
ISSN 1063-7729, Astronomy Reports, 2006, Vol. 50, No. 10, pp. 842–850. c© Pleiades Publishing, Inc., 2006.
Original Russian Text c© A.I. Podgorny, I.M. Podgorny, 2006, published in Astronomicheskĭı Zhurnal, 2006, Vol. 83, No. 10, pp. 940–949.
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Abstract—New data for the energy and location of the hard-emission centers of a solar flare agree with
an electrodynamic model of a solar flare based on the idea of the accumulation of free magnetic energy in
the field of a current sheet. Three-dimensional MHD simulations are used to show that the energy stored
in the preflare magnetic field of the current sheet is sufficient for the development of a flare and a coronal
mass ejection. The flare and coronal mass ejection result from the explosive decay of the current sheet. The
position of the brightness-temperature maximum of the radio emission during the flare coincides with the
maximum of the current in the current sheet. The exponential spectrum of relativistic protons generated
during the flare is consistent with acceleration by the electric field during the current-sheet decay.
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1. INTRODUCTION

Solar flares and coronal mass ejections (CMEs)
are the most violent manifestations of solar activity.
The energy of a flare is released in the corona over an
active region [1], and CMEs are, likewise, accelerated
in the corona [2]. The energy released during major
flares and the accompanying CMEs can reach about
1033 erg. The only source of this energy in the solar
corona is so-called free magnetic energy, which can
be accumulated in the magnetic fields of current sys-
tems over an active region and released rapidly during
a flare in the form of heat, the kinetic energy of plasma
streams, electromagnetic radiation, and accelerated
charged particles. A necessary condition for an
explosive flare process is that there be a high en-
ergy density stored in the current fields, B2

с/8π,
compared to the plasma-energy density nkT ; i.e.,
β = 8πnkT/B2

с � 1. Here, Bс is the magnetic field
of the currents in the plasma, n is the number
density of particles, T is the temperature, and k
is Boltzmann’s constant. Such conditions can be
realized in the corona as current circuits develop over
an active region. We emphasized that, here, β is not a
dimensionless parameter that can be calculated based
on the potential magnetic field of the active region.
The potential magnetic field is only responsible for
creating the conditions for the development of a
current, whose magnetic field can become an accu-
mulator of free magnetic energy. Thus, a model of the
flare must include a mechanism for the accumulation

of the energy of the current magnetic fields and the
explosive conversion of this energy into other forms;
i.e., a mechanism for the rapid dissipation of currents.

Syrovatskiı̆ [3] was the first to note the possibility
of a gradual accumulation of energy in the corona
in the field of a current sheet that develops in the
neighborhood of a singular line in the potential field,
due to disturbances arriving from the photosphere,
and Bratenahl and Hirsch [4] demonstrated the rapid
decay of current sheets, due to magnetic-field-line
reconnection, in their laboratory experiments. The
formation of a current sheet in the vicinity of a singu-
lar line of the magnetic field has been studied in detail,
both theoretically [5, 6] and numerically, in both two-
dimensional [7, 8] and three-dimensional [9] MHD
simulations. Here, we compare the electrodynamic
model of a solar flare [10–12] based on our numerical
MHD simulations with new observational data on
flares. We discussed the problems arising during nu-
merical simulations of solar flares and their solutions
in [13].

Another possible way to form a current sheet is
by the injection of a plasma stream into the field
of a magnetic arch, with the stream stretching the
magnetic-field lines. Such a model was considered by
Forbes et al. [14] and Lin [15]. The current sheet in
this model is formed by the interaction of the current
of a magnetic rope with the magnetic field of the arch.
It is assumed that the rope originally develops and is
then located above the photosphere, perpendicular to
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the magnetic-arch plane. In this case, an equilibrium
configuration is created in which the repulsive force
on the rope exerted by the current of the mirror image
located under the photosphere, F = I2L

c2r
, is balanced

by the force I×Bp/c acting on the current in the field
of the arch. Here, I is the current in the rope, Bp the
potential field of the arch, r the distance from the rope
to the photosphere, L the length of the rope, and c
the speed of light. If the repulsive force dominates,
equilibrium is disrupted and the rope is accelerated
and ejected from the Sun with the formation of a
CME. Simultaneously, the arch magnetic-field lines
are stretched and a vertical current sheet is formed.
The decay of this sheet should give rise to a solar flare.
This model [14, 15] accounts for the relationship be-
tween CMEs and flares, but does not explain how the
current I forms or why its ejection does not produce
strong magnetic disturbances in the photosphere be-
fore the flare.

