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ABSTRACT

Aims. In this work we study the evolution of an electron beam irgddhto the solar atmosphere.
In particular we focus on the heating produced by the prtipg electrons. The influence of
converging magnetic field with fierent spatial profiles is compared. Time evolution of short
electron impulses with dierent initial distributions is studied.

Methods. The time dependent Fokker-Planck equation for the eledatistnibution in the beam
was numerically solved using the summary approximatiorhoubt

Results. Previously studied approximations of the magnetic fieldifgrare found to be inec-
tive. However, the magnetic field models proposed here dareimce precipitating electrons and,
thus, reduce the heating produced by them. It was also fdwatdhort electron impulses injected
into the atmosphere can produce hard X-ray bursts with thesttales observed earlier during
solar flares.

Key words. Sun: atmosphere — Sun: flares — Sun: X-rays — Scattering -afRadimechanisms:
non-thermal — X-rays: bursts

1. Introduction

Observations of solar flares in hard X-rays provide vitabiniation about scenarios, in which ac-
celerated electrons gain and deposit their energy intmflaimospheres. In recent years the theory
describing the generation of bremsstrahlung emission bas bignificantly progressed in many
directions by improving the mechanisms for emitting thidiasion, e.g. considering relativistic
bremsstrahlung cross-sections (Kontar et al. 2006), ¢gikilo account various aspects of the photo-
spheric albedoféects while deriving mean electron spectra from the obsdeahsstrahlung pho-
ton spectra (Kontar et al. 2006). On the other hand, subiatémprovements were also achieved in
the solutions of a direct problem of electron precipitaiiaio a flaring atmosphere by taking into
account diferent mechanisms of electron energy losses: CoulombicolligBrown 1971; Brown
et al. 2000) combined with the deceleration by the self-tadielectric field (Zharkova et al. 1995;
Zharkova & Gordovskyy 2006) in flaring atmospheres with strtemperature and density gradi-
ents derived from the hydrodynamic solutions (Somov et @811 1982; Nagai & Emslie 1984;
Fisher et al. 1985¢,b,a).
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Substantial progress in the quantitative interpretatibhasd X-ray emission is made in the
recent years by using high temporal and spatial resoluti@eivations carried out by the RHESSI
payload (Lin et al. 2003). The latter provides the locatiand shapes of hard X-ray sources on the
solar disk, their temporal variations and energy spectwéuéon during the flare duration (Holman
et al. 2003; Krucker et al. 2008). These observations aen@tcompanied by other observations
(in microwaves (MW), EUV and optical ranges) which reveadedery close temporal correla-
tion between HXR and MW, UV and even optical emission (seeekample, Kundu et al. 2004;
Fletcher et al. 2007; Grechnev et al. 2008). This highlidigdurther need for the improvements
of electron transport models, which can simultaneouslpactboth temporarily and spatially for
all these types of emission.

The RHESSI observations of double power law energy spedthaflattening towards lower
photon energies (Holman et al. 2003), which leads to thelsnid-soft temporal pattern of the
photon spectraindices below 35 keV (Grigis & Benz 2006)hhghted a role in their formation of
the self-induced electric field (Zharkova & Gordovskyy 2D0khe authors considered a stationary
beam injection and naturally reproduced such the spedtgifiing by electron deceleration in the
electric field, induced by beam electrons themselves. Ttteffiag was shown to be proportional to
the initial energy flux of beam electrons and their spectrdides (Zharkova & Gordovskyy 2006).
Then the soft-hard-soft pattern in photon spectra abovebeaeasily reproduced by a triangle
increase and decrease of the beam energy flux in the timeahtedra few seconds, which is often
observed as by RHESSI (Lin et al. 2003), so by the previous Siistion (Kane et al. 1980).
Furthermore, numerous observations of solar flares by SMRAQE and RHESSI suggest that
the areas of flaring loops decreases and, thus, their madieddi increases with depth of the solar
atmosphere (Lang et al. 1993; Brosius & White 2006; Kontat.&2008). This increase of magnetic
field can act as a magnetic mirror for the precipitating ettt forcing them to return back to the
source in the corona, in addition to self-induced electalzfi

In the present paper we propose two models of the magneticvigglations with depth. One
model is a fitting to the measurements of the magnetic fieldeércbrona (Brosius & White 2006)
and chromosphere (Kontar et al. 2008), another shows thenexpial increase of magnetic field
from the corona to the upper chromosphere while remainiranatant in the lower chromosphere.
The outcome is compared with the two other models proposditredhe first one (Leach &
Petrosian 1981) where the authors assumed that the magaktion depth scaléln B/dsis con-
stant implying the exponential magnetic field increase wittolumn depth and the second one
(McClements 1992) considering a parabolic increase of thgmatic field with a linear depth.

