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Abstract. The goal of this review is to outline some new ideas in
the physics of coronal magnetic loops, the fundamental struc-
tural elements of the atmospheres of the Sun and flaring stars,
which are involved in phenomena such as stellar coronal heat-
ing, flare energy release, charged particle acceleration, and the
modulation of optical, radio, and X-ray emissions. The Alfvén—
Carlqvist view of a coronal loop as an equivalent electric circuit
allows a good physical understanding of loop processes. De-
scribing coronal loops as MHD-resonators explains various
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ways in which flaring emissions from the Sun and stars are
modulated, whereas modeling them by magnetic mirror traps
allows one to describe the dynamics and emission of high-energy
particles. Based on these approaches, loop plasma and fast
particle parameters are obtained and models for flare energy
release and stellar corona heating are developed.

1. Introduction

1.1 Magnetic loops as a fundamental structure of solar
and stellar atmospheres

Magnetic loops (arches) constitute the basic structural
elements of the coronae of the Sun and late type stars [1-3].
They play an important role in solar activity. Observation
results from the space missions Skylab, SOHO (Solar and
Helispheric Observatory), Yohkoh, RHESSI (Reuven
Ramaty High Energy Solar Spectroscopic Imager), TRACE
(Transition Region and Coronal Explorer), and Hinode, as
well as large optical telescopes (SVIT — Surface Vessel
Torpedo Tube), and the radio telescopes VLA (Very Large
Array), SSRT (Siberian Solar Radio Telescope), and NoRH
(Nobeyama Radioheliograph) have shown that solar flares
arise in coronal loops [4, 5]. Eruptive prominences and
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coronal transients — giant coronal mass ejections (CMEs) —
frequently have a loop shape, too [6]. The flaring activity of
red dwarfs and close binary systems is also spawned by energy
release in magnetic loops [1, 7, 8]. In addition, the loops
exemplify a typical magnetic structure encountered in atmo-
spheres of accretion disks and young stellar objects [9, 10].
Progress in the physics of coronal loops to a large degree rests
on the following ideas:

I. A coronal loop is an equivalent electric (RLC) circuit:

II. A coronal loop is a resonator for magnetohydrody-
namic (MHD) oscillations.

ITI. A coronal loop is a magnetic trap for high-energy
charged particles.

1.2 Observational data, types of magnetic loops,

and their parameters

The corona of the Sun (a main sequence star G2) in its active
phase consists predominantly of hot, dense magnetic loops
shining in soft X-rays and making up an essential part of the
total corona mass. The magnetic loops point to a complex
character of the subphotospheric magnetic field, which is
most likely linked to convective motions of the photospheric
matter.

Observations suggest that there are five morphologically
distinct types of loops in the solar atmosphere [11].

1. Loops connecting different active regions. Their length
reaches 700,000 km, the plasma temperature in such loops
runs to (2—3) x10° K, and the density is about 10° cm™3.
Loop footpoints are located at islands of a strong magnetic
field on the periphery of active regions. The characteristic
existence time of such loops is about one day.

2. Loops in quiet regions. They connect active regions and
have the same length as in the previous case, but their
temperature is somewhat lower, ranging (1.5-2.1) x10% K,
while the density lies in the range (2—10) x 10% cm™3.

3. Loops of active regions. Their lengths span 10,000 —
100,000 km, their temperature and density are in the ranges
10*—2.5 x 10° K and (0.5—5.0) x10° cm 3, respectively.

4. Post-flare loops. They commonly connect footpoints of
two-ribbon flares, and have a length of 10,000— 100,000 km,
temperature of 10 —4 x 10° K, and density up to 10" cm=3.

5. Single flare loops. These are separate loops in which
flare energy is released. Bursts of hard X-ray emission lasting
about one minute are the most pertinent feature of such flares.
In soft X-rays, these loops are characterized by small volumes
and low heights. The loops are 5000—50,000 km in length,
their temperature is less than 4 x 107 K, and their plasma
density reaches 102 cm—3.

Closed magnetic structures resembling coronal loops exist
on stars of other types as well. Data collected with the
satellites Einstein, RoSAT (from German Rontgensatellit),
and XMM-Newton (XMM stands for X-ray Multi-Mirror
Mission) [12—14] indicate that practically all stars on the
Hertzsprung— Russell diagram possess hot coronae with
temperatures in the range of 107—10% K. They are not
confined gravitationally, hence the existence of a magnetic
field confining them is implied. Of special interest are the stars
of late spectral classes, in particular dMe-stars — red dwarfs
exhibiting a high flare activity and representing nearly 80% of
stars in the Galaxy and its close neighborhood. Despite the
morphological similarity between emissions of the Sun and
red dwarfs, specifically in the radio band (the presence of a
slowly varying component, rapidly drifting bursts, sudden
reductions, spike bursts, and quasiperiodic pulsations [7, 15,

16]), there exist a number of essential differences stemming
from the high activity of the coronae of these stars.

First, mention should be made of a high brightness
temperature of ‘quiet’ radio emission of dMe-stars (up to
10'° K), which cannot be furnished by a thermal coronal
plasma with temperatures ranging 10’ —10% K. This compo-
nent is commonly interpreted as gyro-synchrotron emission
of nonthermal electrons present in coronae of red dwarfs,
together with a hot plasma. The coexistence of the hot plasma
and subrelativistic particles is also suggested by the correla-
tion between radio and soft X-ray emissions over six orders of
magnitude in intensity [17]. This phenomenon is absent in the
solar corona. In a quiet state, it does not host a sufficient
amount of high-energy particles and the brightness tempera-
ture of solar radio emission does not exceed 10° K.

Second, the difference lies in the extremely high brightness
temperature of flare radio emissions of red dwarfs, sometimes
in excess of 10'® K, which is 3 —4 orders of magnitude higher
than that of the most powerful radio bursts on the Sun. This
hints at the presence of effective maser (coherent) mechanisms
of emission from stellar coronae. Moreover, radio flares on
red dwarfs can rather frequently arise independently of
optical flares.

Third, the sizes of loops on the Sun and red dwarfs are
different [1, 3]. The length of loops on the Sun, excluding the
transequatorial ones, is as a rule much smaller than the solar
radius (Fig. 1a). On red dwarfs, the size of magnetic loops can
be comparable to stellar radii or can even exceed them by
several times (Fig. 1b). The magnetic field intensity in stellar
loops can be in excess of that in solar loops by an order of
magnitude.

Table 1 presents parameters of flare loops on the Sun and
late type stars (from published sources), which were obtained
on the basis of multiband observations (encompassing
optical, radio, and X-ray ranges) and methods of diagnostics
relying on approaches I-III mentioned above.

This review describes electrodynamic processes in coronal
magnetic loops, mostly flare loops, invoking magnetohydro-
dynamic and kinetic approaches and analogies with an
electric circuit.

2. The coronal loop as an equivalent
electric (RLC) circuit

A well-developed solar flare has a complex magnetic config-
uration consisting of a bundle of loops. Nevertheless, it rather
often happens that flares are observed in single loops located
relatively far from sunspots [5]. Let us consider electrody-
namic processes taking place in a single loop flare. This is
important for both interpreting single loops and understand-
ing processes active in flares with a more complex magnetic
structure.

Questions pertaining to the generation of electric current
and the formation of magnetic loops in a weakly ionized
plasma of the solar photosphere are considered in Refs [18 —
22]. Questions on the interaction of flare loops are illuminated
in the reviews by Priest [23] and Sakai and de Jager [5], as well
as in works by Khodachenko and Zaitsev [24, 25].

2.1 A physical model of the single flare loop

Microwave and X-ray emissions from single flare loops
indicate that the acceleration of charged particles and plasma
heating take place inside the loops. The source of free energy
for the acceleration and heating is the nonpotential part of the
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Figure 1. (a) Coronal magnetic loops of an active region on the Sun observed with the space laboratory TRACE in the ultraviolet range (1 = 171 A)[2]. A
hot flare loop stands out sharply. (b) Radio map of the star UV Ceti B on a wavelength of 3.6 cm based on data obtained with VLBA (Very Long Baseline
Array) and VLA (Very Large Array). The dashed line marks the optical disk of the star [3].

Table 1. Parameters of coronal flare loops.

Parameter Sun Red dwarf UV Ceti Close binary stars

RS CVn Algol
Length, cm (1-10) x10° 2% 10°=3 x 10'! (5-10) x1010 (2—6) x 10!
Lateral size, cm (1-5)x108 108 -3 x 10°
Plasma density #, cm ™3 10° —10"? 1010—10"2 108 —10"2 10°—10"2
Plasma temperature 7, K 106 —107 3% 100—108 (3-9) x107 (3-17) x107
Magnetic field induction B, G 102—10° 3 x102-103 (0.3-6) x10? (1-5)x10%
Emission measure (EM), cm > 10*7 —10% 100 —10% 103 —-10% 102—10%

magnetic field related to intense electric currents flowing
within the magnetic loop, which are generated at loop
footpoints by the convective motions of the photospheric
plasma. This idea, rooted in works by Alfvén and Carlquist
[26] and Sen and White [27], is illustrated in Fig. 2 displaying a
magnetic loop. Its footpoints, immersed in the photosphere,
are formed by horizontally converging streams of photo-
spheric matter. Such a configuration can be realized, for
instance, when loop footpoints are located at nodes of
several supergranulation cells. The existence of strong
electric currents in coronal loops is indirectly supported by
the observations made by Klimchuk et al. [28] and TRACE
data which point to a practically invariable loop cross section
along the whole loop length, which would hardly be possible
for a potential magnetic field. We will distinguish three
important regions in the magnetic structure presented in
Fig. 2.

Region 1 is located in the photosphere and occupies the
place where the magnetic field and the electric current
matched to it are generated. In this region, we/ve, > 1 and
i/via < 1, where w. and w; are the gyrofrequencies of
electrons and ions, and ve, and v;, are the frequencies of
electron—atom and ion—atom collisions, respectively. Thus,
the electrons are magnetized, and the ions are dragged by a

Corona
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Figure 2. Schematic of a coronal magnetic loop formed by converging
convective fluxes of photospheric plasma.

neutral plasma component, which leads to generating a radial
electric field E, of charge separation [27]. The electric field E,,
together with the initial magnetic field B., generate a Hall
current ji, strengthening the initial magnetic field B. [21, 22].
Strengthening of the magnetic field proceeds until the ‘raking
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up’ of the background magnetic field is compensated by
magnetic field diffusion due to the anisotropic conductivity
of the plasma. As a result, a stationary magnetic flux tube
forms. The magnetic field inside it is determined by total
energy input from the convective plasma flux in a time of the
tube formation (estimated as Ry/ V,, where Ry ~ 30,000 km is
the spatial scale of the supergranulation cell, and V, ~ 0.1—
0.5 km s~! is the horizontal velocity of convective motion).
The energy density of the magnetic field inside the tube can
substantially exceed the kinetic energy density of convective
motion. In the stationary state, the radial gradient of the
magnetic field and magnetic tension within the tube are
balanced by the gradient of gas-kinetic pressure, while the
kinetic energy of convective flux is spent to sustain the radial
electric field E, of charge separation and the Hall current j,.

Region 2 is located in the lower photosphere or directly
below the photosphere. It is assumed that in this region the
electric current 7 passing through the magnetic loop gets
closed. The distribution of electric currents in the photo-
sphere, found on the basis of magnetic field measurements
[29, 30], gives evidence in favor of the existence of non-
compensated electric currents [31—33]. From these data it
follows that the electric current in the magnetic flux tube
flows through the coronal part of the loop from one footpoint
to the other one with no manifestations of a reverse current.
The current gets closed in the region below the photosphere,
where plasma conductivity becomes isotropic and the current
follows the shortest path connecting the loop footpoints. For
a magnetic field B= 1000 G in a tube and temperature
T =5x10° K, the conductivity is isotropic for plasma
concentration n = 5 x 10'® cm~3, which approximately cor-
responds to the level 75909 = 1 (optical thickness of radiation
at the wavelength 1 = 5000 A) to which the base of the solar
photosphere is referenced. Calculations done in Refs [21, 22]
demonstrate that for convective motion velocity ¥, = 0.1 km
s7! the radius of the flux tube formed reaches
r~ 3.3 x 107 cm at an altitude of 500 km above the level
75000 = 1, while the along-tube current is I. ~ 3 x 10" A for
the magnetic field B = 1000 G on the loop axis.

Region 3 occupies the coronal part of the loop. The gas-
kinetic pressure here is smaller than the magnetic field
pressure (plasma parameter f§ < 1) and the structure of the
loop is close to force-free, i.e., the lines of electric current are
nearly aligned with magnetic field lines.

We note that according to Stenflo [34] the kinetic energy
of rotational motion of a sunspot with velocity ~ 0.1 km s~!
can serve as the source of electromagnetic energy for the flare
loop current. Such a situation is, in principle, plausible if
footpoints of the flare loop are located within the spot area.
For loops formed outside the spots, it is the photospheric
convection which serves as the generator of electric current.

The above-considered magnetic loop with current may be
conceived as an equivalent electric circuit. This idea was first
formulated by Alfvén and Carlquist [26] for a circuit model of
a flare. The model of Ref. [26] is based on the measurements
made by Severny [35], who discovered electric currents
1> 10" A in the vicinities of sunspots, and on the analogy
with a circuit containing a mercury rectifier which can exhibit
sharp transitions from a state with high conductivity to a state
with high resistivity. The energy is explosively released when
the current in the circuit is abruptly interrupted. Mechanisms
underlying the current interruption can vary. One of them is
related to developing the flute instability near the top or
footpoints of the loop and switching on the Cowling

conductivity [36]. The latter is linked to ion—atom colli-
sions, and augments the electric resistance of the magnetic
loop by 8 -9 orders of magnitude [37, 38]. It is accompanied
by effective plasma heating and acceleration of particles in the
loop. These processes will be considered in detail in Sections 4
and 5.

2.2 Formation of magnetic flux tubes in nodes

of supergranulation cells

Photospheric footpoints of coronal magnetic loops can be
approximated by vertical magnetic flux tubes. We illustrate
the possibility of their formation through ‘raking’ the back-
ground magnetic field by photospheric convection. For
simplicity, consider the formation of an axisymmetric
magnetic flux tube B (0, B, B-) with the current j (0, j,, j-)
in the case of stationary axisymmetric flux of photospheric
matter with the velocity V(V,,0, V.), V. < 0. Here, r, @, z are
the coordinates of a cylindrical frame of reference with the
vertical z-axis. Assume the magnetic flux tube to be located
vertically at a node of several supergranules and the velocity
of the converging convective stream to be much less than the
speed of sound and the Alfvén and free fall velocities. In this
case, the evolution of the magnetic field in the tube proceeds
quasistationary, implying that the following system of
equation can be used:

1
pg—Vp+zj><B:0, (2.1)
divpV =0, (2.2)
Etrlvxp=y 1xB_Vp
c 6 enc en
F2
——— [jxB]xB 2.3
+(2—F)c2nmiv{a [ixB]xB, (23)
1 0B
tE=- 2 2.4
re ¢ Ot (24)

Here, p = nam, + neme + nym; is the density of a partly
ionized photospheric plasma, p = p, + p. + pi is the pres-
sure, V= (3, memi Vi) /(3 nemy) is the mean velocity of
plasma motion, kK = a, i, e (a stands for atoms, i for ions, and e
for electrons), o = ne?/[m.(v}; + v.,)] is the Coulomb con-
ductivity, F = p,/p is the relative density of neutral particles,
vy 1s the collision frequency between particles of sorts k and /,
vi; = [my/(my + my)] viy is the effective collision frequency,
and n; = n. = n. The generalized Ohm’s law (2.3) is written
out with account for the quasistationary character of the
process. Since the degree of ionization in region 1 in Fig. 2 (the
height 7 < 500 km above the level 15090 = 1) is sufficiently
small, one can further assume that F~ 1, and p = p,.
Projecting Eqn (2.3) on the ¢- and z-axes and taking into
account Eqn (2.4) and the relationships

¢ 0B. . ¢ 1 0(rB,)

e ol , 2.
Jo an or " T4y or (2:5)

we arrive at the equations describing the slow evolution of
magnetic field components in a vertical magnetic flux tube
[39]:

0B. 12 c? 5, 0B.
S 0w

o - 4o =0 or
c? 1 8(rB,)
— aB, z - rDz .
+ . L AP VB]} (26)
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0B, 0 [ ¢? 5 1 0(rBy)
e _ Y1 g L ®
ot or | 4no ( * ‘/’) roor
c? 0B.
—aB,B. — —V,B,| . 2.7
+4naa ?7F or ¢ (2.7)

Here, o = oF2[c>nmv], (2 — F)]”'. Notice that Eqns (2.6) and
(2.7) incorporate anisotropic conductivity.

At the initial stage of magnetic flux tube evolution, the
diffusion of a magnetic field due to conductivity can be
neglected as it is small compared to the effect of field
strengthening provided by the convective motion of the
plasma. Assuming for simplicity V, = Vyr/ Ry, where Vy < 0
(converging flux), and Ry is the scale at which the horizontal
convection velocity varies, we obtain from Eqns (2.6) and
(2.7) the following solution for the components of the
magnetic field:

_ Vo . Vo
By(r,t) = exp (— R t) By |:I exp ( R t)} :
2V Vi
B.(r,1) = exp (f R—OO l> B, {rexp (f FE z>} . (2.8)

where B, (r) and B.y(r) are the magnetic field components at
t = 0. From expressions (2.8) it follows that the magnetic field
grows near the magnetic flux tube axis (r=0) on a
characteristic time scale 7y = Ry/|Vy| comparable to the
existence time of the supergranule.

The growth in the magnetic field intensity in the flux tube
is accompanied by an increase in the importance of magnetic
field diffusion. In a stationary flux tube, the strengthening of
the field through raking by the convective flux is compensated
by magnetic field diffusion attributed to conductivity. In this
case, the magnetic field components are described by the
following equations [21]:

0B. 4nol, B.
or > 14a(B2+B2)’

1 o(rBy) _ 4oV, B,
N 1 +o(B2+B2)’

roor c? (2.9)

To be specific, let the velocity of plasma convective motion be
of the form

Vor
*% , V:(r)=V,=const for r<r,
1
V.(r)=
Vort const
-3 V.(r)= b for r>r

in the vicinity of a magnetic flux tube. Here, r| is the radius of
the magnetic flux tube, and the values of Vo and the constants
follow from the continuity equation under the assumption
that density is an exponential function of z. System of
equations (2.9) has the integral

rBy(r) = const B.(r) . (2.10)

Moreover, the form of the system does not change on making
substitutions

const
B, — B, = B, + L B.—
r

. B! = B. + By

in its right-hand sides because the left-hand sides of the
equations are also invariant with respect to this substitution.
As follows from Eqns (2.5), this substitution does not
influence components of the electric current governing the
structure of the magnetic field in the flux tube. In other words,
this implies that the system of equations (2.9) defines the
magnetic field in the loop up to some potential field.
Accordingly, the general expression for the component B,
can be written out as

B.(r)

B(p = Cvl T

el
We select the constant C, so that for r — 0 the field B, (0) is
finite. This is possible when C; = —C, B.(0). The constant C,
is determined from the condition that at » = r; the compo-
nents of the magnetic field are equal to B, (r1) and B.(r). The
result is as follows:

B,(r)=b ”—] (B:(r) = B:0)), b= % '

(2.11)
An expression for B.(r) can readily be found from the first

equation of system (2.9) in the approximation were
a(BZ+B;) > 1, B> > B;:

dno V,
2 2 0 2 .
BZ(})_B:(O)_Czl’lar ) rg’l?
(2.12)
8o Vy
B2(r) = B? 2oz,
20) = B2 o) + g Ui, 1z

The flux tube radius is expressed through boundary values of
the magnetic field induction:

_ [BZZ(O) - B_}(oc)} 2o
12nVyo '

The radius r; grows with an increase in the magnetic field
induction on the tube axis and with a decrease in the
convection velocity. For the height 4 ~ 500 km above the
level 75000 = 1, where n =~ 10'' cm~3, n, ~ 105 cm—3, and
T ~ 10* K, one obtains r; ~ 2.7 x 107 cm, assuming that
B.(0) =10 G and that the convection velocity V=
0.1 kms™!.