One more possible way in which a flare can develop
was suggested by Severnyı̆ [16] in view of the detec-
tion of accelerated particles in laboratory experiments
on powerful pulse discharges [17]. The idea behind
this suggestion was the excitation of a field-aligned
current in the magnetic loop by some photospheric
generator. As the current grows rapidly, the discharge
is compressed by its own magnetic field. The com-
pression of the current produces an electric field—
V × B/c (where V is the velocity vector) directed
along the axis of the current, which can accelerate
particles. This effect was also investigated by Pod-
gorny et al. [18]. The acceleration of charged particles
by local electric fields associated with the tearing of
the current [19] or due to an abrupt decrease in the
conductivity resulting from the action of a prominence
on the current filament [20] has also been considered.
The idea of a loop current was further developed by
Kliem et al. [21]. The possibility of a CME and field-
line stretching due to the expansion of a magnetic
loop with a field-aligned current was investigated nu-
merically in a MHD approximation for a plasma with
β � 1. Kliem et al. [21] assume that the loop expands
explosively, as a kink instability develops, and relate
the onset of a rapid deformation of the magnetic field
with the growth of the current to a critical value at
which the torsion of the field lines exceeds 2π. Thus,
various models based on a current in a loop can
account for some manifestations of flares.

A number of researchers have continued to inves-
tigate modifications of the idea of the fast origin of
strong magnetic fields over the photosphere, appar-
ently, first put forward by Sokolov [22] in 1981 at the
Simferopol seminar on Solar Physics. Possibilities for
the expulsion of plasma due to the plasma pressure
gradient ∇P have also been considered [23, 24]. The

infall of comets into the Sun is also regarded as a
possible mechanism for the origin of a large ∇P [25].
The series of studies [23, 26] was dedicated to MHD
simulations of the expulsion of a current I flowing
orthogonal to the arch magnetic field by the I × B/c
force. The direction of the current I was assumed to be
opposite to the direction specified in Lin’s model [15].
The system is not originally in equilibrium, and the
current is assumed to grow within a time shorter
than the ejection time of the plasma. In the three-
dimensional numerical simulations [26], an additional
magnetic flux penetrating the arch near the photo-
sphere is also specified to generate the necessary cur-
rent I. At places where this flux intersects the bound-
ary of the calculation domain, rotation is assumed,
the magnetic field lines are twisted and a force-free
magnetic rope forms. The results of the MHD com-
putations demonstrate the ejection of a rope anchored
in rotating sunspots. As the rope is ejected, the lines
of the arched magnetic field are stretched and free
magnetic energy is accumulated. For a CME with an
energy of ∼1032 erg, it is necessary that this energy
be stored in a nonpotential magnetic field over the
active region within a time shorter than the dura-
tion of the flare, i.e., within t ∼ 10 s. The question
of mechanisms that could provide such a rapid pre-
accumulation of energy in the magnetic field, i.e., a
rapid increase in the current, is not discussed in [23,
26]. Within the specified 10 s, velocity vortices and
magnetic-field disturbances due to the generation of
the rope should develop in the photosphere. However,
no strong disturbances are observed in the photo-
sphere during flares. In addition, it remains unclear
how the assumed unstable equilibrium can originate
over an active region under real conditions. The prob-
lem of the rapid growth of the current is not con-
sidered in the context of Lin’s model [15], where the
magnetic energy is slowly accumulated in an equilib-
rium state and, after the loss of stability by the system,
is rapidly released high in the corona. The ejection of
coronal plasma and the formation of a vertical cur-
rent sheet were demonstrated in the two-dimensional
numerical MHD simulations [27, 28]. However, to
specify the initial conditions, a rope in an unstable
equilibrium was placed at the neutral point due to the
combination of the arch field and the field of the image
current.