Also the temporal intervals of impulsive increases of HXRs=ion vary from very short (tens
of milliseconds (Kiplinger et al. 1983; Charikov et al. 20P# tens of minutes often observed
by RHESSI (Holman et al. 2003). This encourages to reviselihetron transport models and to
consider solutions of a time-dependent Fokker-Planck temuéor different timescales of beam
injection (milliseconds, seconds and minutes). The edadiransport, in turn, can slow down also
by anisotropic scattering of beam electrons in this salfsted electric field enhanced by their
magnetic mirroring in converging magnetic loops. The farttielay can be caused by the particle
diffusion in pitch angles and energy which can significantlyrctfe electron transport time into
deeper atmospheric layers where they are fully thermalised
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We also apply the time dependent Fokker-Planck equatiordier@o compare the solutions for
electron precipitation for stationary and impulsive injes and their &ect on resulting hard X-ray
emission, ambient plasma heating foffeient parameters of beam electrons. We also investigate
these Fokker-Planck solutions for théfdirent models of a converging magnetic field by taking into
account all the mechanisms of energy loss (collisions, @losises) and anisotropic scattering but
without diffusion in energy.

The problem is formulated in Sect. 2 and the method of salu8adescribed in Sect. 3. The
stationary injection into flaring atmosphere witlfdrent magnetic field convergence and colli-
sional plus Ohmic losses with anisotropic scattering issatered in Sect. 4 and the impulsive
injection for short timescales below tens millisecondsassidered in Sect. 5. The discussion and
conclusions are drawn in Sect. 6.

2. Problem formulation
2.1. The Fokker-Planck equation

We consider a one-dimensional beam of high energy electtbasis injected into solar atmo-
sphere. The beam electron velocity distributigras a function of time, depthl, velocity v and
pitch angle between the velocity and the magnetic féeldan be found by solving the Fokker-
Planck equation (Diakonov & Somov 1988; Zharkova et al. 3995

g+vcos«9ﬂ—§co ﬁ—ésinze or__
ot o me oV mev 0 cosd 1
EQ(VS)JF d Sir? of vsirt9adlinB  of (1)
2 ov "9 cosd 0 cosd 2 ol o6cosh’
where the collisional rateis given by
2netIn A
V= np(l)W’ (2

& is the self-induced electric field is the background magnetic fieldy(l) is the density of the
ambient plasma, IA is the Coulomb logarithnmg andm, are the electron charge and mass respec-
tively. In our study we assume that the Coulomb logarithnoisstant: I\ ~ 20.

Let us introduce the following dimensionless variables:
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Fig. 1: Density and temperature of the ambient plasma caledlby hydro-dynamical model
(Zharkova & Zharkov 2007) for dierent beam’s energy flux, and power law index of the
beam electron distribution (see Eq. (15)).

Eo = 12 keV is the lower cut4 energy andy = 10'° cm3. Eq. (1) in dimensionless variables
takes the form
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whereag is the magnetic convergence parameter defined as
0linB
= i 11
g = — (11)
The self-induced electric field is calculated from the Ohlawg for the return current,
1 Zmax 1
e(‘r,S)z—defd,uZ,uf (r,szu), (12)
o (9)
Zmin -1
where the dimensionless conductivity is
3no (KT (9))%2
o (9) = 1.97v2r S KT () (13)

4  \meFo
andFg = 10'° erg cn7? st is the normalisation factor for the energy flux of the beane @aimbient
plasma is assumed to be preheated and its denségd temperaturd,, as functions of the column
depthsare calculated using the hydro-dynamical model (Zharkozhé&rkov 2007). The profiles
n(s) andT(s) for different beam parameters are shown in Fig. 1. These profilestdthange in
time, since the thermal conduction processes have mucleddimye scales than the precipitation
processes studied here.

2.2. Initial and boundary conditions
There are no high energy electrons before the injectiotssthius, the initial condition is:
f(r=0,s2zu)=0. (14)

The boundary condition & = spn = 2.08 x 1073 (or 229 x 10" cm™?) corresponds to the
injected beam distribution

26—1 1- 2
(5= S 2> 0 = s () g oo -S40, 15)
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whereAy is the initial pitch angle dispersion andr) determines the time variation of the beam.
If the energy is much larger than the lower ciif-energy,z > 1, the distribution is power law
with index—y — 1, thus, the flux spectrum-(zf) is power law with index. In the opposite case,

Z < 1, the distribution is power law with indeX— 1. The low energy inde# is chosen to be 10
(see, e.g., Zharkova & Gordovskyy 2005a), while for the reglergy index two values, 3 and 7,
are consideredf, is the normalisation cdgcient, which is chosen so that the energy flux of the
injecting electron beam

