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Flares on the sun release an enormous amount of energy in the form of accelerated particles, heat fluxes,
matter fluxes, and radiation. The relative importance of each of these energy channels is reviewed and the
reaction of the solar atmosphere to the corresponding energy fluxes is considered. The possibility of
determining the characteristics of the primary process of the flare from its secondary manifestations in the
atmosphere of the sun is discussed.
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1. INTRODUCTION

A. Main observational manifestations and energy budget
of solar flares

Solar flares have long attracted the interest of ob-
servers and theoreticians for many reasons, above all
because flares are the most powerful manifestations of
activity of the Sun that influence the state of the Earth's
atmosphere and cislunar space.11"53 A second and
hardly less important reason is that, in contrast to
flares on other stars and also many other nonstationary
phenomena in the universe similar to solar flares, the
latter are accessible to comprehensive study. The
emission of solar flares is observed in virtually the
entire electromagnetic spectrum from kilometer wave-
lengths to hard gamma rays by means of terrestrial,
satellite, and interplanetary observatories. Simulta-
neously, one can directly detect particles accelerated in
flares, plasma ejected into interplanetary space, shock
waves, and also secondary ionospheric and geomagnetic
effects. As a result, the observations of solar flares,
especially in recent years (see, for example,iB1) have
a very comprehensive nature, which enables one to ob-
tain very detailed information about the physical pro-
cesses taking place in the flares.

The main phenomenon in a solar flare is the rapid
release of an enormous energy. In large flares, it
reaches 1032 erg in a time of about 103 sec, which cor-
responds to a mean power 1029 erg/sec during this pe-
riod. It is probable that the power may be several
times larger at certain times. A very important fea-
ture of flares is the fact that an appreciable and some-
times possibly the main part of this energy is released
in nonthermal forms: in accelerated particles, in the
form of ejections of matter, and in hard electromagnetic
radiation. This makes the study of solar flares par-

ticularly interesting in connection with the general prob-
lem of the generation of energetic particles and cosmic
rays. £71

Table I contains typical values of the total energy
g (erg) and the power $F (erg/sec) released in different
channels for flares of different power. We have here
used the data of various sources, in particularCel.

The main task of the theory of solar flares is to ex-
plain this very large power of the energy and its non-
thermal character. At the present time, the most prob-
able mechanism of solar flares must be regarded as the
process of formation and explosive breakup (for brevity,
we shall call it explosion) of a current sheet in the
plasma in the region of strong magnetic fields (Ce], see
alsoC93). Investigations of this and other processes in
neutral current sheets in a plasma have as their aim
the elucidation of the possibility and efficiency of con-
version of magnetic energy of the current into other
forms, in particular the energy of accelerated particles.
Such investigations are currently being carried inten-
sively by analytic,C8'10-153 numerical, Cle-21] and experi-
mentalC22~29: methods, both here in the Soviet Union and
abroad.

The observation of pre-flare current sheets on the
Sun could have fundamental importance for the problem
of predicting solar flares. However, the practical pos-
sibilities of such observations and their interpretation
have been clarified only recently.:30] On the other hand,
the energy liberated in a flare gives rise to numerous
secondary processes in the Sun's atmosphere, and it is
they that form the basis of the complicated observed
picture of the flare. Therefore, from the point of view
of the interpretation of the observations, the theory of
the effect of the primary flare process on the atmo-
sphere of the Sun is of great importance. The main
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TABLE I. Energy budget of solar flares.

Form in which energy is released

Radiation:
ultraviolet
soft χ rays
optical, continuum
in the line Ha

hard χ rays
gamma
radio

Energetic part ic les in interplanetary
space:
electrons (>20 keV)
protons (>10 MeV)

Gas dynamic motions (ejections)
above the chromosphere

Interplanetary shock waves

Total

Most powerful f lares

%, e rg

(3-5) · 103 1

103 1

(1-3) • 103 0

103°

(3-5) · 1O26

(3-5) · 1O25

1 O 2 4

1 O 2 9

~2· 1031

~ 3 - 1031

~1O32

(1-2) · 1032

5;, erg/sec

( 3 - 5 ) • 1O28

3 · 10"
3 · 10"
3 · 1026

( 3 - 5 ) • 1 0 2 3

( 3 - 5 ) • 1O22

1 0 2 1

1 0 2 6

1 0 28

1 O 2 9

(1-2) · 1O29

Subflares

% erg

(3-5) · 1029

10 2 9

?
1 0 2 6

( 3 - 5 ) * » . 1O2 4

1O2 2

1O2 7

. . . ?

10 2 9

( 4 - 6 ) · 10 2 9

&, erg/sec

(3-5) · 102 7

1 0 "
?

3 · 1O23

(3-5) · 1022

1 0 2 0

1 O 2 5

102 6

(4-6) · 1O27

*'Absent for the overwhelming majority of subflares.

task of such a theory is to elucidate the properties of
the flare mechanism from the observed manifestations
of the secondary processes. It is clear that such a
problem is complicated, not always unambiguous, and
that one can begin to solve it only by studying the in-
dividual elementary physical processes in the atmo-
sphere of the Sun corresponding to a particular energy
release channel in the principal flare process.

Below, we shall not discuss the fundamental questions
relating to the dynamics of the current sheet (those in-
terested are referred to the reviewsC8"9:) or the pos-
sibility of observing current sheets on the Sun.t30] Our
main attention will be concentrated on the secondary
processes due to the liberation of energy in the current
sheet. We point out directly that the observed complex-
ity and variety of solar flares evidently precludes the
possibility of regarding their mechanism as a process
in which individual flares differ only in their strength.
In reality, flares also differ in their space-time struc-
ture and the relative role of the different energy release
channels. Nevertheless, the review below of results
shows that the process of formation and breakup of a
current sheet in the plasma in a strong magnetic field
can provide a basis for all the observed manifestations
of a flare.

B. Current sheet in the plasma as origin and source of the

energy of a solar flare. Stage of development of the current

sheet and energy release channels

Usually, solar flares arise in a region of strong mag-
netic fields in the so-called active regions on the sur-
face of the Sun, which, as a rule, contain sun spots.
Observational data and theoretical arguments indicate
that the main flare process is due to the accumulation
of free magnetic energy in the upper chromosphere and
corona. By "free" we here mean excess magnetic en-
ergy compared with the energy of a potential field hav-
ing the same sources on the photosphere. In other
words, the free magnetic energy of an active region is

associated with currents flowing in the solar atmosphere
above the level of the photosphere. Such an excess can
arise in different ways. One of them is, for example,
the following. The potential magnetic field varies be-
cause of the subphotospheric motion of its sources. At
a certain time, it may become fairly complicated. For
example, the number of field sources becomes greater
than three. Then this field will contain a so-called
limiting line of force.C31) It is an important topological
feature of the field since it is a line of force common
to several independent magnetic fluxes. The magnetic
flux needed if the magnetic field is to remain a potential
field despite the motion of its sources is transported
through this line. [ 3 2 l 3 3 : In the presence of plasma, a
limiting line of force plays the same role as a singular
line of force of the magnetic field, which has been well
studied in two-dimensional problems. [ 8 " 9 ] Namely, as
soon as a limiting line appears, the electric field that
is induced by the changes of the magnetic field gives
rise to a current along the limiting line of force. This
current, because of the interaction with the magnetic
field, takes the form of a current sheet and, under the
conditions of high conductivity of the solar plasma, pre-
vents a redistribution of the magnetic fluxes. As a re-
sult, there is an accumulation of energy in the form of
the magnetic energy of the current sheet in the upper
chromosphere and corona.

