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Abstract—The M7.7 solar flare of July 19, 2012, at 05:58 UT was observed with high spatial, temporal,
and spectral resolutions in the hard X-ray and optical ranges. The flare occurred at the solar limb, which
allowed us to see the relative positions of the coronal and chromospheric X-ray sources and to determine
their spectra. To explain the observations of the coronal source and the chromospheric one unocculted
by the solar limb, we apply an accurate analytical model for the kinetic behavior of accelerated electrons
in a flare. We interpret the chromospheric hard X-ray source in the thick-target approximation with a
reverse current and the coronal one in the thin-target approximation. Our estimates of the slopes of the
hard X-ray spectra for both sources are consistent with the observations. However, the calculated intensity
of the coronal source is lower than the observed one by several times. Allowance for the acceleration of
fast electrons in a collapsing magnetic trap has enabled us to remove this contradiction. As a result of our
modeling, we have estimated the flux density of the energy transferred by electrons with energies above
15 keV to be ~5 x 1010 erg em™2 s~!, which exceeds the values typical of the thick-target model without
a reverse current by a factor of ~5. To independently test the model, we have calculated the microwave

spectrum in the range 1—50 GHz that corresponds to the available radio observations.
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1. INTRODUCTION

According to the fundamental theoretical views of
the solar flare mechanism (Giovanelli 1948; Parker
1957; Sweet 1958, 1969; Syrovatskii 1962, 1966),
strong magnetic fields in the solar atmosphere, whose
energy is converted into the kinetic energy of charged
particles and magnetohydrodynamic (MHD) plasma
flows through magnetic reconnection, are the flare
energy source. Despite the great variety of physical
conditions under which this mechanism of primary
energy release in solar flares is realized, the overall
picture of the flare and its scenario are currently be-
lieved to be understandable and well known (see, e.g.,
Priest and Forbes 2000; Somov 2013). Conditions
for fast magnetic reconnection are formed in the solar
corona before the beginning of the impulsive phase.
A huge amount of energy is released during the im-
pulsive phase (from several seconds to several min-
utes). During reconnection, the electrons, protons,
and other ions are accelerated by an electric field to
energies much higher than the thermal energies of
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particles in the solar corona and chromosphere (Hud-
son and Ryan 1995; Somov 2000; Aschwanden 2002;
Miroshnichenko 2015).

The electrons, whose mass is much smaller than
that of the protons, easily acquire high velocities, run
away from the acceleration region, a reconnecting
current layer, and rapidly propagate along recon-
nected magnetic field lines. In this case, the density
of the background plasma, i.e., the plasma in the fast
particle propagation path, changes from ~10? cm—3
in the corona to ~10'* cm™3 or higher in the chro-
mosphere (Caspi et al. 2014). Because of the low
background plasma density, the accelerated electrons
traverse the coronal segment of the flare loops formed
by reconnected field lines almost without Coulomb
energy losses, producing hard X-ray bremsstrahlung
in the corona. Penetrating into the chromosphere,
where the plasma density is much higher than that in
the corona, the accelerated electrons rapidly lose their
kinetic energy through Coulomb collisions, also gen-
erating hard X-ray emission (Syrovatskii and Shmel-
eva 1973; Somov and Syrovatskii 1976).

A typical picture of a flare is schematically shown
in Fig. 1. The reconnected magnetic field lines B

531



532

GRITSYK, SOMOV

Fig. 1. General formulation of the problem of electrons accelerated in a reconnecting current layer (CL) that run away from a
hot plasma with temperature 77 through a turbulent front (TF) into a colder target plasma with temperature 7%.

move from the current layer (CL) with velocity V;
downward, toward the chromosphere (Ch) and the
photosphere (Ph); N and S are a pair of photospheric
magnetic field sources, for example, sunspots.

To check whether the kinetic description of so-
lar flares proposed below is correct, we consider the
July 19, 2012 flare that was observed with a high
spatial resolution in various regions of the electro-
magnetic spectrum. This flare is of particular interest
for modeling, because it was at the solar limb, while
the flare loop was located in the plane of the sky.
The chromospheric hard X-ray and optical sources
and the coronal X-ray source are clearly seen in the
images taken onboard the RHESSI and SDO space-
craft (Krucker and Battaglia 2014). In addition, there
is a microwave spectrum (Liu 2013).

The classical thick-target (Syrovatskii and Shmel-
eva 1972) and thin-target (for a review, see So-
mov and Syrovatskii 1976) models are currently
widely used to interpret the hard X-ray observations.
Nevertheless, these models experience considerable
difficulties in describing powerful solar flares ( Gritsyk
and Somov 2014), because they disregard the reverse
current that compensates the electric current of
accelerated electrons (Diakonov and Somov 1988;
Litvinenko and Somov 1991). A fundamental pe-
culiarity of the mentioned thick-target models with

a reverse current is that they are two-dimensional
in velocity space (see Somov 2012, Chapter 4).
This enables the accelerated electrons to reverse
the direction of their propagation almost without
Coulomb energy losses. As a consequence, harder
(compared to the models without a reverse current)
injection spectra of accelerated electrons are needed
to provide a sufficient electron flux density in the
emission source, which determines the observed
spectral slopes of the chromospheric and coronal hard
X-ray sources. For example, for the July 19, 2012
solar flare, the slopes of the observed spectra for the
emission sources in the corona and chromosphere
cannot be explained in terms of the classical models
without a reverse current.

