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Abstract—The influence of magnetic turbulence on the hard X-ray brightness distribution in magnetic loops
during solar flares was studied. An analysis was perfomed based on the solution of the kinetic equation for rel-
ativistic electrons, in which the regular energy loss, Coulomb scattering, magnetic reflection, and the effect
of the reverse current and magnetic turbulence are taken into account. It was shown that scattering by mag-
netic inhomogeneities with parameter = 6B/B = 1073 results in an increase in hard X-ray brightness at loop
footpoints when the distribution of accelerated electrons is isotropic and mostly in the loop coronal part if the
electron source is anisotropic. The influence of magnetic turbulence is absent at 8B/B < 107>.
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1. INTRODUCTION

The RHESSI data (Lin et al., 2002) make it possi-
ble to obtain solar images in hard X rays (HXRs) with
a resolution of 5”—15", which corresponds to approx-
imately 3.6—10.8 Mm. The X-ray brightness distribu-
tion along a magnetic loop gives important additional
information about the dynamics of the propagation of
accelerated electrons and their bremsstrahlung. Coor-
dination of the modeling results with the HXR obser-
vations makes it possible to obtain limitations upon
the accelerated electron distribution function and the
electron angular and energetic distributions. The gen-
eral problem statement concerning the electron kinet-
ics in plasma with the magnetic field converging to
loop footpoints was for the first time formulated in
(Hamilton et al., 1990). The next works considered
partial processes of Coulomb scattering and magnetic
mirroring (Melnikov et al., 2009; Charikov et al.,
2012, 2013) with the addition of the reverse current
(Zharkova et al., 2010). Kontar et al. (2014) consid-
ered the influence of turbulent pitch angle scattering,
along with Coulomb collisions, on the accelerated
electrons dynamics. However, this work ignores the
effects of the magnetic reflection and reverse current;
the plasma density is written as a function of altitude z
in the Fokker—Planck equation but is set as a constant
in the calculations, which does not correspond to the
flaring magnetic loop model. In the present work, we
tried to take these disadvantages into account and,
thereby, to progress in studying the electron beam
dynamics in flaring loop plasma and HXR generation.

2. KINETICS OF ACCELERATED
ELECTRONS IN FLARING LOOPS

The dynamics of a beam of electrons accelerated
during flares is studied by solving the time-dependent
relativistic Fokker—Planck equation. This equation
takes into account the processes of Coulomb scatter-
ing and magnetic mirroring and the effect of the
reverse current and magnetic turbulence in magnetic
configurations with a specified plasma density and
magnetic field induction distributions.

We write the Fokker—Planck equation in the form
(Hamilton et al., 1990; Zharkova et al., 2010; Kontar
et al., 2014):
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where f(E, I, s, ?) is the accelerated electron distribu-

tion function, s is the distance along a field line

(counted off from the loop top), ¢ is the current time,
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B = vs~!, vis the accelerated electron velocity, ¢ is the

W = cosa is pitch angle cosine, Ay(s) =
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velocity of light, y = E + 1 is the electron Lorentz fac-
tor, E is the electron Kinetic energy expressed in units
of the electron rest energy, and A is the characteristic
longitudinal correlation length of magnetic field fluc-
tuations. The reverse compensating current originates
when an accelerated electron flux propagates along a
magnetic loop. This current is caused by an induced

J(s, 1)
a(s)

C%s) E v(E)dE L A(E, u, s, f)pdp, where o(s) is

electric field with strength E*(s, ¢) =

min

the classical Spitzer background plasma conductivity
related to Coulomb collisions. We should note that the

eddy diffusion coefficient (D}T « ) depends on the form of
the magnetic field fluctuation spectrum or the correla-
tion function, which are unknown for solar flares. To
estimate the influence of eddy diffusion on the acceler-
ated electron dynamics, we assume the model specifica-
tion of the correlation function C(z) ~ exp(—z/Ag). In
this case the magnetic fluctuation spectrum takes the