Below, we shall assume known the properties of the
neutral current sheet in the plasma in the region of
strong magnetic fields as the assumed energy source of
the flare. In particular, we shall distinguish three
main stages in the development of the current sheetce>101

and bring them into correspondence with the three
phases of a solar flare.C34l35]

The initial phase is the comparatively long (hours or
tens of hours) stage of the formation and extension of
the current sheet. During this stage, the mechanism
of Coulomb heating of the plasma by the strong current
in the sheet is predominant. In principle, a stationary
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FIG. 1. Stages in the development of a current sheet in the
atmosphere of the Sun in the region of a strong magnetic field:
quasistationary pre-flare current sheet (a), breaking of the
current sheet—the explosive phase of the flare (b), and the
quasistationary reconnection of the lines of force in the region
of anomalous resistance—the hot phase.of the flare (c).

regime can be established when the current sheet has
extended so far that the rate of dissipation of the mag-
netic field in it halts a further growth of the magnetic
energy. It is interesting that under the conditions of
the solar atmosphere the temperature of such a quasi-
stationary sheet is determined by the balance of Joule
heating and cooling by emission. : 3 0 ] Under definite con-
ditions, this balance becomes impossible and the es-
sentially nonstationary stage in the development of the
current sheet begins.

The most interesting phase in the flare is the explo-
sive phase, when the tremendous amount of energy
stored in the magnetic field of the sheet is set free in a
short time (seconds or tens of seconds). This energy
is liberated in three principal forms: hydrodynamic
motions (disruption of the sheet accompanied by rapid
motions of plasma), thermal heating as a result of
anomalous resistance in the region of breakup of the
current sheet, and, finally, in the form of accelerated
particles (electrons, protons, and nuclei of heavier
elements).

The third, hot phase of the flare corresponds to the
stage when there exists a hot coronal region. Here the
principal energy release channel is apparently turbulent
heating.

As an example, Fig. 1 shows the stages in the devel-
opment of a current sheet in the atmosphere of the Sun
in the region of a strong magnetic field produced by a
bipolar sun spot group (N and S) and a background field
of one polarity (ra).

In this review, we shall mainly discuss the mecha-
nisms of heating of the solar atmosphere during the ex-
plosive (or flash) phase and the observational conse-
quences of each of the main energy release channels
corresponding to them. Specifically, we shall consider
the following processes: heating by thermal fluxes and
energetic particles, heating by the emission of the hot
region, ejections, and gas dynamic heating of the
plasma.

C. General formulation of the problem of the effect of
flares on the solar atmosphere

The diversity of physical processes caused by a flare
in the solar atmosphere is due to the existence of sev-
eral energy release channels (heat, accelerated par-
ticles, radiation, gas dynamic flows), the difference
between the powers and characteristic times of these
channels, and also many other factors: the height of

the energy source, the configuration of the magnetic
field, the initial and boundary conditions, etc. At the
same time, many of the secondary processes have com-
mon features; for example, many are characterized by
local heating of the atmosphere to high temperatures,
radiative cooling of the hot region, and its gas dynami-
cal expansion.

The heating of the atmosphere by the heat flux is
characterized by the power

(n, T) = div (κ V Τ) (erg · cm"' -sec-) , (1.1)

and in the upper chromosphere and corona is determined
by the electron heat conductivity

κ = κ,«1.8·10-;»λ-17ν2; (1.2)

where λ is the Coulomb logarithm and η and Τ are the
concentration of the plasma and its temperature. In the
region of the strong magnetic field, the heat flux is
along the lines of force. At low temperatures (T
S 104 °K) the thermal conductivity of neutral atoms κΗ

becomes important and the heat flux becomes isotropic
(seeC36] for more details).

Below, we shall ignore the inhomogeneity of the mag-
netic tubes—the dependence of the tube cross sectional
area S on the coordinate s along the tube—although for
some phenomena this inhomogeneity may have decisive
importance. Thus, we shall consider one-dimensional
problems. In this case, as is well known, it is con-
venient to use a "Lagrangian" variable:

ξ = \ η (s) ds (cmJ ) , (1.3)

which is the thickness of matter along a tube of unit
cross section.

The heating by electrons accelerated in the flare is
due to Coulomb energy losses in the plasma and is pro-
portional to the plasma concentration:

3 \ , (». E) = up (ς) ( e r g - c m - ' - s e c 1 ) - (1.4)

The heating of the atmosphere of the Sun by energetic
electrons and protons with a power-law spectrum will
be discussed in Chap. 3.

The cooling of the hot plasma by emission in the ap-
proximation of a transparent medium and impact ex-
citation by thermal electrons is of the form

X(n, T) = nn,L (T) (erg · cm"» -sec"1) (1.5)

where ne is the electron density. In the opposite limit-
ing case, absorption of external radiation is of funda-
mental importance and therefore heating by radiation
(Chap. 5):

•9V,(E) = div f Λ, (0) exp (—σ,ξ) dv (erg· cm' -sec-) . ( 1 . 6 )

Here, Fv(0) is the spectrum of the radiative energy flux
at the boundary ξ = 0 of the heated region and σμ is the
frequency-dependent coefficient of true absorption of
photons.
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In fast processes in the flare plasma (strong electric
field), impulsive heating by energetic electrons, in-
stability of thermal equilibrium, etc. the difference be-
tween the electron Te and ion T{ temperatures may be
important. The rate of exchange of energy between the
electron and ion components is [ 3 e ]

Q(n, Te, Tt) xsi.8-lUrBrPliT. — TuT;3" (erg·cm"3 · sec"'). (1.7)

On the other hand, in the region of large velocity gra-
dients, viscous heating of the ions is important:

3\,(κ, Τ,, υ ) = - | · η / η 2 ( J | - ) 2 (erg-cm"' -sec- 1),

where η,(Τ() is the ion viscosity. i 3 6 1

(1.8)

Therefore, we shall treat the plasma flows associated
with a flare in the hydrodynamic but two-temperature
approximation (see, for example, [37]) and we write the
corresponding system of equations in terms of the La-
grangian variable ξ:

!Γ + " 2 1 Γ = °· (!·9)

Te)-<?(«, Te, Tt), (1.11)
(1.12)

where gQ is the acceleration due to gravity on the Sun,
φ is the angle between this force and the direction of
motion of the plasma, γ is the ratio of the specific
heats, and mK is the mass of the hydrogen atom.

Augmented by the necessary initial and boundary con-
ditions, the system of equations (1.9)-(1.12) enables
one to investigate many phenomena in the corona and
chromosphere due to a solar flare. However, even
this one-dimensional system is fairly complicated and
one must begin such an investigation by considering
special solutions of the system corresponding to in-
dividual heating and cooling mechanisms under partic-
ular conditions and simplifying assumptions. In this
way, one can establish the efficiency of the particular
mechanisms of flare heating, establish the specific ob-
servable manifestations of the individual physical pro-
cesses in the solar atmosphere caused by flares, and
their position in the complicated observed picture of a
solar flare.

2. HEATING OF THE SOLAR ATMOSPHERE BY HEAT
FLUXES

A. Role of electron heat conduction in the atmosphere of
the sun

It is well known that the electron thermal conductivity
(1.2) guarantees a rapid equalization of the temperature
in the corona, making the corona isothermal along tubes
of magnetic lines of force.C 1 > 2 ] Korchak and Platov"8 1

were the first to draw attention to the high efficiency of
electron heat conduction as the mechanism of cooling
of the plasma heated in the flare. InC 3 9 ], Culhane,
Vesecky, and Phillips analyzed, besides thermal con-
duction, cooling of the electron component of a noniso-

thermal plasma by Coulomb collisions with the ions
(1.7) and showed that this mechanism rapidly equalizes
the electron and ion temperatures. In addition, they
showed that the cooling of the high-temperature region
by emission (1.5) may be comparable with the heat con-
duction cooling. With certain simplifying assumptions
(basically, by the introduction of an effective size), ex-
pressions were obtained in138·39·1 for the characteristic
time of cooling of the flare plasma by heat conduction.