The above flare models are based on the idea
that a current filament forms over the active region.
The energy of the ejected current filament acquired
due to its interaction with the image current, W ∼
∫ r
r0

Fdr, where F = I2L
c2r

, should exceed the energy
of the flare. We assume a filament length of L =
109 cm and an energy of W = 1032 erg to obtain

I ∼
[
W 100

L ln(r/r0)

]1/2
∼ 1012 A. The mechanism for
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Fig. 1. Electrodynamic model of the flare. The light curves
and arrows show the magnetic field lines while the bold
curves and arrows show the field-aligned currents.

generating this current remains an unresolved prob-
lem. The electrodynamic model of a flare [10–12] is
an exception; in this model, the current sheet (CS) is
slowly produced in the neighborhood of a singular line
by disturbances arriving from the photosphere.

2. ELECTRODYNAMIC MODEL OF A FLARE

The electrodynamic model of the flare [10–12] is
based on numerical MHD simulations of current-
sheet formation over the active region. It was shown
that the current sheet forms before the onset of the
flare in the corona, in the neighborhood of the sin-
gular line of the magnetic field, due to the focus-
ing of disturbances coming from the photosphere—
in particular, fresh magnetic flux whose direction is
opposite to that of the old flux of the active region
emerges [11]. The current sheet is stable for a long pe-
riod, and energy is stored in its magnetic field, which
is then rapidly released during the solar flare when
the current sheet passes into an unstable state. The
current sheet is highly stable during its formation due
to the presence of a normal magnetic-field component
in the sheet (the current sheet is not neutral) and
plasma flows along the sheet. This stage is followed
by quasi-stationary evolution of the current sheet,
during which the total mass of the plasma in the
current sheet decreases slowly due to the ejection of
a plasma stream accelerated by the magnetic tension
from the current sheet. The plasma density is redis-
tributed over the depth of the sheet, so that the plasma
density remains virtually constant at the center of the
sheet and decreases near its boundary. This evolution

changes the current sheet into an unstable state, and
the magnetic energy stored in the current-sheet field
is rapidly dissipated [29]. Numerical simulations of
the transition of a stable sheet stabilized by plasma
flows into an unstable state encounters some techni-
cal difficulties. An attempt to carry out MHD simu-
lations of the decay of a current sheet in the corona
was made in Japan; however, instead of a real, stable
current sheet in whose field energy is accumulated, a
definitely unstable sheet with zero normal magnetic-
field component was specified as the initial state [30].

The basic dissipation mechanism during the ex-
plosive decay of a sheet is reconnection, which re-
sults in plasma heating in the vicinity of the singular
line. The model of a solar flare is shown in Fig. 1.
Depending on the initial configuration of the field in
the active region and the character of photospheric
disturbances in the preflare state, the current sheet
can be inclined to the solar surface at various an-
gles. If the current sheet is vertical, as in Fig. 1, the
solar flare and CME develop simultaneously, as one
explosive process. The plasma flows into the current
sheet from both sides with the velocity Vin, together
with frozen-in magnetic-field lines spreading along
the current sheet upward and downward after the
field-line reconnection. The j × B/c force (where j is
the current density) accelerates the plasma, and the
upward plasma stream ejects the solar material into
interplanetary space—a CME develops. The plasma
accelerated downward, with shrinking magnetic-field
lines, forms postflare loops. The development of a
downward plasma stream from the reconnection re-
gion during a flare was demonstrated by McKenzie
and Hudson [31]. The collection of reconnected field
lines over the loop apex should result in the growth
of a glowing loop. The upward propagation of the
glowing front can create the illusion of an expanding
magnetic arch. If the plasma flow accelerated down-
ward becomes super-Alfvénic, a shock can form due
to the deceleration of plasma at the loop apex.

Plasma heating due to fast reconnection ensures
high temperatures and, therefore, X-ray emission
above the loop and at the loop apex. The emergence
of hard X-ray radiation from hot plasmoid above the
active region in the early stage of a flare was first
revealed observationally by the Yohkoh spacecraft [1,
32, 33].