(8B)°  (1/Ap)
T(1/hp) + K
1982). In a strong field approximation v < Q_Ap,

where €, is the electron gyrofrequency, the eddy dif-

T
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form of Lorentzian W(k)) = (Lee,

fusion coefficient can be written as
2
0.5p|(1 - pz)(%;) % It is evident that the eddy dif-
B
fusion coefficient is proportional to the electron veloc-
ity, and higher-energy electrons are scattered more
effectively. In the case of Coulomb scattering, the dif-
fusion coefficient decreases with increasing electron
energy and increases with increasing plasma density.

The Ajz value is determined from the strong field
condition (Az; > v/Q,) and depends on the maximal
energy of accelerated electrons and the magnetic field
in a loop (the minimal value in a loop is taken). For the
parameters used in this work, Az is approximately 10 cm.
An increase in Ay (e.g., for rather high loops where the
magnetic field induction at the top is only (5—15) G) will
result in a decrease in the role of electron scattering by
magnetic field inhomogeneities. In this case the effects
related to magnetic turbulence described below can
take place but at a larger n = dB/B value. The mean
free path of accelerated electrons, related to scattering
by magnetic fluctuations and ambient plasma ions,
can be calculated by the formula A =

2.2
3v ﬁ —(-I-:B—-)-—dp, where DS, is the Coulomb diffu-
8 F1p! 4 DS H

un B
sion coefficient. The path length related to Coulomb

interactions is A¢ ~ 10'° ¢cm for 30-keV electrons at a
loop top, which is larger than the path length related to
turbulent scattering (A" ~ 10° cm) at n = 8B/B =10~}
by an order of magnitude. At a loop footpoint, AC is
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smaller by three to five orders of magnitude A7, as a
result of which Coulomb diffusion completely pre-
dominates in corresponding loop zones. In intermedi-
ate loop zones between a top and footpoints, where the
ambient plasma density is n, ~ 10" cm~3, path lengths

AT and A¢ are commensurable (A7 ~ A°).

The plasma density distribution along a loop is speci-
fied phenomenologically based on RHESSI observations
in the chromosphere n, = 1.25 x 10'3(z/1 Mm)~—23 cm™3,
where z is altitude. The plasma density in the loop
coronal area has been studied less thoroughly and may
also be variable due to evaporation during the flare
impulsive phase. Nevertheless, at altitudes of z ~ 10—
20 Mm in the corona, this formula gives plasma den-
sity values that agree with different theoretical values
and observations (Aschwanden, 2002).

The magnetic field distribution in a loop is even
more uncertain and is only specified based on the field
induction convergence toward loop footpoints. The
previous works (e.g., (Hamilton et al., 1990; Melnikov
et al., 2009; Zharkova et al., 2010; Charikov et al.,
2012)) took into account only the magnetic field
induction component along the s axis dependent on
coordinate s. A convergent magnetic field is evidently not
homogeneous, and the Maxwell equation (DivB = 0) is
not fulfilled rigorously at such a magnetic field induc-
tion specification. Therefore, for a one-dimensional
problem with respect to coordinate, it is necessary to
assume that the magnetic field convergence should be
weak and the field line curvature is insignificant. Con-
sequently, we accepted that the ratio of the induction at
aloop footpoint to its value at a top (B,,,,/By) is 2 for most
variants. We specify a model magnetic field converging
toward loop footpoints according to (McClements, 1992)