It is also known that in the absence of flares the re-
verse heat flux from the corona into the chromosphere
creates a transition layer between them. However,
here the heat flux is small and is not the main heating
mechanism of the chromosphere.

B. Stationary heating of the atmosphere by heat conduction

In connection with flares, the problem of the station-
ary heating of the Sun's atmosphere by a heat flux was
solved by Syrovatskii and Shmeleva. [ 4 0 · 4 ΐ : ι They con-
sidered the heat flux along an isolated magnetic tube
whose lower end is immersed in the chromosphere at
a certain depth, where the concentration and tempera-
ture of the unperturbed plasma are w» and Tx (Fig. 2).
The upper end of the tube is in the corona and kept at
a certain constant temperature To by a constant flux Fo

of thermal energy. As a result, there is established a
temperature distribution over the thickness of the mat-
ter that ensures at every point a balance between the
heating by the heat flux and the radiation losses. This
distribution is determined by the stationary form of the
energy equation (1.11) in the absence of motions of the
plasma and nonthermal heating:

(2.1)

here, IP »(T», njj is the part of the heating power due to
the external sources that maintain the initial tempera-
ture Γ«(ξ) in the chromosphere.

The steady-state temperature distribution is shown
schematically in Fig. 3. It is characterized by the
presence of a hot region, a thin transition layer, and
a low-temperature region; these emit mainly in the soft
x-ray, ultraviolet, and optical ranges, respectively.
It is characteristic that the main part of the energy is
radiated in the ultraviolet and soft x-ray ranges in the
transition layer and the high-temperature region; only

FIG. 2. Current sheet (CS) as energy source for heating of
the corona (C) and chromosphere (Ch) by heat flux (Fo) along
tubes of magnetic lines of force. To is the temperature corre-
sponding to the boundary energy flux Fo at the upper end of the
magnetic tube; T» and rc«, are the temperature and concentra-
tion at the cold lower end of the tube.
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FIG. 3. Distribution of the temperature Τ with respect to the
thickness of matter ξ along an isolated magnetic tube. The
high-temperature region {HT) is the source of x-ray and ex-
treme ultraviolet radiation (XUV); the low-temperature region
(LT), of the visible optical emission; the thin transition layer
(TL) emits mainly in the ultraviolet (EUV + UV) region.

TABLE II. Flare heating of the chromosphere by heat fluxes
and energetic electrons. _ _

7V

1

2
3

1
0

3

8

3
9

,

9

{

cm"1

7-10'»

8-10=°
0-10=°

? • 10=°
3-1020

2.0-1021

Heat fluxes

"Η·
cm

5-10'2

2-1013
8-10'3

ΙΟ' 3

8-10'3

2-ΙΟ' 4

Pc(0),
erg-ΐΐϊ] -1- sec-1

3-10"

2-
9-

9
2
6

10»
ΙΟ»

Κι'Ο
11112

1Ο'2

Fc(.i)/Fc(0)

a)

b)

.1
1

%

ρ —const
1.5

1.2
1.0

» = const

8-10-3
4-10-3
o-io-1

Energetic electrons

2.0

0.1
0.(12

0,3
1.7-10-2
4.0-10-3

"(E

V

5

0
0

|
0
0

= 5

0

53
15

9

14
05

i). %

V =

13

2
1

5.
\.
0.

4

9
2

0
i>
55

y = Λ

34

16
11

" Ί
Ϊ0

7.1

ε..
keV

23

48
73

37
75

110

a slight amount (about 1%) of the original heat flux is
emitted in optical lines of the visible spectrum (pre-
dominantly in Ha).

An important feature of the stationary thermal heat-
ing is that in the hot region and in the transition layer
the temperature distribution has a universal nature,
i. e., it is determined by some function of the dimen-
sionless thickness ξ (see Fig. 4 inC41]), and the form of
this function depends only on the assumption whether
the gas pressure succeeds in being equalized along the
tube or whether, conversely, the initial distribution of
the plasma density remains unchanged. In the case of
solar flares, these two limiting heating regimes are
realized depending on the ratio between the character-
istic heating time th and the characteristic pressure
equalization time tp. If it is assumed that in the case
of vertical heating of the chromosphere tp is comparable
with the time of propagation of acoustic disturbances in
the scale height ha=kTjmgQ , i.e., in the scale that
characterizes the inhomogeneity of the initial density
distribution, then ^«15-20 sec for typical chromo-
spheric temperatures.

If

» (2.2)

then the density can be redistributed during the heating
process and a heating regime with ρ = const is realized.
Conversely, if the heating occurs so rapidly that

<*«',, (2-3)

the distribution of the density remains unchanged and
practically uniform (n = const) for the range of tempera-
tures corresponding to the transition layer since the
thickness of the transition layer is, according to the
calculations ofC40l41], much less than h0.

InC42:l Shmeleva and SyrovatskU compared the theoret-
ical calculations ofC40] and [ 4 1 ] with the data of the first
ultraviolet observations143'441 with the aim of determin-
ing which of the heating regimes is realized in a flare.
It was found that for subflares, the temperature range
Τ δ 105 °K is described better by the model of rapid
heating. Evidence in favor of rapid heating of the solar
atmosphere during the explosive phase of certain im-
pulsive flares, for example, the flare on August 2, 1972
at 1838 UT, is also provided by the analysis of the x-

ray data. This is discussed below in connection with
the heating of the solar atmosphere by the emission of
the hot flare plasma. t 4 5 : However, for a final conclu-
sion about this question more detailed data on the x-ray
and ultraviolet emission of individual flares are needed.

An important difference between these limiting heat-
ing regimes is that at one and the same boundary tem-
perature To in the case of rapid heating with η = const
a much greater flux Fo of thermal energy is required
than in the case ρ = const. This effect is shown in Fig.
4, in which the boundary heat flux Fo, measured in units
of

: (1.0 — 1.2)-10-9η» (erg-cm-' · sec" ) , (2.4)

for w, = 10u-10 1 5 cm"3, is represented a s a function of
the boundary temperature To (see Fig. 2 and Table Π

C. Thermal heating during the initial phase of a flare

Svestka1-46-1 has suggested a number of observational
arguments that for the majority of chromospheric flares
the heat conduction heating mechanism is the only one
during the initial phase of the flare. According to the
theory, [ 8 · 9 · 3 0 ] the power liberated during the first phase
in the form of heat can be estimated in the approxima-
tion of a stationary current sheet and may reach about
1028 erg/sec. This power is sufficient for stationary
heating of the current sheet to temperatures not ex-
ceeding 8 · 104 °K. At these temperatures, radiative
losses equalize Joule heating, and removal of energy
by the plasma flux and heat conduction play a secondary
role. [ 3 0 ] Therefore, the main part of the power is emit-

FIG. 4. Boundary flux F o of
the thermal energy as a func-
tion of the boundary temper-
ature To in opposite limiting
heating regimes: fast heat-
ing (n = const) and slow heat-
ing (p= const).
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ted in the ultraviolet lines present in the ordinary tran-
sition layer between the corona and chromosphere. En-
hanced emission in these lines is observed in bright
compact points near the zero line of the photospheric
magnetic field. According to t 4 7 : , it is this situation that
precedes the explosive phase of the flare.