(2.13)

2.3 Electric current in the magnetic flux tube

Equations (2.5) and (2.11) allow determining the total electric
current I, passing through the magnetic flux tube cross
section parallel to its axis:

I = ijz 2nrdr = bery [B-(o0) — B-(0)] , (2.14)

0 2

which depends on the magnitudes of the magnetic field on the
tube axis and infinity, and also on the tube radius and the
degree b of magnetic field twisting [see formulas (2.11)]. The
current can be expressed in terms of plasma parameters and
convection velocity by substituting expression (2.13) for the
tube radius in Eqn (2.14):

__ cbF[B(0) - B.(0)]*[B.(0) + B:(x0)]
= 24n(2 — F) nmpv, V, '

(2.15)
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Assuming, for definiteness, b ~ 1, we estimate the long-
itudinal current as I. ~ 10" —10'> A for convection veloci-
ties [V =0.1—1.0 km s~! and typical parameters of the
photosphere at an altitude of 500 km above the level
5000 = 1, and prescribing B.(0) =2 x 10> G for the mag-
netic field induction on the tube axis.

As is seen, the total electric current through the cross
section of the magnetic flux tube is distinct from zero and can
even be fairly high under coronal conditions. Solution of
magnetohydrodynamical equations with due account for
anisotropy of conductivity does not reveal a reverse current
outside the magnetic flux tube. Indeed, as follows from
formulas (2.5) and (2.11), the current through a cross section
of radius r equals L (r) = (bery /2)/[B-(r) — B.(o0)] and for
B.(r) monotonically varying across the tube cross section the
current direction does not change to the opposite one. This
result is the consequence of the character of the electromotive
force confined to photospheric footpoints of the magnetic flux
tube and forming its structure. The electromotive force
(1/¢) V. x B, creating the current j. changes its sign neither
in the tube cross section nor at the tube periphery. It is
noteworthy that the tube magnetic field, as follows from
expressions (2.11) and (2.12), penetrates over several radii r;
outside the tube, which renders possible inductive interaction
in an ensemble of magnetic loops. From the induction
equation (2.6) it follows that the characteristic diffusion time
of the magnetic field, with account for the Cowling con-
ductivity, is expressed as

o dnor}
T M +aBY)

Time interval 74 for coronal magnetic loops can fall in the
range 0.05—-500 s, i.e., it is approximately 8—10 orders of
magnitude smaller than the time scale of diffusion solely
related to the classical conductivity ¢. This circumstance
stems from the large magnitude of the parameter
aB? ~ 108—10'" in the Cowling conductivity, the latter
being linked to the presence in the corona of only a small
number of neutral atoms (on the order of 107 in mass
fraction with account for the incomplete ionization of
helium). The short diffusion time enables participation of
coronal magnetic loops in fast dynamic processes.
Kadomtsev [40] considered torsional oscillations of an
ideally conducting cylinder in a uniform magnetic field B.. In
this case, the electromotive force originating from the bending
of magnetic field lines and generating the current j. is
distributed over the whole cylinder volume. The condition
divj = 0 of current continuity then demands that an oppo-
sitely directed current flow over the cylinder surface, so that
the total current through the cylinder cross section equals
zero. The case of coronal magnetic loops behaves differently
and compensation for the current does not happen. Here, the
electromotive force (1/¢) V x B is ‘pointwise’. It is confined
to photospheric footpoints of the magnetic loop, and the
condition divj = 0 of current continuity is realized through
the current flowing from one leg of the magnetic loop to the
other along the coronal part of the loop and closing in layers
below the photosphere, where the conductivity is isotropic
and the current between the two legs follows the shortest path.

2.4 Equivalent electric circuit. Eigenfrequency

In Section 2.3 it was shown that convective motion of
photospheric matter leads to the generation of thin magnetic
flux tubes 107 —10® cm in radius with an electric current of

10" —10'? A inside them. The current flows from one loop
footpoint toward the other one through the coronal part and
closes below the photosphere. The depth where this closing
occurs has to be determined from the condition that the
conductivity is isotropic. The electric current density in a
plasma embedded in a magnetic field can be represented as

j=0E)+opEL + L BXE.. (2.16)
Here, g is the conductivity in the absence of the magnetic field.
The Pedersen conductivity is expressed in the form

1 + FoewiTeTia

op=0 55 (2.17)
1+ w212 + 2F?0.0iteTia + (F?0e0iTeTia)

whereas the Hall conductivity is given by

WeTe

OH = 0p (2.18)

1 + F20.0iTeTiy |
where t. = (v, +v/) "', and 1, = v/"". In the coronal part of
the loop, where wet. > 1, F = 0, the condition ¢ > oy > op
holds true, i.e., the conductivity is strongly anisotropic. The
relationship between the current and the electric field has the
form j = oK and the dominant part of the current follows the
magnetic field lines. Below the photosphere one lands in a
different regime. Here, wte < 1, F2w.miTeTia < 1, and con-
ditions ¢ = gp, oy < ¢ hold true. Thus, Ohm’s law assumes
the same form as in the absence of magnetic field: j = ¢E, and
the current starts flowing from one loop footpoint to the other
one along the path with the smallest electrical resistance, and
not along the magnetic flux tube, as happens in the corona
and chromosphere. For a loop magnetic field of ~ 10> G in
the photosphere, the isotropization of conductivity and
current closure take place, according to the well-known
model of the solar atmosphere, at a depth of about 75 km
below the photosphere [41]. Thus, the supergranular convec-
tion generates magnetic loops, the footpoints of which do not
penetrate deep into the layers below the photosphere.
Correspondingly, the loop, together with the current channel
below the photosphere, is similar to a turn with an electric
current for which an equation of an equivalent electric circuit
can be written down.

A phenomenological approach resting on the analogy
between magnetic loops in solar and stellar atmospheres and
an electric network and RLC circuit proved to be fairly
fruitful for describing not only flare processes on the Sun
and stars [26], but also the heating of stellar coronae, the
electrodynamics of hot stars [42], and accretion disks of
magnetic neutron stars [43]. Considering an electric analog
of the coronal magnetic loop, ITonson [44] analyzed a case
where the magnetic field of the loop is potential, being created
by a generator of a static field located deep below the
photosphere. Here, we are considering a magnetic loop
carrying a current generated by photospheric convection. In
this case, the loop magnetic field is essentially nonpotential.
This results in the effective resistance and capacitance of the
circuit being functions of the current amplitude through self-
consistent values of w. and w;.

Slow variation of the current for a time interval much in
excess of the period of circuit natural oscillations obeys the
equation [45]

1 d(LI)
¢ dt

+RI=Z, (2.19)
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where [ is the total current passing through the loop cross
section parallel to its axis, and

/ l /
Lo, o5

R(I) =
(1) nrie;  mrios TCV320'3
3ELF2T? 2p2B2(0
. <h — { i 5()], (2.20)
(2 — F)c*mv), 41

1, I, and [ are the respective lengths of the electric circuit
segments in the regions of action of photospheric electro-
motive force (EMF), closing the current below the photo-
sphere, and in the corona (see Fig. 2), r, rp, and r3 are the radii
of current channels in the respective regions, o1, 0,2, and g3 are
the related isotropic conductivities, and & ~ 0.5 is the form
factor arising from integration over the loop volume. The
EMF provided by the photospheric convection at a footpoint
of the loop stays on the right-hand side of Eqn (2.19):

|V, |1

C2r1 ’

53]

h
3

2.21
Tery ( )

"
J V:By2nrdr ~
0

where |V,| is the mean amplitude of the radial component of
convective flow rate inside the flux tube in the dynamo-region
of the photosphere. The main contribution to the resistance of
the circuit is due to the last term on the right-hand side of
Eqn (2.20), which is connected with the dynamo-region of the
loop. In this region, according to Eqns (2.16) and (2.18), the
electric current density is practically perpendicular to the
magnetic field vector, whereas the plasma is partly ionized.
Relatedly, a governing role is played by the Cowling
conductivity [36]

_ a1
T+ F2o.wi/[(2—F)vivl]’

oK (2.22)

which for F2wew;/[(2— F)vlv!/] > 1 is much smaller than
the isotropic conductivity ¢;. Since w, and w; depend on the
self-consistent magnetic field of the loop, the circuit resistance
proves to be a function of the current /. If the current-carrying
loop is approximated by a thin wire with radius r, its
inductance can be represented as [46]

4/ 7
L=2(mXE_2L
(nﬂ:r 4>7

where r and / can be substituted by the values taken for the
coronal part of the loop.

The characteristic time for the current in the loop to reach
its maximum value is set by the smallest of two time scales:

o Lo (1dLT
R=cr "7 \L dr '

The time scale tg pertains to the current growth in a
stationary loop. If the loop inductance varies with time, for
instance, because of the magnetic loop expansion in size, and
if simultaneously 7; < g, the time scale of current growth
becomes ;. The characteristic time 7; spans several hours,
i.e., it is comparable to the lifetime of the supergranulation
cell. The time scale ¢ is of a similar order of magnitude if it is
estimated by characteristic sizes (/ = 5 x 10° cm) of single
flare loops on the Sun and parameters of the dynamo-region
in the photosphere.

(2.23)

(2.24)

According to equation (2.19), the steady-state current is
determined from the relationship

R(I)I=

n

(7) (2.25)

which, as can readily be seen, coincides with formula (2.15) if
one ignores a negligible contribution from the coronal loop
part and the region of current closure to the total circuit
resistance.

To derive an equation for natural oscillations of the loop
as an equivalent RLC circuit, it is necessary to exclude
velocity variations from the equation of plasma motion as a
whole, viz.

\Y 1
—=pg—Vp+-jxB 2.26
pg =re—Vp+_ixB, (2.26)
and the generalized Ohm’s equation in its nonstationary form
E+1V XB:1+&7E
¢ g enc en
F2
——[jxB]xB
(2 = F) cnmyv], [ B]
1—F)F?
( ) v xB, (2.27)

Q= Fyenmy! P dr

and express the electric field strength through the variations
in electric current. Concurrently, it is necessary to carry out
integration over the magnetic loop volume with due regard
for the equation

(2.28)

As a result, the following equation is obtained for small-
amplitude current oscillations |/.| < I[45]:

+ <R(1)—|Vg|l‘) %-‘F%IN:O, (2.29)

c°ry

1 . o’
c?2 " 0t

The effective circuit capacitance is defined from the relation-
ship

1 12 11 12 6’2)’123_2(0)
= g (1 ).
C(I) mc* \ pyri  pors 41

Since /i /p; < »/p,, the main contribution to the capacitance
is made by the coronal part of the loop of length /. From
equation (2.29) it follows that circuit oscillations are
enhanced if R(I) < |V;|li/c?ry, i.e., when the current in the
circuit is less than its steady-state value, and that they decay if
the photospheric EMF ceases to act, for example, as a result
of a decrease in the convection velocity due to plasma heating
during a flare. The decay in this case is fairly slow because the
circuit Q-factor {Q = [1/¢R(I)]"'\/L/C (T) } is rather large,
reaching values of 10°—10* for typical parameters of flare
loops.

The oscillation frequency of an RLC circuit is defined by
the formula

(2.30)

2,2 B2 1/2 I
cn :(0)> 7 (231)

1
~ 1
YRLC 2m/2n/1< M TE crl /s
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where A = In 4//(nr,) — 7/4, and the values of r, and n; are
related to the coronal part of the loop. The dependence of
frequency on the current in formula (2.31) stems from the
fact that the equivalent capacitance of the loop is deter-
mined by the Alfvén velocity which depends not only on the
z-component, but also on the ¢-component of the magnetic
field in the loop.

The frequency does not depend on the current magnitude
if the latter is sufficiently small:

1 B.(0) ¢r2B.(0)
— —— 2.32
VRLC 4n r2\/21'[/1n2mj 2 ( )
and is proportional to the electric current if it is large:
I ¢rB-(0)
N R 2.33
VRLC 2nc;‘22\/2nAn2mi > 2 ( )

This circumstance can be used to diagnose electric currents in
coronal magnetic loops by temporal fluctuations in flare
emission from the Sun and stars [16, 45].

2.5 Accumulation and dissipation

of electric current energy in coronal loops.

Diagnostics of electric currents

From relationships (2.32) and (2.33) it follows that the loop as
an equivalent electric circuit has a period of eigen oscillations
which, provided the current in the loop is large,
I> ¢cryB.(0)/2, is inversely proportional to the current
amplitude:

2n 1087
P=""\/LC(I) ~
- ()~

[s], (2.34)

where Sj7 is the cross-section area of the coronal part of the
loop on the Sun in units of 10!7 cm?, and I is the current in
the loop in units of 10!" A. This dependence arises from the
circuit capacitance being dependent on the Alfvén velocity
within the loop, i.e., the magnetic field whose magnitude, in
turn, is a function of current in the loop. Indeed, since the
capacitance is determined by the coronal part of the loop,
namely

_ C4,02S2
o 2T512]2 ’

() (2.39)

and the Biot—Savart law links the current and magnetic field
intensity as I < By/S, formula (2.35) is equivalent to the
expression for the capacitance of a capacitor, C = g5 S/b,
with /, being the distance between its plates, S their area, and
ea = ¢2/V3% the permittivity of the medium with respect to
Alfvén waves.

2.5.1 Modulation of microwave emissions from solar flares by
RLC oscillations. RLC oscillations of a magnetic loop
modulate its microwave emission of both thermal and non-
thermal origin. Reference [45] reports on determining the
magnitude of electric current based on the pulsation period of
solar flare radiation in millimeter wave range, observed with
the radio telescope in Metsdhovi (Finland) in 1989—1993.
Table 2 lists characteristics pertaining to a set of bursts with
pulsations for flare loops on the Sun of typical sizes Sj7; = 1
and &, = 5 x 10° cm. Spectral analysis revealed the modula-
tion of radiation with the periods P ranging from 0.7 to 17 s,
which yields the magnitudes of electric current 7 ~ 6 x 10—
1.4 x 10'> A. Table 2 also gives total energies of electric

Table 2. Bursts of solar emission in millimeter wave range characterized by
pulsations with a high Q-factor, and parameters of the RLC circuit. Fy,y is
the maximum value of the emission flux in millimeter wave range
expressed in SFU (1 SFU = 1072 Wm2Hz™ ).

Date Burst in millimeter Fpay, P, s 1, LI*/2,
band, UT SFU 10" A 10% erg

22.06.89 14:47-14:59 <150 52 2.0 1.0
19.05.90 13:15-13:40 10 0.7 14.2 50.0
01.09.90 7:06—7:30 27 1.1 9.1 20.9
24.03.91 14:11-14:17 <700 10.0 1.0 0.25
16.02.92  12:36-13:20 ~ 2000 5.0 2.0 1.0
08.07.92  9:48-10:10 ~ 2500 3.3 3.0 23
08.07.92  10:15-11:00 15 16.7 0.6 0.08
27.06.93  11:22-12:00 40 3.5 2.8 2.0

current, stored in respective circuits: LI?/2 ~ 103 —
5 x 10 erg.

For some events it was possible to compare the energy
stored in the magnetic loop with the flare energy. For
instance, for the flare on 22 June 1989, formula (2.34) gives
I=2x10" A and LI?/2 = 10°! erg. On the other hand, an
estimate of thermal energy in the evaporating chromospheric
plasma for this flare, derived from microwave and soft X-ray
emission data [47], gives Ey = (1.0—4.5) x 10*° erg. The
thermal energy of hot plasmas, as is known, makes up a
marked part of flare energy. Thus, a conclusion can be drawn
that in flaring less than 5—10% of electric current energy
stored in the magnetic loop is released. This seems plausible
for cases when the flare magnetic structure is not destroyed in
the process of energy release.

Since a solar flare is accompanied by dissipation of
current in the magnetic loop, the frequency of RLC oscilla-
tions should decrease as the flare develops. In contrast, if the
loop current increases by the action of photospheric EMF,
the frequency of RLC oscillations grows with time. The
search for linearly frequency-modulated (LFM) signals (i.e.,
signals with a frequency obeying the expression o = wg + Kz,
where K is a constant, and ¢ is the time) with positive and
negative frequency drifts in the spectrum of low-frequency
modulation of microwave emissions from solar flares was
carried out in Refs [48, 49]. To perform it, the Wigner — Ville
transform [50—52] was applied to the analysis of microwave
emission from solar flares observed at 37 GHz in Metsahovi.
Several bursts were found with LFM peculiarities related to
strong dissipation of electric current in the burst source — the
coronal magnetic loop — during solar flares. Cases of
modulation by LFM signals with the frequency growing
with time were discovered too. They correspond to the
process of electric current energy accumulation in the loop.

Reference [48] applied the Wigner — Ville transform to the
analysis of low-frequency modulation of an intensity of four
microwave bursts observed in 1991 at the radio observatory
Metsiahovi at 37 GHz. For all the explored events, a
modulation of the radio emission flux with LFM signals of a
characteristic frequency from 0.075 Hz to 0.9 Hz was
discovered showing both positive and negative frequency
drifts, which bears witness to the accumulation or dissipation
of electric current energy in coronal magnetic loops. The
magnitude of frequency drift was confined in the range
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Figure 3. (a) Time profile of a radio emission burst from the Sun at a
frequency of 22 GHz, recorded by radio observatory Metsidhovi (Finland).
(b) Dynamic spectrum of low-frequency modulation of radio emission
flux.

[(1/£)(df/ds)| =2.5x 10 —1.4 x 1073 s~ for
events.

Figure 3 presents an example of such an analysis. A time
profile (Fig. 3a) of the microwave burst on 24 March 1991
(14:05 UT) in an active region (S25W03) is shown. The
maximum radio emission flux in the impulsive phase
amounted to 70 SFU (Solar Flux Unit, 1SFU=
102W m—2Hz') with a total radio burst duration of
about 30 min. Figure 3b displays the lower part of the
dynamic spectrum of low-frequency modulation of radio
emission flux. It embraces all phases of the burst. Taken as a
whole, the dynamic spectrum represents an LFM signal with
a frequency drifting from 0.5 Hz to 0.1 Hz at a characteristic
velocity of —2 x 107* s~! in the initial phase of the event,
which corresponds to the dissipation phase of electric current
energy in the coronal magnetic loop. In the final burst phase,
the drift velocity turns to zero and then changes sign, reaching
+1.4 x 1073 s~'. The sign change in the frequency drift
velocity of the LFM signal happened at 14:50 UT when the
radio emission burst has practically decayed. It corresponds
to the beginning of the phase of electric current energy
accumulation in the coronal magnetic loop.

The data analysis performed for the four radio bursts
yielded values of currents in coronal magnetic loops falling in
the range (0.75-9) x10"" A and stored electric current
energies lying within the range 1.4 x 103°—2 x 1032 erg.
They agree with the results of Ref. [45] having applied the
Fourier analysis to determine the period of low-frequency
modulation in microwave bursts. For the event of 24 March
1991, the loop current decreased from 9 x 10! A at the
beginning of the burst to 10'! A at its final stage, i.e., by
almost one order of magnitude. The energy release rate
reached 102 erg s=!. After the flare, the frequency drift
velocity of the LFM signal became positive, which corre-
sponds to the renewal of the energy accumulation process in
the coronal magnetic loop.

The examples given here can be considered as fairly
important experimental evidence of the presence of dissipa-
tion and accumulation of the electric current energy in

different

coronal loops. Estimates of electric current, stored energy,
and the rate of its dissipation satisfactorily agree with
respective values characteristic for flare processes on the Sun
and obtained from other data. This demonstrates the
efficiency of applying ‘circuit’ flare models based on the
analogy between a flare and an electric circuit with a large
inductance, in which the energy is stored in the form of electric
current and is released at some instant of time following a
drastic increase in the resistance.

2.5.2 Pulsating radio bursts from the star AD Leo. Radio
emission from the active red dwarf AD Leo (Gliese 388,
dM3.5¢) located 4.85 pc apart has been repeatedly observed
with large radio telescopes in the range 1.3-5.0 GHz.
Observations have revealed the existence of quasiperiodic
pulsations with periods in the range 1 —10 s at the continuum
background [7, 15, 53, 54]. The modulation depth in
pulsations can reach 50% and the brightness temperatures
of radio emission are in the range of 10!°—10'3 K, which hints
at coherent mechanisms of radio emission. Phenomenologi-
cally, the pulsations resemble to a degree those of type IV
solar radio emission [7]. Nevertheless, there are distinctions
between stellar and solar radio pulsations, inviting separate
research. The pulsations of AD Leo bursts exhibit a frequency
drift of 100-400 MHz s~! and possess a high degree of
circular polarization (50— 100%). The presence of frequency
drift in radio bursts from AD Leo bursts and the high degree
of polarization testify in favor of a periodic regime of particle
acceleration in the stellar atmosphere, as well as the plasma
mechanism of pulsating radio emission in the inhomogeneous
atmosphere of the star. In Section 5 it is shown that the
acceleration of electrons can be caused by electric fields
brought about by convective motions at footpoints of
magnetic loops in the stellar atmosphere, whereas the
modulation of the accelerating process comes from oscilla-
tions in the loop magnetic field.