An important property of coronal current sheets
is the generation of a Hall electric field, Eh = j ×
B/nec, within the sheet, whose direction coincides
with the plasma flow accelerated along the current
sheet. Since the plasma in the coronal magnetic field
is highly anisotropic, the Hall field generates electric
currents along the magnetic-field lines intersecting
the current sheet. The field-aligned currents and their
directions are shown by the bold curves and arrows
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in the figure. These currents are closed in the chro-
mosphere by Pedersen currents due to the presence
of neutral atoms there. The electrons accelerated in
the upward, field-aligned current fall onto the chro-
mosphere, giving rise to the glow of flare bands and
to hard X-ray emission. The process generating the
glow is similar to the mechanism responsible for au-
rorae [12]. The energy of the X-ray emission due to
the electrons falling onto the chromosphere depends
on four parameters of the current sheet—the current
density and plasma density in the sheet, the normal
component of the magnetic field, and the extent of the
sheet. Typically, the energies can reach several hun-
dred keV. The falling of fast electrons results in chro-
mospheric evaporation and additional filling of the
loop by a plasma stream from the chromosphere [24].

The dissipation of magnetic energy that accom-
panies the inflow of plasma with frozen-in magnetic
field lines should result in the frequently observed
the divergence of flare bands. As fresh magnetic-field
lines come into the sheet, the footpoints of the flare
loop should move relative to each other, together with
the field-aligned currents. The streams of accelerated
electrons falling onto the solar surface and giving rise
to the glow of the bands should move together with
the currents. If the sheet is horizontal, the bands can
approach each other since field lines from the loop
apex come into the sheet in this case [10].

Conditions for the generation of ultrahigh-energy
particles—solar cosmic rays—are engendered near
the singular line of the magnetic field. In particu-
lar, this may be a line of zero magnetic field. The
singular line in Fig. 1 is perpendicular to the plane
of the sky. The electric field Vin × B/c appears as
the plasma flows into the current sheet. It is per-
pendicular to the plane of the sky. Here, Vin is the
velocity of the plasma inflow into the sheet, i.e., the
reconnection rate, and B is the magnetic field of the
current sheet. Particles (ions and electrons) can be
accelerated along the singular line in its vicinity by
the electric field—Vin × B/c. If the maximum inflow
velocity is close to the Alfvén speed, the energies of
protons can, in principle, exceed hundreds GeV. The
particles located farther from the singular line drift in
the crossed electric and magnetic fields and cannot
reach high energies.

Thus, the energy released during the decay of
a current sheet goes into a flare, a CME, and the
generation of solar cosmic-ray. Some fraction of the
accelerated protons that reach the solar surface pro-
duce nuclear reactions accompanied by γ emission.
Therefore, the measured duration of the γ emission
is determined by the time over which the relativistic
protons are generated.

Investigations carried out onboard the RHESSI
spacecraft [34, 35] and using neutron monitors [36,

37] and the SSRT radio telescope [38], along with
numerical simulations [39, 40], have yielded new evi-
dence for the validity of the electrodynamic model of a
flare.

3. PREFLARE MAGNETIC-ENERGY
ACCUMULATION

A quantitative analysis of the energy accumulation
in the magnetic field of a current sheet needed for a
flare was carried out using three-dimensional numer-
ical MHD simulations [39, 40]. No special assump-
tions about the character of the processes were made.
The magnetic field of the active region was approx-
imated by the fields of vertical dipoles placed under
the photosphere. The potential magnetic field above
the active region was determined in this approxima-
tion. The calculated potential magnetic field for four
days before the flare was used as the initial mag-
netic field, and the origin of the current sheet and its
evolution associated with the observed variations in
the photospheric magnetic field were studied. Three-
dimensional MHD computations taking into account
dissipation and anisotropy of the thermal conduction
were carried out for the preflare state of the Bastille
Day flare. It was shown that, before the Bastille Day
flare, a current sheet formed over the active region
NOAA 9077, and a free energy of ∼1032 erg, sufficient
for the flare, was accumulated in its magnetic field.

4. ENERGY OF THE X-RAY EMISSION

X-ray measurements have enabled the acquisi-
tion of qualitatively new information concerning the
physics of flares. The reason is that data in the visible
(hν < 4 eV) are virtually useless for studying the
state of the coronal plasma during the flare, when the
electron temperatures are in excess of 1 keV.

Strong plasma heating was recorded by an X-ray
telescope onboard the Japanese Yohkoh spacecraft
during the flare of January 13, 1992, which was ob-
served at the limb. The X-ray source was located
over the apex of an arch near an X-type singular line,
where the plasma was heated due to magnetic-energy
dissipation [33]. The thermal X-ray emission of this
source corresponded to an electron temperature of
∼10 keV and a density of ∼1011 cm−3.