We mention here that the balance noted above refers
to a stationary current sheet. During the formation of
the sheet, the energy balance in it may be different,
and this may be manifested in a higher temperature of
the current sheet and the plasma surrounding it.

D. Explosive phase of the flare and the thermal heating

The explosive (or flash) phase is the most powerful
stage of the flare process. It is manifested at all levels
of the solar atmosphere from the lower chromosphere,
where the optical continuum is formed (white-light
flare), to the outer corona, where powerful shock waves
and energetic particles reach. The emission during
the explosive phase of large flares encompasses the en-
tire electromagnetic spectrum from long radiowaves
to hard χ and gamma rays.

According to the x-ray and ultraviolet observations
(see, for example, t 4 8~5 3 ]) a hot coronal region with ob-
served temperatures up to (1-3) · 107 °K is formed dur-
ing the explosive phase. In a quasistationary regime,
such a temperature corresponds to heating of the chro-
mosphere to a thickness ξ cm"2. Here, the thickness
ξ is measured vertically into the chromosphere from
its upper boundary (transition layer) in the quiet atmo-
sphere to the low-temperature region of the flare (Fig.
5). The corresponding values of ξ are calculated in the
two limiting cases: a) p = const and b) η = const and are
given in the second column of Table II. In the third
column, the hydrogen concentrations in the low-temper-
ature region are given. From these values, the energy
flux units (2.4) are calculated and, by means of Fig. 4,
the boundary fluxes -Fo of thermal energy determined.
They are given in the fourth column of Table II.

In the case p = const, the fraction of the heat flux that
penetrates below the flare transition layer into the low-
temperature optical region of the flare (given in the

WOO
/>, k m

FIG. 5. Height distribution of the temperature in the quiet
chromosphere and during a flare. TL is the transition layer,
Tm is the temperature minimum, T^ is the temperature of the
photosphere. The dashed curve shows the flare temperature
distribution. FTL is the flare transition layer; DH is the low-
temperature region in the case of direct heating by energetic
particles.

fifth column of Table Π) is small, about 1%. In addi-
tion, since the temperatures observed in flares do not
exceed 3 · 107 CK, the transition layer, as follows from
calculations, cannot sink into the region where nH

> 8 • 1013 cm"3. As a result, the optical (predominantly
Ha) emission of the parts of the flare which are heated
by the heat flux cannot exceed 107 erg · cm'2 · sec"1. This
is clearly not sufficient to explain the Ha emission in
the kernels of large flares, where the observed energy
flux of Ha emission from unit surface is an order of
magnitude higher. c" 3 In addition, in the case of slow
heating ρ = const, the boundary energy flux is small,
and for a flare power up to 1029 erg/sec presupposes
that its area is not less than 1020 cm"2. Thus, the heat-
ing regime p = const is not relevant to the flare kernels
during the explosive phase but is realized during the
third, hot phase of the flare, when there is prolonged
release of energy over the whole area of the flare.

This conclusion is also supported by a comparison of
the characteristic times. The lifetime of the bright
compact (1") points in the flare kernels is about 5 sec
(as an example, consider the impulsive flare on August 2,
1972 at 1838 UTC54]); it is shorter than the characteristic
gas-dynamic time in the chromosphere, i. e., the in-
equality (2.3) holds, and the case η = const of rapid heat-
ing can be realized. In contrast, the hot phase of the
flares usually lasts tens of minutes or even hours. In
this case the inequality (2.2) is obviously satisfied, and
there is time for the gas pressure to be equalized dur-
ing the heating process.

Let us consider the case η = const of rapid heating.
Here, as Table II shows, temperatures above 2 · 107 °K
can be achieved only for excessively large boundary en-
ergy fluxes. However, most frequently, the observed
temperatures (1-2) · 107 CK require energy fluxes that
do not contradict the observations of the hard x-ray
emission (see Chap. 3). At the same time, as Table II
shows, the predicted flux of Ha emission from unit sur-
face of the flare kernel in the regime of rapid thermal
conduction heating does not exceed 3 · 107 erg · cm"2

• sec"1. Thus, in the case η = const as well the thermal
conduction mechanism of heating of the low-tempera-
ture (optical) region of the flare in the chromosphere is
not effective for explaining the optical emission of the
flare kernels (especially if one takes into account the
optical continuum observed in large flares), and one
must invoke other nonthermal mechanisms for heating
the solar atmosphere. Note also that even in the case
of processes as fast (< 5 sec) as those associated with
the bright points in the kernels the actual gas-dynamic
picture may differ from the limiting regime η = const
considered above. Obviously this difference tends to
equalize the pressure and to reduce the boundary energy
flux needed for heating to the observed boundary tem-
peratures.

E. Thermal x-ray emission. Hot phase of the flare and

thermal waves

The emission of the high-temperature flare plasma,
mainly thermal χ rays, is usually described in terms
of effective temperatures and the emission measure.
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The former characterizes the slope of the spectrum in
the given spectral band and the latter the magnitude of
the flux in the same band. The time behavior of the
temperature and the emission measure and also the
variation with time of the temperature dependence of
the emission measure for the thermal x-ray bursts as-
sociated with solar flares have now been well stud-
ied" 1 · 5 2 3 (see alsoC 4 8- s 0 '5 3 ]). In particular, it is known
that in the overwhelming majority of thermal x-ray
bursts the temperature rapidly increases at the start
of the burst and then slowly decreases. The maximum
of the emission measure is reached much later than the
maximum of the temperature. Thus, for a certain time
the growth of the emission measure is accompanied by
a fall in the temperature. This recalls the natural pro-
cess of cooling of a hot region through thermal conduc-
tion heating of a neighboring cold region, i. e., the
propagation of a thermal wave from the hot to the cold
region. Since it is however known from observations
that the thermal energy of the complete hot plasma in-
creases during this stage, one must assume, in addi-
tion to the original heating, the presence of a thermal
source that is operative during the complete x-ray
burst. During the hot phase, such a heat source could
be the turbulent heating of the plasma in the region of
breaking of the current sheet. Thus, the heating of new
cold matter during the prolonged liberation of thermal
energy because of the rejoining of the magnetic lines of
force after the breaking of the sheet can evidently be
the mechanism responsible for the observed growth of
the emission measure of the soft χ rays.

InC55], Moore and Datlowe calculated the characteris-
tic heating and cooling times of a high-temperature
plasma for a number of small (importance «1) solar
flares on the basis of the observed temperatures and
emission measures at the maximum of the thermal x-
ray flux, the duration of this maximum, and the char-
acteristic linear dimension of the flare. It was found that
the empirical values of the characteristic times for dif-
ferent flares in the framework of similarity theory
agree with the assumption that the rejoining of the mag-
netic lines of force is the heat source. Comparison of
the characteristic times showed that the heat conduction
cooling of the high-temperature plasma predominates
over radiative cooling and approximately equalizes the
heating of the plasma by the magnetic rejoining.

With the aim of explaining the observed behavior of
the temperature and the emission measure of the ther-
mal χ rays, some authors1·53·S6·571 solved numerically
the problem of the propagation from a heat source of a
thermal wave with emission losses through a homoge-
neous corona; namely, equations (1.11) and (1.12) un-
der the assumption that Te=Tit η = const, and ν =0. In
such an approach there are two shortcomings. First,
the thermal wave creates in the gas large temperature
and pressure gradients, which unavoidably lead to rapid
gas-dynamic motions. These can give rise to powerful
shock waves, which considerably change the complete
picture of the phenomenon. Redistribution of matter
must be taken into account at the least as the final re-
sult of the gas-dynamic motions, these tending to equal-
ize the gas pressure.C 4 0 · 4 1 · 5 8 3 Second, as is well known,

heating of only the coronal gas is not adequate to ex-
plain the observed emission measure in the x-ray range;
it is necessary to heat the chromosphere or dense and
massive cold formations in the corona, whose emission
measure is comparable with the corona's. Here again
one needs gas-dynamic motions, which carry matter
into the hot corona of the flare.