Reference [16] explored the dynamic spectrum of radio
pulsations from a burst on the red dwarf AD Leo, recorded on
19 May 1997 (18:45 UT) in the frequency range 4.6—5.1 GHz
with the help of a 100-meter radio telescope in Effelsberg
(Germany). Figure 4a displays the time profile of radio
emission at 4.85 GHz near the instant of the burst with a
total duration of about 100 s. The emission with the flux at the
burst maximum on the order of 300 mlJy is present only in
right polarization. The total duration of the burst phase
equals about 50 s. The temporal resolution of digital
recording is 1 ms. The time profile exhibits fluctuations in
the radio emission flux, which have a character of pulsations
in the dynamic burst spectrum in the range of 4.61 —5.09 GHz.
A preliminary analysis [15] revealed a component with a
period of 2 s (0.5 Hz) in the pulsation spectrum, which is
apparently different from the natural oscillation period of the
telescope (Fig. 4b).

Figure 4¢ presents the spectrum of low-frequency pulsa-
tions in the range of 0—9 Hz, obtained through the Wigner—
Ville transform for instants of time belonging to the
descending part of the time profile of the first radio emission
pulse. Apart from the noisy component, one can see here
nearly equidistant narrow-band signals drifting over the
frequency and exhibiting frequency splitting. The pulsation
spectrum indicates that the emission source is simultaneously
affected by two types of modulation: (1) short periodic pulses
with repetition frequency v; =2 Hz, and (2) a sinusoidal
wave with frequency v, = 0.5 Hz.
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Figure 4. Flare on the red dwarf AD Leo on 19 May 1997 in the 5 GHz
range. (a) Light curve with the duration of the impulsive phase of about
50 s. (b) Dynamic spectrum of low-frequency pulsations, obtained with
the Wigner— Ville transform. (c) A portion of the dynamic spectrum
corresponding to the descending branch of the first pulse in this radio flare.

Analysis of a radio flare from AD Leo on 19 May 1997
[15] revealed that of two coherent mechanisms — the plasma
and cyclotronic maser ones — the most probable is the
plasma mechanism of radio emission from a coronal
magnetic loop with the plasma number density n =~
2.3 x 10'! em~3, temperature T = 3 x 10’ K, and magnetic
induction B = 730 — 810 G. Proceeding from these data, it is
possible to assume that low-frequency modulation of emis-
sion is linked with natural oscillations of the coronal magnetic
loop (see Section 3) on the red dwarf. In agreement with this
assumption, the pulse modulation comes from fast magneto-
acoustic oscillations (sausage modes) of a magnetic loop with
frequency v; & V) /a, where Vo = B/+/4mwmin is the Alfvén
velocity, and « is the loop radius. Setting then v; =2 Hz
(which follows from the analysis of the pulsation spectrum)
and Va =7 x 10%(we/wp) = 3.5 x 10% em s™! (we/wp 2 0.5,
which follows from the radio emission mechanism analysis of
Ref. [15]), one arrives at a magnetic loop radius estimate
a ~ 1.8 x 10% cm, which is comparable to the radius of flare
magnetic loops on the Sun.

As concerns the sinusoidal modulation, it, most likely, is
caused by eigen modes of the magnetic loop as an equivalent
electric circuit with a frequency obeying formula (2.31). This
frequency depends on the strength of current flowing along
the loop and decreases as the current dissipates during the
flare, which explains the observed negative frequency drift of
the modulating signal. Using the value of v, =0.5 Hz
(corresponding to the instant of ‘slope break’ in the spectrum
in Fig. 4c) and the relationship / = caB. /2, from the formula
vy=Va/(av/nA) we find the loop length /~ 4 x 10'° cm,
which proves to be of the same order as the radius of the star
(3.5 % 10'° cm). It should be noted that the first VLBI
observations of red dwarfs [3] supported the existence of

large coronal loops whose size is on the order or larger than
stellar radii (Fig. 1b). Adopting further a maximum value of
vi"* ~ 2 Hz (the lower track in Fig. 4c), an opportunity
appears to estimate the following quantities: the magnitude
of electric current at the instant of time corresponding to the
maximum of the first pulse in the radio burst, /™* =~
4.5 x 10'2 A; the amount of electric current energy stored in
the loop, W= LI*/c* = 5.5x 10 erg, and the energy
release rate, W ~ 1032 erg s~'. The last value exceeds the
power of a typical solar flare by 2 — 3 orders. This results from
large strengths of the magnetic field on red dwarf surfaces and
the augmented activity of photospheric convection.

2.6 Explosive Joule energy release.
The role of flute instability and Cowling conductivity
Analysis shows that neither the classic (Spitzer) resistance nor
the strongest plasma microinstabilities (for instance, the
Buneman instability) provides the needed value for the flare
loop resistance. The authors of this review drew attention
[37, 38] to the possibility of augmented current dissipation in a
coronal loop if the neutral plasma component and non-
stationarity of the process are taken into account. In this
case, the Cowling conductivity [36], which is by many orders
of magnitude lower than the classical Spitzer conductivity,
becomes important. The effect of the significant increase in
the Joule dissipation in partly ionized gas was first exposed by
Schliiter and Biermann [55]. This effect springs from large
energy losses of ions moving through a gas of neutral particles
under the action of Ampere force j x B. By way of example, in
interstellar clouds the Cowling conductivity is smaller than
the Spitzer conductivity by 10— 12 orders of magnitude [56].
References [37, 38, 57] revealed that the generalized
Ohm’s law, written with account for process nonstationar-
ity, viz.

i ixB V F
i ixB_Vpe
g enc en

E" = aM,.8 — V), B

CﬂmiV{a [(nd.mdg pa) X ]
F? v
T
together with Maxwell’s equations, the equation of plasma
motion as a whole, viz.

B

: (2.36)

CNMj;Via

\Y% 1
— =pg— -jxB 2.37
pgy=re—Vp+_ixB, (2.37)
and the continuity equation
0 .
676 +div(pV) =0, (2.38)

describe in a self-consistent way the behavior of plasma and
electromagnetic fields in the process of flare energy release in
a coronal magnetic loop. It should be recalled that here
E* =E+ V x B/c is the electric field in a coordinate system
co-moving with the plasma, p = nym, + n.me + njm; is the
density of partly ionized plasma, p = p, + pe + pi 1 the
pressure, ¢ =ne?/[me(vei + vea)] is the Spitzer conductivity,
and F=p,/p is the relative density of neutrals.

The Joule current dissipation is characterized by the
quantity ¢ = E*j which, taking into account relationships
(2.36)—(2.38), can be represented as [37, 38, 57]

2 2
q :L r 7 (-] X B)z .

+—7F
o ctnmpvy

(2.39)
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Itis apparent that in force-free field (j || B ) the second term on
the right-hand side of formula (2.39) disappears and the
current dissipation is defined by the Spitzer conductivity.
The dissipation is highest at j L B. The cause of augmented
dissipation in a coronal loop can be a ballooning instability of
the chromosphere [57] or a prominence [58] located above the
loop (see Fig. 2). A ‘tongue’ of partly ionized plasma,
penetrating into the current channel, deforms the magnetic
field according to the equation

0B F2 o dv
E_V % {(V—Fcnmivia pE) XB} '

(2.40)

As a result, the Ampere force appears, which does furnish the
augmented dissipation of the current. Integrating expression
(2.39) over the loop volume, one obtains the energy release
power [37]

dr e2nS

dW [ me(vei 4 vea) d
cAnm;viy S?

2nF21%d ] e

= [Re + Ru(D)] I?, (2.41)
where d is the characteristic size of the tongue of partly
ionized plasma penetrating into the current channel, R is
the classical (according to Spitzer) resistance, and Ry is the
Cowling resistance proportional to the current I squared.
Supposing that d~5x107cm, S=~3x10'"cm?
I~3x10" A, n~10" ecm™3, T~ 10* K, and F~0.5,
from equation (2.41) it follows that Ry = 10~3 Ohm, which
provides the power of flare energy release equal to
10?7 erg s~!. For currents I~ 10'> A, the energy release
power increases to 10% erg s~!.

Wheatland and Melrose [59] argue that flare magnetic
loops are force-free, so that the above-given estimate of the
power of energy release can prove to be too high. They,
however, did not take into account the process of penetration
of partly ionized plasma into the loop as a consequence of
existing the ballooning mode of flute instability, which
changes the magnetic field in agreement with equation
(2.40). Analysis of regimes of plasma tongue penetration
into the current channel [57] demonstrated that the dynamics
of Joule plasma heating depend on both the parameters of the
tongue and flare plasma characteristics, in particular, the
distribution of gas pressure over the loop radius.

Let us illustrate these positions by the example of a
magnetic flux tube with a force-free magnetic field
(j x B = 0) specified as [11]

r B() Bo

- —  By=—— . 2.42
ro L4+r2/rg’ 2 1+r2/r} (2:42)

B(pO

To be specific, let us adopt the following approximation for
the velocity of plasma flowing into the current channel [19]:
V,(r,t) = Vo(t) r/ro, r < ro. Then, the components B, and B.
of magnetic field will evolve as

By (r,1) = exp (y) Byo[rexp ()],

B.(r,t) = exp (2y) Bxg[rexp (»)],

1 (! F?p dV,
y=—,~_J <Vo(f’>+ g O>dt"
0 Jo

— 2.43
nm;v;,  dt’ ( )

Equations (2.39), (2.40), and (2.43) allow one to explore the
dependence of energy release rate in the magnetic flux tube on
time and coordinate as the flute instability develops. This can
most easily be performed in the vicinity of the tube axis, where
the dependence of pressure on radius is quadratic,
p(r,t) = poo(t) + po(t) r*/r¢, and function y can be consid-
ered small compared to unity. Physically, this implies that the
amplitude of oscillations of the plasma tongue penetrating
into the tube is small compared to the tube radius. In this case,
with account for equation (2.37) we arrive at the following
system of equations for Vy, po, and y:

k14 2 B?
0:,ﬂ+70

—_— 2.44
ot ro T s (2:44)
opo  (y—1)F*Bj oVy ,

Ly 77 70 270 2.45
ot nmv, w2 Ot I (243)
oy Vo F’p oV,

————— 2.46
ot ro nmy Vi/a rg Ot ( )

In the general case, the system of equations (2.44)—(2.46)
describes pulsating regimes of energy release when a flute of
outer plasma penetrates into the loop by virtue of a series of
oscillations. Moreover, an explosive regime occurs when the
plasma pressure increases from the loop axis toward its
periphery, i.e., po > 0, and balances the Ampere force
accompanying the development of flute instability, i.e.,
po = Biy/2n. In this case, it follows from equations (2.44)
and (2.45) that

! 2
Yo nmyv;, Trg

- 77 fh=— 1870 2.47
YT W) T 20— ) By (247)

i.e., the ratio of gas pressure to the magnetic field pressure in
the loop, = 8np/B? ~ 4y, grows in an explosive manner
with the growth of y from a value of yy < 1 up to the values
when effects unaccounted for and limiting energy release
come into play. They include, for example, an increase in the
degree of ionization as the plasma gets heated, which reduces
energy release caused by ion—atom collisions.

2.7 Inductive interaction of coronal magnetic loops
Equations (2.19) and (2.29) for slow and fast variations of the
electric current in a coronal magnetic loop are valid for a loop
which is magnetically shielded from the neighboring loops,
i.e., these equations do not describe mutual induction effects
connected with variations in external magnetic flux through
the loop contour. These effects can be taken into account in
the integration of the generalized Ohm’s law by augmenting
the quantity

0
& %Ez dZ

with the electromotive force of mutual induction:

1 o2

N
o | oM.
J

where /; is the current in the jth loop, and M; is the coefficient
of mutual induction between loop j and the loop under
consideration, whereas summation is taken over all loops
surrounding the given one. For slowly varying currents in the
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surrounding loops (on a time scale much longer than the
period of RLC oscillations, 1/vric < feurr, Where foyy 1s @
characteristic time scale of current variability), mutual
induction will only affect slow variations in the equilibrium
current / in the given loop. Thus, exploring fairly fast RLC
oscillations of electric current in the loop, one can discard the
effects from surrounding loops. In particular, these effects
will not modify the functional dependence of the frequency

vrrc on the magnitude of the current 7. flowing through the
loop. At the same time, slow variations in Iy coming from
inductive interaction with the surrounding loops will lead to a
certain drift of the RLC-oscillation frequency vgr¢, oscilla-
tions which, in turn, modulate microwave emission and thus
can be detected in low-frequency spectra. In this respect, we
can distinguish two types of electric current dynamics in
magnetic loops: ‘fast processes’, i.e., RLC oscillations of
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Figure 5. Inductive interaction between two current-carrying loops pertaining to their emersion or relative motion. Slow variations in the current
stemming from inductive interaction with a neighboring loop lead to a drift in the modulation frequency of microwave emission.
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electric current around its equilibrium value 7y, and ‘slow
processes’, i.e., changes in the equilibrium current leading to
the drift of the RLC-oscillation frequency. One of the causes
of the slow variability of I is the increase in current under
the action of photospheric EMF, already considered in
Section 2.5, or its dissipation following the development of a
flaring process in the coronal magnetic loop. The other reason
can be the induction EMF brought about by the interaction
of the magnetic loop with other loops during their emersion
or relative motion [21, 22, 25]. In the latter case, the system of
equations for slow current variations in two inductively
interacting magnetic loops is written out in the following
way [25]:

1 ©

27 (Lily + Miph) + LR (I}) = &y, (2.48)
1 © B

-2 a(LZIZ + Mo h) + LRy(L) = 5> (2.49)

Here, L;, are the loop inductances described by formula
(2.23) with a due set of parameters for each loop, R; »(/; ) are
the loop impedances given by formula (2.20), and = » are the
EMFs (2.21) in the photospheric loop footpoints. For loops
apgroximated by thin toroids with their principal radii
ngop > r; (r; are the small radii of toroids), the mutual
inductance coefficients can be approximated as [60, 61]

R R

M12 :M21 = 8(L1L2)]/2 M Oop(z)oog 5 cos @,
(Rloop + Rloop) + d142

(2.50)

Table 3. Parameters of coronal loops for the three flares presented in Fig. 5.
Listed are the large (Rioop) and small (rp) loop radii, velocities v of loop
emersion, temperature 7, magnetic field B, and plasma density in the
loops.

Parameter Date of event

7 May1991 11 May 1991 13 July 1992
rd) 600 km 600 km 590 km
r? 550 km 700 km 510 km
R 20,000 km 20,000 km 20,000 km
RO 1000 km 1000 km 3000 km
vy 0.5kms™! 1.2kms™! 0.5kms™!
vy 45kms™! 49kms™! 2.5kms™!
Tor 107 K 10" K 2% 10° K
Toy 107 K 50 x 106 K 1.0 x 10° K
m 1.3x10° cm™ 2.0 x 10° cm™ 3.5 x 10° cm™?
i 24x10°ecm™3  45%x10°em™3 5.0 x 10° cm™3
Iot 1.7 108 A —158x 10" A —1.8x 101 A
I 1.7 108 A 158 x 100 A 23x101° A
B 85G 120 G 170G
B, 85G 120 G 100 G
di> 2500 km 2500 km 2500 km
P12 /20 /4 /4

where Rl(olf) are the principal radii of the loops, d), is the

distance between the toroid centers, and ¢ is the angle
between the normals drawn to the toroid planes.

Equations (2.48), (2.49) were used in Ref. [25] to model
double tracks appearing sometimes in the spectra of low-
frequency modulation of microwave emission from flares.

Figure 5 shows time profiles of microwave radio emission
at 37 GHz from three flares, their dynamic spectra of low-
frequency modulation obtained with the Wigner — Ville trans-
form, and the results of modeling these spectra numerically
with RLC oscillations of two inductively interacting coronal
magnetic loops. The parameters of the loops and their
emersion velocities and mutual orientation for which numer-
ical results agree best with observational data are given in
Table 3.

3. The coronal loop as a resonator
for MHD oscillations

An important event in the astrophysics of the 1960’s was the
discovery of five-minute oscillations on the Sun, which gave
birth to a new branch in solar physics — helioseismology.
Five-minute oscillations represent acoustic type waves (p-
modes). Their spectrum contains extremely valuable informa-
tion on the internal structure of the Sun. Later on, the
methods of helioseismology were applied to explore oscilla-
tions of local structures such as sunspots and prominences.
Advances in helioseismology and the studies of stellar
oscillations have led to the establishment of asteroseismology
[62].

Observations of ultraviolet (UV) solar radiation by
TRACE with high spatial resolution revealed oscillations of
coronal loops [63], which gave impetus to a new promising
avenue of astrophysics — coronal seismology studying wave
and oscillatory processes in stellar coronae. The Dutch
astrophysicist Rosenberg [64] can be considered a founder of
coronal seismology. He was the first to attribute second
pulsations of type IV solar radio emission (Fig. 6a) to
magnetohydrodynamic oscillations of coronal loops. Later
this idea was further developed by many researchers (see
reviews [65—67]). Methods of coronal seismology were
exploited as well to interpret pulsations of emissions from
red dwarfs in various bands of the spectrum of electromag-
netic radiation [7, 15, 68 —71].

Interest in loop oscillations is connected not only with the
possibility of explaining the origin of coronal heating and
stellar wind acceleration, but also with improvement in the
methods used to diagnose the parameters and physical
processes in coronal loops and, in particular, in flare loops.

3.1 Natural oscillations of loops

and the diagnostics of flare plasma

Magnetic hydrodynamics occupies an important place in
interpreting the wave and oscillatory phenomena in stellar
coronae. An impedance for MHD oscillations experiences
jump at the ‘loop—ambient medium’ interface, so that the
coronal loop can be considered as a resonator.

In the first approximation, the oscillations of coronal
magnetic loops can be explored considering a homogeneous
magnetized plasma column of radius @ and length /, the ends
of which are ‘frozen’ in a superconducting plasma. The
plasma inside the cylinder has the density p; and temperature
Ti, and the magnetic field induction B; is aligned with the
cylinder axis. Outside the cylinder, the respective parameters
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Figure 6. Examples of quasiperiodic pulsations of radio emission from (a) the Sun [72], and (b) the flaring star AD Leo [7]; RCP stands for right circular

polarization.

are p,, T, and B.. The dispersion relation linking the
frequency w of natural oscillations of a cylinder with the
components of wave vectors k; and k| takes the form [73, 74]

J! (wa) H,S,l),(%ea)

m =ua . (3.1)
Tn(4a) "~ HY (xea)
Here,
2 w* 2

—k
202 4 o2 2.2.2 [
w?(c2 +cy) k”cs cx

2 2.2
gy O —kjea

T Mepe w2 — kuzclie ’
¢s 1s the speed of sound, ca is the Alfvén velocity, J,, and H,gf)
are the Bessel and Hankel functions of the first kind,
ky=ms/l,and s = 1,2,3,.... For a thin (r// < 1) and dense
(pe/p; < 1) cylinder at m =0, Eqn (3.1) allows one to
determine the frequency of fast magneto-acoustic (sausage)
oscillations:

oy = (k] + k)P (G +ex)'"? (32)
The wave number perpendicular to the magnetic field,
ki = Ai/a, where A; are the zeros of the Bessel function
Jo(4) = 0. Fast magneto-acoustic waves (the sausage mode)
contributing most to modulation of loop emission can suffer
marked damping related to their emission into the surround-
ing medium [73, 75]:

2
y:Ew+<&_k_) pe
2 pi ki) p T k2

2
I (3.3)

The physical mechanism of acoustic damping is clear: sausage
oscillations of the loop are accompanied by excitation of
waves in the surrounding medium, which is achieved with an
expenditure of the oscillation energy. The acoustic damping is
absent if p./p; < k?/k?, which corresponds to total internal
reflection, i.e., a squiciently dense and ‘thick’ loop represents
an ideal resonator for sausage waves. A similar result was

obtained by Nakariakov et al. [76] for the global sausage
mode without radiation: //a < 1.3(pi/pe)1/2. Oscillations in
the global sausage mode were observed in the solar flare on
28 August 1999, recorded by the Radioheliograph Nobeyama
ata frequency of 17 GHz[76]. In this case, all parts of the loop
were oscillating in phase with a period of
P=lfcy = 14—17s.

