.

To process these noisy data, we chose areas with a
bandwidth of about 1 MHz and with duration of several

Figure 3: Angular size of the quiet Sun versus frequency
and time
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Figure 4: Dependence of angular sizes of the quiet Sun on
frequency: a) equatorial diameter; b) polar diameter

minutes with relatively low level of the interferences. In
such a frequency bandwidth the size of the quiet Sun can be
considered constant and within a few minutes a modulation
of a signal by the antenna pattern is rather low. In this time-
frequency frame of the signal various methods of interfer-
ence mitigation such as median filtering, threshold limita-
tion, averaging were tested and their effect on a final result
was evaluated. In our opinion, a combination of the median
filter, which allows removing short in time or narrow fre-
quency interference, followed by the threshold limitation
which removes more extended interference was the most
effective. Such an algorithm had a significant amount of
manual processing, consisting in the frame selection and
threshold finding, however it allowed making preliminary
estimates of the angular diameter of the Sun in the equato-
rial and the polar direction, presented in Fig. 4.

In fig. 4a the dependence of the angular size of the quiet
Sun on a frequency found with the east-west interferome-
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ters is shown. It represents the equatorial section of the
source. In fig. 4b the same dependence for polar section is
shown. Mean value of a ratio of the polar diameter to the
equatorial one is ~ 0.75. For comparison, the results ob-
tained by Melnik et al. (2018) at frequencies of 20 and 25
MHz are shown by triangular marks with error bars, and
data of Abranin and Bazelian (1986) at 25 MHz, Sta-
nislavsky et al (2013) at 20 and 26 MHz, and Subramanian
(2004) at 34.5 MHz are indicated by crosses. Our data at
frequencies below 20 MHz obtained in these observations
were not reliable enough, so they are not shown in Fig. 4.

3. Conclusions

Observations of radio emission of the quiet Sun with
UTR-2 radio telescope in interferometric regime in the con-
tinuous frequency band of 8-32 MHz allowed obtaining the
first preliminary results on solar sizes dependence on fre-
quency in the east-west and north-south directions. Due to
many ionosphere and artificial interferences, reliable results
were obtained for frequencies from 20 to 32 MHz. How-
ever, the technique of data processing needs significant
improvement for obtaining reliable results in all decameter
range from 8 to 32 MHz. Using different sections of UTR-2
radio telescope as an interferometer showed good perspec-
tives in finding sizes of the Sun at low frequencies in differ-
ent periods of solar activity. This will allow to study some
physical processes such as elementary processes of radia-
tion, refraction, scattering and radio waves propagation in
the solar corona at heights 0.5-2.5 solar radii, which are in
the base of radio emission of the quiet Sun. We hope also to
determine the frequency dependence of brightness tempera-
ture of the Sun and answer the question if the radio emis-
sion of the Sun is blackbody or not.
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