F. Other sources of heating of the high-temperature flare

plasma

Only two heat sources of the hot flare plasma can be
important"4 1: heat liberated in the neutral current
sheet as a result of quasistationary dissipation of the
magnetic field or the breaking of the current sheet in
the presence of anomalous resistance (thermal or soft
phase of the flare) and energetic particles accelerated
at the time when the sheet breaks (nonthermal or hard
phase). The thermal heating source has been mainly
assumed above. It is well known however that in the
nonthermal process the greatest power of energy re-
lease is achieved and a total amount of energy sufficient
to ensure all the observed manifestations of the flare is
released. C59~64] Therefore, accelerated particles can .
heat the hot flare plasma during the explosive phase to
anomalously high temperatures. This is particularly
true of large flares. At the same time, it must be
borne in mind that in small (importance «1) flares there
may not be a nonthermal component at allC51] or it may
be so weak that the nonthermal electrons are not the
main source of heating of the high-temperature region
of the flare.π β 5 ]

With regard to the other mechanisms for heating the
solar atmosphere, for example, dissipation of shock
and magnetohydrodynamic waves, they cannot make a
significant contribution to the heating of the high-tem-
perature flare plasma.

G. X-ray and ultraviolet emission of the high-temperature

region and its geometry

The hot flare plasma emits a large amount of energy
in a wide range of wavelengths: basically in the soft x-
ray range and the ultraviolet, both in the continuum and
lines. In principle, this enables one to obtain exhaus-
tive information about the high-temperature region of
the flare from the numerous rocket and satellite obser-
vations (see, for example, [ 5 1 > 5 2 · β β ~ 7 7 ι ] ) . As an example,
let us consider the continuum χ rays of the high-tem-
perature region. Suppose there is only one magnetic
tube, which is heated by a stationary heat flux, as was
described above. Then, knowing the temperature dis-
tribution Τ(ξ) over the thickness of the matter along an
individual magnetic tube, one can readily calculate the
spectrum of thermal continuum x-ray emission. We
shall call it the elementary x-ray spectrum. For a tube
with unit cross sectionC 4 5 i 7 e ]

/ (£,) ~ 3.9 ·10- 3 η^ (£ x , To) (erg · cm"1 • sec"1 · keV'"), (2 .5)

where Ex is the energy of the χ rays in keV,

A(Ex, T,) J-L -·§-) di; (2.6)
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here we have taken into account only the thermal brems-
strahlung; the dependence Τ(ξ) is taken fromC41] for the
case ρ = const, and the unit for measuring ξ is 1.5 · 1017

cm· 8. In Fig. 6, which shows elementary spectra cal-
culated in accordance with Eqs. (2.5) and (2.6) for dif-
ferent boundary temperatures To, it can be seen that
these spectra differ from exponential spectra corre-
sponding to To (see the dashed straight line for To

= 3.107 °K) only in the region of the softest χ rays: Ex

S5 keV. This difference is small and due to the con-
tribution of the parts of the tube that have a lower tem-
perature.

Observations show that many flares (especially large
ones) can have a region with very high temperatures up
to 3 · 107 °K (seeC50>51>e7~731) and probably sometimes up
to 5 · 107 °K. The thermal x-ray emission of such hot
regions may make an appreciable contribution right up
to the energy 30 keV. In addition, such flares have as
a rule a source of softer χ rays, whose temperature is
much lower (from (2-3) · 10* to 107 °K) and emission
measure 2-3 orders of magnitude greater, : 5 2 · β 8 · β β : which
cannot be explained by one elementary spectrum alone.
Therefore, in order to construct a model x-ray spec-
trum of the flare as a whole, it is necessary to take not
less than two tubes: one with a very high boundary tem-
perature but low emission measure and second with
lower temperature but extremely large emission mea-
sure. A real flare must be regarded as a collection of
elementary tubes with different F 0 ' s (or T0's) and n . ' s .
In this way, one can explain the observed temperature
dependence of the emission measure of the χ rays.C 5 2 1

At the same time, only the high-temperature component
of the source of thermal χ rays is intimately related to
the electrons accelerated during the explosive phase.
By and large, this picture is confirmed by space ob-
servations in the ultraviolet and soft x-ray lines of
highly ionized elements, t 7 l > 7 3 - 7 7 : and also by the obser-
vations of hard x-ray and microwave radio bursts that
are simultaneous with optical bursts in flare Ha kernels
(see, for example/ 5 4 · 7 9" 8 1 3).

Much information about the space and time develop-
ment of the region of the high-temperature flare plasma
was obtained in the GSFC experiment on the satellite
OSO-7.1·7" Two x-ray (1.74-15.9 A) and one ultraviolet
(120-400 A) spectrographs obtained data on the high-
temperature region of the IB flare on August 2, 1972 at 1838
UT from the pre-f lare state until its end. Ε mission lines
excited at electron temperatures from 5· 10* to 3 · 107 oK
were resolved. The spatial resolutionwas 20"x20".

FIG. 6. Energy spectrum
of thermal bremsstrah-
lung χ rays of hot plasma
heated by a heat flux with-
in a magnetic tube with
unit cross sectional area.

At least two arched structures with different proper-
ties were observed in the x-ray emission. The first,
with a relatively low temperature 2 · 10e S TS 107 °K,
was formed during the explosive phase directly above
the Ha flare and formed a system of low arches above
the "neutral" line of the magnetic field. Simultaneously,
an arch with temperature up to 3 · 107 °K and height up
to 35000 km became visible in the line 1.9 A FeXXV.
The bases of this arch were situated above the brightest
regions of the Ha emission. The electron temperature
within the arch increased from 5 · 10e °K directly above
the chromosphere to 3 · 107 °K at the crown of the arch
situated above the zero line of the magnetic field, i. e.,
between the flare ribbons in the projection onto the disk,
as the flare was observed. It was shown in t 7 1 ] that the
observed further variations in the localization of the
x-ray source were simply the result of the variation of
the electron temperature with time. In particular, the
high-temperature arch cooled during about 10 min from
3 · 107 to 1 · 107 °K, which, generally speaking, does not
contradict the assumption of heat conduction cooling of
the hot plasma through the ends of the arch if allowance
is made for the uncertainty of the parameters and the
simple nature of the expressions used (seeC39]).

A similar behavior of the high-temperature region
was observed in the two-ribbon flare of June 15, 1973
by means of the NRL ultraviolet (170-630 A) spectro-
graph on SkylabC731 with spatial resolution down to 2".
These and subsequent observations"4 '7 5 3 confirmed the
presence of a temperature stratification within individ-
ual loops and showed that the hottest plasma, observed
in the lines Fe XXIH-XXIV, occupies a small volume
at the crowns of the loops. It is apparently here that
the primary liberation of energy occurs in the hot phase
of the flare. Observations by means of AC/MSFC, the
x_ray (6-47 A) telescope S-056 on Skylabt7e·771 with
spatial resolution ~ 1" showed that the flare energy lib-
eration takes place not in one loop but in an arcade of
loops. In addition, the order in which the different x-
ray features brightened indicates that a certain excita-
tion moves perpendicularly to the magnetic field of the
arcade with a velocity 180-280 km/sec. This picture
suggests that the energy source—the current s h e e t -
passes along the crowns of the loops and is gradually
displaced into the corona. The decay of the dense
plasma in the sheet into individual filaments—loops—
is evidently due to an instability of the sheet.