The ratio of the intensities of the chromospheric
and coronal hard X-ray sources, their temporal and
spectral peculiarities also depend on how efficiently
the betatron heating and first-order Fermi accelera-
tion operate inside the flare loops, which act as col-
lapsing magnetic traps (Somov and Kosugi 1997).
Bogachev and Somov (2007) showed that both ef-
fects related to the acceleration of electrons in a trap
should be taken into account to explain the observed
intensity of the coronal X-ray sources.

The goal of this paper is to interpret the observa-
tions of the July 19, 2012 flare in terms of the model
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Fig. 2. Observations of the July 19, 2012 flare. (a) The time profile (black curve) of the hard X-ray (30—80 keV) emission from
the entire flare based on RHESSI data. The dark vertical band is the time interval of data accumulation for imaging. The gray

background indicates the profiles of the soft X-ray emission based on GOES data. (b, c) SDO/AIA images at a wavelength of

193 A: (b) the flare loop with the coronal and chromospheric sources, (¢) the coronal source. The black contours indicate the
levels of hard X-ray (30—80 keV) emission based on RHESSI data. The white contours indicate the levels of X-ray emission

in the 6—8 (b) and 16—18 keV (c¢) bands.

with a reverse current. We are going to describe
the coronal X-ray source in terms of the thin-target
model by taking into account the acceleration of elec-
trons in a collapsing magnetic trap and the chromo-
spheric one in terms of the thick-target model with a

reverse current. The observational data on the flare
are presented in Section 2. The kinetic model that is

used to explain the observed emission characteristics
in the flare is presented in Section 3. The calculated
X-ray spectra and their comparison with the observed
ones are presented in Section 4. The electron beam
parameters and the plasma heating power in the chro-
mosphere are given in Section 5. The discussion of

our results and conclusions are contained in the last
section of the paper.
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2. OBSERVATIONS OF THE JULY 19, 2012
FLARE

The M7.7 solar flare was observed on July 19,
2012, onboard the Ramaty High-Energy Solar Spec-
troscopic Imager (RHESSI, Lin et al. 2002) and So-
lar Dynamics Observatory (SDO, Lemen et al. 2012)
satellites with a high spatial resolution as well on-
board the Geostationary Operational Environmental
Satellite (GOES) satellite and at the Nobeyama
Radio Observatory using the NoRP and NoRH
instruments. Since the flare was located at the solar
limb, the X-ray sources are clearly seen (Fig. 2):
the coronal one above the flare loop and two chro-
mospheric sources at the loop footpoints; the flare
loops were also observed in the optical and microwave
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ranges (Liu et al. 2013; Liu 2013; Krucker and
Battaglia 2014).

The observational data in the hard X-ray range
used here were obtained by adding the results of in-
dividual measurements in the time interval indicated
by the dark band on the upper panel of Fig. 2 (Krucker
and Battaglia 2014). The band center coincides with
the maximum of the first, highest hard X-ray burst
at time 05:22:30 UT. Obviously, the chosen interval
corresponds to the greatest power of energy release
in the form of accelerated electrons during the im-
pulsive flare phase. The greatest number of energetic
electrons per unit time emerge from the acceleration
source and generate the most powerful hard X-ray
flux (Krucker et al. 2015).

Consider in more detail the observed picture of the
flare. One coronal and two chromospheric sources
were observed in the hard X-ray range (Figs. 2b,
2¢).  The southern chromospheric source is very
weak, because it is partially behind the limb. High-
quality X-ray observations are available for the north-
ern chromospheric source; it was chosen for our mod-
eling in the thick-target approximation with a reverse
current. The coronal source was above the flare loop,
was observed with a high resolution, and was chosen
for the description in the thin-target approximation.

The input parameters of the kinetic model consid-
ered in Section 3 can be estimated from the obser-
vations of the coronal hard X-ray source, which we
think to be located in the immediate vicinity of the
electron acceleration region, a high-temperature re-
connecting current layer. According to the estimates
by Krucker and Battaglia (2014), the angular size of
the source is 15”. The lower boundary of the energy
spectrum of accelerated electrons is Eping &~ 15 keV.
As a rule, this quantity is estimated with a large error
due to the superposition of thermal and nonthermal
injection spectra characteristic of any flare (see, e.g.,
Somov and Syrovatskii 1976). This fact introduces
considerable inaccuracies into the determination of
the hard X-ray intensity, but it barely affects the
estimate of its spectral slope at sufficiently high en-
ergies, where the X-ray bremsstrahlung is definitely
nonthermal.

