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Abstract. It is known that during solar flares, electrons are accelerated to high energies and
generate electromagnetic radiation in a wide range of frequencies. Fast electrons generate hard X-
rays in the solar plasma and can also excite plasma waves. The latter generate electromagnetic
waves that are detected by radio telescopes on Earth. It is also known that electron beams injected
into the plasma generate a reverse current, which consists of thermal plasma electrons. In this paper,
the effect of the reverse current electric field on the generation of plasma waves is considered. It is
shown that the reverse current electric field can lead to a decrease in the intensity of Langmuir
waves excited in the plasma and, consequently, to a decrease in the intensity of radio emission

generated by plasma waves.
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1. INTRODUCTION

The study of the evolution of the distribution function of fast electrons in the plasma of the
solar atmosphere is important for studying the processes of plasma heating and acceleration of
charged particles. The parameters of these distributions are reflected in the characteristics of the X-
ray and radio emission generated by these electrons. However, the place where electrons are
accelerated to high energies differs from the place where they generate electromagnetic radiation
registered on the Earth and on spacecraft. Therefore, the question arises of a detailed consideration
of the dynamics of fast electrons from the place of acceleration to the place of their generation of
electromagnetic radiation. In addition, fast electrons excite Langmuir waves in the solar plasma,
which also generate electromagnetic radiation recorded on Earth by radio telescopes (e.g.,
[Ginzburg and Zheleznyakov, 1958; Zheleznyakov and Zaitsev, 1970; Kaplan and Tsytovich, 1972;
Zaitsev and Stepanov, 1983; Ratcliffe et al, 2014; Kudryavtsev et al., 2022; Kudryavtsev and
Kaltman, 2021]). The dynamics of fast electrons taking into account their Coulomb interaction with
the surrounding plasma particles is quite well studied (see, for example, [Nocera et al., 1985;

Diakonov and Somov, 1988; Reznikova et al., 2009; Zharkova et al., 2010; Melnikov et al., 2013]).



These studies were explained primarily by the need to describe the parameters of the hard X-ray
emission of solar flares: energy spectra, polarization, and directivity. Less attention has been paid to
accounting for the interaction in the flare plasma of fast electrons with plasma waves (see, for
example, [Ratcliffe et al., 2012, 2014; Kontar et al., 2012, 2014; Kudryavtsev et al., 2012, 2014;
Kudryavtsev et al., 2019; Vatagin and Kudryavtsev, 2021]), although this interaction influences
the generation of radio emission [Zheleznyakov and Zaitsev, 1970; Ratcliffe and Kontar, 2014].

Another source of changes in the distribution function of fast electrons is their interaction
with the electric field of the reverse current, which is generated in the plasma during the invasion of
fast particles as a result of electromagnetic induction. Applied to the plasma of the solar
atmosphere, this phenomenon was considered in [Sermulyns and Somov, 1982; Diakonov and
Somov, 1988; Zharkova et al., 2010; Charikov and Shabalin, 2015]. These works consider the
situation when the reverse current completely compensates the electric current of fast electrons, and
when the magnetic field of the fast electron beam (i.e., the magnetic field of the forward current)
disappears and some electrostatic field associated with the reverse current remains. The purpose of
this paper is to consider the effect of this electric field on the generation of Langmuir waves by fast
electrons as a result of some change in their distribution function, as well as to clarify the role of
this field in the generation of radio emission generated by plasma waves. The results of this
consideration may be relevant in interpreting the measured radio emission of solar flares.

2. REVERSE CURRENT ELECTRIC FIELD AND GENERATION OF LANGMUIR
WAVES

Let us consider in this approximation the problem of the influence of the reverse current
electric field on the process of generation of Langmuir waves in the solar plasma by fast electrons.
That is, we will assume that in the plasma there exists an electric field £ associated with the reverse
current. The system of equations for the electron distribution function f and the spectral energy
density of Langmuir waves Wjiin the homogeneous approximation according to the works
[Zheleznyakov and Zaitsev, 1970; Diakonov and Somov, 1988; Tsytovich, 1971; Kontar et al.,
2012] has the form:
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where t and v - time and projection of electron velocity on the OZ axis (k - wave number of

Langmuir waves; ve- frequency of collisions of electrons with plasma particles; we- electron plasma



frequency; vte- thermal velocity of electrons; yk is the beam instability increment; vefris the effective
frequency of Langmuir wave attenuation due to collisions of plasma particles; ne is the plasma
electron concentration; Qx is the power of spontaneous emission of Langmuir waves; e is the
electron charge modulus.

The reverse current is a flow of "thermal" electrons moving in the opposite direction to the
direction of motion of the accelerated electrons, and according to [Diakonov and Somov, 1988] it is
assumed that the reverse current density jicis modulo equal to the current density of the accelerated
electrons j, i.e., the condition is fulfilled

Vmax
jre®=j)=e [v-f(t,v)dv. (4)
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The electric field £ is related to jwc by the relation
Jre =OF. 5)
Then we obtain
E=j.lo, (©6)

where o is the classical plasma conductivity (Spicer, 1977)
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In the present work, as well as in [Kontar et al., 2012], we will use the following expression

for the function Qx

Q(t) = e (v-ln(vl)f] . ®)
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In the absence of fast electrons, Qkdescribes the spontaneous emission of Langmuir waves by
thermal plasma electrons.