Zmax 1
F (5= Snin) = Fo f dz [ duut (s= Sminz.p0) (16)
Znin -1

is equal to some preset vallig,,, whereFo = 10% erg cnt? s is normalisation factor of the
energy flux. At large deptrs = Spax = 9.17 x 107 (or 1.01 x 107 cm2), the number of electrons
in the beam is assumed to be negligibly small, thus the qooreting boundary condition is

f(r,S=Smaxzu<0)=0 a7

The distribution function is calculated in the followingnge of energiesznin < Z < Znax
wherezqmnin = 0.1 (or 12 keV) andznax = 100 (or 12 MeV). The boundary conditions on energy

are
Ot (1,82 = Zmin, 1)
= 1
= 0, (18)
Ot (1,5,Z = Zmax, 1)
=0. 1
0z 0 (19)

The boundary conditions on pitch angle are (McClements 1990

ofmszu=1) _ 0. (20)
op

of (r,szu=-1) 0. (21)
op

2.3. Integral characteristics of the electron distribution in the beam

In the following sections we will numerically solve Eq. (1&0)d calculate the following quantities
for the electron beam: beam density (in T

Zmax 1
Mo (7, ) = Fo /%fdzfd,u\/—zA(s)f(‘r,s,z,y), 22)
0 in -1

differential particle flux spectrum (in ergem 2 s1),

Fo

Fn(r,52) = Z_ES

1
[ar@ sz, (23)
-1
mean particle flux spectrum (in erfgcm= s™%) (Brown et al. 2003),

Snax 1
[ ds [ dun"t(9) A(s) zf (1, 8.2 p)
FO Smin -1
(Fo) (r,2) = = — . (24)
0 2 [ ni(s)ds

Smin
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angle distribution (in arbitrary units),

Smax Zmax
d'\'r:ji:»ﬂ) _ Sﬂf ds me da () A(9) VZf (1,5 2.10), (25)

and energy deposition (or heating function) of the beam (i ceT3 s7%),

Zmax 1
9 = Fé—:()n(s)A(S)defdﬂ(—g—z)#Zf (tsz), (26)

Zmin -1

wheredz/dsis the electron’s energy losses with depth, which can benastid as (Emslie 1980)

dz _ (dz)c+ (dz) _ 1 25’ 27)

as ~\as). las) =7z " %n
where two terms represent the collisional and Ohmic energgds respectively. CligientA(s) =
Bo/B (s) takes into account the variation of the magnetic tube csession.

3. Summary approximation method

Let us combine the relative derivatives and rewrite the Eolanck equation (10) in the following

form
of of 1)\ of
E = —n\/_Z/Ja—S +(2€/1\/2+ nTZ)E'F
1- 2 1- %)z _ 252
K —nL+n7( )\/_aB ﬂ+n1 Wt (28)
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Eq. (28) is solved numerically by using the summary appratiom method (Samarskii 2001).
This method allows us to study time dependent Fokker-Plagglation and it is dierent from
the one used by Zharkova & Gordovskyy (2005b) to solve thiosiary problem. According to
the summary approximation method the four-dimensionablera is reduced to a chain of two-
dimensional problems. This is done by considering the tdisensional dierential operator at
the right hand side of Eq. 10 as a sum of one-dimensional tprer@ach acting on the distribution
function separately during one third of the time step. Ornége substep the distribution function

is calculated implicitly, hence, the numerical scheme is

f‘l’+%AT —fr = AT¢SLSfT+%AT (29)
fT+%AT _ fT+%AT — AT¢ZLZfr+%AT (30)
f‘r+AT _ fT+%AT — AT((ﬁﬂLﬂ + ¢2y|—2y) f‘r+AT (31)

where L, are the finite dierence operators that approximate the first ordéiedintial op-
eratorsd/da. If the codficient ¢, is positive then the right €lierence scheme is used, i.e.
L.f = (fo*2 — 9} /A, otherwise the left scheme is used, iaf = (fo - fo=2¢) /A, The
Lo f = (f”*Aﬂ —2f4 + fﬂ‘Aﬂ) /Ac? is the central dference that approximates the second order
derivatived? f /ou?. The computational grid has 200 nodes in thdimension, 50 nodes in the
dimension and 30 nodes in tpedimension. The nodes are distributed logarithmically mgland
zdimensions and linearly in thedimension.
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Fig. 2: Electron density (a) and self-induced electric figypprofiles, wheré is time passed after
the injection is "turned on”. Collisions and electric fielcbaaken into account. The beam
parameters, see Eq. (15), are 3, Fiop = 10'% erg cn? st andAp = 0.2.

Eq. (29) together with boundary conditions forms a set addinequations, which, after been
solved, givest 347 from known f™. Distribution functionf 347 is then used in Eq. (30) to obtain
f7+347_Finally, from Eq. (31) we obtaifi™47 which is, in turn, used in Eq. (29) on the next step.