The m = 1 case corresponds to kink oscillations of loops
first recorded by the space observatory TRACE [63] during
the solar flare on 14 July 1998. The frequency of kink
oscillations is expressed as

»V2- V2 1/2
() :k‘|<7pl A1+pe Ae) . (34)

pi+pe

Analyzing similar oscillations, Nakariakov and coauthors
[77] drew attention to their low Q-factors (Q = o/y < 10),
and came to a conclusion about anomalous damping of kink
loop oscillations. In particular, the dissipation of waves in the
loop due to viscosity and conductivity should exceed the
classical one by 8—9 orders of magnitude, i.e., the Reynolds
number should have the magnitude of Re ~ 10°% instead of
the classical value Re = 10'4, whereas the Lundquist number
takes the value £ ~ 103 instead of £ = 10'3. Reference [77]
triggered a series of publications devoted to studies of
oscillations in solar coronal loops and clarifying the origin
of their low Q-factors. Uralov [78] suggested that the
character of loop oscillations is determined by the medium,
i.e., the dispersion properties of the corona. Oscillations of a
corona excited by an external perturbation (flare or filament
eruption) also draw into oscillations the coronal magnetic
loops. Low Q-factors of kink loop oscillations were explained
in Refs [78, 79] by dispersive spreading of fast magneto-
acoustic waves, produced by a flare. Reference [80] took into
account the inhomogeneity of coronal loops and proposed a
mechanism of resonant decay of the kink mode through its
interaction with Alfvén waves. A physically transparent
mechanism for the observed strong decay of loop oscillations
was recently suggested in Ref. [81]: an oscillating loop
expends its energy on overcoming the drag of ambient
medium.
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The curvature of the magnetic field and fairly large
magnitude of the plasma parameter f=8mnnkgT/B> > 0.1—
0.3 in coronal loops create favorable conditions for the
excitation of a ballooning mode of flute instability. Balloon-
ing oscillations arise as a result of the joint action of a
destabilizing force Fj ~ p/Rjoop linked to the pressure
gradient and curvature of the magnetic field and a restoring
force F, ~ B?/ Rjo0p come about from the tension of magnetic
field lines. The dispersion relation of the ballooning mode has
the form [82]

b>/1L7

2 22

P b
EE— =q )] 3.5
Rlooppd ’ { AL, ( )

Here, b = n(dn/0x) ', and 4, is the lateral size of the plasma
tongue. Since the loop footpoints are frozen in the photo-
sphere, one has k| = Nn/I, where N is a natural number equal
to the number of oscillating regions along the loop length /,
and for the oscillation period it is readily found that

5 -1/2
P]:—l YR ~ 2
VA 2nd VAN

(3.6)

3.2 Mechanisms of loop oscillation excitation.
Parametric resonance
The most common mechanism underlying the generation of
loop oscillations is their excitation by an external source
(flare, filament eruption) or by an electrodynamically con-
nected neighboring loop-trigger [78, 83]. If flare energy
release happens in the coronal loop proper, then the
generation of sausage oscillations is possible in the loop,
provided the flare unfolds sufficiently fast (impulsively) [84].
FMA oscillations of loops can also be excited by high-energy
protons at bounce resonance, w = sQ,s = 1,2,..., where Q1is
the oscillation frequency of high-energy protons between
magnetic ‘mirrors’ of the coronal loop. In this case, the
pressure of energetic trapped protons is rather high:
Bor > 0.2 [75]. Taroyan et al. [85] have discovered excitation
of slow magneto-acoustic waves (» = k| cs) in a solar coronal
loop as a consequence of heating in one of the loop footpoints
during a microflare.

Exploring kink-oscillations of coronal loops with periods
of about 300 s, Aschwanden et al. [61] conjectured that such
oscillations can be initiated by five-minute oscillations of the
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Figure 7. (a) Light curve for the solar flare on 28.08.1990 at a frequency of
22 GHz (Metsahovi). (b) Dynamic spectrum of S-minute oscillations [86].

photosphere (p-modes). Kislyakov et al. [§6] demonstrated
that under the action of five-minute oscillations of photo-
spheric convection velocity on the footpoints of a coronal
magnetic loop a parametric resonance is possible between
photospheric p-modes and acoustic oscillations of coronal
magnetic loops (Fig. 7).

If the coronal loop has an appropriate length, i.e., it is
resonant with respect to the pumping frequency vy, the effect
shows itself as the simultaneous excitation of oscillations with
periods of 5, 10, and 3 min in the coronal magnetic loop,
which correspond to vy, its subharmonic vy/2, and the first
upper frequency of the parametric resonance 3vy /2 (Fig. 8).

Since photospheric p-modes cannot directly penetrate the
corona, the parametric resonance represents an effective
channel for transferring the energy of photospheric oscilla-
tions to the upper layers of the solar atmosphere and opens
important vistas for explaining the mechanisms of coronal
plasma heating [87]. A recent paper by Hindman and Jain [88]
considers the ‘buffeting’ excitation of five-minute oscillations
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Figure 8. (a) Dynamic spectrum of the modulation of solar radio emission
intensity at a frequency of 37 GHz and the light curve for the burst on
20.03.2000 [87]. (b) Section of the dynamic spectrum for the event of
20.03.2000. The dashed straight line marks the frequency of subharmonic
vi =v9/2 ~ 1.8 mHz, and full vertical straight lines mark frequencies of
5-minute (vo ~ 3.6 mHz) and 3-minute (v, = 3vy/2 = 5.6 mHz) oscilla-
tions.
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Table 4. Formulas for determining flare parameters from emission pulsations caused by ballooning and radial oscillations of a magnetic loop. Here

x=10e/3 42,7 =2.62a,ande = 4/(.

Ballooning oscillations Sausage (radial) oscillations
12¢, P2
T=242x10" K =1 -8
x 10 N2P12[] T=12x10" 55 (K]
JERE 0P 3
n=s576x 101 28 G 20 [em™] n=2x10 —77 sin” 20 [em™]
N3P} Pay
1/2;5/2,.7/4 1/2 %5/2,7/4
_ S QTP - - @ i
B=6.79 x 10 Wsmze[(}] B=29x10 Py sin 20 [G]
in magnetic loops by p-modes. They, however, assume that  assumes the form
the loop magnetic field is potential and that the electric 5B
current in the loop is absent. The most likely mechanisms of A=2¢ 5= EB, £=0956—122 (3.8)

interactions between p-modes and eigen modes of loops are,
in our opinion, the heating of loop footpoints caused by
dissipation of electric currents and the interaction of five-
minute photospheric oscillations with the electric current
flowing along the coronal magnetic loop.

3.3 Coronal seismology and the diagnostics of flare
plasma

If the impedance jump across the boundary of a magnetic
loop is sufficiently large, acoustic damping can be neglected.
In this case, damping mechanisms attributed to dissipative
processes within the loops are dominating. Estimates [89]
indicate that the most essential factor for the decay of sausage
and ballooning modes in solar loops is electron heat
conductivity of plasma. Accordingly, their Q-factors can be
expressed as

o  2me Pvei
0=—~

. )
ye  mi f*sin’20

(3.7)

with 0 = arctg(ky /kj), and P =2n/w being the period of
oscillations. Modulation of the flux of gyrosynchrotron
emission with high-energy electrons with the spectral index ¢
of the power-law energy spectrum for an optically thin source
— the coronal loop — emitting at a frequency above 10 GHz

for sausage oscillations [89]. Equations (3.2) and (3.6) for
the oscillation frequency, combined with Eqns (3.7) for
the Q-factor and (3.8) for the radiation modulation depth
allow the temperature, plasma density, and the magnetic field
induction in the loop to be determined (Table 4).

Let us illustrate the potential of this diagnostic method
with several examples.

3.3.1 Solar flare on 8 May 1998. Observations of the solar
flare on 8 May 1998, belonging to class M 3.1 and occurring
as a single loop, made at a frequency of 17 GHz with the
Radioheliograph Nobeyama, and of hard X-rays with the
satellite Yohkoh (Fig. 9) are indicative of ballooning
oscillations with the period P; = 16s and parameters
[=8x10°cm, N=4, 0=66°, 4, ~03, Q) ~25, and
0 = 3.5[89]. Applying the formulas given in Table 4, we find
the temperature T~59x10’K, number density n~
1.4x 10" cm~3, and magnetic field induction B ~ 425 G in
the flare loop and, consequently, the plasma parameter
p ~ 0.16. For this value of f8, the ballooning instability did
not go into the aperiodic regime.

3.3.2 Flare on 28 August 1999. The solar flare on 28 August
1999, belonging to class M 2.8, illustrates the interaction
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Figure 9. (a) Light curve for the flare on 8 May 1998, obtained with the Radioheliograph Nobeyama (17 GHz). (b) Patterns of X-ray emission sources in

channels L (1423 keV) and M, (2333 keV), obtained with the satellite

Yohkoh.
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Figure 10. Image of two interacting loops in the flare on 28 August 1999, obtained with Radioheliograph Nobeyama (17 GHz) (axes give the source
coordinates in angular seconds). (b) Spectrum of loop oscillations obtained with the help of wavelet-analysis. (c) Time profile of emission at 17 GHzand a

change in oscillation periods with time.

between two loops (Fig. 10). Observations with the Radio-
heliograph Nobeyama (17 and 34 GHz) demonstrated that
the flare consisted of two sources: a compact one ( < 10”),
and an extended one (> 70”). Wavelet analysis revealed
characteristic pulsation periods of 14.7 and 2.4 s.

The event unfolded as follows. The flare energy release
was accompanied by the development of ballooning oscilla-
tions in the compact source with P; = 14's, Q; ~ 10, and
Ay = 0.4. Oscillations with a period of 7 s can naturally be
attributed to the harmonic of ballooning oscillations. The
increase in the gas pressure (the growth in f) led to the
development of the aperiodic mode of ballooning instability
and interaction of the compact source with a neighboring
loop, which was accompanied by injection of hot plasma and
high-energy particles into the loop. Since oscillations with the
period P=24s, Q~15 and 4=0.1 arose after the
injection, the sausage modes of the extended source are most
likely responsible for them. Using the formulas of Table 4 and
the observed parameters of the pulsation sources, we obtain
the following plasma characteristics of the compact and
extended loops, respectively:

T~46x10" K, n~10" em™, B~ 300 G, f~0.18,
T~21x10" K, n~10"° cm™, B~ 120 G, f ~ 0.06.

It is seen that the compact loop connected with the source of
primary energy release has higher values of temperature,
plasma density, and magnetic field.

It should be noted that the magnitudes of temperature,
plasma concentration, and the magnetic field for the solar
flares on 8 May 1998 and 28 August 1999, found by the
method of coronal seismology, do not contradict the results
of independent diagnostics with the use of optical and soft
X-ray emissions [89].

3.3.3 Diagnostics of the flare on the star EV Lac by pulsations
in the optical radiation. Observations of the flare on EV Lac
on 11 September 1998 simultaneously with several geogra-
phically separated optical telescopes [90] revealed quasiper-
iodic oscillations in U and B bands with a characteristic
period P~ 13 s (Fig. 11). The Q-factor of pulsations was
estimated as Q ~ 50, and the modulation depth of optical
radiation as 4 = 0.2.

Reference [91] suggests a model for pulsations of optical
emission from EV Lac. According to it, the emission from
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Figure 11. Oscillations of emission in the U-band (solid curve) and B-band
(dotted curve) with a period P~ 13 s in the flare on EV Lac on
11 September 1998 [90]. (b) Model of bremsstrahlung pulsations on EV
Lac [91].

the loop footpoints is enforced by fluxes of high-energy
electrons hitting the photosphere of the star. Given the
presence of sausage oscillations in the loop, its loss cone
varies periodically. This modulates electron fluxes precipi-
tated towards the loop legs and, as a consequence, leads to
oscillations in the emission from the loop footpoints [84].
From the model of the coronal magnetic mirror trap [84]
one finds the relationship of the modulation depth with the
parameter ff: 4 =~ 5. Typical values of coronal loop lengths on
red dwarfs vary from several stellar radii R, to / < 0.1R, [3,
92]. The radius of EV Lac equals R, = 0.39 R. Specifying the
ratio a/l=0.1, we get 0 = arctan (2.6//ma) ~ 76°. Applying
the method of coronal seismology, which was used above for
solar flares, and taking 7~ 2.6 x 10° cm, one gets the
estimates of plasma temperature T ~ 3.7 x 107 K, particle
concentration n ~1.6 x 10'! cm~3, and magnetic field induc-
tion B = 320 G for the flare loop of EV Lac.

3.3.4 Pulsations of X-ray emission and diagnostics of the flare
on the star AT Mic. Based on data from the space observatory
XMM-Newton, Mitra-Kraev et al. [93] succeeded in detecting
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quasiperiodic pulsations in the 0.2—12-keV X-ray band
during a flare on 16 October 2000 on one of the components
of binary red dwarf AT Mic (dM4.5¢+dM4.5¢). The
pulsations had a period of about 750 s, relative modulation
depth 4 = 0.15, and a decay time of about 2000 s. Raassen et
al. [94] have determined the plasma temperature for this flare
on AT Mic to be T=2.4x 107 K, based on data from
XMM-Newton. Reference [94] proposed linking the detected
emission pulsations with slow magneto-acoustic (SMA)
oscillations of the flare loop, which have frequency o ~ kjjc;
for § < 1. This allowed the characteristic loop length to be
estimated as /~ 2.5 x 10! cm, which is comparable to the
stellar radius R, = 3.3 x 10! cm. Reference [95] showed that
the damping of SMA oscillations which modulate thermal
X-ray emission of the flare loop was defined by the electron
heat conductivity. Departing from this result, one finds an
estimate of 3.2 x 10 cm™3 for the number density of
emitting plasma in the flare loop, whereas condition f§ < 1
sets the minimum magnitude of the flare magnetic field,
B > 100 G. The excitation of loop SMA oscillations most
likely follows a piston mechanism.

4. Plasma heating in coronal magnetic loops

4.1 Plasma heating in loops in the vicinity of sunspots

The problem of stellar corona heating remains a challenging
one in astrophysics [96—99]. To heat the corona of the Sun to
10° K, a specific power of order 1073 erg cm™3s7! is
needed. X-ray data from RoSAT [14] indicate that coronae
on late type stars have temperatures of ~ 10’ —10% K, which
requires even more powerful sources of heating. With respect
to coronal magnetic loops that permeate the entire space
around sunspots, the proposed heating mechanisms can be
subdivided into internal and external ones. The internal
mechanisms transform the free energy of a magnetic loop
into plasma heat content, as with Ohmic dissipation of
currents flowing along the magnetic field inside the loops
[100], tearing-instability [101], or magnetic energy dissipation
in multiple microbursts that accompany reconnections of the
magnetic field lines in the loops [102].

Ohmic dissipation of longitudinal currents requires
anomalous resistance and, as a consequence, strong current
filamentation, with current sheets about 5 x 10 cm thick.
One can attribute evaporation of hot chromospheric plasma
into the corona [103], resonant dissipation of Alfvén waves
[104, 105], and cyclotron absorption of electromagnetic waves
generated during flares [106] to external heating mechanisms
relying on free energy supplied from outside.

Several years ago a stereoscopic analysis was undertaken
of coronal magnetic loops observed with the aid of the
Extreme Ultraviolet Imaging Telescope (EIT) aboard
SOHO in the temperature range of 1.0—-2.5 MK [107]. It
was found that these loops have nearly invariable tempera-
ture over several height scales. A similar result was obtained
in Ref. [108] by analyzing data coming from TRACE. Small
temperature gradients lead to the result that radiative losses
cannot be compensated by the electron heat conductivity.
Accordingly, over the entire loop length the heating source
has to be balanced with radiative losses, providing loop
quasistationarity for at least several hours, as appears from
observations. The plasma density in such loops drops
exponentially with height. This indicates that the loops are
approximately in hydrostatic equilibrium over several (1—3)

height scales for the observation time interval. The heating
function (the power of energy release per unit volume, going
into plasma heating) must in this case also decrease exponen-
tially with height, with the characteristic scale being one-half
of the barometric scale for the plasma density. This happens
because the radiative losses are proportional to the plasma
concentration squared. The observational data did not reveal
a correlation between the magnetic field and plasma heating
function in the vicinity of loop footpoints. However, they
permitted the detection of the quadratic dependence of
heating function on the plasma gas pressure.

In this section we call attention to the fact that the
quadratic dependence of heating rate on the pressure appears
in dissipating diamagnetic currents in a plasma. We consider
dissipation of diamagnetic currents in magnetic flux tubes,
assuming that the plasma contains a small number of neutral
atoms. In this case, a significant role is played by the Cowling
dissipation [36] stemming from ion —atom collisions. The rate
of Cowling dissipation is larger by many orders of magnitude
than the dissipation rate due to classical conductivity linked to
electron—ion collisions. This occurs because the Ampere force
appearing in the presence of electric (in this case diamagnetic)
currents sets the plasma in motion with respect to the neutral
gas at a velocity which can be essentially higher than the
relative velocity between electrons and ions in the current.
Since the mass of ions exceeds by manyfold the mass of
electrons, it becomes clear that the kinetic energy of plasma
exceeds by many orders of magnitude that of electrons moving
relative toions. Forions and atoms with comparable masses, a
significant part of the arriving energy is transformed into a
chaotic one upon a single collision. The plasma is then heated
as a result of slow dissipation of the loop magnetic field. If the
gas-to-magnetic field pressure ratio f = 8np/B? < 1, the rate
of magnetic field dissipation proves to be f~' > 1 times
smaller than the plasma heating rate, i.e., heating proceeds
without noticeably changing the magnetic field.

Under the high temperatures of a solar corona, a small
fraction of neutral atoms is maintained owing to the presence
of helium. It has a higher ionization potential than hydrogen
and participate in an unforbidden, in contrast to hydrogen,
dielectronic recombination, sustaining a relative mass of
neutral helium atoms at the level of 10~ for a temperature
of 0.1 MK. This proves sufficient for maintaining a necessary
plasma heating rate in coronal magnetic loops. The heating
function turns out in this case to be dependent on altitude,
with the characteristic scale being approximately one-half of
that for the mean pressure, as the characteristic height scales
for the helium partial pressure and mean plasma pressure
differ approximately two-fold in hydrostatic equilibrium. As
a mechanism filling the coronal loops with a dense plasma,
Refs [57, 109] suggest the ballooning mode of flute instability
developing in the chromospheric footpoints of coronal
magnetic loops. The instability yields additional filamenta-
tion of plasma in the magnetic loop, which augments heating
efficiency.

4.2 Basic equations

Consider a vertical, axisymmetric magnetic flux tube being in
magnetohydrostatic equilibrium with the solar atmosphere.
The equation of magnetohydrostatic balance between the
pressure gradient, Ampere force, and gravity force takes the
form (2.1) which is valid when the plasma velocity V' is much
less than the speed of sound, Alfvén velocity, and free-fall
velocity.
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A description of plasma heating and magnetic field
dissipation in the tube is obtained starting from the general-
ized Ohm’s law which, in the presence of neutral atoms in a
plasma, is written out as [36, 55]

1 1 Vpe
E VxB=— —-——B B) —
+ x 4 VX 4me x (v ) en
1 m m;
— —BxB|—(1-
cnm vl 8n (V % ) < 2 1) }
(4.1

Equation (4.1) is based on equations of three-fluid magneto-
hydrodynamics for electrons, ions, and neutral atoms under
the assumption that the relative density of the neutral
component F < 1 and 0V/0t = 0. The variation of magnetic
induction B resulting from the dissipation of currents in the
plasma obeys the equation [110—113]

OB c? F?
— =Vx(VxB)+—V’B
ot x(VxB)+ 4no - 8nm,
" 1
v,

[B x (V x B)] } :
The system of equations (2.1), (4.1), and (4.2) have to be
supplemented with the equation for pressure [11]:

1 op s/ 0T
— L E - E —— | kT?
y—1 0t 6<k 6s>

\%

(4.2)

(4.3)

where y = ¢,/c, is the specific heat ratio, Ej is the plasma
heating function, and E; is the function of radiative losses.
The last term on the right-hand side of Eqn (4.3) describes the
electron heat conductivity, with k being the heat conductivity
coefficient equal to

k=092x10"°erg s '"K7/?, (4.4)
and s the coordinate along the tube axis.

In principle, two different types of magnetic flux tubes are
possible. The first one embraces tubes produced by ‘raking’
the background magnetic field by convective fluxes of
photospheric plasma (see Section 2). The footpoints of such
tubes are usually located at the nodes of several super-
granulation cells, where converging horizontal convective
flows are available. Such tubes are to be found far from
sunspots and host large electric currents, up to 10> A,
emerging as a result of the interaction of a convective plasma
flux with the tube’s own magnetic field. In a vertical tube with
the magnetic field B(0, B,,, B.), the components B, and B. are
frequently specified in the form suggested by Gold and Hoyle
[114]. Magnetic flux tubes with longitudinal current can carry
large nonpotential energy and serve as a source of energetic
flares.

