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Abstract—The spatio-temporal dynamics of the propagation of fast electrons in solar plasma is examined with
consideration of their interaction with Langmuir waves, which are generated during the development of beam
instability. As a result of numerical simulation, the electron-distribution function and the spectral energy
density of Langmuir waves are obtained for different times and at different distances from the place of accel-
eration in the flare loop. It is shown that the maximum of the distribution function of fast electrons changes
little at a distance of ~10° cm. At large distances, the distribution function decreases; some of the electrons
propagate in the flare loop, at least over a distance of ~10% cm. The length of the region with an increased level
of energy density of Langmuir waves is ~10’—108 cm, and the maximum value of the energy density of Lang-

muir waves reaches 102 erg/cm>.

DOI: 10.1134/5001679322108020X

1. INTRODUCTION

The main focus in research on the propagation of
high-energy electrons appearing in solar plasma
during solar flares is traditionally their Coulomb inter-
action with solar plasma particles (e.g., Nocera et al.,
1985; Diakonov and Somov, 1988; Reznikova et al.,
2009; Zharkova et al., 2010; Melnikov et al., 2013). In
this case, both changes in the plasma concentration
and changes in the magnetic field along the flare loop
can be taken into account. This approach is explained
primarily by the need to describe the parameters of
hard X-ray emission of solar flares: the energy spectra,
polarization, and directivity (Zharkova et al., 1995,
Kudryavtsev and Charikov, 2012). Less attention is
paid to the interaction of fast electrons with plasma
waves in a flare plasma. It is known that fast electrons
can excite Langmuir waves and that they quickly relax
when interacting with them. In turn, these waves gen-
erate radio emission from the solar plasma (Zhele-
znyakov and Zaitsev, 1970; Kaplan and Tsytovich,
1972; Ratcliffe et al., 2014; Kudryavtsev and Kaltman,
2020, 2021), which carries information about physical
processes on the Sun and is recorded during observa-
tions. This radio emission can be generated via the
scattering of Langmuir waves by plasma particles and
the coalescence of Langmuir waves (e.g., Tsytovich,
1971). Therefore, the study of the dynamics of fast
electrons and Langmuir waves in a flare loop is of
interest for the description of both the generation of
hard X-ray radiation and the process of the generation

of radio emission by Langmuir waves. However, the
study of the evolution of the distribution function of
fast electrons and the spectra of Langmuir waves in a
flare plasma is limited either by time dynamics in a
homogeneous plasma without allowance for the spatial
change (Ivanov and Rudakov, 1967; Tsytovich, 1971;
Grognard, 1975; Melrose, 1986; Kontar et al., 2012) or
spatial evolution in the stationary approximation
(Kudryavtsev et al., 2019). In addition to the interac-
tion of fast electrons with Langmuir waves, the evolu-
tion of the electron distribution function can be influ-
enced by their interaction with ion-acoustic waves
(Kudryavtsev and Charikov, 1991; Charikov and
Shabalin, 2016) and whistlers (Stepanov and Tsap,
2002; Melnikov and Filatov, 2020).

In this work, since the acceleration process in flares
can have an impulse (millisecond) structure (Dmitriev
etal., 2006), we will consider the evolution of the elec-
tron distribution function f and the spectral energy
density of Langmuir turbulence W, with a pulsed
injection of electrons.

2. SPATIO-TEMPORAL DYNAMICS OF FAST
ELECTRONS AND LANGMUIR WAVES UPON
PULSE ACCELERATION IN FLARE PLASMA

Let us consider the problem of the evolution of the
electron-distribution function f in plasma and the
spectral energy density of Langmuir waves W) in the
pulse mode of acceleration. In this work, we will focus
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on the case of quasilinear relaxation, which will fur-
ther allow us to analyze the role of nonlinear pro-
cesses. This problem is described by the following
equations (e.g., Zheleznyakov and Zaitsev, 1970; Tsy-
tovich, 1971; Kontar et al., 2012)

al+val:i(Dal+Ve(Vf+V2 af)), (1

Jof  dx oJv\ ov 9y
oW, oW,
atk tV, axk =Yk = Ver Wi + O, (2)
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where ¢ and x are the time and coordinate; v is the
speed of electrons, k is the wave number of Langmuir
waves; V, is the frequency of collisions of electrons
with plasma particles; , is the electron plasma fre-
quency; vy, is thermal speed of electrons; v, is the
group velocity of Langmuir waves; v, is the increment
of beam instability; v is the effective frequency of the
damping of Langmuir waves due to collisions of
plasma particles; n, is the concentration of plasma
electrons; and @, is the power of spontaneous emis-
sion of Langmuir waves.