Thus, the spatial and time observations'-n·73-771 in
the x-ray and ultraviolet lines agree on the whole with
the picture of the high-temperature region of the flare
as a collection of elementary tubes with different F 0 ' s
(or T0's) and njs, which depend on the time; this fol-
lows from the analysis of the x-ray continuum.

3. ENERGETIC PARTICLES IN THE ATMOSPHERE OF
THE SUN

A. Electrons accelerated in the flare. Thermal and
nonthermal x-ray emission

One of the most important processes that takes place
in the energy source of the flare—the current sheet—
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is the acceleration of charged particles to high energies.
For the overwhelming majority of flares that exhibit an
explosive phase, the accelerated particles are electrons
with an energy greater than about 10 keV (see the re-
views181· ffi]). Only in very powerful flares are protons
accelerated, or at least in significant quantities.C4e>e3: i

The energetic electrons generate bursts of hard (with
x-ray energy Ex greater than 10 keV) x-ray emission
with a power-law spectrum of the x-ray flux at the
Earth:

(3.1)

Here and below, Ex is always the energy of the χ rays
in keV, and the coefficient Kv is measured in cm"2

•sec"1 •keV""1, respectively. These bursts are inter-
preted as the bremsstrahlung of nonthermal elec-
trons. C M- 8 7 3

In addition, giving up the overwhelming part of their
energy to the solar atmosphere, the accelerated elec-
trons heat it locally to high temperatures. These tem-
peratures can, as we have already noted, be so high
that the thermal χ rays of the hot flare plasma are hard.
This circumstance makes it difficult to .interpret the
hard x-ray bursts and the interpretation is, generally
speaking, unambiguous in two respects.

First, the thermal x-ray emission of the high-tem-
perature flare plasma masks the lower boundary of the
nonthermal x-ray spectrum.C 4 8 > 8 e l Therefore, to deter-
mine the lower end of the energy spectrum of the ac-
celerated electrons it is necessary to invoke additional
arguments and observational data. For example, if
one assumes that the energetic electrons are the main
source of heating of the high-temperature region, then
the energy balance condition in it can give an estimate
of the necessary power of the electron beam. If the
exponent of the spectrum is known, the total power is
uniquely related to the lower end of the energy spectrum
of the accelerated electrons. In the framework of such
an approach189·1 the spectrum of energetic electrons can
be recovered only by using observational data on the
high-temperature region: the spectra in the ultraviolet
and soft x-ray region and their variations in time and
distributions in space.

Second, since the primary heating may not be due to
electrons, there is an alternative point of view whose
essence is that there are no nonthermal electrons at all.
This is the so-called thermal interpretation of the hard
x-ray bursts" 0 · 9 1 3 (see also" 2 3). In it, a flare is re-
garded as a purely thermal process, in contrast to a
nonthermal conception, in which the hard x-ray bursts
are a direct manifestation of the nonthermal phase of
the flare. In t 9 3 3, Kahler categorizes the thermal inter-
pretation as pessimistic since it enables one to calcu-
late only the total amount and rate of conversion of flare
energy into heat. In contrast, by developing a theory of
hard x-ray bursts as the bremsstrahlung of nonthermal
electrons,C 8 0·8 4 3 one can obtain information about the
acceleration process in the flare. Note that the correct
expression for the intensity in the "thick target" model

is given inCMJ (see Eq. (3.8) below); inCe0J, a coefficient
7Γ has been lost. At the present time, the nonthermal
interpretation is predominant since accelerated elec-
trons are manifested not only in the x-ray bursts but
also in radio bursts of type III and other types (see, for
example, [ 9 4 · 9 5 ί) and are also directly detected on satel-
lites in interplanetary space (see, for example, the
review"83).

Below, we shall briefly discuss some of the simplest
models of hard x-ray emission that exist in the frame-
work of the nonthermal interpretation. These models
are of great interest since, under certain simplifying
assumptions, t 6 4·9 7 1 they enable one to establish the spec-
trum of the electrons accelerated in the flare from the
spectrum of χ rays observed at the Earth. It is also
important that these models are limiting cases that
must be satisfied by a more complete and adequate
theory of hard x-ray bursts.

B. Spectrum of energetic electrons and choice of the target

model

The question of the spectrum of the electrons acceler-
ated in a flare in connection with hard solar x-ray
bursts was posed by Peterson and Winckler1983 as long
ago as 1959. The first traces of hard x-ray bursts, t 9 8 3

which were interpreted as Coulomb bremsstrahlung of
electrons with energy higher than 10 keV, showed, and
the subsequent observations confirmed, that the elec-
trons accelerated during the explosive phase of the flare
can contain an energy sufficient to explain the observed

emission of the flare in all energy ranges. [59-64]
Si-

multaneously, it became clear that the problem of es-
tablishing the spectrum of the energetic electrons is
neither simple nor unambiguous (see" 9" 1 0 1 3). The
known uncertainty in establishing the connection be-
tween the hard χ rays and the electrons generating them
appears already in the choice of the target model.

Suppose that the characteristic time TC of Coulomb
collisions of electrons of the beam with electrons of the
plasma is much shorter than the characteristic injection
time T; of the energetic electrons. Then the injection
can be regarded as stationary or continuous, as one
says.

Suppose the differential energy spectrum of the flux
of injected (ξ =0) electrons has a power law in the range
of energies between Ey and Ez:

v(E)N {E, 0) = ΛΓν£-νθ (Ε — £,) θ (£2 - Ε) (cm- -sec- -keV) ,

(3.2a)
and accordingly the electron density is

Ν (E, 0) = θ (Ε — Ε,) θ (£„ — Ε) (cnrs · k e V ) . (3. 2b)

Here, θ(χ) is the theta function: θ(χ) =0 for x<0 and
θ(χ) = 1 for χ 3= 0. The variable E, measured in keV, is
the energy of the electrons, which are assumed non-
relativistic, and the coefficient Kr is given by

^ « 1.87·1Ο·Κ (cm- -sec"1 -keV^1) > (3.2c,1,

where m is the electron mass in keV/c2, c is the veloc-
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£·; ε, ε.
FIG. 7. Energy spectrum of nonthermal electrons. £ = 0 i s
the spectrum of the accelerated electrons, or the injection
spectrum; ξ >0 is the spectrum of electrons that have passed
through a thickness ξ of matter; ymtt is the effective (total)
spectrum of the energetic electrons in the emission source.

ity of light in cm/sec, and the coefficient Κ is mea-
sured in cm" 3 ·keV- ( 1 / 2 ) .

After the energetic electrons have traversed a mat-
ter thickness ξ c m 4 in the ionized plasma, the spectrum
is shifted as a result of Coulomb losses to lower ener-
gies and it becomes harder t M : :

JV (£, ξ)

where

—E\) θ (E\—E) (cm·3 · keV );
(3.3)

(3.4)

is the minimal initial energy of electrons capable of
traversing the thickness | , a =* 3 · 10"18 cm2 is the coef-
ficient which characterizes the Coulomb losses:

dE (3.5)

£ 1 ( 2 ) =ReV£fU) -E% are new limiting energies of the
electron spectrum (see the schematic Fig. 7).

There are two opposite limiting cases that attract
attention.