The duration of the first (and largest) hard X-ray
peak being considered here is =100 s, which is defi-
nitely much greater than even the rough estimates of
the characteristic time scales for Coulomb collisions
between accelerated electrons and plasma electrons
in the target. This allows us to use the stationary
approximation, to be more precise, the approximation
of continuous injection of accelerated electrons into
the target when constructing the kinetic model in
Section 3 (see Somov and Syrovatskii 1976).
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In this paper, the spectrum of nonthermal elec-
trons is arbitrarily divided into two parts, each of
which is described in terms of the corresponding
kinetic model. The evolution of the electron spectrum
with the boundaries Einp = 15 keV and Epaxg =
120 keV is described in the approximation of the
model with a reverse current (Gritsyk and So-
mov 2014). It is convenient to use the classical model
of Leach and Petrosian (1981) to describe the prop-
agation of electrons with even higher energies, from
Emine = 120 keV to Eqaxe = 1200 keV, because such
particles barely lose their energy through Coulomb
collisions and in the reverse-current electric field and
contribute insignificantly to the intensity of the ob-
served X-ray emission. Nevertheless, these electrons
(Holt and Ramaty 1969) contribute significantly to
the high-frequency part of the gyrosynchrotron radio
spectrum, which we calculate to additionally test the
model.

Here, we give the estimates of various param-
eters for the July 19, 2012 flare from Krucker and
Battaglia (2014) that are important for the subse-
quent discussion. The temperature of the “cold”
target plasma behind the turbulent front TF (Fig. 1)
is high, Ty =~ 21 MK. The temperature of the source
of accelerated electrons, i.e., the super-hot plasma, is
not known from observations and is taken to be T} ~
100 MK, i.e., it is estimated in order of magnitude
based on the theory of super-hot turbulent current
layers (Chapter 8 in Somov (2013)). The plasma
number density in the region where the coronal
source is located is ng ~ 3 x 10? cm~2 (see Fig. 8.8
in Somov (2013)). The magnetic field strength at the
loop top is By ~ 102 G.

As has been noted above, in the flare under con-
sideration we analyze two hard X-ray sources: the
coronal and northern chromospheric ones. The coro-
nal source has a spectral slope ¢ = 4.6 + 0.2 with a
flux of 0.1 photons ecm~2 keV ™! at a photon energy of
50 keV, while the chromospheric one has ¢ = 3.0 +
0.2 with a flux of 1 photoncm=2keV™'. The mi-
crowave spectrum was taken at the NoRP instrument
with a high temporal resolution. From Liu (2013)
we took the data on this spectrum at the time of
maximum in the X-ray range, i.e., at 05:22:30 UT.
Below, we present the proposed kinetic flare model,
the modeling results, and their comparison with the
observations.

3. KINETIC FLARE MODEL
3.1. Allowance for the Reverse-Current Effect

The first self-consistent analytical models
(Diakonov and Somov 1988; Litvinenko and So-
mov 1991) in which the necessity of allowance for the
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reverse-current effect was proven have been improved
and applied to the description of new highly accurate
space observations (Gritsyk and Somov 2014). In
this section, we consider the analytical model that
is used to describe the propagation of electrons
accelerated in the July 19, 2012 flare. Below, we
provide the main model assumptions, the analytical
solution for the distribution function, and the model
parameters.

In the schematic Fig. 1, the coronal part of the flare
can be divided into two parts: the electron acceler-
ation region near a reconnecting current layer with
temperature 77 and the region of a colder plasma with
temperature T5. A thin turbulent front TF, the bound-
ary below which the corresponding kinetic problem
is solved, is formed between these two regions. We
will assume that the magnetic field is uniform and
perpendicular to the turbulent front. The condition for
the distribution function at the boundary TF is

fvff(’l),G,O) (l)
= fvs(va 9)®(U - Umin)Q(Umax - U),

where v is the velocity of the electrons, @ is the an-
gle between the velocity vector v and the magnetic
field direction, vmin and vma are the minimum and
maximum velocities of the electrons in the beam, the
theta-function ©(z) =1 at £ > 0 and O(x) =0 at
x < 0. Here and below, the subscript v indicates that
fv is the particle velocity vector distribution function.

[t is convenient to normalize the distribution func-
tion to the flux density of the energy transferred by
flare-accelerated electrons:

F= / fo(0,6,0) (2)
2

d®v, erg em 257

Mev

X v cos f 0
where m, is the electron mass. When modeling
the flare, the parameter (2) is chosen in such a way
that the calculated intensity of the X-ray emission
from the chromospheric source corresponds to the
observed one.

The forward-flying accelerated electrons produce
an electric current that we will call the direct one.
Given the sign of the electron charge, the direct cur-
rent is directed toward the turbulent front TF (Fig. 1).
The reverse current is produced by the thermal elec-
trons of the cold plasma inside the target moving
under the action of the reverse-current electric field,
which can be found from Ohm’s law. The assumption
that the direct current is balanced by the reverse
current is significant but justified here. It means
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that the very rapid reverse-current generation process
(Van den Oord 1990) manages to balance the direct
current in a time comparable to the period of plasma
oscillations, which is much shorter than the Coulomb
collision time in the conditions we consider.

