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Abstract. This paper examines errors in recovering
(radio diagnostics) solar flare parameters (magnetic
field, accelerated electron density, etc.) by fitting mi-
crowave spectra. The analysis was performed by diag-
nosing two model radio sources with known preset pa-
rameters, including given parameters of the pitch-angle
anisotropy of emitting electrons. The diagnostics was
carried out by a genetic minimization algorithm. It is
shown that using the traditional approach on the as-
sumption about isotropy of pitch angular distribution of
electrons leads to significant systematic errors, in par-

ticular, to a strong underestimation of the magnetic field
strength in the presence of longitudinal anisotropy of
pitch angular distribution of electrons in a real radio
source. When restoring the same parameters in view of
possible anisotropy, the accuracy of the restoration in-
creases markedly.

Keywords: solar flares, radioheliograph, radio diag-
nostics.

INTRODUCTION

Conducting research on solar flares with methods of
radio diagnostics is extremely relevant, since only in the
radio range it is possible to obtain detailed information
on the coronal magnetic field and mildly relativistic
electrons. The practical basis for this research has been
provided by multifrequency radioheliographs developed
in recent years, which can record frequency spectra of
microwave emission in particular areas of a flare. First
of all, these are regular observations carried out by the
Siberian Radioheliograph (SRH) in frequency ranges 3—
6, 6-12, and 12-24 GHz [Altyntsev et al., 2020] and by
the solar-dedicated radio interferometer EOVSA (Ex-
panded Owens Valley Solar Array) in the range 1-18
GHz [Gary et al., 2018; Chen et al., 2020]. In the next
two years, it is also planned to start regular observations
with the Chinese Spectroheliograph MUSER in the fre-
quency range 2-15 GHz [Yan et al., 2021].

Diagnostics based on radioheliograph data is carried
out by the fitting method, i.e. fitting observed frequency
spectra from solar flare active regions to the theoretical
ones, thereby recovering plasma and accelerated particle
parameters. Previously, radio diagnostics with this ap-
proach was performed under the assumption of isotropic
pitch-angle distribution of emitting nonthermal electrons
[Morgachev et al., 2014; Fleishman et al., 2020]. The
most interesting result of such microwave diagnostics is
presented in [Fleishman et al., 2020, 2022], where the
authors by analyzing September 10, 2017 solar flare from
EOVSA data have revealed a decrease in the magnetic
field in the region of the brightest microwave source.
This allowed the authors to conclude that the rate of
magnetic energy dissipation is high, which leads to the
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appearance of a super-Dreicer electric field, very efficient
plasma heating, and particle acceleration. Similar rates of
change of the magnetic field (dB/dt=1+10 G/s) have re-
cently been obtained during radio diagnostics of two solar
flares (January 20, 2022 and July 16, 2023) from SRH
observations [Smirnov, Melnikov, 2024].

Meanwhile, the pitch-angle distribution of electrons
in a flare loop can in fact be anisotropic with both trans-
verse [Melnikov et al., 2002] and longitudinal anisotro-
py [Morgachev et al., 2014, 2015; Shain et al., 2017].
Moreover, the plasma and accelerated particle parame-
ters at the loop apex can sometimes be recovered only if
the pitch-angle distribution of energetic electrons is ani-
sotropic (longitudinal), and there is no solution for the
isotropic distribution [Morgachev et al., 2014].

This fact must be considered during diagnostics, by
introducing additional unknown parameters into the
fitting procedure. This significantly complicates the
recovery procedure, since the number of selected pa-
rameters and hence the equations necessary to find
them increases. On the other hand, it is nhow becoming
possible due to the development of new multifrequen-
cy radio interferometers: SRH, MUSER, and EOVSA.