The second type consists of numerous magnetic flux tubes
arising near sunspots as a result of filling thin, filament-like
regions (stretched along lines of the spot’s magnetic field)
with a dense chromospheric plasma. Only a diamagnetic
current arises in such magnetic flux tubes. It tends to weaken
the magnetic field inside them by a magnitude corresponding
to excessive gas pressure inside the tubes. It is likely that
namely this types of magnetic flux tubes was observed in large
numbers with TRACE around solar spots.

Assume, for the sake of definiteness, that the plasma
pressure inside the vertical axisymmetric magnetic flux tube
varies with the radial coordinate r in the following way:

p(r) = pss + poexp <— ;—z) ; (4.5)

where p,, is the plasma pressure outside the tube, p, + po 1s
the pressure on the tube axis, and a is the tube radius.
Projecting equation (2.1) in the radial direction, one obtains
the dependence of tube’s magnetic field induction on the
radius:

2
Bzz(r) = B; — 8mpy exp < - p) , (4.6)

where B, is the z-component of the magnetic field outside the
tube. The total electric current in the tube, which coincides in
this case with the diamagnetic current, equals

. . c 2cpor r2
Jo=j=5 (Vp), = =55 em(—; :

z

(4.7)

where (Vp), is the radial component of the pressure gradient.
The data from SOHO and TRACE [107] show that the
pressure within the loops staying in hydrostatic equilibrium
is, by order of magnitude, 0.5—-1.0 dyn cm~2 for loop
footpoints, which is markedly higher than the values
6x1072-2 x 107! dyn cm~? in the upper chromosphere
[41]. Thus, below it well be assumed that p., < p(r).
Projecting equation (2.1) on the z-axis and recalling that the
density and pressure are linked by the relationship
nmuyp

p= knT ) (48)

where pmy is the mean ion mass, and my is the hydrogen
atom mass (for the solar atmosphere pu~14 for
H:He = 10:1), one gets the dependence of pressure on
altitude:

= eXp <— JZE>
P =DPo 0 A )

where A =kgT(z)/(umpug) is the height scale for the
pressure.

From the generalized Ohm’s law (4.1) it follows that the
plasma heating rate caused by current dissipation in the
magnetic flux tube is given by

(4.9)

2

1
qj(r):<E+—V><B)j: (V x B)?
¢ 4n)°o
F2
+ 32m2nm,v],

(Bx (VxB)). (4.10)

The first term on the right-hand side (rhs) of equation (4.10)
describes the dissipation of current j = (4n/c)V x B in the
magnetic flux tube via classical conductivity attributed to
collisions of electrons with ions and atoms. The second term
on the rhs of Eqn (4.10) exists only when neutral atoms are
available in the plasma and describes the dissipation of
diamagnetic currents furnished by ion—atom collisions.
With regard to Eqns (2.1) and (4.7), the heating rate can be
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written as

2 2

< (V)

= B2g (Vp)fv

i 4.11
4(r) ST (4.11)

where (Vp), is the radial component of the gas pressure
gradient. Assuming p,, < p(r), we introduce the mean
pressure inside the tube. Employing formula (4.5), one
obtains

1

p= —2J p(r) 2nrdr = pyg.
0

— (4.12)

Similarly, we introduce the mean (over tube cross section)
rate of plasma heating:

1 o0
P=— (r) 2mrdr.
qj e Jo gi(r) 2mrdr

Substituting the expression for (Vp), in Eqn (4.11) and taking
into account formula (4.5), one arrives at the expression for
the mean rate of heating:

o c? n F? 5
%= B2a’c ' 2nmyv}a? Po -

Relationship (4.13) seemingly reflects the actual dissipation
scheme as data from TRACE satellite [115] showed that the
heating rate of coronal magnetic loops is indeed proportional
to the square of gas pressure within the loops.

Let us compare heating rates resulted from the dissipation
of diamagnetic currents through ion-atom collisions (Cowl-
ing conductivity) and classical conductivity arising from
collisions of electrons with ions and atoms. Setting v/, =
Many i Vi) (my + my), Vri= (kg T/mi)m, and n, =nm;F/m,
and supposing that for temperatures 7 = 5 x 10° K the cross
section of ion—atom collisions is expressed as [116]

(4.13)

33x1071,

Oja = T [sz] 3

(4.14)

we infer for the ratio R of the second to first terms on the rhs
of Eqn (4.13):

(4.15)

R7F2(/)e(})i — 4% 1014 FB_722T2 .
n

!/
Bveiviy

Here, we presumed that the main contributor to the neutral
plasma component at high coronal temperatures is, as will be
explained further, *He for which m, =4m;. Setting
n=2x 10" cm~3 and B. =200 G for loops with tempera-
ture 7= (1-2.5) x 10° K, observed with TRACE, we find
for the ratio of heating rates: R = 2.8 x 1013F.

As will be shown in Section 4.3, the relative mass of
neutral atoms at the temperature of 1.5 x 10® K equals
F=2.6 x1073, which gives for the ratio of heating rates
R=10%. For T=5x10° K, one has F=0.5x 107> and
correspondingly R = 1.4 x 10%. In other words, even for
coronal temperatures (1—5)x10° K, the rate of plasma
heating mediated by ion—atom collisions exceeds by eight
orders of magnitude the heating rate attributed to classical
electron conductivity. Neglecting the first term on the rhs of
formula (4.13), for plasma heating function, i.e., the amount

of heat released in 1 cm® of plasma per second via the

dissipation of diamagnetic currents, one can write out the
relationship

F2

EFL=——-— .
2nmyv! a? Po

(4.16)

For chromospheric conditions (7 < 10° K), the number
of neutral atoms in the plasma is predominantly determined
by the processes of hydrogen ionization and recombination.
Hence, m, = m; and the effective frequency of ion—atom
collisions becomes [116] v/, =4.5x 10~"'nFT'/?[s~']. Under
coronal conditions (7 > 5 x 10° K), the number of neutral
atoms is governed by the processes of hydrogen ionization
and recombination. Thus, m, = m; and the effective collision
frequency v/, = 0.75 x 10~2FT~1/2[s7!].

4.3 Heating function for coronal plasma

Let us compute the heating function E}; with due regard
for the specifics of the solar corona. As already men-
tioned, at sufficiently high temperatures (7 < 10° K) the
relative density of neutral atoms in the corona
F =nymy/(ngmy, + mmy) = nym,/mm; is primarily deter-
mined by the processes of helium ionization and recombina-
tion. For one thing, the helium ionization potential,
¢i(Hel) = 24.6 eV, is almost twice as high as that of hydro-
gen, & (H) = 13.6 eV. Furthermore, in contrast to hydrogen,
the dielectron recombination is not forbidden for helium. Its
rate exceeds by nearly two orders of magnitude the rate of
radiative recombination for hydrogen ions at coronal
temperatures [117]. From the equation of ionization balance
we get [118]

S(T) ny(Hel) ne = o(T) n;(Hell) ne (4.17)
where n,(Hel) is the concentration of atoms of nonionized
helium, »;(Hell) is the concentration of singly ionized helium,
S(T) is the rate of ionization, «(7") is the rate of recombina-
tion, and 7, is the electron concentration. For the ionization
rate in the temperature interval 0.02 < kgT./¢ < 100, the
following expression can be utilized [119]:

TI/2
1+ T/(1.71 x 106)

2.85 x 10° _—
X exp | ———r— [em’s™].

S(T)=2.56x 107"

(4.18)

For the rate of dielectron recombination of singly ionized
helium we have [117, 120]

3.05 x 1073 474 x 10° s
a(HeII):T (—#)[cm s ).
(4.19)
Equations (4.17)—(4.19) yield
Fe mao(T) ni(Hell) - myo(T) p(Hell) (4.20)

miS(T) ne mS(T)p
where in passing to the last equality we took into account
that the helium partial pressure p(Hell) ~ 2n;(Hell) kg7,
and the total pressure p =~ 2n.kg7T, because the degree of
ionization is high. Recognizing that the helium partial
pressure decreases exponentially with altitude on the height
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scale Aye = kpT/4m;g, whereas the total pressure has the
height scale A = kpgT/um;g, where u =~ 1.4, we finally arrive
at the dependence of relative mass of neutral atoms on the
temperature and height in the solar corona:

1+ T/(1.71 x 10°)
T2

1. 10° 1.
xexp(—%) exp(— i6z>' (4.21)

In formula (4.21) we assumed that at the corona base
(z =0) the ratio of helium partial pressure to the total
pressure equals p(Hell)/p =~ 0.1, which does not contradict
observational data.

As follows from formula (4.21), for temperatures 7 =
(0.5—1.0) x 10° K, the fraction of neutral helium atoms in
the solar corona reaches Fye(z = 0) ~ 10723 —10~*>, The
relative content of neutral hydrogen atoms at the same
temperatures ranges Fy(z =0)~ 1073%8-107*9, ie., it is
essentially smaller.

Thus, helium plays the main role in the dissipation of
diamagnetic currents in the coronal plasma at high tempera-
ture. The most efficient dissipation channel here operates
through ion—atom collisions, delegating the decisive role to
Cowling conductivity.

F(T,z) =4 x 107

4.3.1 Heating function for coronal loops. Substituting v/, for
T > 5 x 10° K in formula (4.16) and putting py = 2n kg T, we
get the following expression for the function of plasma
heating due to dissipation of diamagnetic currents in coronal
magnetic loops:

1.862
Enw(T,z) = Qia(T) exp (—m) , (4.22)
where
28712 T 1.79 x 10°
Qu(T) =—25 (l+1.71 X 106)eXp <_ T )

(4.23)

The heating function does not depend on the plasma
density in the flux tube, but depends on the temperature, the
tube radius, and altitude. The scale for the variation of
heating function with height is equal to approximately half
of the pressure variation scale. Consequently, if the tempera-
ture is approximately constant inside the loop (which is
confirmed by the TRACE data), the heating function
depends on the height nearly in the same manner as the
function of radiation losses, which is proportional to the
electron density squared. Thus, if the electron heat conduc-
tivity is small, which is true for loops with temperatures
ranging (1.0—2.5) x10% K [106], the heating function can be
in equilibrium with the function of radiation losses over a
significant height interval, providing quasistationarity of a
loop. A slight difference in the height dependences of heating
function and radiation loss function can be ‘smoothed’ by the
electron heat conductivity. Over the temperature range
10°7 < T< 1053 K, the radiative cooling of plasma
because of optical emission can be approximated by the
function [121]

E. =n2Q(T)[erg cm’s7'], (4.24)

where Q(T) = 1072!*, The balance between heating and
radiation losses, namely

1.76z 2 2z
0ia(T) exp ( —m> ~ Q(T)n;(0) exp ( —m>
(4.25)
can be achieved if the tube is sufficiently thin, viz.
2 24X 10°7'/2 T
n2Q(T) 1.76 x 10°
5
X exp (f M) . (4.26)
T
For mean values of 7T=12x10°K and n.=

2 x 10° em™3, typical of loops observed by TRACE, condi-
tion (4.26) gives a < 10° cm. If T=5x 10° K, and n, =
3 x 10° em™3, which is common for hot loops observed by
Yohkoh satellite in soft X-rays, formula (4.26) gives
a<2x10°cm.

Accordingly, the dissipation of diamagnetic currents can
provide the heating of loops with the observed thickness
(2—5) x 10% cm if they are composed of an ensemble of thin
hot ‘filaments’ (1 -2) x10% cm thick. It is necessary to note
that attempts to interpret the TRACE data led some authors
to a similar conclusion that a bundle of hot thin filaments is
possibly confined within the observed coronal magnetic loops
[107, 108].

In accordance with equation (4.3), the characteristic time
tn of plasma heating can be estimated in the following
manner:

fh=—2 (4.27)

(r—1En

Putting y = 5/3, T=12x 10% K, n. =2 x 10° cm~3, and
a=10°cm, we get p=08dyn cm~2, and E, =0.3x
103ergem3s~!, which yields the heating time f,=
1.9 x 10° s (about 32 min), approximately equal to the time
of radiation losses, which reaches 40 min on average
according to the estimates of Ref. [115] for coronal magnetic
loops observed by TRACE.

4.3.2 Dissipation of a magnetic field. Eventually, plasma
heating in a coronal magnetic loop owing to diamagnetic
current dissipation occurs because the loop magnetic field is
dissipated. One may become convinced of this fact by forming
a scalar product of equation (4.2) with B and integrating the
result over the tube volume with account for formulas (4.5)
and (4.6). Putting in our case V' = 0, we get as a result:

o0 BZ 0
0 B, 2rdr=— |  ¢i(r) 2mrdr, 4.28
i
0

0&875

where ¢;(r) is defined by expression (4.11). In other words, the
dissipation rate of the magnetic field in the tube is equal to the
plasma heating rate taken with the opposite sign. Although
the absolute values of the dissipation and heating rates
coincide, the dissipation time of the magnetic field for
B =8mp/B? < 1 proves to be ﬁfl > 1 times longer than the
plasma heating time. As follows from Eqn (4.28), the decay
time of the magnetic field owing to the dissipation of
diamagnetic currents is given by
y—1
tp = .
B 8 h

(4.29)



1144

V V Zaitsev, A V Stepanov

Physics— Uspekhi 51 (11)

By way of example, at = 1072 formula (4.29) yields
tg = 35.5 h for the magnetic field dissipation time, in
contrast to the heating time 7, = 32 min.

4.4 Flute instability and the filamentation of magnetic loops

Filling a region of a potential magnetic field in the vicinity of
sunspots with plasma, which brings about the appearance of
magnetic loops with enhanced plasma density, can proceed
through the build-up of a ballooning mode of flute instability
in chromospheric bases of magnetic spots [122]. This
instability develops at the boundary between the sunspot
penumbra, where ff <€ 1, and the ambient chromosphere,
where f < 1. In this region, the magnetic field expands so
that its field lines become curved, with the curvature directed
from the neighboring chromosphere toward the spot. The
radius of magnetic field line curvature takes a value on the
order of the height scale of the inhomogeneous atmosphere:

kgT
R. =~ B .
wmig

(4.30)

Because of magnetic field curvature, there appears a
centrifugal force
2}’lkBT
f. =
R?

R, (4.31)

acting on a cubic centimeter of plasma with density
p =~ (n+ n,) mj. The effective centrifugal acceleration exert-
ing on the chromospheric plasma around the spot is expressed
as

2kBT n

fo 2kl _n_ g (4.32)

<
gc*p miR2 n+n,

Substituting formula (4.30) into Eqn (4.32) we obtain

ge=2g (4.33)

n+n,
The condition for developing the ballooning instability has
the form

gc—gcosl >0, (4.34)

where 6 is the angle between the direction of the radius of
curvature R, and the vertical. When R, and g are approxi-
mately perpendicular, the unfolding time of the ballooning
mode of flute instability is as follows:

Va2 o 2
SO
where A is the perturbation wavelength. Estimate (4.35)
corresponds to the most unstable case in which the wave

vector of perturbation is perpendicular to the magnetic field
direction [11]. In the case of n, < n, one finds

(4.35)

h ~ 2 x 1073 (A [em])/? [s] (4.36)
and perturbations with the wavelength 1~ A =~ 3 x 10® cm
at T=10° K grow for about 35 s. The perturbation
wavelength 2 ~ A can be regarded as the maximum wave-
length for the ballooning mode of flute instability. With it,
magnetic loops with a thickness of about (3—6) x10® cm,

observed with the help of SOHO/EIT and TRACE, can be
associated. It is, however, seen from estimate (4.36) that
short-wave perturbations grow faster. This also means that
an initial long-wave perturbation has to split up into smaller
scales.

A minimum instability scale can be linked with plasma
heating within the flutes because of the dissipation of
diamagnetic currents with the scale Ap;,. If the heating time
ty of a plasma in a flute of thickness A, is essentially smaller
than the instability development time for a flute with
wavelength Anin, the plasma with augmented pressure will
have time to escape from the flute along magnetic field lines
under the action of a pressure gradient created due to heating.
As a result, the instability on this scale will disappear. Hence,
it is possible to assume that the minimum thickness of flutes is
determined from the condition that the times of heating and
flute instability growth are equal, thus yielding

F2 2/3
Jamin = <7p> . (4.37)
My Via\/g
For chromospheric regions with the parameters

T=8x10°K, n=125x10"cm™3, p=0.17 dyn cm™2,
F=0.75, and n,=4 x 10'° cm™3 [123], we find that Ay, >
3x10° cm. Comparing values of maximum, Amax ~
3 x 10% cm, and minimum, Ami, &~ 3 x 10° cm, thicknesses
of flute perturbations and taking into account that in flutes
with thickness Amin effective plasma heating occurs, it is
possible to assume that the observed coronal magnetic loops
(3-6) x10® cm in thickness are filled with thin hot magnetic
filaments 3 x 10°—3 x 10¢ cm thick. To observe such struc-
tures, a space resolution of 0.1” is required.

The assumption about the important role played by
filamentation of magnetic structures in heating solar and
stellar coronae was formulated by Litwin and Rosner [124]. In
addition, Ref. [108] showed that nearly homogeneous
temperature distributions along coronal magnetic loops,
recorded by the space observatory TRACE, can be explained
by the presence of subsecond structures aligned with the
magnetic field within the loops. Reference [107] made an
analysis of 41 loops observed with TRACE and reported
good agreement of the observed isothermality of the loops
with the existence of internal filament structure.

5. Acceleration of electrons in current-carrying
magnetic loops

5.1 Observational data and possible mechanisms

of acceleration

A significant part of the energy in stellar flares is released in
the form of high-energy particles. For instance, in solar flares
electrons with an energy of 20—200 keV carry up to 50% of
the flare energy, namely ~ 5 x 103! erg. The dominant
portion of electrons and ions in solar flares is accelerated to
energies of 100 keV and 100 MeV, respectively [125], and
causes hard X-ray and gamma emission in lines. Further-
more, gamma emission in continuum and sometimes
observed emission from neutral pions indicate that the
energy of electrons and ions in flares may reach 10 MeV and
1 GeV, respectively. If one conjectures that hard X-ray
emission from flares is the result of bremsstraglung from
fast electrons in the chromosphere (thick target model [126]),
an impulsive solar flare has to produce about 1037 electrons
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per second with an energy in excess of 20 keV for 10—100 s.
This implies that the energy release rate in the form of
accelerated electrons amounts to E, ~ 3 x 10%° erg s~! over
100 s, which adds up to a total energy of E.(> 20 keV) =
3 x 103! erg for the total number N(> 20 keV) = 10% of
accelerated electrons.

The requirements for the rate of electron acceleration
can be somewhat relaxed if one assumes that the spectrum
of hard X-ray radiation with energies less than 30 keV is
contributed by hot (~ 3 x 107 K) plasma, and radiation
with higher energies is generated by fast electrons having a
power-law energy spectrum. This makes up the contents of
the hybrid (thermal/nonthermal, T/NT) model [127]. In this
paradigm, the necessary rate of producing electrons with
energies E. > 20 keV drops to N, ~2x 10% s™! for a
process lasting approximately 100 s. This sums up to
Ne(>20 keV) =2 x 10%7, E.(>20keV) ~ 6 x 10* ergs~!,
and E.(> 20 keV) ~ 6 x 10% erg.

A variety of acceleration mechanisms has been proposed
to explain the generation of fast particles by flares. Very
roughly, they can be split into three major classes: (1)
stochastic acceleration by waves (the Fermi mechanism of
the second kind); (2) acceleration by shock waves, and (3)
direct acceleration in quasistationary electric (DC) fields.
Apart from these, a betatron mechanism is sometimes
invoked (for example, for collapsing magnetic loops [128,
129]), as is a mechanism of magnetic pumping [130].

Keeping in mind the correlation between flares and
coronal magnetic loops, let us consider the acceleration of
electrons in large-scale electric fields induced by the con-
vective motions of photospheric plasma at the footpoints of a
coronal magnetic loop (it is undoubtedly recognized that
other acceleration mechanisms can also be involved in the
solar corona). Large-scale electric fields are established in
coronal magnetic loops when loop footpoints reside at nodes
of several supergranulation cells. In this case, converging
plasma fluxes interact with the magnetic field in the loop
footpoints and generate an electric field of charge separation,
capable of efficiently accelerating particles under certain
conditions. A loop may store a fairly large amount of
energy, up to 10°2—10% erg, and furnish the energy release
of an energetic flare. This energy is contained in a nonpoten-
tial part of the magnetic field linked to the existence in the
loop of an electric current with a magnitude of up to
3 x 10'2 A, the current generated by photospheric convec-
tion and flowing along the loop [22, 37].