We describe the behavior of the distribution func-
tion of accelerated electrons in the target by the ki-
netic equation (see Section 4.5.2 in Somov (2012))

Ofv ek Ofy

v cos 0 o~ m, cos 0 9
eE .9 8fv .
B mevsm 980059 = Stu(fv),

where [ is the particle penetration depth into the tar-
get, e is the electron charge, and E is the reverse-
current electric field strength. Here, we take into
account the fact that on time scales of the order of
the Coulomb collision time in the cold target plasma,
we may consider the injection of electrons as a sta-
tionary process and their distribution in the target as
a steady-state one (the derivative 9/0t is zero). The
right-hand side of the equation contains a linearized
Landau collision integral.

In dimensionless variables, the kinetic equation is
(Gritsyk and Somov 2011):

afv 8fv 8fV

2 _ 2 _ 2

net g 2z 5 €z (1 ,u) o (3)
_ 8fv azfv 10 2 8fv
%o +TZ@Z2+28,u [(1 ”)au ’

where z is the dimensionless energy of the acceler-
ated electrons, p is the dimensionless angle, s is the
dimensionless electron penetration depth into the tar-
get, and ¢ is the dimensionless electric field strength.

The distribution function fys of electrons in the
source, in a reconnecting super-hot turbulent current
layer, consists of two parts: the thermal and nonther-
mal ones. The first is usually taken in Maxwellian
form (Diakonov and Somov 1988); the second is
taken in the form of a power law (Litvinenko and
Somov 1991). We will consider the fast nonthermal
electrons. Therefore, as a boundary condition we
will take only the part of the distribution function of
electrons in their source (see (1)) in the form of a
power law:

fv(z,,u,O) = KOZ_’Y"@(Z - Zmin)@(zmax - Z) (4)

Here, the dimensionless energies zpmin and zpmax corre-
spond to the lower and upper boundaries of the energy
spectrum of accelerated electrons. The constant K is
determined from the normalization condition (2) and,
given condition (4), is
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P [(2rkeT) fme?) (e = 2| A3,
Ko = {F/ [(27r(kBT1)3 /mg) In (zmax/zmm)] . e =3

Previously (Gritsyk and Somov 2011), we found a
general solution of Eq. (3):

fV(Z,M,¢) = KO (5)
1 1+Y T+p\]™™
vty (m Iy -m )]

where
Y =sgnu (p2 +2¢/2)"" (1+2¢/2)7 2.

The function sgnu = —1 at u <0 and sgnu = +1
at p > 0, the dimensionless potential of the reverse-

1/2

e(p) = [2abKo /(7w — 1)]1/2(2430)(1_%)/2 = gog = const,
[QabKO/(ny — 1)]1/2(2¢)(1_VV)/2’

the parameters a = we(2kgTi/me)® and b=

kpTi/(2me3naoIn A).

The model allows the distribution function of
accelerated electrons in the solar corona and chro-
mosphere to be estimated at various depths. The
kinetic equation (3) under the specified boundary
condition (4) uniquely determines the evolution of
the beam of accelerated particles in the target (see
Eq. (5)) and the characteristics of the hard X-ray
and microwave emissions generated by them. In
Section 2, we presented the parameters near the
turbulent front TF (Fig. 1) used to model the July 19,
2012 flare: the hot and cold plasma temperatures T;
and Ty and the cold plasma number density ny. Before
we turn to modeling the flare, let us discuss several
additions to the kinetic model described above.

When calculating the hard X-ray emission of ac-
celerated electrons in specific solar flares, Syrovatskii
and Shmeleva (1972) arbitrarily assumed the upper
boundary of the electron energy spectrum to be in-
finitely large. This is quite justifiable. Even for power-
ful flares with a very hard injection spectrum, the slope
vv 2 2. Therefore, the estimates of the radiation flux
density barely change with chosen upper boundary of
the spectrum (see also Gritsyk and Somov 2014 ).

We will assume that the evolution of the distribu-
tion function of accelerated electrons with energies

current electric field
¢ = /E(s’)ds',
0

the dimensionless electric field

E(l‘) _ E(Qb)v pu =0,
e(zp?/2), p <0,
the function
(b < (bo = ZCI‘/27 (6)

¢ > o,

below some arbitrary value z, corresponding to the
dimensional energy of 120 keV (see Section 2) is
defined by the solution (5). It describes well the
distribution function at both small (s ~ 0, the thin-
target approximation) and large (s — oo, the thick-
target approximation with a reverse current) target
thicknesses.

For the case where the energy of the accelerated
electrons z > z,, by neglecting the Coulomb colli-
sions and the weak influence of the reverse-current
electric field on the beam electrons, Leach and Pet-
rosian (1981) obtained an analytical solution of the
simple kinetic equation (cf. (3)) that takes into ac-
count only the magnetic field nonuniformity:

afv 1- /Lz 8fv

Os 9 ap 6,& ) (7)

where
Folzp8) = fuo (2 (1= (1= @2)e™)12) - (8)

ap =1In(B(s)/B(0)) is the logarithm of the ratio of
the magnetic field at the footpoints of the flare loop to
the field at its top. Thus, using the analytical solu-
tions (5) and (8), we can obtain a model description
of the propagation of an electron beam in the solar
atmosphere for both z < z, and z > z,, respectively.