2
in the form: 38 — 1 1 =00 here B~ 100 G is
B, hi
the minimal magnetic field value, and b, specifies the
spatial shift of the magnetic field minimum from the
loop geometric top. The B,,,./B, ratio varied and was
taken to be equal to 2 in most models. The character-
istic scale of magnetic field variations (4;,) is deter-
mined based on the specified B,,,/B, ratio and b,
value. The last term in (1) specifies the distribution of
accelerated electrons during their injection. During
this period, the functional dependence of the acceler-
ated electron source on arguments is represented in
the factorized form; i.e., it is assumed that the pro-
cesses resulting in the formation of such a distribution
function during the electron acceleration S(E, o, s, ) =
KS|(E)Sy(0)S5(5)S4(f), where K= (10°—107) cm =3 s7!
is the normalization factor, are independent. The elec-
tron energy spectrum in a source is power with index
4 = 3. Cases of an isotropic injection (S,(a) = 1) and
an anisotropic electron distribution along the mag-
netic field in a certain pitch angle cone (S,(a) =

cos®(a) and S,(a) = exp(—(oc—ocl)z/océ), o, = 0°,
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Fig. 1. HXR distribution at an injection maximum along a magnetic loop in two energy ranges (g, = 29—58 (top) and 70—
135 (bottom) keV, respectively) for the model of injection with an isotropic electron source, ignoring turbulence (1a, 1c) and with
regard to scattering by magnetic inhomogeneities with 8 B/B = 107~ (1b, 1d). A magnetic loop is located at the solar limb. The

figure corresponds to the injection maximum time.

o, = 35.9°) are considered. Accelerated electrons are
injected in the upper loop zone. The time profile dur-
ing injection is an isolated pulse in the Gaussian form
with a characteristic pulse width of 1.4 s.

The HXR intensity is calculated according to the
relativistic bremsstrahlung formulas (Gluckstern and
Hull, 1953; Bai and Ramaty, 1978). In contrast to
numerous previous works on HXR calculation, we
take into account an actual magnetic loop position on
the solar disk, according to which HXRs are calcu-
lated at each loop point at a local observation angle,
and the loop geometric volume is taken into account.
For model calculations, the loop section is a semicir-
cle with a center at a distance of 955 arcsec from the
solar disk center along the horizontal heliocentric axis
and 0 arcsec along the vertical axis.

3. INFLUENCE OF MAGNETIC TURBULENCE
ON THE HXR BRIGHTNESS DISTRIBUTION

We consider the calculated HXR distribution along
a magnetic loop. Figure 1 presents the spatial distribu-
tion of HXRs with energies of 29—58 and 70—135 keV
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for the electron injection maximum instant for a
model in which the electron source during injection is
isotropic and magnetic turbulence is absent 6B/B = 0
(panels 1a, 1¢) and is taken into account 8 B/B = 103
(panels 1b, 1d). When turbulence is absent (left-hand
panels), the HXR brightness distribution has three
sources: less HXR contrast at the top and more intense
HXR at loop footpoints. A similar HXR brightness
distribution was previously referred to in several works
(e.g., (Charikov et al., 2012)) and is related to the accu-
mulation of electrons with pitch angles close to 90° at the
top, because electrons with small pitch angles escape
into loss cone. As was mentioned above, higher-energy
electron Coulomb scattering becomes less effective, as
a result of which these electrons accumulate less
intensely at a loop top. Therefore, the brightness of
HXRs with energies of 70—135 keV at the loop top is
small as compared to the brightness of footpoints
(Fig. 1¢); for lower energies, the contrast decreases
(Fig. 1a). We consider the influence of accelerated
electron scattering by homogeneous magnetic turbu-
lence along a loop with = 8B/B = 1073, The X-ray
source at the loop top becomes less bright as com-
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Fig. 2. Panels (a) and (b) present the HXR distribution at energies of €, = 29—58 and 70—135 keV integrated over the cross section:
magnetic turbulence is absent (curve /), is uniformly distributed along a loop (2), and is localized at the loop top (3) and foot-
points (4). Panels (c) and (d) show the angular dependence of the electron distribution function, which is differential with respect
to the energy and is integrated over a rather wide loop area at its top (d) and footpoint (c). The electron distribution function is
normalized to its value when the pitch angle is a = 90°. The curve denotations in Figs. 2c and 2d coincide with the denotations
in Figs. 2a and 2b. Panels 2e and 2f show the electron distribution functions along a loop for electron energies of £ = 30 and
193 keV. The electron source is isotropic (S(a) = 1). The figure corresponds to the injection maximum time.

pared to HXRs from footpoints, especially at high
energies (see Figs. 1b, 1d).