The amount of computing resources needed to solve
this problem should also be kept in mind. As is known,
for sufficient sampling in the multidimensional parame-
ter space it is necessary to account for the number of
points (in this case, sets of plasma characteristics),
which increases significantly with dimension. In partic-
ular, for the space of dimension n (n is the number of
desired parameters) about k" points is required, where k
is the number of points necessary to completely fill one
dimension within the formulated problem.
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The purpose of this work is to find possible errors
in estimating the magnetic field and parameters of ac-
celerated electrons under the assumption of both iso-
tropic and anisotropic electron distributions, as well as
to compare their values to determine the degree of ac-
curacy of each approach.

1 DESCRIPTION
OF MODELS EMPLOYED

The analysis has been carried out using two model
radio sources with different preset parameters (Table 1).

The following conditions have been selected. The
electron energy spectrum was defined as a double power
law electron spectrum with a break at energy Epea, 1.€.
consisting of two parts (E<Epeax, E>Epreax), Where both
the high-energy and low-energy parts were described by
power laws with different spectral indices 6; and 9,.
Minimum and maximum limits in electron energy dis-
tributions E,;;;=30 keV and E,,=10 MeV.

The analyzed uniform regions of the model sources
had the same depth D=3-10° cm, area $=2.76-10* cm?,
and background plasma temperature T=10" K. Nonethe-
less, other parameters (background plasma electron density
ne, Magnetic field strength B, angle between the magnetic
field direction and the line of sight 6, double-power-law
break energy Epeeax, and spectral indices 6; and 8,) differ in
the models (see Table 1). At the same time, in model No. 2
the ratio of the plasma electron density to the magnetic
field strength is increased 8.75 times, as compared to mod-
el No. 1, to enhance the Razin effect to a level at which the
gyrosynchrotron radiation flux density changes it causes
significantly exceed instrumental measurement errors. This
provides a means for performing radio diagnostics of
background plasma density.

The pitch-angle distribution of electrons was defined
as anisotropic in the form of a Gaussian beam:

g(p)= Aexp{—wi, (1)

My

where [y=C0Sy, ay is the angle between the electron ve-
locity direction at maximum pitch-angle distribution and
the magnetic field. The pitch angle o, was taken to be 0°
(longitudinal anisotropy), 30° and 90° (transverse ani-
sotropy). W, characterizing the beam width was assumed
to be 0.2. As the values increase to p; =1 or more, the
distribution becomes almost isotropic (Figure 1). The
frequency spectra of gyrosynchrotron emission from the
model sources, which were calculated for different og
values of the anisotropic pitch-angle distribution
(11=0.2), are shown in Figures 2—4.

2. RESULTS OF NUMERICAL
EXPERIMENTS

Table 2 presents relative deviations of recovered values
from those given for each of the two radio source models.
Deviations of large parameters, such as ny, n,, B, were
calculated by the formula

5=(A—Am)/An-100 % (2)

where A, is the recovered parameter; A, is the model
parameter. Deviations of other parameters (6, Epreax, 01,
8y, g, 11) Were given in units of measurement of these
parameters and calculated using the formula AA=A—Ap,.
It follows from Table 2 that the errors in results of diag-
nostics of the parameters were determined under the
assumption of both isotropic distribution of nonthermal
electrons and a number of anisotropic distributions
(0p=0°, 30°, 90°).

For each of the two radio source models, comparison
between deviations of the recovered parameters from
the preset ones shows that consideration of anisotropy
made it possible to significantly improve the accuracy in
recovering the parameters of the model radio sources.
This is especially true for the following parameters:

1) magnetic field strength;

2) angle between magnetic field lines and the line
of sight;

3) accelerated electron density;

4) double-power-law break energy.

A noticeable improvement in the accuracy of the re-
covery also takes place for the electron energy spectrum
parameters 8; and 8,. Note that the parameter p; (beam
width) for both models and all values of ay during diag-
nostics in view of possible anisotropy demonstrated
high recovery accuracy.

At the same time, there is a tendency to increase the
error in some parameters at small o When recovering
spectra under the assumption of isotropy. In particular,
the strongest deviations from the true value are shown
by the recovered plasma density n, (deviation increase
to 99 %) and magnetic field B (deviation increase to
90.3 %).