1) Thin target. The energetic electrons pass through
a thickness of matter that is so small as to allow one to
ignore the change of their spectrum in the source of the
bremsstrahlung x-ray emission. In this case, the dif-
ferential spectrum of the x-ray flux at the Earth is
given by

(3.6)

where R is the distance from the flare to the point of

the target ξ( = /* n(s)ds is measured in units of ξ* =10 ι β

cnr 2 . The coefficient Κy is determined by Eq. (3.2c),
and the characteristic value is Kf =6.24xlO1 9 cnr2

• sec"1 · key7"1. The differential bremsstrahlung cross
section da/dEx is taken in the Bethe-Heitler approxi-
mation, r 0 is the classical electron radius, a is the
fine structure constant, and ζ is the effective charge of
the ions. Β (χ, y) is the beta function: Β (γ, 1/2) = 16/
15, 32/35, 0.812 and 0.738 for γ= 3, 4, 5, and 6, re-
spectively.

As can be seen from (3.6), in the approximation of a
thin target, the exponent of the differential spectrum
of the x-ray flux at the Earth is greater by unity than
the exponent of the differential spectrum of the flux of
nonrelativistic electrons on the Sun (seeCe2>84:i), i. e.,

+ 1. (3.6a)

2) Thick target. All electrons lose their energy in
the source of the hard χ rays. Therefore, at all times
in the source there are energetic electrons with not
only the injection spectrum (3.2) but also with all the
harder spectra (3.3) with ξ values from 0 t o « . This
means that in the main energy range E^S ESEZ the ef-
fective (total) spectrum of electrons in the source of
hard χ rays is harder by two unitsc e o < 6 4 ]:

V.ff = V - 2, (3.7)

and the differential spectrum of the x-ray flux at the
Earth isC M ]:

or
(3.8a)

Υ — 1
-keV-)

(3.8b)

B ( y - 2 ; l/2) = 2,4/3, 16/15, and 32/35 for y = 3, 4, 5,
and 6, respectively.

It can be seen that the exponent of the x-ray spectrum
is

q = v , i f - i = v - i .

In deriving (3.8), we have assumed that the upper
end Ez of the electron spectrum is fairly high: £ 2

 = 0

Accordingly, in Eq. (3.8b)

(3.8c)

observation and in (3.6) we have taken Λ =1. 5 · 1013 cm. Fa {E > Ei) = lx,O2.io-· Κ,Ε\->;{Ί - 2) (erg -cm» -sec-·), (3.9)

is the boundary energy flux of electrons with energy
E>EX. The characteristic flux is F* = 1010 erg· cm"2

• sec"1, corresponding to the above characteristic value
K* = 6.24 · 1019 cm"2 · sec"1 · keV*"1 for Ε * = 10 keV and

The integration over the volume V of the target is made
under the assumption that the curvature of the lines of
force can be ignored and one can set dV = dSds, where
S is the cross sectional area of the electron beam and
S* = 10" cm2 is the characteristic area of the flare
taken as unit of measurement for S. The thickness of
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3) Intermediate cases. All the intermediate cases
must be characterized by a certain thickness of the
target or an effective time re of emergence of the en-
ergetic electrons from the emitting region. In terms
of the latter, for continuous ejection the case of thin
target corresponds to this relation between the char-
acteristic times:

while for a thick target

(3.10)

(3.U)

(see the reviews : 8 1 l l 0 1 :). Nothing in fact is known about
re (in particular, about its dependence on the electron
energy) except that only an insignificant fraction of the
electrons accelerated in the flare reach interplanetary
space. Generally speaking, this favors the thick tar-
get model, though it does not contradict more compli-
cated combined models with a thick target in conjunc-
tion with a magnetic trap, etc. (see below). The con-
struction of a realistic and rigorous theory of the es-
cape of the accelerated particles from the flare re-
gion is one of the most important unresolved problems
of solar physics. Some investigations concerning the
diffusion escape of energetic particles from closed
magnetic structures in the region of the flare can be
found, for example, in1 1 0 2 1. Takakura a 0 3 ] has shown
that plasma turbulence effects can play an important
role in the dynamics of the escape of electrons with en-
ergy higher than 100 keV. However, at lower energies
these effects are apparently unimportant.

C. Thick target and more complicated models

To estimate the total energy and number of energetic
electrons from the observed intensity of the hard
χ rays, Lin and Hudson[82] proposed an approximate
method based on calculating the average value of the
ratio of the bremsstrahlung losses to the collision and
ionization losses. A developed theory of hard x-ray
bursts in the thick target model was constructed by
Brownce03 and Syrovatskii and Shmeleva.ce4] In par-
ticular, the latter1 6 4 1 obtained the solution (3.3) of the
transport equation of energetic electrons with power-
law spectrum in the presence of Coulomb losses in a
fully ionized plasma. They showed that the effective
(total) spectrum of emitting electrons is appreciably
harder than the spectrum of the accelerated electrons.
They obtained expressions that enable one to calculate
the slope of the spectrum of the energetic electrons,
their total energy, and their number from the observed
spectrum of the nonthermal x-ray emission of the flare.
Namely, if the differential spectrum of the x-ray flux
(3.1) is known, i .e . , the parameters Kv and φ are
known, then the power introduced by the electrons with
energy E> £ χ is determined by (see (3.8))

:F (E > £,)

(V-l)

Β {y-2; 1/2)
(erg-sec-) ;

(3.12)

where γ = φ+ 1, £ x is measured in keV, Κφ in cm'2

• sec"1· keV*"1, and the beta function Β ( y - 2 ; 1/2) = 2,
4/3, 16/15, and 32/35 for r = 3 , 4, 5, and 6, respec-
tively.

As an example let us consider the impulsive flare on
August 2, 1972 at 1838 UT. According to the UCSD
x-ray telescope on OSO-7 the x-ray flux at the Earth
averaged over 10.2 sec at the maximum of the hard
x-ray (20-30 keV) burst at 1839: 52 UT has a power-
law spectrum with K9 = 107 cm"2 • sec"1 · keV*'1 and
φ = 3.7 (see Fig. 4 in1 0 4). Using (3.12), we find the
power of the energetic electrons on the Sun 3\E> 10
keV)« 6 · 1029 erg · sec"1 and 3\E> 20 keV)« 7.6 · 1028

erg · sec"1 for E1 = 10 and 20 keV, respectively. If one
takes the area S2 =* 5 · 10" cm2 of the flare kernel at
this time, then these values of the power correspond
to boundary energy fluxes F0(E> 10 keV) ^ 1012 erg

• cm"2· sec"1 and F0(E>20 keV)^ 1. 5· 1011 erg· cm"2

sec
-1

If the total flux of χ rays at the Earth in a certain en-
ergy range Exl« Ex^ Ε& is known, then the power of
electrons with energy E> Ελ and their total number are
determined by

Φ ι£ > £ · , ) = [ dS j dE vN (E, 0)

(3.13)

(V-2)2

2; 1.2) i-(

(3.14)

In contrast to the thin target model, the thick target
model does not require assumptions about the plasma
concentration in the emitting region (or rather about
the target thickness ξ,; see (3.6)); it is only necessary
that the conditions (3.11) be satisfied. In this respect,
the thick target model requires for the description of a
hard x-ray burst the minimal number of parameters,
namely, three (see (3.12))—the instantaneous energy
flux of the electrons with energy above a certain value
Eu i . e . , F0 = F0(E>El), the value of this limiting en-
ergy Ει, and the instantaneous slope exponent of the
spectrum. Any other models require specification of
additional parameters, for example, the plasma con-
centration in an electron trap or the escape time in the
thin target model, i. e., st/v{E) in (3.6). It is obvious
that from the point of energy a thick target is the most
advantageous for two reasons. First, in all the re-
maining cases only some of the accelerated electrons
give up their energy on bremsstrahlung and heating of
the target, while the remaining electrons escape with
hardly any loss into interplanetary space. Second, in
the interpretation of a hard x-ray burst with spectral
exponent φ the thick target model gives the softest
(steepest) spectrum of energetic electrons, which en-
ables one to accumulate a greater part of the electron
energy near the lower boundary. Unfortunately, it is
the lower end of the electron energy spectrum that is
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not exactly determined since the lower end of the non-
thermal x-ray spectrum is unknown.