Besides the case of magnetic turbulence uniformly
distributed along a loop, we considered situations in
which magnetic turbulence is localized at a top with an

b

.. . . g t
injection characteristic scale of s, = le + 9 cm and
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at loop footpoints with sf;"b = 0.4e + 9 cm. The calcu-

lations are illustrated in Fig. 2 for the distributions
integrated over a loop cross section.

Figures 2a and 2b show that the footpoint bright-
ness increases by a factor of ~2 of magnitude for 29—
58 keV HXRs and slightly more strongly for 70—
135 keV quanta, if homogeneous magnetic turbulence
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Fig. 3. The same as in Fig. 2 but for an anisotropic electron injection at S(a) = cosﬁ(oc).

and magnetic turbulence localized at a loop top with
n = 8B/B = 1073 are taken into account (see curves 2
and 3 as compared to curve /). The HXR distribution at a
loop top is different. In a model with magnetic turbulence
localized at a loop top, the HXR intensity is slightly lower
(Figs. 2a, 2b; curves 3) than in a model with only Cou-
lomb scattering (curves /) independently of the energy.
Similar HXR distributions are related to the fact that elec-
trons escape from a loop top as a result of more effective
scattering (Figs. 2e, 2f; curves 3). In the intermediate
zone between the loop top and footpoint and at foot-
points (Figs. 2e, 2f), the number of trapped electrons
increases due to electron isotropization with respect to

GEOMAGNETISM AND AERONOMY Vol. 55

the pitch angles in the presence of magnetic turbu-
lence (Figs. 2c, 2d). However, if turbulence is present
in the entire loop, an inverse process proceeds at loop
footpoints: the number of electrons with pitch angles
along the magnetic field decreases, which results in
increased particle trapping (see Fig. 2c). A generally
larger number of electrons in the intermediate zone
between the loop top and footpont at an injection
maximum instant results in an increased number of
electrons in regions where the background plasma
density is higher, which in turn results in an increase in
the HXR brightness at loop footpoints.
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Fig. 4. The same as in Fig. 2 but for an anisotropic electron injection at Sp(ct) = exp (—(o — (x])2/ocg), o =0° and oy = 35.9°.

When turbulence is localized at the footpoints (see
Figs. 2a, 2b; plot 4), this does not result in substantial
changes in the HXR brightness distribution, because
the effect of Coulomb collisions is predominant in this
region, where the ambient cold plasma density is
higher than the plasma density in the coronal loop part
by two to five orders of magnitude.

We consider the results of the calculations in the
anisotropic models.

Figure 3 shows curves, which are similar to those
presented in Fig. 2, for an anisotropic source S(a) =

GEOMAGNETISM AND AERONOMY Vol. 55  No. 8

cos®(a). According to such a model angular distribu-
tion, electrons are accelerated symmetrically about
the magnetic field and the direction is most probably
related to the electric field vector. The electron isotro-
pization (see the curves in panels 3c, 3d) and, as a con-
sequence, a substantial electron accumulation in the
coronal loop part (see panels 3e, 3f) result in increased
brightness along the entire loop, but especially at a
loop top (by a factor of ~4), as well as in the anisotro-
pic case, when magnetic turbulence is distributed uni-
formly and is localized at a top (see panels 3a, 3b;
curves /—3). As in the isotropic case, the localization
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of magnetic turbulence at footpoints insignificantly
affects the HXR distribution (see panels 3a, 3b; curve 4).