ASTRONOMY LETTERS Vol.42 No.8 2016
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3.2. Allowance for the Acceleration of Electrons
in a Magnetic Trap

Yet another significant physical effect must sup-
plement the kinetic description (3)—(8). Bogachev
and Somov (2007) considered the betatron and Fermi
acceleration of electrons in a collapsing magnetic trap
and showed that both mechanisms could affect sig-
nificantly the particle energy spectrum. An interest-
ing feature of the acceleration in collapsing magnetic
traps is that an initially power-law injection spectrum
remains a power-law one after the acceleration, shift-
ing toward higher energies. This shiit depends on
the trap contraction parameters and the mirror ratio,
which can be estimated from observations. It is well
known that the impulsive flare phase can reach sev-
eral minutes in which the flare loops, which are mag-
netic traps, change noticeably their sizes. Indeed, the
characteristic velocity of the plasma and the magnetic
field lines frozen into it is ~10% km s~'. Conse-
quently, the acceleration of electrons in a collapsing
magnetic trap should be taken into account when
modeling a solar flare (see Somov and Kosugi 1997;
Somov and Bogachev 2003).

4. INTERPRETATION OF THE EMISSION
SPECTRA

4.1. Hard X-ray Spectrum

We will calculate the hard X-ray spectra of the
coronal and chromospheric sources using the ana-
lytical solution (5) with the boundary condition (4)
for electrons with energies from 15 to 120 keV and
the microwave spectrum using the solution (8) with
the boundary condition (4) for electrons with energies
from 120 to 1200 keV.

For the electron distribution function (5), the
hard X-ray emission parameters are calculated as
follows. Let &, = hv/kgT) be the dimensionless
photon energy and ¥ be the angle between the wave
vector k and the electron velocity v. We will use the
well-known formulas (Elwert and Haug 1970) for the
differential cross sections for the bremsstrahlung of
X-ray photons polarized parallel and perpendicular to
the (v, k) plane,

=C (A + B sin219) 00,

82JL
90A(h) CAao.

Here,
_ z—5/2 \/z—i-\/z—
\/zz— \/z—\/z—
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_ (3/2)& \/Z+\/Z—
\/z (z— & \/z—\/z—

1 1—exp (—27rac\/me/2szT1)
260 1 — exp (—Zwac\/me/Q(z - &,)kBTl) 7

Y+ 3,

C =

a mec® 1%

707 on kpTy kg Ty’

a=e%/hc is the fine-structure constant, ry=
e2 /mec? is the classical electron radius.

Let Iyxpgy and Igxgry be the X-ray fluxes at

distance R from a given source on the Sun with
polarization parallel and perpendicular to the plane
formed by the line of sight and the magnetic field lines
of the flare loop. The total X-ray flux is then (Nocera
et al. 1985)

Inxr = Iuxrl + Inxr| 9)
= IHXRO {8/AC (/Lodf) zdz
é, 0

+ 2 /OOBC <7L0d§) 2dz

&y 0

. 2 B o0 o0
+125m1§’ 8 / BC ( / L2d£) zdz}.
Ey 0

Here, 1 is the angle between the line of sight (the
direction from the emission source to the observer)
and the direction perpendicular to the magnetic field;
Lo = Lo(z,¢) and Ly = La(z, ¢) are the coefficients
of the Legendre polynomial expansion of the distribu-
tion function (5). The integration in Eq. (9)is over the
plasma column depth

l

£ = /ng(l’)dl', em™2,
0

This allows us to avoid the superfluous assumptions
about the plasma density distribution in the target
and the extent of the X-ray source. The upper limit of
integration over the column depth is infinite for a thick
target and a specified value for a thin target (Somov
and Syrovatskii 1976). As was noted in Section 3.2,
the limit of integration over the dimensionless en-
ergy z in (9) is assumed to be infinite. The quantity

a /1o 2
toxm =2 (2

K
2 SHXR, photons keV~ts™1

X mc 9
m
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Fig. 3. Observed and calculated hard X-ray spectra for the July 19, 2012 flare. The results of modeling the chromospheric
source are represented by the solid straight line; the observations are indicated by the circles. The results of modeling the
coronal source without and with allowance made for the acceleration of electrons in a collapsing magnetic trap are represented
by the dotted straight line and dashed line, respectively; the observations are indicated by the triangles.
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Fig. 4. Microwave spectrum for the July 19, 2012 flare. The modeling results are represented by the solid line; the observations

with the NoRP instrument are indicated by the diamonds.

where Sy xR is the area of the emission source.