Electric field ¢ is calculated on each time step according to Eq. (12) whexelitribution
function is taken from the previous step. Thus, the numkscheme is not fully implicit. This
means that, in order to avoid numerical instability, thetistep, Ar, must be shorter than some
critical valueAr.. In practice, the time step was determined by the trial-amdr method. For
example, for the energy flux 1®erg cn1? s71 the time step is ¥ x 107 s. It was found that when
the energy flux is increased, the time step need to be dedrpesgortionally to keep the numerical
scheme stable.

4. Stationary injection

In this section we present simulation results for the casestétionary injection. While Zharkova
etal. (2009) studied hard X-ray emission produced by a gteadm, in the current paper, we focus
more on the energy deposition of an electron beam and on thpaxison of electron precipitation
results obtained for eierent models of magnetic convergence. The electron injestarts at = 0
and the simulation continues until the stationary state&ined. If it is not indicated explicitly,
the initial spectral index of the beam is chosen toybe 3, the energy flux at the top boundary is
Fiop = 10 erg cnt? st and the initial angle dispersion & = 0.2.

4.1. Effects of collisions and electric field (ag = 0)

Let us first show how the system relaxes to the stationarg.skd. 2 shows the profiles of the
electric field and beam density atidirent times. It is seen that the electric field relaxes soraéwh
faster than the density. The relaxation titheafter which the system becomes stationary, can be
estimated as 0.07 s.

The local maximum, which appears on the density profile atiéigh of about 2x 10*° cm
(Fig. 2a), is caused by the beam deceleration while the fllelesftrons remains nearly constant.
After this depth most of electrons leave the distributidre(malise) by reducing their energy below
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Fig. 3: Beam electron density infierent energy bands, if only collisions are taken into actoun
Beam parameters are the same as in Fig. 2.
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Fig. 4: Differential flux spectra of the beam electrons integrated tnepositive and negative
pitch angles. Beam parameters are the same as in Fig. 2.

the energyznin, and the density rapidly decreases at the depth of ab&ut 10*° cm2 (Fig. 2a).
This corresponds to the stopping depth for the electronis &riergies close to the lower cufto
energy (12 keV). The electrons with higher energies caretrdgeper (see Fig. 3). In particular,
it can be seen that electrons with energieS00 keV can travel down to the photosphere almost
without any energy losses. Fig. 3 is in good agreement wihréisults obtained by Zharkova &
Gordovskyy (2006) (see Tab. 1).

In Fig. 4 we plot the dierential flux spectra at fierent depths for the forwarg: (> 0) and
backward & < 0) moving electrons. It can be seen that the self-inducettraefield does not
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Fig. 5: Pitch angle distribution (a) and heating functiorntef beam (b). Beam parameters are the
same as in Fig. 2.

change the spectra of the downwaudx 0) moving electrons but essentiallffects the spectra of
the upward ¢ < 0) moving ones. Since the angldfdsion due to the electric field is morffective
for the lower energy electrons, the spectra of the returtecirens is enhanced at low and mid
energy (Fig. 4d).

The number of electrons returning back to the source platt&dy. 5a is smaller compared to
the case when the self-induced electric field is not takemastount. However, even without the
electric fielde, a number of electrons with < 0 is essential owing to the pitch angle scattering
(second and third terms on the right hand side of in Eg. (10)).

The heating function plot (Fig. 5b) shows that if a self-indd electric field is taken into ac-
count the heating is mosffective at the upper column depth%210'° cm=2) compared to much
lower one (16° cm~2) in the pure collisional beam relaxation, which is consisteith the results
obtained by Emslie (1980). Indeed, the inclusion of theteletield decreases the stopping depth
(Zharkova & Gordovskyy 2006) and increases the number ofmétg electrons, thus, reducing the
number of electrons at larger depths. All these factorstedlle upward shift of the heating func-
tion maximum. The theoretical heating curve for pure ciahis (Syrovatskii & Shmeleva 1972) is
plotted in Fig. 5b.

4.2. Effects of a magnetic convergence

The converging magnetic field acts as a magnetic mirror anéssentially increase the number of
the electrons that move upwards. Let us determine how lagymagnetic convergence parameter,
ag, should be to have any noticeabl@eet on the distribution of beam electrons. In order to do
so we compare the terms in front@f /du in Eq. (28). Since the collisional pitch angldfdision

is much smaller the one caused by the electric field (see Big.vee compare thefiects of the
magnetic convergence with those caused by the electric fidld magnetic convergencéects
are stronger itvg > 2¢/(nz). To estimate this expression we plot the dimensionles$s &dh in
Fig. 6. The minimal value of the ratig/n in the interval froms = sy, to the stopping depth of
low energy ¢ = 1) electrons~ 5 x 10'° cm?, is about . Thus, the the magnetic convergence
would be more ffective than the electric field for the electrons with enesdiggher than the cut-
off energy ifag 2 0.4. The high energy electrons can travel much deeper intawbsphere (see
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Fig. 6: The ratio of the dimensionless electric field to plasensity as a function of column
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Fig. 2.
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Fig. 7: Mean flux spectra (a) of the upwayd< 0) propagating electrons and energy deposition
(b) without (crosses) and with magnetic convergence giyeladp (33) (solid curve), Eq. (34)
(dashed curve), Eq. (37) (dotted curve) and Eq. (38) (dehed curve). Beam parameters are the
same as in Fig. 2.

