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Abstract. Mathematical modeling of the behind-the-limb radio bursts propagation
characteristics at the second harmonic of the local plasma frequency of the solar corona was
performed for analytical models of the electron density of the circumsolar plasma and CMEs.
The features of the bursts trajectories are studied depending on the parameters of the CMEs and
the initial coordinates of solar radio sources. The conditions for the strong effect of CME on
radio bursts are determined. The possibility of determining the CME cavity’s parameters from the
data of multiwave measurements of the group delays of behind-the-limb radio bursts is shown.
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AnHoranusg. 17151 aHATUTUYECKUX MOJIEJIei 2JIEKTPOHHOUN KOHIIEHTPAIIMM OKOJIOCOTHEYHOMN
mwiasMbl 1 KBM  BBIIOTHEHO  MaTeMaTUUeCKOoe  MOICIMPOBAHMWE  XapaKTePUCTHK
pacIipocTpaHeHUST 3aJIMMOOBBIX pPAIMOBCIIJICCKOB Ha BTOPOM TapMOHUKE JIOKAJIbHOM
IUIa3MEHHOM YaCTOThl KOPOHBLI. M3yueHbl 0COOEHHOCTU TPA€KTOPHUIi BCILJIECKOB B 3aBUCUMOCTHU
ot napaMmeTpoB KBM 1 HayalbHBIX KOOPAMHAT COMHEYHBIX PaIMOMCTOUYHUKOB. OTpeneneHbl
ycaoBuMs cylecTBeHHOro Bo3aeiictust KBM Ha pacnpocTpaHeHue paaroBceruieckoB. [TokazaHa
BO3MOXXHOCTh oOIlpefesieHus: IapameTpoB mnosoctu CME 1o maHHBIM MHOTOBOJHOBBIX
M3MEPEHUI TPYMIITOBEIX 3aJepKeK 3aJIMMOOBOTO BCIJIECKA.

KmoueBbie caoBa: MaTeMaTUYeCKOE MOJEJIMPOBAHUE, TPUOIMXKEHNE TeOMEeTPUUYECKOM
OITHKH, 3IMMOOBBII UCTOYHMK, OKOJIOCOJIHEYHAs IIa3Ma
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Introduction

The mechanisms of generation and propagation of coronal mass ejections (CMEs) are of great
interest. Passing through the interplanetary medium, these plasma disturbances can have a sig-
nificant effect on the condition of near-earth space and can be the cause of the magnetosphere
deformation, geomagnetic storms and other phenomena [1]. CME observations are usually car-
ried out with white light coronagraphs installed on spacecraft board. In particular, the source of
such data is the LASCO coronagraph that located on spacecraft named SOHO [2]. Coronographs
provide two-dimensional CME’s images, which allow direct determination of some characteristics
of plasma ejections in the celestial plane, for example, the angular size of the ejection in latitude
and the velocity of its elements. At the same time, the determination of the electron density in
CME from two-dimensional images (that was obtained at one point) is possible only with the
use of a priori assumptions about the structure of the plasma ejection [3]. In addition, white light
coronagraphs are used in the STEREO space mission (SECCHI). These devices make it possible
to study the processes of solar activity in a 3D image, which contributes to the determination
of additional parameters, including the propagation direction of the plasma emission. However,
these devices are located far enough from the solar photosphere. Great hopes are pinned on the
next-generation satellites: SolO and Parker Solar Probe. These devices will be located near the
solar photosphere, which will allow studying the processes of solar activity in more detail. The
results of distant radio sounding by sources of natural origin are used to research the Sun atmo-
sphere. One of the possibilities for studying CMEs can be observations of the Sun’s own radio
emission passing through the corona. There is a well-known type of solar radio emission called
bursts. The bursts are generated at the second harmonic of the local plasma frequency of the solar
corona. The radio bursts with the sources located on the opposite side of the Sun (in relation to
the observer in the Earth’s orbit) are of great interest. It is noted that ground based observations
of the behind-the-limb (BTL) bursts were possible in the presence of CMEs from active regions
near the solar limb in the frequency range of 25—44 MHz [4]. Physical interpretation this effect
had been considered in [5, 6].

In this work, mathematical modeling of the coronal plasma formation’s effect on the solar radio
emission’s propagation is carried out and the possibility of estimation of the CME cavity parameters
by the characteristics of radio bursts from sources located on the reverse side of the Sun is shown.

Numerical simulation of characteristics of radio
emission propagation in a disturbed solar corona

Calculations of the CMEs’ effect on the propagation of solar radio emission were carried out
in the approximation of geometric optics [7]. It was assumed that the source of the radio burst
is isotropic, point-like and radiates at the second harmonic of the local plasma frequency of the
corona. A two-dimensional case was considered. A polar heliocentric coordinate system was used.
The geometry of the case is shown in Fig. 1. The small circle (continuous line) represents the
Sun’s photosphere. The middle circle (dash-dotted line) is the area of background concentration
near the solar photosphere, extending to level R = R relative to the center of the Sun. The large
circle (dashed line) is responsible for the Earth’s orbit with a radius R = 1AU. The dotted curve
characterizes the trajectory connecting the source and receiver of the radio burst.
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Fig. 1. Geometric diagram of radiation propagation from a BTL radio burst
R, is the radial coordinate of the position of the radio emission source relative to the center of the Sun,
@, is the angular coordinate of the radio burst source relative to the Sun, ¢, is the receiver angular coordinate,
B is the radiation angle

