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Abstract.

This work is to demonstrate the potential of the solar wind streams investigations by using
interplanetary scintillation observations with the decameter radio telescopes UTR-2 and
URAN-2 (Ukraine). The paper includes the description of the techniques used for observations,
registration, data processing and analysis. The examples of registrations of corotating flows and
streams associated with ICME are shown. Statistics of velocity and spectral index of the
interplanetary turbulence for slow and fast solar wind streams is also given.

Introduction

The solar wind observed anywhere in the heliosphere is a collection of streams with different
parameters. In this collection of streams, two types of solar wind streams can be distinguished
according to their velocity: slow streams with the velocity of around 350 km/s and fast streams
with the velocity of around 750 km/s [Lang, 1996]. The slow streams are associated with bright
coronal streamers, whereas coronal holes and coronal mass ejections (CMES) are associated
with the fast streams. The fast streams have a significant impact on space weather in the
heliosphere in general and near the Earth in particular. Therefore, the development of effective
methods for detecting solar wind streams, studying their parameters, dynamics and laws to
which they obey is of particular interest. Spacecraft measurements allow us to find solar wind
streams and obtain their parameters with high accuracy in situ [see e.g. Paularena et al., 1997].
There is another possibility to find and investigate solar wind streams. Radiation from compact
cosmic radio sources is scattered by density irregularities in the interplanetary plasma.
Observations of the intensity fluctuations (interplanetary scintillations or IPS [Hewish, et al.,
1964]) caused by this scattering also enable us to detect solar wind streams and study their
characteristics [Coles,1996; Gosling and Pizz0,1999]. The accuracy of the second method is
lower than the first one, but it gives us possibility to study solar wind streams anywhere in the
heliosphere including the high heliolatitudes where such studies are very rare. Investigations of
the solar wind and its stream structure by using IPS techniques are actively made at frequencies
of few hundred megahertz [see e.g. Dennison and Hewish, 1967; Kojima et al., 1982; Bourgois
et al., 1985; Fallows et al., 2008]. In recent years, such work has been actively carried out at
decameter radio waves [Falkovich, 2010; Kalinichenko et al., 2019]. Decameter radio waves
allow conclusions to be made on the solar wind stream parameters both at small and large
elongations. The last ones correspond to the solar wind beyond Earth's orbit where high
frequencies are only weakly scattered by the rarefied interplanetary plasma.
The aim of this work is to demonstrate the potential of the investigations of the solar wind
streams by using interplanetary scintillation observations at decameter radio waves.

Radiotelescopes.

Ukraine has a radio astronomical system URAN which includes the largest in the world
decameter radio telescope UTR-2 (that is situated near East Ukrainian city Kharkiv) and four
smaller radio telescopes belonging to the different institutions of National Academy of Sciences
of Ukraine: URAN-1 (near Zmiiv), URAN-2 (near Poltava), URAN-3 (near Lviv) and URAN-
4 (near Odesa), [Konovalenko et al., 2016], Fig.1. The distances between some radio telescopes
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of URAN system are the next: UTR-2 - URAN-2 is 153 km, UTR-2 - URAN-3 is 946 km and
URAN-2 - URAN-3 is 810 km. The operational frequency range of the Ukrainian low
frequency radio telescopes is 8 to 32 MHz, decameter radio waves. These are large antenna
arrays consisting of hundreds of antenna elements.

e

locations of UTR-2 and URAN radio telescopes throughout Ukraine

Fig.1. A map of the

Observations

Since 2011, IPS observations have been regularly carried out synchronously with the radio
telescopes UTR-2 and URAN-2. If the task requires it, other radio telescopes of URAN system
are periodically connected to work. IPS observations are carried out monthly. An ordinary
observational session usually lasts for 7 days (1 weak). The list of the observed sources includes
several dozen of compact radio sources with small angular size at decameter radio waves (equal
or less than 5 arc seconds). These are powerful pulsars and quasars. The radio sources with
larger angular size are used for ionosphere monitoring. These are a super nova remnant
Cassiopeia A, a radio galaxy Virgo A and others.