Fig. 3), where the ratie/n can be as low as & 1074, thus the magnetic convergence would be
more dfective for them ifag > 4 x 1076,

In the following subsections we present the results of satiahs for diferent models of the
converging magnetic field. These results are illustratethbymean flux spectra plots (Fig. 7a) for
the upward ¢ < 0) moving electrons, while spectra of the downward moviregebns are found
to be very close for all convergence models. The energy dépogrofiles for diferent magnetic
field approximations are shown in Fig. 7b.

4.2.1. Exponential approximation of a magnetic field convergence

Following the approximation proposed by Leach & PetrosiH8(), let us assume that the con-
vergence parameter does not depend on depth

ap = apy = const, (32)
then the magnetic field variation is

B(s) = Boexp(ago (S~ Smin)) - (33)
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Suppose that the magnetic field at the degihy is 1000 times stronger than at the depth
Smin,» thenag ~ IN(1000Y snax = 7.5 x 1073, As we discussed earlier thé&ect of the magnetic
convergence with such lowg would be noticeable only for high energy (L0O0 keV) electrons.
This is clearly illustrated by a comparison of the mean fluectpa of the moving upward electrons
and heating function obtained with and without magnetio/eogence (see solid and dashed curves
in Fig. 7). While the electric field returns mostly the low amid energy electrons and makes
the spectrum of the returning electrons softer (in companith the purely collisional case), the
magnetic mirror returns back the high energy electrons aaidesitheir spectrum harder and similar
to the initial power law. On the other hand, magnetic congrog reduces the heating at the larger
depths (Fig. 7b), where it is caused by high energy electtomsause they were mirrored back to
the corona.

4.2.2. Parabolic approximation

McClements (1992) suggested the following profile of a méigield variation:

— g )2
B(s) = BO(1+ m] (34)
$
If B(Smax)/B(Smin) = 1000 thensy ~ smax/ V(1000)= 31.6. The convergence parameter is
_ 2(5_ Smin)
o s )

The magnetic convergence parametgrat maximum is 1sy ~ 3.16 x 1072, This value is not
high enough to fiect all the beam electrons, but as it is seen in Fig. 7 suchaimeetgence model,
similar to the previous one, increases the number of higinggnelectrons with negative and
reduces the heating of deep atmosphere layers. Note, hlolvicClements (1992) considered
a constant plasma density, and in their model the profile @tlagnetic field given by Eq. (34)
can be more feective, while in our case plasma density exponentiallyeéases with depth. Here
we supposed that the magnetic field changes according ta3Eyjin(the whole range of column
depths, however it would be more appropriate to assumehtbatagnetic field variation isfierent

in the corona and chromosphere. Such approach is discusteslfollowing section.

4.2.3. Hybrid approximation of magnetic field

In this model we propose that is close to constant at small depth (in the corona) and temds t
zero after some depth (in the chromosphere):
9 = L 36
a8(9) = a0 g (36)

then the magnetic field variation is

B(s) = By expo a(s)ds ] = By exp(aBoso arctar(%)). (37)

At small depth, whers < 5, the magnetic field varies &=~ Bgexplso(s— Smin)), and at large
depth,s > s, magnetic field is constanB ~ By expegoSo/2). In the most of simulations (where
it is not stated explicitly) we accepio = 10 andsy = 0.2 (or 22 x 10'°® cm2, which corresponds
to the transitional region), this makes the réBi®max)/ B(Snin) to be equal 23.
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Electrons with velocities inside the loss-cone are notcedlby the magnetic mirror and reach
the deep layers. For the current convergence model theatdniitch angle cosine of the loss-cone

is e = V1 - B(smin)/B(Smax) = 0.98. This means that for the accepted initial angle dispersfo
0.2 about 90% of the electrons are reflected back.
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As it is seen in Fig. 9 theffect of magnetic convergence on the pitch angle distribugon
similar to the &ect of the electric field. However, since the electric fieldnisst éfective for the
electrons withy = +1, the pitch angle distribution has a maximunuat 1 when the convergence
is not taken into account. On the contrary, magnetic fieldschae dfect electrons moving along the
field lines, thus, the angle distribution of the upward mgwtectrons has a maximumagt ~ —0.8
(Fig. 9), which is consistent with the conclusions of Zhawk& Gordovskyy (2006).