To calculate the trajectory characteristics of radio emission in the disturbed solar corona, we
used the system of ray equations [8]:
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where: e(R, ¢) = g(R) + (R, o) is dielectric constant of the medium, g, & characterize the
regular condition and disturbed condition of the corona, ¢ is independent variable (angle relative
to the center of the coordinate system associated with the Sun), B(¢) is beam refraction angle,
R(o) is the current radial coordinate of the beam. We used the following equation a model of the
dielectric constant of the regular corona [9]:
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where: R =5R; fp ,is plasma frequency at level R ; f'is operating frequency. Coronal plasma for-
mation was described using the function:
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where R, ¢, are radial and angular coordinates of the CME localization center, a, b are radial and
angular scales of CME, p is parameter characterizing the electron concentration of plasma inside
the CME cavity.
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Based on system (1), numerical modeling of the CME effects on the solar radio bursts tra-
jectory characteristics was carried out. The following initial conditions were set. It was assumed
that the source of radio emission is at an altitude R, = 3 R, where R = 7-10°km is the solar
photosphere radius, ¢,= 0 rad, p, = 2.07 rad is the initial radlatlon angle The radiation of BTL
radio sources was con51dered in the frequency range of 25—44 MHz. CME parameters were:
a=0.06 R, b=0.15rad, p = 1. The localization center of the coronal disturbance had coor-
dinates ¢, = 0.8 rad, R,=3 R. Fig. 2 shows the dependences of the refraction angles of radio
emission on the angular Varlable calculated using the system of Eqgs. (1), for regular (Fig. 2,a) and
disturbed (Fig. 2,b) conditions. It follows from the obtained graphs disturbance of depleted elec-
tron density appears in the solar corona, the overall propagation path of radio bursts also increases
in the entire range of the considered operating frequencies. At the same time, non-monotonic
sections appear in the dependences of the refraction angles. This unusual behavior of the curves
is associated with the emerging possibility of leakage of decameter radio bursts at low frequencies
over long distances.

a) b)
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Fig. 2. Refraction angles of decameter radio bursts at different operating frequencies
in the absence (@) and in the presence (b) of a cavity with a reduced electron concentration

Fig. 3 shows the results of calculations of the corresponding traiectories of radio bursts:
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Fig. 3. Trajectories of radio bursts at different operating frequencies
in the absence (@) and in the presence (b) of a cavity with depleted electron density

As follows from Fig. 3, the appearance of a CME-type coronal plasma formation contributes
to a significant curvature of the radio burst trajectory and an increase in its propagation path. The
trajectory of the radio burst, the angle of refraction of which manifested itself in an unusual way,
becomes much longer due to the propagation of radio emission in the CME. In the presence of
CME in the corona, along with the variation of the trajectory of the radio burst, its group delay
changes. The additional equation was introduced into system (1) to calculate this delay:
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where c is speed of light.

Mathematical modeling of the radio bursts group delays at various frequencies was performed,
based on Egs. (1), (4), The coordinates of the radio burst source and the receiver relative to the
Sun were: ¢, = 0 rad, ¢, = 1.995 rad. The following dependence was considered as a model of the
disturbed solar corona:
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where f, =14 MHz, R, =5 R, a=0.05 R, b= 0.4 rad, 9, = 0.7 rad, R, =3 R

The ranging was carned out at the observatlon point of the ray trajectorles for different trans-
mission frequencies in the process of numerically calculating the frequency dependence of the
radio bursts’ group delay in the disturbed corona. Fig. 4 shows the results of calculations of the
difference between the group delays of radio bursts at different frequencies and the delay at a
frequency /= 25 MHz.

It is easy to see that at low frequencies (26—30 MHz), when refraction is most significant,
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Fig. 4. Difference in the group delays of radio bursts
in a disturbed corona at different frequencies

there is a strong difference in the group delays of radio bursts at different frequencies. At high
frequencies (30—36 MHz) this dependence becomes slower and reaches the saturation level. The
calculated group delay difference can be used to reconstruct the CME parameters from the mea-
sured relative delays of radio bursts at different frequencies along the path between the emitting
source and the observer. It is possible to equalize the calculated and measured dependences on
the frequency of the radio bursts’ group delays using the regular corona model and information
on the CME’s spatial parameters from the data of optical observations, by fitting the parameter p.
This will determine the contrast parameter of the CME cavity.

Conclusion

The mathematical modeling of the characteristics of the BTL solar radio bursts propagation
through the solar corona was carried out. The conditions for the significant effect of coronal
plasma formations on the trajectories of radio bursts are determined. The possibility of reliable
ground-based observations of the radio emission beyond the limb in the presence of CME is
shown. The possibility of determining the parameters of the CME cavity from the data of multi-
wave measurements of the solar radio bursts’ group delays is shown. The developed apparatus for
mathematical modeling can be used to interpret the experimental data of the CME BTL transmis-
sion from spacecraft. It is also applicable in the analysis of observational data of planetary radar
signals and radio emission from discrete space sources passing through the heliosphere.
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