X-ray observations using the RHESSI spacecraft
(Fig. 2) revealed three pronounced centers of X-ray
emission associated with a flare [34, 35]. Two spots
of hard X-ray emission were recorded at the edge of
the solar disk, while the third was located over the
limb, i.e., in the corona. In the electrodynamic model,
it is there that the radiation source associated with
plasma heating due to reconnection in the current
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sheet should be situated. Its emission is thermal and
corresponds to a temperature of ∼10 keV.

Two other sources were located on either side of
the coronal source, at the solar surface, where the
footpoints of the magnetic loop should be. The energy
emitted by both sources at the solar surface reached
∼100 keV. The spectrum was not thermal and had a
power-law structure, corresponding to the decelera-
tion of an electron beam in a thick target. Precisely
this type of scenario is expected in the electrodynamic
model. Beams of fast electrons should be formed due

to acceleration in field-aligned currents, so that elec-
trons moving along the magnetic-field lines should
fall onto the solar surface. A typical disposition of
X-ray sources near the limb during a flare is shown
in Fig. 2, based on RHESSI measurements. Sample
spectra of the coronal source and the two chromo-
spheric sources are shown in Fig. 3.

The number density n ∼ 1011 cm−3 and electron
temperature Te ∼ 103 eV of the flare-related coronal
source determined from the X-ray emission during
the flare of January 13, 1992 [33] enable crude esti-
mates of the energy stored in the current-sheet mag-
netic field up until the onset of the flare and a lower
bound for the depth of the current sheet. The pres-
sure balance, B2

8π = nkT , implies that the current-
sheet magnetic field was then B ∼ 65 G. The volume
occupied by the current-sheet field does not seem to
exceed L3, where L is the size of the active region.
For L ∼ 1010 cm3, we obtain a magnetic-field energy
of B2

8π L3 ∼ 1032 erg, which can be released during the
flare.

We find from the equation curlB = 4πj
c that jδ ∼

100 A/cm, where δ is the width of the sheet. The
maximum possible j is determined by the threshold
current velocity corresponding to the development of

the ion-acoustic instability, Vd =
√

kTe
mi

(mi is the ion

mass). For the measured values of n = 1011 cm−3

and Te = 103 eV, we obtain j ∼ 0.5 A/cm2 while the
minimum possible δ for fast reconnection is about
200 cm.

5. RELATIONSHIP BETWEEN THE FLARE
AND THE CORONAL MASS EJECTION

A number of studies have cast doubt on the re-
lationship between the flare and CME [41], although
other authors have taken this point of view to be er-
roneous [42]. Doubts have stemmed from differences
in observational conditions. Flares can be observed
under good conditions on the solar disk, while CMEs
are best observable near the limb. There is now con-
clusive evidence that a flare and a CME are manifes-
tations of a single process, at least in the case of major
flares. This is indicated by both a statistical analysis of
the rates of these phenomena [43] and simultaneous
observations of both phenomena at the same site [44].

6. LOCALIZATION
OF THE MICROWAVE EMISSION

Comparisons between computed magnetic-field
configuration over an active region and the results of
radio measurements at 5.2 cm were carried out in [38]
for the active region AR 0365, whose field distribution
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was not very complex and which gave rise to the
flare of May 27, 2003. For the first time, the initial
and boundary conditions for the MHD computations
were specified using maps of the line-of-sight mag-
netic field rather than an approximation for the pho-
tospheric field using the fields of dipoles or charges.
Knowledge of the distribution of the total magnetic-
field vector in the photosphere is necessary if we
wish to specify the boundary conditions. However,
only SOHO MDI data for the line-of-sight magnetic
field (http://soi.stanford.edu/magnetic/index5.html)
were available to us. For this reason, the magnetic-
field components parallel to the photosphere were de-
termined based on a potential field calculated from the
line-of-sight magnetic field in the photosphere. This
approximation is acceptable since the current sheet is
located high above the photosphere and its magnetic
field does not substantially affect the photospheric
distribution of the field. To this end, the Laplace equa-
tion was solved numerically with an oblique derivative
as the boundary condition.