In this work, like Kontar et al. (2012), we will use
the following expression for the function Q,

3
guJo=94E@4nQ1jfj . (4)
4TCI’1€ VT@ V:ﬂ)e/k

In the absence of fast electrons, Q, describes the spon-
taneous emission of Langmuir waves by thermal
plasma electrons.

When simulating the process of electron propaga-
tion in a flare plasma, like Kudryavtsev et al. (2019),
we will assume that electrons propagate downward
from the top of the flare loop, and the change in the
plasma concentration is described by the expression

n, =n,(1+ x/L). ®))

Let us supplement the system of equations (1)—(3)
with the initial condition. Let accelerated electrons
with a beam distribution function appear at the

W (@t =0,x) =

In this formula, n,, ®,, v and f), are functions of x.

This expression describes the thermal background
level of Langmuir oscillations in the plasma. As a

3
W, (t,x = 0) = o  _om, (V In (L) fMj Vo (nme g dfu j ‘
(Veir — Vi) 47n, Ve v=0,/k n, v vk
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boundary of the equilibrium plasma x = 0 at the initial
time instant # = 0. In this case, we will assume that the
distribution function of fast electrons at the initial
moment of time rapidly decreases into the plasma
depth. Then, at time ¢ = 0, the electron-distribution
function f'is the sum of the Maxwellian distribution of
thermal plasma electrons f;, and the “beam” distribu-
tion of fast electrons f;:

f(t = O,X,V) = fM + -ﬁexp(_x/x()):

2
o =‘J5%V eXD(—E%TJ, (6)
Te T,
_n =)
S @w“"( 2 j

where n, is the concentration of fast electrons at x = 0;
X, is the characteristic scale of the decrease in the con-
centration of fast electrons deep into the plasma; and
o is the root-mean-square deviation of the velocity
distribution of fast electrons.

As a boundary condition on x, we take a condition
that describes the time decay of the distribution func-
tion of fast electrons entering the plasma at the bound-
aryx =0, i.e.,

f@t,x =0,v) = fy + fyexp(-1/t). (7)
The parameter 7, sets the time decay of electrons
injected into the plasma.

To agree with the previous conditions, we choose
the following as the boundary conditions for the
velocity v:

ft,x,v =0) = f(v=0)
+ f,(v = 0)exp(—x/x,) exp(—t/1y),
JOx,v = Vo) = fr(V = Vinay)
+ [3(V = Vimay) €XD(=x/ X) exp(—t/1y).
As an initial condition for W, like Kontar et al.
(2012), we will use the stationary spectrum of Lang-

muir waves in the absence of fast electrons, i.e., when
the left side of equation (2) is zero:

)

3
O _om, (V In (Lj fMj Vo — (ﬂme 2 aﬂj ) )
(Verr =Yi)  4mn, Vre v=w,/k n, v v=w,/k

boundary condition at the boundary x = 0, we also
take the background level of oscillations:

(10)
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Fig. 1. Electron distribution function fat different distances x from the place of acceleration at different times 7.

This choice of the initial and boundary conditions
ensures their agreement at = 0 and x = 0. Moreover,
like Hamilton and Petrosian (1987), we will assume
that W, =0 for k > w,/v,, as a result of Landau damping.

The system of equations (1)—(3) was solved with
use of the method of summarized approximation
(Samarskii, 1989).

Before proceeding to the description of the calcu-
lation results, it should be noted that expression (4)
describes the spontaneous excitation of waves not only
by thermal electrons, but also by fast electrons. There-
fore, in the region of high phase velocities, the main
contribution to the spontaneous generation of Lang-
muir waves is made by fast electrons.