The calculated hard X-ray spectra for the coro-
nal and chromospheric sources are presented in
Fig. 3. The observed spectrum for the northern
chromospheric source (circles) is reproduced with
a high accuracy in the thick-target approximation
with a reverse current (solid straight line). This
suggests that the model is well applicable and that
such parameters of the electron injection spectrum
as the energy flux density and the slope were chosen
properly.

However, the observed spectrum for the coronal
source (triangles) in the thin-target approximation is
described poorly. The calculated spectrum (dotted
straight line) turned out to be shifted considerably
toward lower energies at the correct slope, i.e., co-
incident with the observed slope of the hard X-ray
spectrum.

[t seems obvious to us that this shift is related
to the additional acceleration of electrons that they

acquire being captured into a collapsing magnetic
trap (Somov and Kosugi 1997). Electrons with any
spectrum (including the Maxwellian one) acquire a
kinetic energy in a collapsing magnetic trap through
the betatron and Fermi acceleration mechanisms. In
this case, for electrons with a power-law injection
spectrum, the slope does not change, while the spec-
trum itself is shifted toward higher energies. The
coefficient K of the particle distribution function in-
creases in accordance with the expression (Bogachev
and Somov 2007)

1+ (by, — b) 12
K:KO\/b\/(b _b) (10)
V/1-b/bm _
T+a22 (B2 —-1)]
X / b dx,
0

where b and [ are the transverse and longitudinal
trap contraction parameters, respectively. At certain
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Characteristics of the beam of accelerated electrons in the models with and without a reverse current
Model Vv e vss ny, cm—3 F,ergem=2s71 Deor Deh
Without reverse current 5.0 4.5 4.0 6.6 x 107 1.0 x 1010 5.0 (4.6) 3.0 (3.0)
With reverse current 4.5 4.0 3.5 3.1 x 108 5.0 x 1010 4.5 (4.6) 3.0 (3.0)

contraction parameters, the model spectrum of the
coronal source closely coincides with the observed
one (Fig. 3).

The results of our calculations of the hard X-ray
spectra are presented in the table for the model of
Syrovatskii and Shmeleva (1972) and our model. Re-
call that the slopes of the injection spectra are related
between themselves as

Y55 =ve — 1/2 = — 1,

where ~gg is the slope of the energy spectrum for the
flux of accelerated electrons, vg is the slope of the
energy spectrum for the density of accelerated elec-
trons. As has been noted above, we will describe the
coronal and chromospheric sources in the form of thin
and thick targets, respectively. If the reverse-current
effect in the target model is disregarded, then this
model will be called the classical one. The relations
between the slope of the electron spectrum and the
slope of the X-ray spectrum are known exactly for the
classical model (see Somov and Syrovatskii 1976):

Peor = VSS + 1
Ych = Y55 — 1

[t follows from the table and Fig. 3 that the elec-
tron spectrum in the thick-target model with a reverse
current is harder than that in the classical model.
For the same slope of the X-ray spectrum for the
chromospheric source, both models give significantly
different estimates of the spectral slope for the coronal
source. Our model with a reverse current describes
accurately the observational data both in the corona
and in the chromosphere. The accuracy criterion
here is that the estimates of the spectral slopes fall
within the confidence intervals given in Krucker and
Battaglia (2014). Meanwhile, the spectral slope in the
corona estimated in the approximation of the classical
model does not correspond to the observed picture.

for thin target,
for thick target.

4.2. Microwave Spectrum

Propagating with high velocities in a magnetic
field, the accelerated electrons are known to produce
bursts of microwave emission (in the nonrelativistic
case, the so-called gyrosynchrotron emission). Par-
ticles with energies <100 keV form the part of the
radio spectrum at low and medium frequencies, while
the high-frequency part of the spectrum is entirely

ASTRONOMY LETTERS Vol.42 No.8 2016

attributable to the emission of particles with ener-
gies ~1 MeV or more. We calculated the radio spec-
trum for the July 19, 2012 flare separately for low-
and high-energy particles (see Section 2) and then
constructed the combined radio spectrum.

[f the microwave source is assumed to be homoge-
neous, then the intensity observed near the Earth is
defined by the solution of the corresponding transfer
equation:

Inew = Iyw i + o (11)
Syw JLy)|
=Y R2 %J_7|| [1 — exXp (—%J_7||l(]:|) s

where X is the sign of summation over the in-
tensities of the emission components of the cor-
responding polarization, Sy is the character-
istic area of the source in the plane of the sky,
Ji, and s, | are the emission (absorption) co-
efficients for the perpendicular (parallel) polariza-
tion, respectively. We took the expressions for the
emission and absorption coefficients from Fleish-
man and Kuznetsov (2010) and the computational
algorithm from Ramaty (1969), Kuznetsov and
Zharkova (2010), and Nita et al. (2015).