The coronal magnetic-field configuration in
AR 0365 has several singular lines, near which a
current sheet could form due to the focusing of
disturbances. We will restrict our consideration here
to the singular line near which the most intense
current sheet developed and will make a comparison
with the most powerful radio pulse recorded on
May 27, 2003, by the SSRT radio telescope at 5.2 cm.
The greatest increase in the brightness temperature
was produced by a flare at 02:53:28.54 UT; the
maximum brightness temperature was 1.24 × 107 К.
Figure 4b shows the radio-intensity distribution
in AR 0365 in the plane of the sky (the plane
normal to the line of sight) for 02:53:28.54 UT
on May 27, 2003, superposed on the line-of-sight
magnetogram. Here, we have used SOHO MDI da-
ta (http://soi.stanford.edu/magnetic/index5.html).
The heliocentric coordinates of the region of maxi-
mum brightness temperature, marked in Fig. 4b with
a skew cross, are S6.58 W5.97. The heliocentric
coordinates of the singular point of the calculation
domain, located where the current sheet is most dis-
tinct (at x = 0.25, y = 0.25, z = 0.6 in the calculation
domain) at 02:53:28.54, are S7.541 W4.692. The
coordinates of the calculation domain were chosen
as follows. We used the size of the active region
L0 = 1.2 × 1010 cm as a dimensionless length unit.
The Y axis is directed away from the Sun, normal
to the photosphere. The X and Z axes lie in the
plane of the photosphere, with the X axis pointed
west and the Z axis pointing south. For comparison,
together with the radio distribution superposed on
the magnetogram (Fig. 4b), we present a contour
map of the normal magnetic-field component in the
plane of the photosphere, calculated in a potential

approximation (Fig. 4a). The location of the flare is
shown in both maps in Fig. 4 [in Fig. 4b, by the
position of the radio-intensity maximum; in Fig. 4a,
by the projection onto the photosphere in the direction
of the normal at the point (x = 0.25, y = 0.25, z =
0.6)].

The discrepancy in the positions of the flare derived
from the radio observations and the MHD simula-
tions does not exceed 1◦. This is smaller than the
computational errors and the errors in the coordinates
on the solar disk. Therefore, the magnetic-field con-
figuration computed in the numerical simulations and
the position of the energy-release maximum deter-
mined from the radio emission provide evidence for
energy dissipation in a current sheet during the flare.

7. SPECTRUM OF SOLAR COSMIC-RAYS

Information about the physics of flares was also
obtained independently from the spectra of the rel-
ativistic protons [36]. The total duration of the flare
proton stream exceeds an hour, while the duration of
the γ-ray emission is normally about 10 min. This
means that fast protons responsible for nuclear re-
actions on the Sun accompanied by γ-ray emis-
sion are generated near the Sun only during a flare-
related explosive energy release. This fast compo-
nent reaches the Earth along lines of the interplan-
etary magnetic field, which are in the shape of an
Archimedean spiral. Fluxes of protons with energies
of up to 10 GeV are recorded at the Earth’s surface
by the neutron-monitor network. The fast component
is recorded at the Earth’s orbit about 12 min after
the flare. This delay corresponds to the travel time
along the Archimedean spiral of the interplanetary
magnetic field. Charged particles move in the inter-
planetary field such that their guiding center remains
at a magnetic-field line. Thus, the spectrum of the
fast component carries information about the flare ac-
celeration mechanism. The delay of the “slow” solar
cosmic-ray flux, which arrives later, is probably deter-
mined by diffusive transport and/or the acceleration
of protons in a powerful shock at an initial stage of its
formation.

In the electrodynamic model, the acceleration
mechanism giving rise to the fast component of the
relativistic protons is the following. In the case of a
reconnection rate of Vin ∼ 107 cm/s and a current-
sheet magnetic field of Bcs ∼ 300 G, the protons
drift toward the sheet in the crossed electric (E =
VinBcs/c) and nonuniform magnetic fields. The cur-
rent and magnetic-field distributions for a finite sheet
are shown in Fig. 5a. These distributions are plotted
in a cross section of the sheet that passes through
the neutral line of the magnetic field. The particle
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passes through the neutral line, normal to the sheet.

drifts at the velocity V = cE×B
B2 in the crossed time-

independent fields E and Bcs. It simultaneously drifts
in the nonuniform magnetic field at the velocity

VB =
mc(V 2

⊥ + 2V 2
‖ )

2eB3
B×∇B.