5.2 The region of acceleration:
Is it the chromosphere or corona?
In order to provide for the fluxes of fast electrons observed in
impulsive flares, a sufficiently large number of accelerated
particles should be available. What serves as their pool if they
are accelerated in flare magnetic loops? The total number of
electrons in a flare loop with 8 plasma density of 10'® cm—3,
cross-section area 10'® cm?, and length (1-5)x10° cm
amounts to (1—15) x10%”. In view of the fact that any sensible
mechanism of acceleration in a plasma provides for the
acceleration of only a small fraction of particles, it is clear
that the estimated total number of electrons contained in the
coronal part of the flare loop is far from sufficient to ensure
the necessary supply of particles even in the most favorable
case of the hybrid model (~ 2 x 10%7 electrons).

A magnetic loop comprises two important regions which
can, in principle, supply particles to be accelerated in

necessary numbers. The first region is the neighborhood of
loop footpoints located in the chromosphere. In the chromo-
spheric part of the loop, the column extending from the
temperature minimum to the transition region between the
chromosphere and corona contains about 5 x 10* particles
if the loop cross-section area in this region is assumed to be
~ 10'® cm?. If acceleration takes place in the chromospheric
part of the loop, then this number of particles is more than
sufficient to cover the needed number of electrons to be
accelerated.

The second possibility of enriching the flare magnetic loop
with particles occurs when it interacts with a prominence [37,
38]. In this case, the flare process can be triggered by a flute
instability developing in the loop top and bringing the dense
plasma of the prominence into the current channel of the
magnetic loop. The number of particles supplied by the
prominence in a flare time # ~ 100 s can be estimated as
N = 2narin, Vytr, where ry is the thickness of the prominence
tongue penetrating into the current channel, @ ~ 10% cm is the
half thickness of the loop, n, ~ 102 cm™3 is the plasma
concentration in the protuberance, and V,~ Vi~
2 x 10° cm s7! is the characteristic velocity of plasma inflow
into the loop current channel. It is approximately equal to the
thermal velocity of ions at the temperature of prominence
matter reaching approximately 5 x 10* K. These values of the
parameters yield N ~ 3 x 10%. This number is about one
order of magnitude larger than required by T/NT model but
remains several times smaller that the number required by the
nonthermal model of a thick target. Hence follows the
conclusion that the chromospheric part of the coronal loop
constitutes the preferred acceleration site capable of satisfy-
ing the demand for particles for the most energetic flares. For
flares with moderate energy release, the region of acceleration
can be confined to the vicinity of the loop top where the
necessary pool of particles is furnished by a plasma flux from
the protuberance (if any).

It is worth noting that the acceleration region near the
coronal loop top is also considered in the model of a
collapsing magnetic trap [128, 129]. This model, however,
provides only a very limited flux of injected electrons, as a
high-temperature current sheet located at the magnetic loop
top can accelerate not more than 10%® —10% electrons per
second.

5.3 Fluxes of electrons accelerated

in the loop electric field

One of the most efficient ways to accelerate a particle in the
region of flare energy release is achieved through the direct
action of an electric field. The large-scale electric field E of the
flare magnetic loop can play this role. In this case, it is
essential that if a magnetic field B is present in a plasma,
such that |B| > |E|, the particles will only be accelerated by
the projection of the electric field onto the magnetic field,
E|=EB/B. If E; is weaker than the Dreicer field
Ep :e/lw2/V2, the process of acceleration (escapmg)
involves only electrons with velocities V' > (ED/EH) 2y,
where V't is the thermal velocity of electrons, A is the
Coulomb logarithm, and @, is the Langmuir frequency. The
kinetic theory leads to the following formula for the
production rate of escaping electrons [131]:

N, = 0.35nv V,yx/8 exp (f V2x — %) , (5.1)
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where x=FEp/ E|, Vais the volume of the acceleration region,
vei = (5.5n4)/T3/2 is the effective frequency of electron—ion
collisions, 7 is the electron concentration in the plasma, 7 is
the temperature, and A is the Coulomb logarithm. In the
coronal part of a magnetic loop with rather large electric
currents, / = 10'2 A, and typical parametersn = 10! cm3, a
half thickness @ =5 x 108 cm, and 7 =10°—107 K, the
electric field resulting from the finite plasma conductivity is
too weak to impart any significant acceleration
(x = Ep/E)| > 200). The strongest electric fields are gener-
ated at footpoints of the magnetic loop through the effective
charge separation caused by the convective transport of
photospheric matter into the flux tube and the difference in
magnetization between electrons and ions. In a vertical
cylindrical tube with a radially converging plasma flow (this
setup will serve to approximate the part of the actual tube
located close to the photospheric footpoints), only a radial
component of the electric field of charge separation exists.
This component turns out to be perpendicular to the magnetic
field of a stationary tube (B, B.), implying that acceleration
by the charge separation field is absent in stationary
conditions. Acceleration does appear when the magnetic
field in the tube is deformed so that, for instance, a radial
component B, emerges. In this case, the projection of the
electric field onto the direction of the magnetic field becomes
(21]

_1—-F  oV,B?
T2 —F enc?(1 + aB?)

B,
E| 3 (5.2)
Here, the radial component of the magnetic field B, < B,
F = nymy/(nym, + nmy) is the relative density of neutral
particles, ¢ = en/me(v); +v.,) is the Coulomb conductiv-
ity, o = aF?/(2 = F) ¢’ nmyv,, v}, is the effective collision
frequency of a particle of kind j with a particle of kind &,
and V, is the radial component of the velocity of convective
plasma motion at the loop footpoint. Acceleration of
particles by the charge separation field can take place, for
instance, when flute instability develops at the magnetic flux
tube footpoint and a plasma tongue protruding into the
current channel with speed V, is nonuniform with height. In
this case, it can be shown that the radial component of the
magnetic field, viz.

t
B—-B2 [ V() de' (5.3)

620

is generated, so that there appears the electric field E)
accelerating the particles. The magnitude of £ increases as
the magnetic loop footpoints become hotter, as heating leads
to an increase in ¢ and a decrease in «. Simultaneously, the
relative density of neutral particles F drops. If warming is so
strong that ionization is nearly complete (F < 1), one can
consider that «B? < 1. In this limit, formula (5.2) simplifies as

1V, <w) B, ,
E~- —Bl—)—, aB~<1. (5.4)
=2 % v./) B
In the opposite limit, formula (5.2) reduces to
1 —F mVy. B,
B~ Bl Zr uB?s 1, (5.5)

F? e B’
It should be mentioned that for ¥, < 0 (the convective flux is
converging into the tube) the field component £, is directed

downwards and accelerates electrons toward the corona, and
ions toward the photosphere, i.e., the high-energy electrons
and ions are driven to different footpoints of the loops. This
leads to an arrangement in which sources of gamma emission,
produced by high-energy ions, and sources of hard X-rays,
generated by fast electrons, are spatially separated. Such
separation of sources of gamma (line 2.223 MeV) and X-ray
(150—-200 keV) emissions was registered, for example, by the
space observatory RHESSI [132] for the flare on 23 July 2003.

In the case of aB? > 1, the ratio Ep/E) is expressed by the
formula

Ep 5 n? A\’ B
D _g7x105 (2} 2
E| 8 B2V,.T5/2<20> B,

e ( PN (BN
U108 103 3 x 104
(T =270 AN? B

100 20/ B

Noteworthy is the strong dependence of the ratio Ep/E); on
the temperature and magnetic induction, which can vary in
wide limits in the acceleration region. From formula (5.6) it
follows that at B, = 0.1B the accelerating field can reach the
magnitudes of the Dreicer field or even higher if the
footpoints are heated to a temperature of 3.5 x 10° K. In
this case, all the electrons are involved in the escaping regime
and the electric field strength reaches 17 V cm™!. This allows
the particles to be accelerated to a limiting energy of about
1 GeV over the length scale of ~ 10® cm. Particular aspects of
electron acceleration in super-Dreicer fields were considered
by Litvinenko [133].

Extremal electric fields are only plausible for maximum
possible magnetic fields of ~ 10°® G and strongly heated
photospheric footpoints of the magnetic loop on the Sun,
which is certainly far from realized in all flares. Their
feasibility, however, demonstrates the potential of current-
carrying magnetic loops in effectively accelerating particles. If
acceleration proceeds in the chromospheric loop footpoints,
the rate of high-energy electron production will exceed
103° electrons per second. This is sufficient for the T/NT
model if we assume that in the acceleration region
n = 10" cm—3, the tube radius ¢ = 103 cm, 7= 10° K, and
the vertical size of the acceleration region 4 = 10% cm. In this
case, Ep/E| =26, Ej; =2.15x 107 V cm™!, and the energy
of the major portion of accelerated electrons reaches 200 keV.

(5.6)

5.4 Pulsed and pulsating regimes of acceleration

The appearance of a radial component of the magnetic field in
a loop footpoint, where a strong electric field of charge
separation is localized, can be caused, apart from the
development of flute instability, also by the excitation of
natural oscillations in the magnetic loop. The acceleration
process is apparently of a pulsed character in the former case
because of the aperiodic nature of the flute instability. In the
latter case, a pulsating regime of acceleration is possible. It is
often manifested in the form of quasiperiodic sequences of
type-111 radiobursts developing after flares.

5.4.1 Pulsed acceleration. A magnetic flux tube inflates on
leaving the photosphere for the chromosphere to accommo-
date a drop in the external pressure. The magnetic field lines
become curved there with the curvature pointing inside the
flux tube. If condition (4.34) is satisfied, a flute instability
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develops in a ballooning mode with a characteristic time
(4.36) of about 35 s. Within this time interval, the plasma
surrounding the flux tube penetrates inside it, generating the
radial component of the magnetic field. This ensures nonzero
projection of the charge separation electric field onto the
magnetic field, which serves as the cause of particle accelera-
tion. The time interval given by formula (4.36) can in the first
approximation be taken as a characteristic duration of the
impulsive phase of acceleration. The factor finally arresting
the acceleration process can be a decrease in the radial
component of convection velocity resulting from an increase
in the gas pressure inside the tube as the flare process
develops, or the halt of the flute of external plasma
penetrating into the magnetic loop. It should be noted that
this time agrees on the order of magnitude with the duration
of single impulsive flares (10— 100 s). For plasma parameters
in the acceleration region that were specified in Section 5.3,
the total number of electrons accelerated in the footpoints of
the current-carrying magnetic flux tube during the time
interval 7, amounts to N, (> 200 keV) ~ Nty ~ 3.5 x 10%.
This is quite sufficient to explain, in the framework of the
T/NT model, the observed efficiency of the acceleration
mechanism of hard X-ray emission generation in impulsive
solar flares [127].

Data on the linear polarization of hard X-ray emission
from solar flares, obtained with the satellite KORONAS-F
[the Russian abbreviation for complex orbital near-earth
observations of solar activity (photon)] also point to the
acceleration of electrons in pulsed electric fields rather than
to stochastic mechanisms.

5.4.2 Pulsating acceleration. The presence of broadband
periodic pulsations in some solar type IV radiobursts
indicates that sometimes a pulsating regime of electron
acceleration sets in immediately after a flare. It is character-
ized by noticeably smaller fluxes of fast electrons but usually
lasts much longer that the flare proper. An example is offered
by the event on 25 October 1994 explored in Ref. [134] which,
based on a combined analysis of spectral and heliographic
data in the radio band and on optical and X-ray data,
recovered the spatial structure of the source of radio
pulsations, which proved to be a coronal magnetic loop.
Electrons with velocities of about 0.3¢ were periodically
injected from the loop footpoint with a stronger magnetic
field, and moved further along the trap axis, generating a
sequence of type III bursts with a fast frequency drift. The
period of pulsations was 1.33 s on average, while the duration
of the pulsating phase was about 3.5 min, so that the
pulsations had a high Q-factor. Analysis of the efficiency of
the acceleration mechanism for this event [135] demonstrated
that the mean rate of electron acceleration in pulsations,
3 x 10% 57!, is approximately three orders of magnitude
smaller than the rate of electron acceleration in a solar flare
of moderate importance. Pulsations have also been detected
in flare radio emissions from the late type stars. For instance,
spectral analysis of low-frequency modulation of microwave
emissions from the flare on 19 May 1997 on AD Leo revealed
the existence of two regular components in the radio emission
spectrum: a periodic modulation with frequency gradually
decreasing from ~ 2 Hz to ~ 0.2 Hz in the process of the
flare, and a periodic sequence of pulses with the repetition
rate of about 2 Hz [16]. A fast negative frequency drift of
radio pulsations in this flare [15] is indicative of periodic
particle acceleration in lower atmospheric layers followed by

particle injection into the stellar corona. A detailed analysis of
this event led to the conclusion that the source of radio
emission in this case is a magnetic loop with current, and the
pulsations with gradually decreasing repetition rate stem
from the excitation of natural oscillations of the loop as an
equivalent electric circuit with the frequency defined by
formula (2.31) [16].

Oscillations of the coronal magnetic loop as an equivalent
electric circuit were considered in Ref. [136] for a possible
cause of appearing pulsations in the solar type IV radiobursts.
An argument in favor of this assumption is a high Q-factor of
the observed pulsations, which in this case is ensured by the
loop parameters. At the same time, the Q-factor of natural
MHD loop pulsations is rather low under the conditions of
the solar corona. It was mentioned above that the productiv-
ity of the pulsating regime of electron acceleration in the post-
flare phase of active region development, as estimated for the
event on 25 October 1994, proved to be approximately 3—4
orders of magnitude lower than the mean productivity for the
impulsive phase of a solar flare. The energy of electrons
(about 40 keV) accelerated in this event approximately
matched the characteristic energy of fast electrons acceler-
ated in the impulsive stage. As follows from formulas (5.1)
and (5.6), such a situation arises when the geometrical sizes of
the acceleration region are essentially decreasing, with the
parameters (7, n, B, B,, V;) of the acceleration process being
approximately constant.

5.5 The current of accelerated electrons.

The Colgate paradox

One more important question debated in the astrophysical
literature is concerned with heavy electric currents carried by
accelerated electrons [32, 33]. If the production rate of the
acceleration mechanism is estimated as dN./dr > 10%
electrons per second, it corresponds to the induced electric
current I = eN, > 1.6 x 105 A. If such a current flows in a
magnetic loop ~ 10'® cm? in cross section, an induced
magnetic field B = 6 x 10° G would accompany it, which is
in reality never observed in coronal structures. Two common
ways of circumventing this contradiction are considered.

The first possibility derives from the assumption that the
current of accelerated electrons is filamented, i.e., the current
channel is split into a bundle of thin current filaments with
opposite current directions in neighboring filaments, so that
the total magnetic field of the current channel does not exceed
the observed magnitude [137, 138]. It is not clear, however,
how a system of filaments with oppositely directed currents
can build up in a diverging beam of electrons. As argued by
Fadeev et al. [139], the filamentation of current is indeed
possible under certain conditions, but it is not accompanied
by current inversion in neighboring filaments, so that one
cannot eliminate the problem related to generation of strong
magnetic fields at the periphery of the current channel.

The second possibility is attributed to the induction of
reverse current in plasmas [140—143]. Let, for instance, a
beam of electrons of radius r( be injected into a plasma along
the z-axis of the external magnetic field. Then, the field
component B, at each given point in the plasma will vary
with time as the leading front of the beam passes through it.
The variation in B,, leads to the appearance of an electric field
E. at the beam leading front, acting on plasma electrons so as
to induce a current directed against the injected current.
Subsequently, the beam current gets reduced to its full
compensation. If the radius of the fast electron beam exceeds
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Figure 12. Image of two interacting flare loops (Radioheliograph Nobeyama, 17 GHz). The white line in figure (a) marks trajectories of propagating
relativistic electrons (source coordinates in angular seconds are plotted on the axes). In plate (b), line A marks the propagation of particles along the loop

at a velocity of ¢/30, and line B at the speed of light [144].

the screening length (v > ¢/w,), the magnetic field is absent
forr > ry. The beam current is compensated for by the reverse
plasma current which is almost entirely confined inside the
beam. The condition of complete neutralization is formulated
as c/wp < ro, veit < 1, where ¢ is the time elapsed after the
electron beam injection. For time instants satisfying the
condition vz > 1, the reverse current decays and the
neutralization gradually disappears. However, the character-
istic decay time for the reverse current is determined by the
magnetic diffusion time 7p = mord/c?, which for ry on the
order of the loop thickness exceeds significantly all time scales
intrinsic to flare processes. Thus, it is plausible to suppose
that the injection of accelerated electrons does not change the
external magnetic field.

5.6 Turbulent regime of high-energy particle propagation
Confirmation of the existence of wave — particle interaction in
the solar corona is provided by the unusual character of high-
energy particle propagation. Thus, in a flare on 28 August
1999 [144] relativistic electrons generating synchrotron
radiation at a frequency of 17 GHz traveled along the
coronal magnetic loop at a speed 30 times slower than the
speed of light (Fig. 12). This phenomenon can be explained as
being a consequence of strong turbulent diffusion, when the
output of the high-energy particle accelerator is J > J, =
¢Bo/(4mel) cm~2s~! [145, 146]. A low-frequency whistler
turbulence excited by the electron streams effectively scatters
the relativistic particles over the pitch angle. As a result,
instead of free propagation, the electrons are affected by an
anomalous (turbulent) viscosity and move with a velocity
close to the phase velocity of whistlers, 0.03¢ [147].

The second example is offered by the absence of appreci-
able linear polarization (<0.07%) in the Ho-emission from
flares, generated by streams of energetic protons upon their
braking in the chromosphere [148]. The most likely cause of
this phenomenon is attributable to isotropization due to
scattering on small-scale Alfvén waves excited at ion cyclo-
tron resonance by protons with an energy of E, <1 MeV
[149]. In this case, the protons are efficiently scattered over
the pitch angle (strong diffusion) if the capacity of the
accelerator exceeds the threshold value of J, = 5 x 102
protons per cm? per s. Observational data on high-energy

particles in solar flares imply that the generation rate of
protons with the energy E, ~ 1 MeV is on the order of
1033 -10** protons per s [125]. Assuming that the area in
which the streams of protons enter the chromosphere is
estimated as ~ 10'® cm?, we find for their flux the following
estimate: J ~ 10 -10'¢ em 257! » J,.

The regime of strong diffusion also brings about time
delays in gamma emission in lines with respect to hard X-ray
emissions in solar flares for simultaneously accelerated
electrons and ions, as the front velocity of small-scale Alfvén
turbulence created by high-energy ions is lower by an order of
magnitude than the velocity of the turbulent whistler ‘wall’
created by fast electrons [150].

6. The coronal loop as a magnetic trap

The magnitude of a magnetic field at the footpoints of a
coronal loop located in the photosphere exceeds its magni-
tude at the loop top, so that the loop represents a magnetic
trap for charged particles. Coronal loops on the Sun and stars
are the sources of intense nonthermal radio emission. The
emission originates from high-energy electrons which land in
magnetic loops owing to acceleration processes and stay
there, confined by the magnetic field of the trap. The
confinement time of high-energy particles is determined by
either Coulomb collisions or wave —particle interaction. In
low solar loops having high plasma density, gyrosynchrotron
emission of high-energy electrons prevails. Nevertheless, the
plasma mechanism of radio emission can play a certain role in
some events.

Emissions from high loops (with wavelengths from several
decimeters to several dozen meters) exhibit great diversity and
a well-developed fine structure and are in most cases of a
‘maser’ origin. Their observations and analysis are important
for diagnosing the coronal plasma and explaining processes
proceeding there. A relatively high intensity of emissions is
ensured by particle population inversion, leading to instabil-
ity of small-scale waves which have low generation thresholds
in high and less dense loops. These waves, in turn, can change
particle distributions or affect their dynamics and propaga-
tion. If the pressure exerted by high-energy particles is
sufficiently high, large-scale instabilities develop in the
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magnetic loop, which allow high-energy particles to escape
from coronal loops.