As the convergence parametsy is relatively high in this model, the whole spectrum of elec-
tron energy is fiected (see Fig. 7a). The energy deposition profile for thigmatc field approxi-
mation (Fig. 7b) indicates that the heating is only about 33%he heating produced in the case of
constant magnetic field, which is because many of electromseflected by the magnetic mirror
before they get into dense plasma.

The profiles of electron density withféierent energies are plotted in Fig. 8. If only magnetic
convergence is taken into account (Fig. 8a), it can be segmtagnetic mirroring does not depend
on the electron energy. Electrons with pitch angle outdigeldss-cone are turned back at depth
~ 10'9-107° cm~2. The remaining electrons (with pitch angle inside the losse) can travel down
to the lower boundary in the atmosphere. When the collisarestaken into account, electrons,
especially those with low energies, loose their energy dwmslisions (Fig. 8b). It is important to
compare collisional beam relaxation with and without maigremnvergence plotted in Figs. 8b and
3 respectively. It can be noticed that the combination oftfects of collisions and convergence is
stronger than the sum of two separafieets. This occurs because electrons with the initial pitch
angles inside the loss-cone are scattered by collisionigdio @ngles which fall out from loss-cone,
thus, more electrons are returned back by the magneticmirro

In Fig. 10 the results of simulations are presented fiedént magnitudes for the parameters
ago and s of the magnetic convergence model given by Eq. (36). Thecas® ofag clearly
affects the beam electrons by reducing the depth of their paiwtrand by increasing the number
of returning electrons. It is obvious that the system wowddensitive to the variation & if it is
smaller than the penetration (stopping) depth, that isgman Fig. 10a.

4.2.4. Magnetic field model fitted to the observations

Although the magnetic field can not be directly measuredearstiiar atmosphere, there some indi-
rect techniques which allow to estimate the magnitude ofithgnetic field. The coronal magnetic
field can be determined from radio observations of gyrostasce emission (Lang et al. 1993;
Brosius & White 2006). In particular, Brosius & White (20G&)ggest that the magnetic scale hight
above sunspots,gcor = B/AB, is ~ 7 Mm. On the other hand, Kontar et al. (2008) determined the
chromospheric magnetic field by measuring the sizes andtsetd hard X-ray sources in ftier-

ent energy bands. They found that the chromospheric magsedle hightLgchy, is ~ 0.3 Mm.
Assuming that the magnetic scale highg, changes linearly with depththe convergence param-

eteris

LEY
nLg ’
whereagy = Eé/(;re“no In ALgcor) = 15.7, and the dimensionless magnetic scale hight as a function

ag(s) = (38)

of the column depth is

LB —1— (1 _ LBchr) I(S)

Ty (39)

LBCOF
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where the linear depth i$s) o fn(s)‘lds. Since the magnetic field is defined as function of the
linear depth the model depends on the density profgeof the background plasma.

As it is seen in Fig. 7a, such the magnetic convergefieets the electrons with all energies.
This leads to about 20% reduction of the heating producedebyrbelectrons in comparison with
constant magnetic field profile (Fig. 7b).

5. Impulsive injection

As it was shown by Siversky & Zharkova (2009), the electroced@ration time in a reconnecting
current sheet can be as short as®1€ Also, SMM (Kiplinger et al. 1983) and CORONARIS
(Charikov et al. 2004) observations reveal millisecondufsps in the hard X-ray emission from
solar flares. These facts suggest that the time scale of adesrnelerated electrons may be rather
short. In this section we study the evolution of such shoguige in the solar atmosphere. The
injection time,dt, is chosen to be.T x 1073 s, which is much shorter than the relaxation time
tr = 0.07 s, that was found in Sec. 4.1 (see Fig. 2). The default petesiof the beam are similar
to the case of the stationary injection: the initial spddtrdex of the beam iy = 3, the maximal
energy flux at the top boundary B, = 10'°erg cn? st and the initial angle dispersion is
Au = 0.2. In the simulations where the magnetic convergence imtakke account we use the
magnetic field approximation given by Eq. 37 withy = 10 andsy = 0.2.

The impulse injection, obviously, leads to a smaller densftelectrons at a given depth in
comparison with the stationary injection (see Figs. 2a draj.JA smaller density results in a lower
self-induced electric field. Thus, in the case of a short ilsipe injection the electric field does not
affect so much the distributions. As a result, the only mechanigat can essentially increase the
number of returning electrons is a magnetic convergence.

Anisotropic scattering of beam electrons in collisiondwiie ambient plasma makes the pitch
angle distribution more flat with time (see Fig. 11b). Thecelens propagating downward reach
the depth with a high density of the ambient plasma, loosie émergy due to collisions and leave
the distribution (become thermalised) when their energiess thanz,,. On the contrary, the
returning electrons move into less dense plasma almosbutitbosing any energy, but gaining it
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Fig. 12: Mean flux spectra of the electrons. The beam parasa@te the same as in Fig. 11.

in the self-induced electric field. Thus, after some timerthmber of the upward moving electrons
can exceed the number of downward moving ones, which islgleaen in Fig. 11b. The angle
distributions show that after 3.4 x 1072 s most of the downward propagating electrons are gone
and the majority of electrons hawe< 0, i.e. they move back to the source in the corona.