Figure 4 presents the radio spectrum calculated
for By ~ 2 x 102 G. We can see a typical picture of
gyrosynchrotron radio emission, where the bulk of the
emission is generated by the high-energy electrons
captured into a magnetic trap, against the back-
ground of the observed spectrum. Allowance for the
reverse-current effect does not change the spectrum
significantly (Kuznetsov and Zharkova 2010), be-
cause it barely affects the high-energy electrons. The
model description of the spectrum may be consid-
ered satisfactory at high frequencies. The significant
discrepancy between the results at low frequencies
is probably related to the rough assumption about
the homogeneity of the emission source and, as a
consequence, to an overestimation of its density. Be-
cause of the Razin (1960a, 1960b) effect, which is
more pronounced for a source with a high plasma
density, the low frequencies are suppressed; therefore,
the calculated intensity of the radio emission in this
part of the model spectrum is well below the observed
one.



540

108 i —

N, cm™ keV-!

I S T |

10 100
E keV

1 1 1

GRITSYK, SOMOV

108

L(b) 4

1 1 L 1 I T |
10 100
E keV

Fig. 5. Injection spectrum (solid straight line) and electron spectrum at depth € = 3 x 10'® em~=2 (dashed curve): (a) the
classical thick-target model without a reverse current, (b) the thick-target model with a reverse current.

5. PLASMA HEATING BY ACCELERATED
ELECTRONS

Krucker et al. (2015) considered three solar flares
observed with high spatial and temporal resolutions,
including the July 19, 2012 flare being considered
here. A common feature of these flares is an anoma-
lously high location of the hard X-ray and optical
sources in the chromosphere. This fact cannot
be explained in terms of the classical thick-target
model (see also Krucker et al. 2011; Gritsyk and
Somov 2014). To estimate the penetration depth
of particles into the target and to understand the
peculiarities of their propagation, let us calculate
the energy spectra of accelerated electrons and the
background plasma heating power.

In the previous section, based on the space ob-
servations of the July 19, 2012 flare, we found the
reverse-current electric field strength (6) and the pa-
rameters of the injection spectrum (4) for each of
the kinetic models. The energy spectrum of injected
electrons as a function of depth £ is defined by the
expression

3/2
N(z6) = 7r<2’“BT1> /fv 2 )V zdp. (12)

The results of our calculations based on Eq. (12)
for electrons with energies up to 120 keV in the
July 19, 2012 flare are presented in Fig. 5. In the
classical model (Fig. 5a), the injection spectrum has
a slope v¢ =~ 4.5 and the electron number density in
the beam is ny ~ 6.6 x 10" ecm~3. In the thick-target
model with a reverse current (Fig. 5b), the injection
spectrum is harder, v¢ ~ 4.0, at a number density
np ~ 3.1 x 108 cm™3.

Let us calculate the power of the plasma heating in
the target by accelerated electrons using the formula
from Syrovatskii and Shmeleva (1972):

4dma
PE) = ") (kpT1) (13)

oo 1
x//fvzfudzdu,ke\/s ,
0 —1

where the coefficient
ap = 2met In A

~ 1.3 % 1071 [m (& /mec?) — (1/2)
X Inng + 38.7], keV? cm?.

In the model with a reverse current, the pattern of
plasma heating differs greatly from the results of our
calculations for the classical model (Fig. 6). The main
difference is that the electrons penetrate to smaller
depths in the presence of a reverse current than
they do in the classical model. Indeed, some beam
electrons decelerate under the action of the reverse-
current electric field, losing their kinetic energy, while
others change the direction of their motion almost
without energy losses. In addition, the electrons lose
their energy through Coulomb collisions with plasma
particles. Note that the plasma heating by reverse-
current electrons (Sermulynsh and Somov 1983)
was not estimated in the presented calculations.
Meanwhile, allowance for the plasma heating by the
reverse current will reinforce our conclusion about the
absorption of beam energy in higher chromospheric
layers (see Fig. 2.1.24 in Somov (1992)).

The results obtained describe the natural pattern
of evolution of the spectrum of accelerated electrons
and the plasma heating by them in the target. Note

ASTRONOMY LETTERS Vol.42 No.8 2016
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Fig. 6. Power of the plasma heating by accelerated electrons in the July 19, 2012 flare calculated in the thick-target model:

without (dashed line) and with (solid line) a reverse current.

several significant peculiarities of the model with a
reverse current.

First, to provide the required luminosity of the hard
X-ray source in the chromosphere, it is necessary to
deliver a sufficient number of fast electrons to certain
depths. For this purpose, higher electron density in
the beam and energy flux density, respectively, n; and
F' in the table, than those in the model without a
reverse current are needed in the model that takes
into account the deceleration of fast electrons by the
reverse-current electric field.

Second, a large number of beam electrons (nyr ~

1.8 x 107 cm ~3) are turned around by the reverse-
current electric field and move backward, toward the
turbulent front TE. Such particles contribute to the
intensity of the coronal hard X-ray source. More-
over, these fast electrons are on reconnected mag-
netic field lines, i.e., captured into a collapsing mag-
netic trap. Such particles provide additional coronal
plasma heating to anomalously high temperatures,
which can lead to a change in the parameters of
the reconnecting current layer (Diakonov and So-
mov 1990).