These drift trajectories and the trajectory obtained
by summing both drifts are shown in Fig. 5b. In
such a drift motion toward the sheet (VDE) < 0;
i.e., the particle, conserving its adiabatic invariant
W⊥/B, losses its thermal energy. At a distance of the

order of the Larmor radius from the neutral line, the
adiabatic law of motion fails, and the particle moving
along the electric field begins to rapidly gain energy.
Under the action of the magnetic-field component
normal to the sheet, a particle that is not moving
exactly along the neutral line can be deflected and
start drifting in the direction normal to the plane of
the sky. Here, the direction of drift in the nonuniform
magnetic field in the current sheet coincides with the
direction of the electric field so that the particle con-
tinues gaining energy (here, (VDE) > 0). However,
the rate at which such a drifting particle gains energy
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Fig. 6. Spectra of solar cosmic rays for the fast and delayed (dashed curve) components plotted using (a) logarithmic and
(b) linear energy scales [36]. (The crosses and the circle represent direct measurements of solar protons on balloons and
onboard the GOES 11 spacecraft, respectively.)

is several orders of magnitude lower than the rate of
energy gain for motion along the neutral line, and the
contribution of the acceleration of the drift motion of
relativistic particles proves to be small. The time scale
for relativistic protons to gain energy in the electric
field in the vicinity of the neutral line is two or three
orders of magnitude shorter than the characteristic
time for the flare, so that there is no need to take into
account the dynamics of changes in the current-sheet
configuration when calculating the formation of the
proton spectrum.

The spectrum of relativistic protons accompany-
ing a flare was studied using data of the international
neutron-monitor network [36, 37]. Depending on the
location on the Earth, the neutron monitors detect
neutrons produced in the atmosphere by protons that
arrived at the Earth at the given time with vari-
ous energies. A particle with a certain energy that
is detected by a monitor comes to the boundary of
the magnetosphere at a certain angle. The arrival
angle is determined by the motion of the particle
in the interplanetary magnetic field. The trajectories
of particles with a given energy and a given arrival
angle that will be detected by a particular station
are calculated for a magnetic field corresponding to
the standard model for the magnetosphere. Thus, the
entire neutron-monitor network (∼30 stations) acts
as a multi-channel energy spectrometer. Figures 6a
and 6b show the spectra of the fast solar cosmic-
ray component and the component that is delayed by
30 min (dashed curve) for the flare of July 14, 2000.
A comparison of the spectra plotted on semi–log and
log–log scales indicates that the spectrum of the fast
component is exponential, while the delayed compo-
nent has a power-law spectrum. These data indicate
that the protons accelerated in the flare itself have

an exponential spectrum. Such a spectrum was also
obtained in the numerical simulations of acceleration
in an electric field directed along a neutral line of the
magnetic field [36]. Thus, the exponential spectrum
of the fast solar cosmic-ray component provides ad-
ditional support for the electrodynamic flare model.

8. CONCLUSIONS

(1) Our MHD simulations have demonstrated the
formation of a current sheet and the accumulation
of energy sufficient for a flare in the sheet magnetic
field, above the active region in the preflare state.
We specified the initial and boundary conditions us-
ing magnetic-field measurements at the photospheric
level for the preflare state. We did not introduce any
special assumptions about the characters of the pro-
cesses involved.

(2) RHESSI data have shown that the X-ray
emission from the footpoints of a flare loop is produced
by beams of falling electrons whose energies substan-
tially exceed the energy of the thermal radiation from
the corona generated in the reconnection region.

(3) The exponential spectrum of solar cosmic rays
that is formed during the flare suggests that the pro-
tons are accelerated in an electric field lying along a
singular line of the magnetic field.

(4) The positional coincidence of the current-
density maximum obtained from MHD simulations
and the maximum of the radio intensity provides
direct evidence for a solar-flare mechanism based on
the presence of a current sheet in the corona.

(5) The simultaneous formation of a CME,
relativistic-proton pulse, and flare provides evidence
that a single explosive process is responsible for these
phenomena.

ASTRONOMY REPORTS Vol. 50 No. 10 2006



850 A.I. PODGORNY, I.M. PODGORNY

All these data are consistent with the scenario
for the development of a flare described by the elec-
trodynamic model, based on a slow accumulation of
energy above the active region in the field of a current
sheet, which is subsequently released in an explosive
fashion.
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