6.1 Charged particle distribution in loops

The appearance of accelerated particles in a loop forms the
distribution ‘equilibrium plasma + high-energy particles with
a loss cone’ which is unstable with respect to the generation of
waves of various types. Indeed, one can readily find that for
coronal loops with the parameters listed in Table 1, the mean
free path of particles of the background plasma with
temperature 7 = 10°—107 K is much shorter than the loop
size, and that high-energy ( = 30 keV) electrons and ions
(=1 MeV) are collisionless. Apart from this, in a magnetic
field with induction of about 100 G the gyroradius of high-
energy particlesis r. = v/w. < 10 cm < /. Under these condi-
tions, accelerated charged particles with the momentum
components ratio p, /p| < (o — 1)_1/2, where 6 = Buax/Bumin
is the magnetic mirror ratio, and Bp.x and By, are the
magnetic field inductions at the footpoint and top of the
magnetic loop, respectively, cannot be confined by the loop
magnetic field and ‘precipitate’ to the footpoints. Particles
trapped by the loop hence form a loss cone in the momentum
space, where the distribution of particles can be represented as

2
ny

filp :—eXp<f—>

@) (2r)*%a3 cos 0, 2a*

x [H(0 — 0o) — H(0 + 0, — )], (6.1)

where H(x) is the Heaviside function defined as

I, x=0,
H(x):{o, x <0,

0 is the angle between the directions of particle momentum
and the magnetic field vector, cos ) = [(o — 1)/a] ', ais the
variance, and n; < ny. From data on X-ray emissions from
solar flares it follows that the distribution of accelerated
electrons over energy is often characterized by a power-law
spectrum:

fiocm EZ°[H(0 — 0o) — H(0+ 0y — )] . (6.2)
It cannot be excluded that there are streams of high-energy

particles in loops with the distribution described as a ‘hollow-
beam’:
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For some applications, a convenient choice for the particle
momentum distribution in a loop is as follows [151]:

2 P2
cocniplexp | —= |,
/ P1 P LZZ

i

(6.4)

where # = 0 for the background equilibrium plasma (i = 0),
and n =1, 2, 3, ... for high-energy particles (i = 1, n; < ng).
Various model forms of high-energy particle distributions,
typical for magnetic traps, can be found in the monograph by
Mikhailovskii [152] and review [153].

6.2 The loop as an electron-cyclotron maser

The instability of ordinary (o) and extraordinary (x) waves at
the harmonics of the electron gyrofrequency, also dubbed the
electron-cyclotron maser (ECM), was considered as a

possible reason for intensive radio emissions from solar and
stellar flares [153—160], auroral emission from the Earth in
the kilometer wave range [161], and Jovian decameter radio
emission [162]. The interaction between waves and energetic
particles takes place under conditions of cyclotron resonance:

me — smowe — kp| =0, (6.5)

where m =myl’, my is the electron rest mass, and
I = (1 —v2/c¢?) "2 is the Lorentz factor. For solar coronal
loops, the ECM-related radio emission was first studied in
Ref. [155]. The most favorable conditions for ECM emission
are realized in rather strong magnetic fields, where the
electron gyrofrequency exceeds the plasma frequency,
¢ > wp, 1.e., in active regions of the Sun and flaring stars.
The wave instability growth rate for the sth harmonic is
expressed in the form [163]

S0
Yo,x = J dp AoAx(p, k) 0 (w T kH’UH>

sw. 0 0
C - k _ .
x (FUL . TR apl)fl(m,m% (6.6)
where
4n2e2y?
Ao,x(pak) = — 2
@No x [0(0N, x) /dw] (1 + T2 )
‘Koﬁxsinﬁ + (cos ¥ — Noxvj/c) To x o4 27 6.7)

No x(vi /c) sin?®

Js(@N, xvy sind/wcc) is the Bessel function, o is the angle
between the wave vector and the magnetic field vector, T, «
and K, x are the polarization coefficients, and N,  is the wave
refractive index [163]. The results pertaining to studies of the
linear phase of ECM instability [152—-159, 161-163],
described by formulas (6.6) and (6.7), for various distribu-
tions of fast electrons with a loss cone, and different ratios
wp /o, and also to the quasilinear phase of the ECM [160],
can be summarized as follows. The extraordinary wave at the
first harmonic of the gyrofrequency is predominantly
generated in strong magnetic fields (wp/we <0.24—0.4).
Within the interval 0.24—-0.4 < w, /o, < 1, it is the ordinary
wave at the harmonic with s = 1. Maximum growth rates are
of the order

ni

2o~ 1020 g m2x 1073 g

6.8
. . (6.8)

and in both cases are realized for waves propagating at
Ym =~ 70° to the magnetic field vector. The angular width of
the directivity pattern for the excited waves is Ad ~ 3°. If
wp/we > 1, the maximum growth rate is found for potential
waves with upper hybrid frequency wy, = (wé —l—wf)l ,
while the growth rate for ECM emission in the form of an
x-mode at frequency w = 2w, is smaller by several orders of
magnitude.

6.3 Problem of escape of radio emission

from stellar coronae

An electron-cyclotron maser generates electromagnetic waves
as such, without losing energy in transformation processes,
and at first glance seems to be a rather efficient mechanism.
Nevertheless, the escape of ECM emission out of hot (107 —
108 K) stellar coronae presents a problem because of the
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Figure 13. Dependence of the optical thickness of cyclotron absorption for ordinary and extraordinary waves with a frequency of 4.85 GHz on the angle of
propagation ¥ in a stellar corona at levels s = 2, 3, 4, 5 for typical parameters of red dwarfs in the cases of ‘cold’ (a) and ‘hot’ (b, ¢c) coronas. It can be seen
(d) that for T'= 107 K the transparency window for the x-mode is virtually absent at the second gyrolevel, whereas it is 11° for the o-mode. The respective

values are 4° and 25° at the third gyrolevel.

strong cyclotron absorption of waves by the coronal plasma.
Indeed, an ECM conditioned by a loss cone generates
preferentially extraordinary waves around the direction
perpendicular to the magnetic field vector. Propagating
through overlying layers of coronal plasma, the x-waves
suffer from strong absorption at the harmonics of the
electron gyrofrequency. There exist only narrow ‘windows’
along the magnetic field that allow the ECM emission to
escape [164, 165]. Vlahos et al. [166] attempted to describe
cyclotron absorption in the solar corona as a function of the
wave propagation angle. However, computations of optical
thickness of cyclotron absorption were performed incorrectly
in Ref. [166] and gave a rather broad escape window for
the x-mode in the direction transverse to the magnetic field.
Robinson [167] drew attention to the existence of a window
transverse to the magnetic field for the ordinary mode and
proposed a mechanism for the escape of extraordinary waves
at the gyrofrequency (s = 1) through their linear conversion
into ordinary waves. In this case, the optical thickness of
gyroabsorption decreases by a factor of several hundred.
However, as will be shown further (Fig. 13), the wave escape
windows in the direction transverse to the magnetic field are
much narrower than along it.

The computation of cyclotron absorption at harmonics
with s = 2, 3,4, 5 for characteristic frequencies of signals from
flaring stars observed with radio telescopes in Arecibo and
Effelsberg (1.4—5 GHz) was carried out in Refs [164, 165].
The expression for the optical thickness of the absorption
process has the form [163, 168]

w 2a)LBI s\ % 252
s = = 2 — S\ A5 i - 0,X
To x (s = 2) n(wc> B s!<2> (Brsin®)™ " C,,
(6.9)

where Lp is the characteristic scale of magnetic field

inhomogeneity, 8 = +/2T/mc?, and

(1 =T, xcosv — Ko,xsinﬁ)2

Coﬁx:No,x 1+T§

(6.10)

Notice that formulas (6.9) and (6.10) hold for ¥ # n/2. At
¥ = 1/2, relativistic corrections and singularities in T, x and
K, x should be taken into account [163, 164].

Figure 13 shows that the most favorable conditions for the
escape of radio emission from the corona for o- and x-modes
at harmonics with s> 2 exist in the direction along the
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Figure 14. Dependences of the probability of induced xx-scattering (a), xo-scattering (b), and oo-scattering (c) on the angle 6 between the wave vector of
the scattered wave and the magnetic field vector for various values of scattered wave frequency. 0’ = 70° is the angle between the magnetic field vector and
the wave vector of the scattered wave, corresponding to the maximum increment of ECM wave generation. The dashed line in (c) depicts the probability of

ox-scattering in the region above the cut-off frequency at w, = . [169].

magnetic field, with escape windows being much broader for
ordinary waves. Thus, solution to the escape problem for
radio emission in stellar coronae lies in searching for efficient
mechanisms of the ECM emission ‘transfer’ to the escape
windows. The most likely mechanism of transfer over the
angle is offered by processes of induced scattering of
electromagnetic waves on particles of thermal plasma [169]
and small-scale turbulence [164].

Reference [169] explored the possibility for radio emission
generated by an ECM at a frequency close to the electron
gyrofrequency to escape through scattering on ions of
thermal plasma under conditions encountered in coronae on
the Sun and red dwarfs. The appropriate computations
revealed that the induced wave scattering gives rise to the
formation of condensate of ECM emission with wave vectors
spanning directions close to that of the magnetic field, which
has to facilitate the escape of emission through the escape
windows (Fig. 14). Although the efficiency of integral
scattering of an extraordinary wave with its transformation
into a like wave (xx-scattering) is significantly higher than the
efficiency of scattering for an ordinary wave without
transformation (oo-scattering), the narrow escape windows
for the x-mode drastically reduce the feasibility of its escape
from the corona. For instance, only 0.1% of scattered
radiation of the x-mode can leave the corona of AD Leo. On
the other hand, notwithstanding the lower efficiency of oo-
scattering (Fig. 14c), the angular width of the condensate of
ordinary waves is narrower than the transparency window
width (see Fig. 13). Thus, if the level of excited waves is
sufficient, the major part of ECM emission leaves the source
by virtue of the induced scattering from the instability domain
into the transparency window. Hence, it follows that strong
ECM emissions from flares on stars should be polarized as an
ordinary wave.

In addition to Langmuir and high-frequency electromag-
netic waves, flares on stars are accompanied by excitation of
small-scale waves of other types: whistler, ion-acoustic,
Alfvén, and fast magneto-acoustic. Estimates based on the
formulas of Ref. [170] indicated that induced angular
scattering of ECM emission proceeds most efficiently on
ion-acoustic turbulence; its level should reach the values of
W, /noT = 107> —10~* in stellar coronae [164].

6.4 Plasma mechanism of radio emission

from coronal loops

In a sufficiently dense plasma of coronal loops, such that
wp/we > 1, a plasma mechanism of radio emission domi-
nates. It was first invoked by Ginzburg and Zheleznyakov
[171] for explaining type III bursts of solar radio emission.
The plasma mechanism supposes that initially the Langmuir
waves are excited owing to inverse population of energetic
electrons. These waves then transform into electromagnetic
waves escaping the corona. The plasma density may reach the
values of ny ~ 10'' —10'> cm~3 in flare loops on the Sun [172,
173] and most stars of late spectral classes [13], so that the
condition wp,/w, > 1 remains valid even in magnetic fields
with induction B> 10° G. The authors of this review
suggested in Ref. [174] a plasma mechanism for hot flare
loops on the Sun, emitting radiation in the frequency range of
1-10 GHz. Reference[174] deals with the cases of ] /w7 > 1
and kv > w., where emission at frequency w comprises
several harmonics of the gyrofrequency. Under these condi-
tions, the instability growth rate of plasma waves with o ~ w,,
and k| > k| is given by [152]

) ofi/dv?

no (% * 2
S T
0 Jco w2 /k? Vi —w?/k

Substituting the distribution function of type (6.1) for high-
energy electrons into Eqn (6.11), we find the instability
growth rate for the Langmuir waves. Its maximum value for
a sufficiently large value of loss cone (¢ ~ 2) is defined as

(6.11)

n
~0.1 —wp.

(6.12)
ny

Ymax
The damping of plasma waves via electron—ion collisions,
Vei & 6Ono/T3/2, sets the lower instability threshold with
respect to the density of high-energy particles:

Moo ~sx1077.

6.13
100 (6.13)

Besides collisional damping, one has to make allowance for
Landau damping in hot coronal loops. The plasma wave
instability diagram in relation to the mirror ratio of a compact
flare loop is presented in Fig. 15a [174].
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Figure 15. (a) The region of instability of plasma waves for the distribution (6.1) of high-energy particles for 7= 107 K, and V, = a/m =~ 10'® cms~'. (b)
The instability region for the distribution (6.14) at T =3 x 107 K (curve /), 1.2 x 107 K (curve 2), 7 x 10° K (curve 3), and 4.5 x 10° K (curve 4). (c) The
instability region for the distribution (6.14) for ny = 3 x 10' cm~ and plasma temperature 7 < 3 x 10° K/(¢ — 1) in the case when collisional damping

is stronger than the Landau damping.

Reference [175] dealing with plasma radio emission of the
continuum type from solar loops found plasma wave
instability regions for a power-law velocity distribution of
electrons with energy E > 10 keV and a loss cone which
instead of sharp boundary (6.2) has a boundary depending
on the energy:

n : — (g — ﬁ
fl('UH/UL) X (UHz +UJ2_)6 [1 - eXp(fy)] , V= ( 1) Uﬁ .
(6.14)

On substituting distribution function (6.14) into formula
(6.11), the instability regions with respect to the density of
high-energy electrons were found taking into account both
Landau damping (Fig. 16b) and damping due to particle
collisions (Fig. 16¢).

The excited plasma waves are transformed into electro-
magnetic waves via scattering on particles of thermal plasma
(Rayleigh scattering). The conservation laws in this process
are as follows:

or—o=(ki—Kk)v, (6.15)
where w; and k¢ are the frequency and wave vector of
electromagnetic waves, and v is the velocity of scattering
particles. The Rayleigh scattering on plasma ions is the most
efficient in producing radio emission in the fundamental tone:
y =~ wp. The dispersion relations for plasma and electro-
magnetic waves in the limit of ) /w? > 1 assume the form

w? :wé—i—Bv%kz, ol :wg—l—ktzcz. (6.16)
Dispersion relations (6.16) and energy conservation law
(6.15) define the region of nonlinear interaction between the
waves:

v o 2 v
Ln = 3L’1 E (kmax - kmin) ~ 3Ln p ) (617)
p

where L, is the scale of particle concentration inhomogeneity
for the source located in a stellar coronal magnetic loop,
L, = ny/|Vnygl|, vt and v are the velocities of thermal plasma
particles and energetic particles, respectively, and ky.x and
kmin bound the spectrum of excited plasma waves.
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Figure 16. Dependence of the brightness temperature T, of radio emission
on the plasma turbulence level w = W/nT: (a) for a dense flare loop on the
Sun at 7 =3 x 10° K, when the fundamental tone is observed at a
frequency of 10 GHz [174]; (b) for a loop on the red dwarf AD Leo at
T =107 K and energy of accelerated electrons E = 30 keV, when the
fundamental tone corresponds to a frequency of 1.4 GHz. The solid,
dashed, and dotted lines correspond to L, =3 x 10° ecm, L, = 10° cm,
and L, = 10® cm, respectively [176].

The transfer equation for the brightness temperature of
emission is written out in the form [168]

Ty

7 =4 it ue) T, (6.18)
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where «a is the radiating capacity, py is the coefficient of The radio emission flux from a star is expressed as
absorption (amplification) due to nonlinear processes, and y,
. .. j . . 27 fZ A
is the collisional absorption coefficient. Sy = b/ A4 (6.23)
. . . . ) N
The solution of the transfer equation (6.18) is given by 2 d?

T :MCJ‘:HN {1 —exp (—JOLN(chruN)dl)} . (6.19)

where Ly is expressed by formula (6.17). For Rayleigh
scattering, the coefficients of emission and absorption are
written out as follows [168, 174]:

T Wp 2 T m W, v
AR — MUW, N R =T — — 5 W,
36 v, 108 m; vy v3
2
W Vei Vei
_p 1 el
po=—% Z~=2, (6.20)

where v, is the group velocity of electromagnetic waves, and
w= W/nyT is the plasma turbulence level. Since uy; is
negative, for | pun;|> i, i.e., provided the plasma turbulence
level is sufficiently high, an exponential growth in emission
brightness temperature is possible, which yields a maser-
effect.

Radio emission at a doubled plasma frequency is
generated as the result of Raman scattering of plasma
waves. The energy and momentum conservation laws take
the form:

o)+ =w, ki +ky =k, (621)

where w; and k;, and w;, and k; are the frequencies and wave
vectors of interacting plasma waves. The emissivity and
absorption coefficient have the form [168, 174]

L @n)® ogmT

“r 15v/3 we3A? v

~ Vei

Heo 2\/§C .

Here, 4 = (4n/3)(k2, —k2.,) is the phase volume of the
plasma waves. Examples of the behavior of the radiation
brightness temperature at the fundamental tone and the
second harmonic as a function of the plasma wave turbu-
lence level w are given in Fig. 16 for the Sun and AD Leo. The
radio emission at the fundamental tone prevails when the
plasma wave turbulence level is relatively high
(w~107>—10"% in Fig. 16). For lower levels of plasma
turbulence, the emission at the doubled plasma frequency
dominates, reaching values of T}, ~ 10'*—10'* K on AD Leo
for w = 107>, whereas the radiation brightness temperature in
the fundamental tone is Ty =~ 10'°—10'2 K. The value of w
that marks the exponential amplification of the fundamental
tone emission (the maser-effect) depends on loop parameters
and is confined to the range w ~ 4 x 1076—107*.

According to Eqns (6.17) and (6.19), hot (T > 107 K)
stellar coronae foster a higher efficiency of the plasma radio
emission mechanism compared to that in the solar corona
because of the essentially increased transformation length
Ly =3L,(T/E). Moreover, the high temperature of stellar
coronal loops leads to reducing the phase volume 4 of plasma
waves and thus favors the growth of radio emission bright-
ness temperature of the harmonic. Relatedly, collisional wave
damping is also reduced. This answers the question of Abada-
Simon et al. [54] as to why the plasma mechanism of radio
emission is more efficient on stars than on the Sun.

_(n) o
HNo = 15\/§ ve3d

w,

(6.22)

where A is the source area, and d is the distance to the star.
Assuming the value of brightness temperature to be
Ty ~ 10 K, and L, =+v4=3x10°cm, for AD Leo
(d=4.85pca 1.55 x 10! cm) we find Sy~ 3 Jy at a fre-
quency f'=4.85 GHz. Such fluxes accompany energetic
flares on red dwarfs. For a close binary system, exemplified
by AR Lac, for Ty = 10 K, 4 =9 x 10?° cm?, d = 50 pc =
1.5 x 10%° cm, and /= 1 GHz from formula (6.23) it follows
that Sy~ 120 mJy, which also agrees with observed radio
emission fluxes from close binary systems.

Above we were in fact limited to the case of isotropic
plasma in which the directivity patterns for the radiation in
the fundamental tone and harmonic have dipole and quadru-
pole shapes, respectively [168, 177]. The directivity patterns
for the plasma emission mechanism in a magnetic field were
computed in Refs [165, 178]. In a magnetoactive plasma, the
directivity pattern for Rayleigh scattering of a plasma wave
incident on the scattering volume perpendicular to the
magnetic field is expressed as follows [179]:

2\’ N2—1\?
D) =N |[e -1 2 S ——
©) Kgl +N2—81> talv o,

82 2
X{«S]Jrsl 2 +2 2
(N2

P e (N%in@cos@)?l
NI—¢ 7 N2sin? 0 — & '
(6.24)

Here, 0 is the angle between the wave vector k; of a scattered
electromagnetic wave and the vector By of external magnetic
field in the scattering volume, and N is the refractive index for
electromagnetic waves [168]:

N,
20(1 —v)

2(1=v) — usin® 0 F (u?sin* 0 + 4u(1 — v)* cos2 0)"/*
(6.25)

—1-

where the subscript x (and the upper sign) correspond to the
extraordinary wave, v = /0? and u=wl/o*. The
components of the permittivity tensor are as follows:
er=1—-v/(1 —u), & =+uv/(l —u), and &5 =1 —v. Only
an ordinary wave with a frequency close to wy, leaves the
source, since NX2 < 0 for extraordinary waves. If the observed
radio emission at 1.4 GHz corresponds to the fundamental
tone Wy = (w]f + wf)m, then, for instance, at w]f/cof =3,
the plasma density and magnetic field induction in the source
are, respectively, ny ~ 2 x 10" cm™3 and B =250 G. The
pattern D(0) normalized so that D(0) =1 is displayed in
Fig. 17. In isotropic plasma it corresponds to a dipole
emission D(0) o cos’> 0. The magnetic field influence is
manifested in narrowing the fundamental tone directivity
pattern.