The results of the calculation of the electron-distri-
bution function f and the spectral energy density of
Langmuir waves W, for different instants of time and
at different distances from the place of acceleration of
electrons in the flare plasma are presented in Figs. 1
and2atn,=10"cm=3,n,=10*cm=3, T,=10° K, v, =
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10 cm/s, 6 = 0.07v,, Vyax = 1.5vg, X, = 10> cm, £, =
10-3s, L = 107 cm. In Figs. la—Ic, it can be seen that
the maximum fvalue remained practically unchanged up
to x ~ 10° cm, and its relaxation at these distances occurs
upon interaction with Langmuir waves. In this case, there
is an increase in Langmuir waves (Figs. 2a—2c). As the
electron-distribution function decreases with time,
the spectral energy density of Langmuir waves also
decreases (curves 6, 7in Figs. 2b, 2c). With the prop-
agation of electrons over long distances, there is a
decrease f (Figs. 1d—1f) and the spectral energy den-
sity of the waves (Figs. 2d—2f). In this case, a faster
penetration of high-energy electrons into the plasma is
clearly seen (curves 1, 2in Fig. 1d—1f). This separation
of fast electrons from slower ones leads to the forma-
tion of a region with a positive derivative of the func-
tion f (Figs. 1d—1f) and the continued excitation of
Langmuir waves (Figs. 2d—2f).

Figure 3 shows the energy density of Langmuir
waves W at different distances from the place of elec-
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Fig. 2. Spectral energy density of Langmuir waves W, at different distances x from the place of acceleration at different times .

tron injection into the flare plasma as a function of
time. As can be seen in the figure, for the used param-
eters of the plasma and fast electrons, the duration of
the existence of Langmuir turbulence in the flare
plasma is ~ 102 s. Figure 4 shows the distribution of
the energy density of Langmuir waves along the
plasma.

As follows from Fig. 4, two spatial regions can be
distinguished in the flare plasma. For x < 10° cm,
Langmuir waves are generated as a result of the devel-
opment of beam instability of fast electrons with an
initial beam-type distribution function. This stage
passes rather quickly, in a time # ~ 1073 s (Fig. 1¢). At
distances exceeding x = 107 cm (Fig. 1d), faster elec-
trons begin to penetrate the plasma. This leads to the
formation of a portion of the distribution function
with a positive derivative with respect to the velocity
and the continuation of the excitation of plasma waves
(Fig. 2d). As the electron velocity decreases and the
plasma concentration increases (at x = 10% cm, the
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plasma concentration is n, = 1.1 X 10" cm™3, and at
x=2x10%cm, n,= 2.1 x 10" cm~3), Coulomb colli-
sions begin to play their role. Figures 1f—1le clearly
show the Maxwellization of electrons of lower energies
(curves 5—7) at t > 2 x 1072 s. In this case, the energy
density of Langmuir waves approaches the back-
ground values (Fig. 4). The length of the region with
an increased energy level of Langmuir waves is 10’—
108 cm. A similar size of the turbulent region was
obtained by Kudryavtsev et al. (2019) when they con-
sidered the stationary problem. This region of the loop
with Langmuir turbulence will generate radio emis-
sion (e.g., Zaitsev and Stepanov, 1983).

3. CONCLUSIONS

The spatio-temporal dynamics of fast electrons and
Langmuir waves in a flare plasma under pulsed accel-
eration of fast electrons was considered. It was shown
that the faster penetration of fast electrons and the

No. 8 2021
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Fig. 3. Time dependence of the energy density of Langmuir waves at various distances from the place of acceleration of electrons

in a flare plasma.
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Fig. 4. Energy density distribution of Langmuir waves in flare plasma for different moments of time.

effective deceleration of slow electrons lead to the con-
tinuation of the generation of Langmuir waves in the
flare plasma outside the region of quasilinear relax-
ation of the distribution function. In this case, at a dis-
tance of ~10° cm from the place of fast-electron accel-
eration, the maximum of the distribution function
changes little. The maximum energy density of Lang-
muir waves reaches 102 erg/cm’® at the selected

GEOMAGNETISM AND AERONOMY Vol. 61 No.8

parameters of plasma and fast electrons. The length of
the region with an increased energy level of Langmuir
waves is 107—10% cm, and the lifetime of a layer with
Langmuir turbulence is about ~102s.
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