Data processing

Records are obtained by using digital spectrum analyzers with parameters: instant band of
analysis is 33 MHz (sampling frequency is 66 MHz); the number of channels is 8192; the time
and frequency resolutions are 0.5 ms and 4 kHz, respectively; the ADC resolution is 16 bit. The
use of the high linearity wideband receivers and records from several radio telescopes allow us
to apply a special technique for selecting data, which are not corrupted by Earth's ionosphere
and interferences, and to achieve sensitivity that is close to maximal [Kalinichenko, 2013].
Fig.2a shows an example of IPS records obtained synchronously with the radio telescopes UTR-
2 and URAN-2.
The solar wind stream structure is obtained by fitting the model theoretical characteristics to
the experimental ones. Power spectrum (Fig.2b) and dispersion dependence which is obtained
from spatial cross-correlation function (Fig. 2c) are usually used as such characteristics. We
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consider spectrum and cross-correlation function as a sum of contribution from each stream.
The model equations are obtained by using Feinman path integral technique [Frehlich, 1987].
Among other things, the applied technique uses the fact that power spectra and dispersion
dependences depend on stream parameters in different ways [Olyak, 2013]. For corotating
streams these technique gives good results and allows us to estimate the width of the solar wind
stream.
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Fig.2. . a) an example of IPS records obtained synchronously with the radio telescopes UTR-2
and URAN-2;b) synchronous power spectra, ¢) spatial cross-correlation function

Corotating streams

Fig.3 shows an example of the reconstructed stream structure of the solar wind for 3
successive days (January 12, 13 and 14, 2016) obtained by processing UTR-2 - URAN-2 IPS
data. The different streams are marked by the different colors, the higher velocity, the deeper
red color is used). The data was obtained during observations of Crab Nebula which contains
the compact source with angular size about 2 arc seconds. The compact radio source in Crab
Nebula is associated with a pulsar J0534+2200. It is seen that on the first day, January 12, only
one powerful flow (marked A) is detected on the line of sight to the radio source. The next day,
January 13, the stream A becomes weaker and it becomes possible to see the stream B, which
is situated ahead of the stream A. The next day, January 14, the streams A and B are pushed by
the next stream C. The solar wind speed, which was estimated by using the method of
interplanetary scintillations, agreed with the speed measured onboard the Solar and
Heliospheric Observatory (SOHO), Wind, and other spacecrafts near the Earth. What is the
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nature of the solar wind streams detected with the interplanetary scintillation method? These
can be both streams in the ordinary sense and the large-scale structures within one stream.

v=540 km/c,n=3.8, v,=530 km/c,n,=3.9,2a,=2.6,1,=0.4 a.e., v,=400 km/c, n,=3.8,a,=2.8,1,=0.2 a.e.,
a=2.8,1=0.7 a. e. v,=400 km/c, n,=3.9,2,=2.2,,=2 a.e. v,=540 km/¢, n,=3.7,2,=2.8,,=0.3 a.e.,
v;=480 km/c, n;=3.8,a,=2.5,,=0.5 a.e.
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Fig.3. The reconstructed stream structure of the solar wind for 3 successive days (January 12,
13 and 14, 2016). The estimated parameters of the streams A, B and C are marked at the
top of Figure too.

Interplanetary coronal mass ejection

Interplanetary coronal mass ejection (ICME) reveals itself in IPS data at decameter
wavelengths as a sharp increase of scintillation level (Fig.4a,b). Since the plasma density in
ICME is many times higher than in the undisturbed solar wind (Fig. 4c), ICME makes the main
contribution to the observed interplanetary scintillations. And since the ICME dimension in the
radial direction is a fraction of an astronomical unit, it is logical to model ICME by a phase
screen model. Fig.4d shows an example of ICME movement in the interplanetary plasma
reconstructed by using IPS observations made with the radio telescopes UTR-2 and URAN-2.
It should be emphasized that it is important to trace the ICME throughout the heliosphere
including region beyond the Earth's orbit. Why are ICME observations beyond Earth's orbit
important? As ICMEs continue slowing at the distances of several astronomical units from the
Sun, the investigations of ICME dynamic beyond Earth's orbit will allow us to construct a
reliable model of ICME propagation in the heliosphere. Such model for instance makes possible
a precise prediction of the arrival time of ICME at the Earth that is the key problem in the space
weather science. Decameter radio waves are very useful for such investigations.
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Fig.4. Interplanetary scintillations: a) before and b) during ICME passing across the line of sight
to the radio source. Proton density including ICME measured by "Wind" spacecraft - c).
The position of ICME in the interplanetary medium obtained by IPS data - d)

Statistics of stream parameters
Large enough volume of experimental data allows us to obtain the statistics of the solar wind
stream parameters. Histograms for velocity and spectral index of the interplanetary turbulence

are shown in Fig.5.
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Fig.5.Statistics of parameters of slow and fast solar wind streams: v - velocity, n - spectral index
of the interplanetary turbulence.

Conclusions

The results discussed in this work are important for studies of solar wind streams in the
interplanetary plasma, including those related to space weather prediction problems. Studies at
decameter radio waves can be an additional aid to the investigations of the solar wind streams,
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which are already being carried out by using IPS technique at higher frequencies and other
methods, in particular, in situ using spacecraft measurements.
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