Third, due to their considerably higher flux density,
the accelerated electrons in the model with a reverse
current carry a greater energy into the chromosphere,
providing its more efficient heating. As a conse-
quence, the hydrodynamic response of the chromo-
sphere to impulsive heating by accelerated electrons
(see Chapter 2 in Somov (1992)) must be stronger
than that in the model with a reverse current, i.e.,
must have a larger amplitude at shorter times.

Using the December 6, 2006 solar flare as an
example, we showed previously (Gritsyk and So-
mov 2014) that the reverse-current effect should be
taken into account when modeling X-class flares.
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The reverse-current electric field strength in large
flares is € > 1, which determines the evolution of
the distribution function (5) and, as a consequence,
the characteristics of the observed emission. How-
ever, the field strength reaches ¢ ~ 1 even for such
comparatively small flares as that considered here.
In this flare, according to the estimates by Krucker
et al. (2015), the chromospheric optical source is
located anomalously high above the photosphere and,
in addition, coincides in space and time with the
chromospheric hard X-ray source.

In the thick-target model with a reverse current, it
seems possible to describe the observed picture of the
flare not only in the X-ray range but also in the optical
one. Indeed, the accelerated electrons penetrate into
the chromosphere to the optical flare depth, effectively
losing their energy through Coulomb collisions and
under the action of the reverse-current electric field.
In other words, the electric field is mainly responsible
for the high location of the chromospheric source,
because it limits the flux of electrons into deep chro-
mospheric layers. In this case, the flux density of the
energy transferred by accelerated electrons into the
chromosphere, which is almost an order of magni-
tude higher than that in the classical model, provides
strong heating in the region where the optical and
X-ray sources are located.

6. DISCUSSION AND CONCLUSIONS

Present-day spaceborne and ground-based obser-
vations of solar flares in various ranges of the elec-
tromagnetic spectrum with high temporal, spatial,
and spectral resolutions provide an excellent basis not
only for studying the individual physical processes
in the flare but also for modeling the entire flare
as a complex phenomenon in a plasma with strong
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magnetic fields. Since the flares on the Sun are
accompanied by the acceleration of a large number of
charged particles carrying a significant fraction of the
total flare energy, apart from the MHD processes, the
kinetic ones also play a fundamental role in modeling
them as a whole.

In this paper, we performed a kinetic modeling
of the July 19, 2012 flare. We showed that the
model without a reverse current did not allow the
emissions from the coronal (in the thin-target ap-
proximation) and chromospheric (in the thick-target
approximation) hard X-ray sources to be described
simultaneously. Meanwhile, the observed relation
between the spectral slopes in the solar corona and
chromosphere ¢eor — weh < 2 (see the table) is easy
to interpret in terms of the thick-target model with a
reverse current. Thus, the observation of two sources
(in the corona and chromosphere) in one flare clearly
demonstrates the necessity of taking into account
the reverse-current electric field in constructing the
kinetic flare model.

Note the second, no less important result obtained
here. For the calculated spectrum of the coronal hard
X-ray source, the slope closely coincides with the
observed one (Fig. 3), but the radiation flux density
is noticeably lower than the observed one. This con-
tradiction suggests that an additional electron accel-
eration mechanism with a very peculiar property is
required. The acceleration of particles in collapsing
magnetic traps is such a mechanism (Somov and
Kosugi 1997).

The original model with a reverse current (Sec-
tion 3.1) disregards the acceleration of electrons that
they acquire being captured into a collapsing mag-
netic trap. Meanwhile, fast electrons with any spec-
trum (including the Maxwellian one) acquire an ad-
ditional kinetic energy in a collapsing magnetic trap
through betatron heating and first-order Fermi accel-
eration (Somov and Bogachev 2003). In this case,
for electrons with a power-law injection spectrum,
the slope does not change, while the spectrum itself
is shiited toward higher energies. Having applied
the formula for the corresponding shift of the elec-
tron energy spectrum (Bogachev and Somov 2007),
we made sure that the two-step particle acceleration
predicted by Somov and Kosugi (1997) actually took
place in the July 19, 2012 flare. This result (Sec-
tion 3.2) is of special importance, because it points
to the necessity of taking into account the additional
acceleration of electrons in the trap when modeling
solar flares. This is especially true for flares with a
long impulsive phase, during which the configuration
of the coronal trap changes dramatically.

The correctness of the model proposed here,
primarily the validity of our calculated injection
spectrum of accelerated electrons, can be judged
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by one more, observationally independent channel,
the microwave emission. Our calculated spectrum
at medium and high frequencies is consistent with
the observational data from the NoRp instrument
(Fig. 4). The low-frequency part of the spectrum is
difficult to properly describe due to the absence of data
on the plasma density distribution in the emission
source (see Section 4.2).

We think that our results can also be used as the
input ones for estimating the characteristics of the
optical source, which will allow the model descrip-
tion of the flare to be made complete. However, the
question about the formation of an optical continuum,
i.e., a white-light flare, is beyond the scope of this
paper, implying a detailed study of the hydrodynamic
response of the chromosphere to impulsive heating
by accelerated electrons under conditions when the
energy losses through radiation cease to be optically
transparent.
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