Figure 4 shows curves, which are similar to those pre-
sented in Fig. 2, for an anisotropic source with the injec-
tion angular function Sy(at) = exp(—(o — ocl)z/oc(z)) , O =
0°, o, = 35.9°. The function corresponds to an injec-
tion toward the “right” footpoint (positive s). Panels 4a
and 4b show that the presence of turbulence in the
entire loop or at its top results in a substantial increase
in the HXR brightness in the coronal loop part and at
footpoints, which is the opposite of the injection
direction (see curves /—3). In contrast to the previous
cases, when turbulence is present at footpoints (see
curve 4), this results in a considerable increase in HXR
brightness at the “left” loop footpoint. In all cases the
increase in the HXR brightness results from the isotro-
pization of electrons that fly toward the chromosphere
and fall in a magnetic trap (see panels 4c', 4c, 4d).
Panels 4e and 4f indicate that electrons are intensely
accumulated at the loop top and left footpoint, if tur-
bulence is present in the entire loop or at its top (see
curves 2, 3 as compared to curve 7). However, the pres-
ence of turbulence only at footpoints in this model
caused electrons to accumulate mostly in the left half-
loop, as a result of which the left footpoint was rather
bright (see Panels 4e, 4f; curves 4 as compared to curve /).

4. CONCLUSIONS

We indicated that the HXR intensity substantially
increases at the electron injection maximum at loop
footpoints and in the coronal part when a source is iso-
tropic and anisotropic S(a) = cos®(a), respectively, if
magnetic turbulence is present in a flaring loop (1 =
dB/B = 1073). In the isotropic case, HXRs intensify in
the intermediate zone between the loop top and foot-
point also but more weakly than at footpoints. In a
model with magnetic turbulence localized at a loop
top, the HXR intensity at the top is lower (for an iso-
tropic model) than in a model with Coulomb scatter-
ing, which is related to the fact that magnetic turbu-
lence is mainly effective only in a region with low
ambient plasma density, where Coulomb effects are
weak. The latter circumstance is also confirmed by
curve 4 in Figs. 2a, 2b, 3a, and 3b, when turbulence
was present only at loop footpoints. However, we
should be careful, since turbulence at footpoints is so
effective that it can qualitatively change the HXR dis-
tribution along a loop in the case of an asymmetric
source (see Figs. 4a, 4b; curves 4). In all cases a change
in HXR brightness mostly results from the electron
isotropization in the pitch angle space. In most cases
isotropization results in an increase in the number of
trapped electrons, especially in anisotropic cases. This
leads to an increase in the HXR brightness in the loop
coronal and intermediate parts in anisotropic and iso-
tropic models, respectively. The HXR brightness dis-
tribution in isotropic and anisotropic models is differ-
ent, because electron isotropization at a top results not
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only in a decrease in the number of electrons in this
region in the isotropic case, when turbulence is
present in the entire loop for example (since the elec-
tron transverse pulse distribution changes into the iso-
tropic distribution), but also in the trapping of elec-
trons in the intermediate region (since the electron
longitudinal pulse distribution changes into the isotro-
pic distribution, and the contribution of electrons with
pitch angles about 90° increases). At the same time, in
the anisotropic case, the electron pitch angle distribu-
tion at a top is quasi-longitudinal rather than quasi-
transverse as in the isotropic case. Therefore, in an
anisotropic model, electron isotropization results in
increased electron trapping at the top and in the loop
intermediate part.

Thus, in all cases the presence of turbulence results
in an increase in the HXR brightness at footpoints and
at a loop top, mainly in isotropic and anisotropic mod-
els, respectively. In asymmetric models brightening at
the loop top and footpoints can differ depending on
the degree of the electron angular distribution asym-
metry in an injector. A similar influence of magnetic
turbulence takes place for a sufficiently high values of
parameter ) = 8B/B = 1073, Asn decreases, the role of
scattering by inhomogeneities decreases and becomes
insignificant at 8B/B < 107>,
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