Narrowing the emission directivity pattern is also facili-
tated by a high level of plasma wave turbulence, at which the
scattering of the waves on particles, governed by relationship
(6.15), acquires an induced character and the intensity of
radio emission varies as oc exp (t cos? 0), where 7 is the optical
thickness of the process (6.15). This issue was first pointed out
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270

Figure 17. Directivity pattern of plasma radio emission at the fundamental
tone (ordinary wave), when the initial spectrum of plasma waves is
directed transverse to the magnetic field. The solid line corresponds to
isotropic plasma, the dotted one to the case ofwrf/wc2 = 3, and the dashed
line describes the diagram of induced emission o< exp (tcos® 0) at t = 10
[179]; k,, is the wave vector of plasma waves, and k is the wave vector of the
ordinary mode.

by Ginzburg et al. [180, 181] when interpreting radio
emissions from pulsars. A regular refraction of radio waves
in a corona with plasma density decreasing with height is also
conducive to narrowing of the emission directivity pattern
[168]. Both these circumstances made it possible to explain the
very confined radio emission with the angular width ~ 5°
from the magnetic, chemically peculiar star CU Virginis (HD
124224), observed with VLA [182], by invoking the plasma
mechanism [178].

Thus, the most favorable conditions for the escape of
emission from stellar coronal loops are inherent in the plasma
radio emission mechanism for which, in particular, the
fundamental tone directivity pattern possesses a maximum
along the magnetic field. The directivity pattern of emission at
the harmonic preserves its quadrupole character in the
magnetic field [165] so that it needs additional scattering
over angles to escape through the transparency windows,
similar to the case with the ECM.

6.5 Instabilities of whistlers and Alfvén waves

In addition to the waves mentioned above, coronal loops host
other modes too, in particular, whistlers and Alfvén waves
which, as shown in Section 5, affect to a large degree the
dynamics and propagation of high-energy particles through
wave —particle interactions. From the dispersion relation for
whistlers, namely

k2c?| cos V)|

and cyclotron resonance condition (6.2), the velocity of high-
energy electrons that are at resonance with the waves is
determined as follows:

w. — o |o¢|cosd| —w
|’UH| = .
wp 1)

(6.27)

For the distribution function (6.2) of high-energy electrons,
the instability growth rate is given by [183]

no._s 2 )
Yw :27T2(DC CoS 90C A E‘r o+l (tan2 90 — m m) s

no
(6.28)
where
_ Epin
¢=0-1 4mcos 0’

We — W

2
me

E=———7—),
2 (kcosﬂcos()o>

and Ey,;y, 18 the lower energy bound for high-energy particles.
Formula (6.28) allows one to obtain the necessary instability
condition, o < (6 —0.5)/(¢ +J—1.5), which, for
instance, at 6 = 3 and ¢ = 10 gives o < 0.22w.. Combining
the latter inequality with formula (6.27), one obtains a
threshold energy for fast electrons [184]:

2
E> Eu— 5.265(ﬁ> keV], (6.29)

108

where ¢=(6—1)*/(6—-0.5)(c+d—15)* For &=23,
6=10, and Vy=10cm s~!, formula (6.29) gives
E.: = 11.6 keV. Expression (6.29) differs from that obtained
by Melrose and Brown [185] by the presence of coefficient &.
To estimate the growth rate, it is possible to use the relation-
ship [186]

hthAén—l

6.30
o, T (6.30)

where 4 =~ (g — 1)71 is the degree of anisotropy. An analysis
made in Refs [184, 186] indicates that Landau damping is
most significant for whistlers in solar coronal loops. It
exceeds by several orders of magnitude cyclotron damping
and damping pertaining to Coulomb collisions. Indeed, when
whistlers are propagating along the magnetic field Landau
damping is absent because the longitudinal component of the
wave electric field is zero. However, this component is gained
for whistlers propagating in curved magnetic fields in the
loops, so that Landau damping arises with the relative
decrement [187]

V_L:\/‘I_T, sin”d B(x), x— ) .
\/EkVTCOSQ9

(6.31)

w 4 cos? w,

The function @(x) was tabulated in Ref. [187], its values being
&d(x <1)~1/x and @(1) ~ 1. Landau damping limits
energy growth in excited waves, especially in flare loops with
plasma temperature > 107 K, so that a regime of strong
diffusion of particles in whistlers is not necessarily realized
[184]. Nevertheless, for propagation in a filamented loop
composed of multiple thin filaments, or in plasma compac-
tion along the loop axis — the duct — the amplification of
whistler amplitude can be significant [147, 188]. In such cases,
the instability threshold with respect to density of high-energy
electrons is determined by Coulomb collisions with
Veoll R Vei® /), Which, with account for formula (6.30) and
for 6=3, o6=10, npy=10"cm=3, B=100G, and
T = 107 K, gives the fairly low threshold: n; /ng > 107,

In contrast to accelerated electrons, which are preferen-
tially exciting high-frequency waves (electromagnetic waves
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at harmonics of the electron gyrofrequency, Langmuir waves,
whistlers, and Bernstein modes), anisotropic high-energy ions
in coronal loops are responsible for the generation of low-
frequency (o <€ w;) Alfvén waves [186, 189—191] (here, w; is
the ion gyrofrequency). The Alfvén waves generated in the
Galaxy by cosmic rays with an energy of 1 — 100 GeV can have
a significant impact on the character of cosmic ray propaga-
tion in the interstellar gas [192]. Expressions for instability
growth rates of small-scale (4 = 2nv/w; < 107 cm) Alfvén
waves for various types of anisotropy of high-energy ions
are given in Ref. [190]. As an illustration, for the momentum
distribution of type (6.4) the instability growth rate at ion
cyclotron resonance is expressed as

e E2 ] ep(2)
8mo Lo J1g kg 2

(6.32)

where k§ = 2(o/w;) ki, and y = wi/k”(T/mi)l/2. In the case
of propagation along the magnetic field (k; = 0), formula
(6.32) coincides with the known expression of Kennel and
Petscheck [193]. Maximum value of growth rate (6.32) can be
represented as

Ta & 0.40np, (6.33)

where f8, = 8mp,/B2, and p, is the pressure exerted by high-
energy protons.

Alfvén waves refract, propagating in the curved magnetic
field of a loop. As a result, similar to whistlers, they may get
out of the quasiparallel propagation regime, k; > kjj\/o/w;,
and experience Landau damping, which will limit the growth
of their amplitudes [189]. However, the dispersion of Alfvén
waves stemming from plasma gyrotropy, o/w; < 1, allows
them, nevertheless, to preserve quasilongitudinal propaga-
tion, since the loop makes up a wave duct for Alfvén waves
[190].

6.6 Fine structure of radio emission from loops

At the inception of radioastronomy, emission from solar
coronal loops was attributed to broadband bursts of type IV
and type V in meter and decimeter wave ranges. With growing
frequency and time resolutions of radio telescopes, the true
richness of the fine structure in radio emissions from the Sun
and stars has become apparent. One type of fine structure in
loop emissions — quasiperiodic pulsations — was considered
in Sections 2 and 3. Pulsations do not exhaust, however, the
full diversity of the mature fine structure pertaining to radio
emission of solar and stellar flares. There are also sudden
reductions, zebra patterns, fiber bursts, and spike-bursts.
Clarification of the mechanisms responsible for generating
the fine structure of radio emission is important for diagnos-
ing flare plasma and understanding the origin of flares on
stars.

6.6.1 Sudden reductions. Such reductions were observed
against the background of broadband continuum radio
emission from the Sun [194, 195] and red dwarfs AD Leo
and YZ CMi [7]. The authors of this review conjectured that a
rapidly drifting sudden reduction comes from streams of
high-energy electrons entering the loop and filling the loss
cone [196]. This leads to a breakdown of loss cone instability
— the cause of continuum radio emission. To this effect, the
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Figure 18. Dynamic spectrum (intensity of emission as a function of
frequency and time) of fast drifting sudden reductions in radio emission of
the star YZ Cmi (425-435 MHz) [7] and the Sun (213253 MHz) [197].

relative concentration of a new portion of energetic particles
invading the loss cone may remain relatively low, ny /n; = 0.2
[196]. A similar idea on the origin of the sudden reductions
was formulated later in Ref. [197]. This mechanism explains
sudden reductions in a natural way (Fig. 18) and serves as a
clear confirmation of the existence of stellar coronal loops —
magnetic traps for high-energy particles.

6.6.2 Zebra pattern. Against the background of broadband
radio emission of solar flares at meter and decimeter
wavelengths, quasi-equidistant (in frequency) bands in emis-
sion are often observed. Their number can exceed ten
(Fig. 19a, b).

The most elaborated to date is the model of the distributed
source of the zebra pattern [168, 199], which assumes that the
emission bands arise on fulfilling the condition of double
plasma resonance in a coronal loop, swc:(wg—l—wcz)l/z,
which ensures a maximum instability growth rate for plasma
waves. An example of the along-loop distribution of hybrid
frequency wu, = (wg +cuC2)1/ 2 and the harmonics sw. of
gyrofrequency is presented in Fig. 19¢, d [199]. The points of
curve intersection define the regions of double plasma
resonance, at which enhanced generation of longitudinal
waves takes place. The interval between bands of zebra
patterns, in which radio emission arises at a double plasma
frequency, is expressed as

2(s— 1) w.Lp

Ao~ —— 7=
|(s— 1) Lp — sLy|

(6.34)

and, depending on the ratio L,/Lp, varies from 2w, (if
Lg/L,> 1) to 2w.Lp/L, (if Lg/L, < 1). Interval (6.34)
decreases twofold for the fundamental tone emission.

A recent study of the instability of high-energy electrons
at the double plasma resonance [200] demonstrated that the
observed uncommonly large number of bands ( > 40) in the
centimeter wave range (Fig. 20b) stems from the specifics of
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Figure 19. (a,b) Examples of dynamic spectra of the zebra pattern in solar
radio emission: (a) the event on 25 October 1994 in the frequency range
155-170 MHz [134] (AIP — Astrophysikalisches Institut Potsdam,
Germany); (b) the event on 21 April 2002 in the frequency range 2.6—
3.6 GHz [198]; (c) the distributed source model, and (d) levels of double
plasma resonance [199].
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Figure 20. An example of a millisecond pulsating structure with separate
sudden reductions (marked with arrows) at frequencies of 2.5 and
2.85 GHz [201]. The specifics of the event are the presence of pulsations
at a lowered emission level, which stems from the reduction in the
anisotropy of high-energy electrons upon injection of a new portion of
particles into the coronal loop.

fast electron distribution. For a power-law distribution
function with a loss cone, the number of emission bands in a
zebra pattern grows with the spectral index ¢, reaching 40— 50
for 6 = 5. Additionally, in this study it was possible to
determine plasma parameters in the source of the zebra
pattern: 1y ~ 10! em™3, B~40 G, T = (1-5) x 10° K,
and f = 0.2—1.0 for the event on 21 April 2002 (Fig. 19b).

6.6.3 Diagnosing coronal plasma by the fine structure of radio
emission. An example of diagnosing parameters of loops and
energetic particles by the fine structure of radio emissions is
furnished by a study of the solar event on 17 November 1991,
performed in Ref. [201] on the basis of the plasma mechanism
of radio emission with frequency w = 2wyy,. Drifting sudden
reductions at frequencies 2.5 and 2.85 GHz were observed
against the background of the pulsating structure with a

characteristic period tpys =~ 60 ms (Fig. 20), which can
hardly be explained by MHD loop oscillations.

Pulsations with such a small period are interpreted as a
result of nonlinear transfer of plasma waves through scatter-
ing on ions into a nonresonance domain (the decay domain)
and are described in terms of the Lotka— Volterra equation
[202]:

dw

o (6.35)

dw*
=yw—L{ww*, —— = —ww" +lww*,

d¢

where w and w* are the relative energy density of plasma
waves in resonance (unstable) and nonresonance domains,
{ = wyp /40 is the coefficient of induced scattering, and v = v
is the damping decrement. Equation (6.35) allows periodic
solutions corresponding to closed trajectories around a center
type point wy = v/{ and wj = y/{. The period of pulsations
around this point is given by

Tpuls = 2n(yv) 2. (6.36)
Based on the emission frequency for the event on
17 November 1991, the plasma density was found to be
ny=2.5x10'cm™3, and the energy of electrons injected into
the loss cone was estimated as 50 —400 keV, based on the rate
of sudden reduction frequency drift. The values of the growth
rate of plasma waves, y ~ 1072 (n; /ng) w,,, were used to infer
the density of high-energy particles trapped by the loop and
providing the generation of plasma waves, n; =~
2.5 x 10* cm™3, and the density of particles causing disrup-
tion of loss cone instability, 7, > 5 x 10> cm 3. Close to the
instability threshold, one has y ~ v, hence the kinetic
temperature of plasma in the loop is found to be Tx107 K.
The condition f < 1 translates into an estimate of the
magnetic field induction in the emission source, B > 30 G.

6.6.4 Fiber bursts. Whistlers play an important role not only in
the dynamics of energetic electrons in loops, but also in the
fine structure of flare radio emission. An example is provided
by drifting over frequency, narrow-band (1—-5 MHz) bursts
— the fibers, observed on the Sun over a wide range of
wavelengths (from several meters to several centimeters), with
a duration of 5—10 s. Kuijpers [203] conjectured that fibers
can arise through merging whistlers with Langmuir waves
(w41 — 1) generated in a loop by the same population of
accelerated electrons. Later on, the model of fiber generation
was further elaborated in works by Chernov (see the review
[195]). On this route it was possible not only to explain the
main features of fibers (low rate of frequency drift as
compared to that of type III bursts, and bands in emission
and absorption) but also to adapt this phenomenon to
diagnosing the plasma of coronal loops. Indeed, based on
the radiation frequency corresponding to the fundamental
tone (= wy), the plasma density can be evaluated, while the
frequency interval between the emission and absorption,
Ao = o, =~ 0.1o., can be utilized to estimate the magnetic
field induction which can independently be determined also
by the velocity of fiber frequency drift. From the analysis of
solar observational data a conclusion is drawn that on the
level where the Langmuir frequency equals 250 MHz
(ng ~ 8 x 108 cm™3), the magnitude of magnetic field
B~ 5G(ie., w./2n ~ 14 MHz). For plasma frequencies of
3 and 5 GHz, the magnitudes of the magnetic field are found
to be 160 and 250 G [195].
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6.6.5 Spike bursts. Radio emissions from the Sun and red
dwarfs frequently exhibit short-lived (several milliseconds),
narrow-band (Aw/w = 1%), strongly polarized bursts called
spike bursts. Such bursts, which are recorded over a wide
wavelength range, from several centimeters to several meters,
ordinarily arise in groups comprising several thousand bursts.
A detailed review of solar spike bursts can be found in
Ref. [153]. A short lifetime and narrow emission band point
to high brightness temperature of spike bursts, in excess of
approximately 10'4—10' K. This suggests that the mechan-
ism of spike emission is a coherent one. In this respect, two
mechanisms of radio emission are discussed: ECM [153, 204],
and plasma radiator [205]. The prevalence of one mechanism
over the other one depends, as was shown, on the ratio w,, /wc.
The cyclotron maser mechanism is more efficient than the
plasma one for a sufficiently strong magnetic field,
wp/owe < 1.

Such a hyperfine structure of flare emissions can be
interpreted as a result of fragmented energy release. Other
approaches to explaining spike bursts, not linked to the
fragmentation of primary flare energy release, exist as well.
The fragmentation can, for instance, be intrinsic in the radio
emission mechanism as such, being a consequence of the
fragmented structure of the emission source. For example, in
the framework of the plasma mechanism, to explain spike
bursts with a duration of 100 ms in a flare on UV Ceti
observed with the 100-meter Bonn radio telescope on
31 December 1991 [205], the idea of Genkin et al. [206] on
the possibility of an irregular emission character in the
fundamental tone of the plasma frequency was exploited. In
this case, scattering of plasma waves followed by transforma-
tion into electromagnetic emission occurs on irregularities of
plasma density induced by plasma turbulence proper and
thermal diffusion. Stratification changes the character of the
density fluctuations and, consequently, the characteristics of
radio emission. Estimates made in Ref. [205] show that the
characteristic existence time of such a structure (the correla-
tion time) on the order of (v/vr)? ve! & 0.1s coincides with

1

the observed duration of spike bursts on UV Ceti.

7. Conclusions

We have considered the main physical processes in coronal
loops — fundamental magnetic structures in atmospheres of
the Sun and flaring stars. Different representations of coronal
loops have been invoked: as an equivalent electric circuit, a
resonator for MHD oscillations, or a trap with magnetic
mirrors. Based on these approaches, we succeeded in
describing the processes of plasma heating in coronal
magnetic loops, as well as flare energy release, the accelera-
tion of charged particles, the origin of flare emission and its
modulation, and also in determining the parameters of the
plasma and magnetic field in coronal loops, together with the
characteristics of accelerated particles. The fruitfulness of
adopting solar-stellar analogies is shown, residing in the fact
that multiple processes on the Sun and stars are not only
phenomenologically similar, but also have a common
physical nature.

Electric currents near sunspots (> 10'' A) were first
computed by Severny [35] based on measurements of mag-
netic fields. In this review, a method of determining electric
currents in the solar atmosphere is described, which rests on
representing a coronal loop as an equivalent electric circuit
(Section 2). Relying on this method, it was possible to detect

the accumulation of electric current energy prior to flares,
current dissipation during flare, and post-flare current
increase in an active region using the variability of the
pulsation frequency of the radio emission from solar flares
[49]. Methods of diagnosing currents in stellar coronae
continue to evolve and gain in sophistication as they provide
an important insight into the origin of charged particle
acceleration and stellar corona heating. Recently, an
approach was proposed to measure electric currents in solar
and stellar coronae based on differential Faraday rotation of
radio emission [207]. The efficiency of the method was
illustrated by applying it to observations of radio source
3C 228, carried out with the help of the radio telescope VLA,
and showing that the current amplitude in the corona of 3C 228
varied from 2.3 x 108 A t0 2.5 x 10° A in various events.

As mentioned in Section 5, one of the main problems in
astrophysics is explaining the large numbers of accelerated
particles in flares. Indeed, the capacity of accelerating
processes on the Sun is such that accelerated electrons
entering the footpoints of a coronal loop can cause seismic
perturbations in the solar photosphere [208]. Modern data on
the acceleration of particles in solar flares, obtained with
space instruments, favor a diversity of accelerating processes.
They cannot be reduced to a ‘standard’ flare model assuming
acceleration in an extended current sheet of a helmetlike
structure of magnetic fields [209]. Moreover, data from the
space observatories RHESSI and TRACE indicate that the
acceleration of the main portion of particles happens before
the formation of a cusp (a peak at the loop top) in the loop
magnetic structure, i.e., prior to extended current sheet
formation [210]. Currently, not only ‘traditional’ accelera-
tion mechanisms are being discussed (in quasistationary
electric fields, shock waves, or stochastic mechanisms), but
also those specific to loop structures, for instance, the
acceleration of charged particles by large-scale torsional
Alfvén waves [211].

It should be noted that interpreting observational mani-
festations of flare energy release in loops on the Sun relies on
the existence of a loop fine structure — the filaments, i.e., it is
assumed that loops with a cross-section size of 10> —10* km
are filled with thin magnetic filaments ~ 1 —10 km thick. This
concept furnishes an explanation for both turbulent propaga-
tion of high-energy particles and coronal loop plasma heating
by diamagnetic currents. Hints at the existence of filamented
loop structures follow from data gathered from solar space
observatories. However, for a number of physical models of
coronal loops, as shown, for example, in Sections 2 and 3, it
suffices to consider the loops without their fine structures.

The role of photospheric convection in heating stellar
coronae and filling them with fast particles remains less
investigated. It is known that the coronae of stars belonging
to late spectral classes are hotter than the solar corona, as
indicated by their X-ray emission. Additionally, a large
number of relativistic particles are persistently present in
these coronae as implied by the brightness temperature of
their ‘quiet’ radio emission reaching 10° K. Tt cannot be
excluded that the cause of these features is the augmented
velocity of photospheric convection on late type stars, since in
this case, as demonstrated in Sections 2 and 5, the densities of
electric currents in coronal magnetic loops are increased
together with electrostatic charge separation fields in foot-
points of the loops.

Considering preferentially processes in single coronal
loops, which take place, for example, in single loop flares,
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we did not embrace all the diversity of processes pertaining to
the interaction of magnetic loops and the behavior of complex
loop structures observed in most solar flares. The interaction
of extended magnetic loops in the coronae of rotating
components of binary stars can lead to a powerful energy
release. A mechanism of this type was proposed for interpret-
ing periodic radio bursts in the binary system V733 Tau A
[212]. The parameters of magnetic loops in binary stellar
systems and accretion disks are most likely very different
from those considered in this review. Nevertheless, the
approaches proposed here can also prove useful in studying
processes of energy release in a wider class of astrophysical
objects, such as close binary systems, young stellar objects, or
planetary systems similar to Jupiter —TIo.
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by Programs of Support for Leading Scientific Schools
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