Particular attention should be given to the error in
recovering the magnetic field strength at different oy.
Tables indicate that during diagnostics under the as-
sumption about isotropy of emitting electrons as a, de-
creases, i.e. the degree of longitudinal anisotropy in the
radio source increases as does the error in recovering B.
In this case, the deviation sign of the recovered value
turns out to be negative (B decreases).

Table 1
Parameters of model radio sources
No. n,cm> | B,G 0,deg | ny(E>0.1 Mev), cm™> | Epreas Mev | &, | &, o
Model No. 1 1lel0 350 85 2.2e5 0.3 4 8
0 |30 90
Model No. 2 5e10 200 65 7.2e5 0.5 3 5
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Figure 1. Pitch-angle electron distribution at different o and
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Figure 2. Frequency spectra of gyrosynchrotron emission in the model radio sources under study at 0o =0°
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Figure 3. Frequency spectra of gyrosynchrotron emission in the model radio sources of interest at 0o=30°
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Figure 4. Frequency spectra of gyrosynchrotron emission in the model radio sources of interest at 0y=90°
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Table 2
Radio source model L Model value Ano/Mom, AB/B, Any/Npm, AEpreaks Aag,
employed Approximation in use o % % A0, deg % Mev Ad; Ad; deg Apy
° 0° -98.0 -90.3 +55.0 +372283 +0.4 -05 +3.0 - -
Q
£ 30° -89.7 —75.1 —36.4 +881898 -03 -30 +17 - -
2 90° -35.7 +0.9 -30.3 +1569.1 -0.1 +0.8 +15 - -
Model No. 1 ° 0° -13.8 -9.2 -16 +117.8 +0.4 +04 | +322 | +221 -0.03
o
[=}
£ 30° +4.1 +3.7 +8.4 —25.1 -0.02 -0.1 -0.07 -11 +0.01
2
[=
© 90° +2.11 +5.24 +3.9 +91.2 +0.02 -0.4 +1.7 +22.9 +0.2
0° -99.0 —40.7 +40.9 +2133 -0.04 +2.2 238 - -
o
‘a
g 30° ® —34.4 +42.3 +1520 -0.2 +1.1 23 - -
B 90° +10.8 +83 253 +1852 | +0.00 | +02 | +156 - -
Model No. 2
© 0° +0.09 -0.02 -0.0003 -0.02 +0.002 | +0.002 | +0.09 +18 -0.00007
o
[=}
z 30° ® +38 20 27 +0.03 -0.1 +33 -14.1 +0.02
2
[=
© 90° +2.7 -0.1 +0.3 +1.3 -0.03 | -0.006 -1 +0.3 +0.0002

Thus, a decrease in the degree of transverse anisot-
ropy in a radio source and an increase in the degree of
longitudinal anisotropy can be interpreted during diag-
nostics under the assumption of isotropy of emitting
electrons as a decrease in the magnetic field strength,
although in reality this will not be the case. This phe-
nomenon may be one of the reasons for the decrease in
the recovered magnetic field [Fleishman et al., 2020,
2022; Smirnov, Melnikov, 2024] during flares whose
diagnostics was carried out precisely under the assump-
tion of isotropy, without considering the possible longi-
tudinal anisotropy of the pitch-angle distribution of
emitting electrons.

CONCLUSION

The numerical simulation and subsequent fitting of
gyrosynchrotron emission spectra clearly demonstrate
that ignoring the possible anisotropy of the pitch-angle
distribution of nonthermal electrons leads to systematic
and significant errors in diagnosing key parameters of
radio sources in solar active regions. Using the anisot-
ropy-based approach is not just preferable, but a prereg-
uisite for obtaining reliable results.

The work was financially supported by RSF (grant
No. 22-12-00308-P). We are grateful to the team of the
Siberian Radioheliograph for access to the data on the
flares recorded by SRH, as well as for all possible assis-
tance in processing the data and friendly support in car-
rying out this work.
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