Let us supplement the system of equations (1-3) with an initial condition for various plasma
and fast electron parameters. Let us consider a monotonically decreasing distribution of fast
(suprathermal) electrons. In this case, as in [Kontar et al., 2012], we will assume that at the initial
moment of time the electron function fis the sum of the Maxwell distribution of thermal plasma

electrons fis and the "beam" distribution of fast electrons f»:
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where C = ) , Ny 1s the concentration of fast electrons, I" is the gamma function.

As an initial condition for W, similar to the work (Kontar et al., 2012), we will use the



following expression
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Equations (1-3) were solved by the finite difference method [Samarsky, 1989].

Fig. 1 shows the results of calculations for the electron distribution function neglecting the
generation of Langmuir waves, 1.e., only equation (1) is solved. only equation (1) is solved without
taking into account equation (2) (the coefficient D is set equal to zero) at ne= 5-10'%cm™, np= 10°cm’
3, Te= 10° K, & = 4, vo= 10vTe, without taking into account the influence of the reverse current
electric field and with taking into account this influence. The values of the fast electron parameters
0 and vpare taken according to [Kontar et al., 2012]. Two effects arising in the propagation of fast
electrons should be noted here. First, an area with a positive derivative is formed on the distribution
function of fast electrons, which will be the cause of Langmuir wave excitation (see, for example,
[Zheleznyakov and Zaitsev, 1970]). Secondly, the appearance of the reverse current electric field
leads to some additional inhibition of fast electrons.

Fig. 1.

Now let us consider the influence of the reverse current electric field on the generation of
Langmuir waves. Fig. 2 shows the results of calculations of the fast electron functions f and the
spectral energy density of Langmuir waves Wiat ne= 5-10'%m™, np= 10°cm™, Te= 10°K, § = 4, vo=
10vte. As can be seen, the effect of the reverse current electric field at the considered parameters of
the plasma and fast electrons weakly changes the electron distribution function f, but leads to a
decrease in the spectral energy density of Langmuir waves by a factor of about 1.5. The merging of
plasma waves produces electromagnetic waves, which are registered as radio waves. Considering
that the power of this radiation is ~W,?, the intensity of radio waves decreases by a factor of= 2.

Fig. 2.

Let us consider how the reduction of the plasma concentration will affect the evolution of the
fast electron distribution f and the spectral energy density of Langmuir waves W;. Fig. 3 shows the
results of calculations at ne= 10" cm™, np= 10°cm™, Te= 10°K, & = 4, vo= 10vTe. As can be seen, the
influence of electric field at considered parameters of plasma and fast electrons leads to faster
relaxation of fast electrons and reduces the spectral energy density of plasma waves
Wiapproximately in 5 times and accordingly the intensity of radio waves decreases in= 25 times.

Comparing the results of calculations presented in Figs. 2 and 3, we can conclude that the
effect of the reverse current electric field on the distribution function of fast electrons becomes
significant only at sufficiently large concentrations of fast electrons, i.e., at ny>2-10" ne.

Fig. 3.



Fig. 4 shows the results of calculations at ne= 5-10'%m™, ny= 10°cm™, Te= 10’ K, § = 4, vo=
10vte. The figure shows that the reverse current electric field also leads to a = 1.5-fold decrease in
the Langmuir wave energy. Note that these calculations reflect not only an increase in temperature
from 10°K to 107 K, but also a significant change in the initial distribution of fast electrons due to
the parameter vi= 10vre, i.e., when Teincreases from 10° K to 107 K, the value of vpincreases from
3.89-10%cm/s to 1.23-10'° cm/s.  While keeping the value of vv=3.89-10°cm/c equal to the value in
Figures 2 and 3 results in the fact that the effect of reverse current is almost completely absent.

Fig. 4.
3. CONCLUSIONS

The influence of the reverse current electric field on the generation of Langmuir waves
excited in the solar plasma by fast electrons has been considered. It is shown that additional
inhibition of fast electrons by the reverse current electric field leads to a decrease in the intensity of
excited plasma waves, which will cause a decrease in the intensity of electromagnetic waves
generated in the region of the double plasma frequency at the merging of Langmuir plasmons. At
the same time, a decrease in the ratio of the plasma electron concentration to the fast electron
concentration will enhance this effect. Increasing the plasma temperature while keeping vyconstant
leads to a decrease in the effect of the reverse current electric field as a result of a decrease in the

number of suprathermal electrons, while increasing veenhances the effect.
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FIGURE CAPTIONS

Fig. 1. Distribution function of fast electrons when only Coulomb collisions are considered (solid
line) and when Coulomb collisions and the reverse current electric field are considered together
(dashed line) when ne=5-10"%cm™, ny= 10°cm™, Te= 10°K, § = 4, vp= 10vre.

Fig. 2. (a) Evolution of the electron distribution function f without (solid line) and with
consideration of the reverse current electric field (dashed line); (b) Langmuir wave energy
spectral density Wiwithout consideration of the reverse current electric field and with
consideration (c) at ne=5-10"%m™, ny= 10°cm, Te=10°K, § = 4, vp= 10vre.

Fig. 3. (a) Evolution of the electron distribution function f without (solid line) and with
consideration of the reverse current electric field (dashed line); (b) Langmuir wave energy
spectral density Wiwithout consideration of the reverse current electric field and with
consideration (c) at ne=10'"%cm™, np= 10°cm™>, Te= 10°K, & = 4, vo= 10vre.

Fig. 4. Langmuir wave spectral energy densities Wiwithout considering the reverse current electric
field (a) and with considering the reverse current electric field (b) at ne) = 5-10'%cm, ny= 10°cm’

3, T=10"K, 8 = 4, vv= 10vTe.
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