5.1. Energy spectra

Since the first term at the right hand side of Eq. (10), whicteiponsible for the energy losses
due to collisions, is proportional tw'/? (wherez is the dimensionless energy), one might expect
that electron spectra should become harder with time. Hewéve downward moving electrons
with higher energy reach the dense plasma faster and loeseetiergy faster than lower energy
electrons, which makes the energy spectra softer with tiige (2a). The same is valid for the
spectra of the upward moving electrons. In this case, thle éigergy electrons escape the distri-
bution faster by reaching the top boundasy= smin). Due to this &ect the power law index can
increase from the initial value 3 up to 4 during the beam ei@huFig. 12a).

Magnetic field on its own cannot change the energy of elestridowever, a converging mag-
netic field acts as a magnetic mirror and returns the es$gatibof electrons back to the source.
As it was shown above in Fig. 7a the magnetic convergence ie efi@ctive for the high energy
electrons than the electric field and pitch angl@ugiion. Thus, high energy electrons can quickly
escape through th&= snin boundary and the power law index can reach higher valuesithtae
case with the constant magnetic field. For example, for thgrtic field profile given by Eq. (37)
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the power law index increases from the initial value 3 up té¢-ig.(12c). If the convergence pa-
rameter is defined by Eq. (38), the initial power law disttibn converts to some kind of thermal
distribution with an essential drop in high energies (Fi2d)L

5.2. Energy deposition

Fig. 13 shows the evolution of energy deposition, or hedtimgtions, when dferent precipitation
effects are taken into account. In purely collisional case.(E3@) the heating maximum appears at
the bottom boundary, moves upwards with time and vanishesaodumn depth 10%°-10%° cm2.
This evolution is consistent with stopping depths obtaif@delectrons with diferent energies
(Fig. 3). Indeed, the high energy electrons are the first aahredepth where the density is high
enough to thermalise them. Less energetic electrons Ibeseenergy at smaller depth and later
in time. Thus, the heating function maximum moves towardsstbpping depth of the low energy
electrons, after which it sharply decreases.

In a presence of the self-induced electric field (Fig. 13lg) teating by collisions becomes
smaller than in the purely collisional case because sonutrefes are reflected by the electric
field and do not reach dense plasma. On the other hand, thedse@ximum on heating function
appears, which is caused by the losses due to the electdc Tiels maximum does not move but
grows in time with more electrons coming to the region witgrhélectric field (see Fig. 2b).

As it was shown in Sec. 4.2.3 for the magnetic convergencengby Eq. (37) only about
10% of the electrons can escape through the loss-cone andhieedeep layers. Thus magnetic
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convergence substantially reduces the energy deposttlowar atmospheric levels and shifts the
heating maximum upwards to the corona (Figs. 13c and 13d).

Heating function of the beam with the initial power law indgx= 7 is shown in Fig. 14. In
contrast to they = 3 beam, the heating peak appears at smaller depth and mowesveals.
Apparently, this is because the number of high energy @estis extremely low for softer beam
(y = 7), and the heating that they produce at larger depths isaw@atd be noticeable. Also,
the heating profile is narrower but higher and its maximunaied higher in the atmosphere in
comparison withy = 3 case. When the electric field is taken into account (Fig) b heating is
stronger for smaller depths in comparison to the pure ¢ofle case (Fig. 14a).

A more powerful beam, with energy flux 10erg cnt? s*, obviously produces more heat in
the atmosphere (Fig. 15) than a beam with energy flu® &y cnt? s™1. Note, that in this case
a different hydro-dynamical model is used to estimate the deasitytemperature of the ambient
plasma. The discontinuity at the depth 0f40m is caused by a sharp increase of the ambient
plasma density (see Fig. 1), which apparently correspamdiset transition region. Two maxima
are clearly seen on the heating profile — one in the chromesphaother one in the corona. If
the magnetic convergence is absent the chromospheringéstinuch stronger (Fig. 15a). On the
other hand, if the convergence is taken into account onlytb0% of electrons can reach the
chromosphere, thus, the heating under the transitionmagiceduced by an order of magnitude,
while the coronal heating remains nearly the same as in the ahthe constant magnetic field
(Fig. 15c).

Note also, that the time of beam relaxation is longer for ssdebeam, which is the result of a
smaller density of the ambient plasma and, hence, largeadidepth for the same column depth.
For example, the depth 3 0cm2 corresponds to 2 10° cm and 11x 10° cm for the beam energy
fluxes 16° erg cm? s and 102 erg cnt? s respectively. This leads to the longer relaxation
time for the atmosphere preheated by the stronger beamnésg flux of 162 erg cnt? s7* the
relaxation time is found to be 0.2 s.
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5.3. Bursts of hard X-ray emission

In order to make a comparison with observations we calcubaéantensity of hard X-ray emis-

sion produced by the injection of a short electron beam. THeenbstrahlung cross-sections are
taken in the relativistic form (see Gluckstern & Hull 195Big. 16a shows the time profile of hard
X-ray intensity produced by the impulse with lengita = 1.7 ms. The timescale of the hard X-
ray impulse étny, is about 20 ms, which is determined by the relaxation timtéhefatmosphere
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tr # 70 ms established earlier in Sect. 4.1. This timescale igimoa agreement with the observa-
tions (Charikov et al. 2004). Further simulations show #atong asite < 6ty the hard X-ray
timescale depends only on the atmosphere parameters aadchdbdepend on the length of the
initial electron impulse.

Evolution of the spatial profile of the hard X-ray intensifyid. 16b) resembles that of the
energy deposition (see Fig. 13b). The emission starts dbattem when high energy electrons
reach this depth and gradually moves upwards. After regctiia depth~ 2 x 10*° cm? the
intensity the emission decreases and finally the emissinisies.

6. Conclusions

By solving numerically the time-dependent Fokker-Planglation one is able to study the tem-
poral evolution of the electron beam precipitation in thasatmosphere and evaluation of the
relaxation time required for the beam to reach the statioregime. For the beam with energy flux
10'° erg cn1? s71 this relaxation time is- 0.07 s and it becomes longer by a factor of about 3 for
the beam with energy flux #®erg cnt? s71.

The dfect of the self-induced electric field during the stationlaeam injection is similar to
that found in previous studies by Emslie (1980); Zharkova &d®dvskyy (2006). In particular, if
the electric field is taken into account, then the maximunihefdnergy deposition profile is shifted
upwards making the coronal heating stronger and the chnoheoi heating weaker than in the
case of pure collisional precipitation.

We considered dlierent models of a converging magnetic field to study thieciiveness of
the beam'’s electron refraction by a magnetic mirror. Maigrfegld approximations used earlier
by Leach & Petrosian (1981); McClements (1992) have the saragal dependence in the corona
and chromosphere. Even if the magnetic field in the photaspiseaccepted to be 3 orders of
magnitude higher than in the corona, such the magnetic psodite shown tofBect only high
energy electrons of the beam. We propose the model whereatiafield exponentially increases
with depth in the corona and becomes constant in the lowenobsphere. Such the magnetic field
variation can ffect the whole energy spectrum of electrons, while the rdtghotosphericoronal
magnetic field is as low as 23. Since the converging magnetit feturns many electrons back to
the source, the heating due to the collisions and electtitiieeduced by 70% in comparison with
the constant magnetic field case. We also considered thel lvagkx on the indirect measurements
of the magnetic field in the solar atmosphere. Such the migfield variation can alsofect
electrons of all energies and reduce the collisional hgdiyn20% in comparison with the constant
magnetic field profile.

The further study is dedicated to the impulsive injectioh®lectrons. In the simulation of
impulsive injection the length of the impulse is chosen tdllex 10~3 s, which is much shorter
than the relaxation time. It was found that theet of the electric field is considerably smaller
for the short impulse than for the steady injection. In owdsts we assumed that the beam'’s
current is always compensated by the return current, treiset-induced electric field develops
immediately. However, as it was shown by van den Oord (1388)beam’s current neutralisation
time is of the order of the collisional time. Thus, thieet of electric field can be even smaller for
the short impulses.
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Initial energy spectrum of the injected impulse was power. lhwas shown that during the
evolution of the impulse the power law index increases iretiffor example, if the jointfeects of
the collisions and magnetic convergence are taken intoustcthe initial power law index of 3
can increase up to 8.

The energy deposition profile is shown to depend on the iitever law index. If the energy
spectrum is hardy( = 3) the heating starts at the bottom end of the system due toighesnergy
electrons. In the case of soft & 7) impulse the number of high energy particles is too low to
produce any noticeable heating of the deep layers. On ther btind the higher layers are heated
more dfectively due to the higher number of the low energy electiotnise softer beam.

We also compared the evolution of beams witlietent intensities. It was found that the dif-
ference in this case is mostly cased by thedent density and temperature profiles taken from the
hydro-dynamical model (Zharkova & Zharkov 2007) (see Fig.Fbr example, the timescale of
the impulse evolution is longer for more intense beam.

If the timescale of the electron impulse is short enoughm the timescale of the hard X-ray
emission is determined by the reaction of the atmosphetres, Tts of the same order of magnitude
as the relaxation time, which, in turn, is of the order of 10and longer. This means that shorter
electron impulses can not be detected by the hard X-ray ésens.
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