It is easy to imagine a thick target model with impul-
sive injection. By this we mean the case when all the
energetic electrons "perish" in the target (there is no
escape) but the injection time τ, is much shorter than
the Coulomb collision time TC (see101):

< tc < V (3.15)

A conceivable example of such a situation could be a
magnetic trap filled with low-density plasma into which
energetic electrons are injected. Suppose that seepage
of the electrons from the trap can be ignored and that
the energy losses of the electrons are determined solely
by Coulomb collisions. In pure form, such a situation
is clearly never realized in flares, but from the point
of view of fundamentals it is interesting in that the
characteristic time of damping of the hard x-ray burst
is here determined by the Coulomb loss time

TC ~ 3.3.10» n"' £3/2 ( s e c ) ;

where Ε is the energy of the electrons in keV.

(3.16)

As a rule, the observed damping time does not follow
the law Ei/Z, which indicates that either the damping of
the x-ray burst is determined by the escape of the en-
ergetic electrons or that the electrons perish in the
thick target at high plasma concentrations, i.e., the
conditions (3.11) are satisfied. In the latter case, the
time profile of the x-ray burst is determined by the
source of the accelerated particles.

Observations by means of the Utrecht solar hard
x-ray spectrometer on the satellite ESRO TD-LA with
time resolution 1.2 sec in the region 24-90 keV and
4.8 sec at higher energies showed that frequently the
x-ray bursts consist of numerous short-lived spikes,
or "elementary flare bursts," with rise and fall times
of the order of few seconds. c 1 0 5 · 1 0 6 1 Characteristically,
the fall times (sometimes only 1-2 sec) were practical-
ly the same in all energy channels. This indicates a
very high plasma concentration in the region of the
thick target. ί 1 0 5 · 1 0 β ] if the target is the chromosphere,
then obviously the lifetime of an energetic electron is
comparable with the time of passage through several
scale heights and is much shorter than the observed
decay time of an elementary burst. In this case the
time dependence of the burst will be determined by the
source of the accelerated electrons.

To explain the quasiperiodic time profile of the
large x-ray event associated with the ZB flare on August
4, 1972, Brown and Hoyng"071 (see also"08·1091) pro-
posed a model of a vibrating electron trap. In this
model, the repeated bursts of hard χ rays are explained
by betatron modulation of electrons accelerated previ-
ously by Alfven oscillations of the magnetic trap. For
an appropriate choice of the trap parameters, the model
can be reconciled with the observations of the hard x-
ray bursts from flares behind the limb. t " 0 · 1 " 1 How-
ever, these observations also do not contradict the or-
dinary thick target model if it is assumed that the

source of energetic electrons is at an appreciable
height (~ 10 000 km) in the corona and that the plasma
density near the source is increased by, for example,
a preliminary heating and "evaporation" of the upper
chromosphere.tll8] In addition, the model of a vibrat-
ing trap is hard to reconcile with the observational fact
emphasized by de Fetter1 8 1·1 0 1·"*1 that individual pulses
in a complicated x-ray burst correspond to the appear-
ance of bright optical {Ha, \ 3835) kernels at different
points of the chromosphere. Moreover, according to
observations by means of the AC/MSFC x-ray tele-
scope S-056 on Skylab, " β · 7 7 ] the flare energy liberation
does not occur instantaneously and in one region (one
trap) but successively in different magnetic loops that
form an arcade above the zero line of the photospheric
magnetic field.

D. Heating of the chromosphere by energetic electrons.

Thermal and penetrating flares

Heating of the chromosphere by particles accelerated
in a flare (electrons, protons, and nuclei of heavier
elements) has been assumed and discussed by many
authors18*·114"1181·, for example, in connection with
white-light flares. t117-lle3 As we have already noted,
energetic electrons have a number of advantages as the
flare heating agent. In contrast to protons, they are
accelerated in almost all flares: in all large ones and
about 2/3 of the smallest (importance « 1), t e s ' 1 U ] and
even in small flares the energy of the accelerated elec-
trons in the region 5-100 keV is comparable with the
total flare energy.c1191

For electrons accelerated in a flare with the injection
spectrum (3.2) the energy averaged over the spectrum
is

ψ 2γ—1 9 (3.17)

fory = 3, 4, 5, and 6, respectively, i.e., it is always
near the lower limit E^ of the spectrum. The main en-
ergy of the electrons resides in the low-energy part of
the spectrum. This energy is absorbed in a thin layer,
creates a high-temperature region, and is transformed
into a heat flux. Therefore, in both the soft and the
hard phase of the flare the temperature structure of the
flare is determined primarily by heat conduction.
This enables one to explain the high-temperature part
of the flare, which is responsible for the thermal
χ rays, and the transition region of the flare, which
emits in the optical and ultraviolet ranges. However,
only an insignificant part (less than 1%) of the original
heat flux (see column five of Table Π) penetrates to the
low-temperature part of the flare, where we place the
region of temperatures T<2 · 104°K, in which the hy-
drogen lines are basically formed.

However, for a sufficiently hard spectrum an ap-
preciable number of particles (with high initial ener-
gies) can penetrate below the transition layer and thus
contribute to the flux of energy supplied to the low-tem-
perature region of the flare. Shmeleva and Syrovat-
skiic*1] ignored this contribution. In contrast,
Browncue] determined the temperature structure of
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this region, taking into account only heating by parti-
cles and ignoring heat conduction. We emphasize here
that the direct heating by particles can again become
important at great depths only as a result of a rapid
decrease of the thermal conductivity with the tempera-
ture. However, the rapid decrease of the electron
thermal conductivity at T~ 104 °K is partly compensated
by the thermal conductivity of the neutrals κΗ, which
was not taken into account by Brown. t 1 2 0 3

One can readily find the conditions under which the
decisive factor is direct heating of· the low-tempera-
ture region by energetic electrons and not by heat
fluxes. It is obvious that the harder is the electron
spectrum the greater the fraction of their energy flux
that penetrates into the optical region of the flare. It
is therefore simply necessary to compare this part of
the flux for different exponents of the spectrum with the
corresponding heat flux that penetrates below the tran-
sition layer.

We shall assume that in both the compared situations
the heating is stationary and leads to temperature and
density distributions corresponding to equality of the
pressure in the whole of the flare region, i.e., p = const.
It is obvious that this is a restricted approach, espe-
cially in view of the increasing number of observations
which show that the injection of the electrons during the
explosive phase and therefore the heating do not have
a continuous but an impulsive nature in spatially sepa-
rated regions (see, for example, c 5 4 > 8 0 ' 1 2 1 ~ 1 2 4 } ) . Bearing
this circumstance in mind, we shall, following1413, give
the same results of calculations corresponding to the
case when the pressure in the heated region does not
have time to be equalized in the case η = const. Of
course, this is in no way a substitute for consistent
treatment of nonstationary high-temperature gas dy-
namic phenomena. Here we only emphasize the circum-
stance that in the case of rapid heating the approxima-
tion n = const may be more adequate for describing the
real distributions of the temperature and density than
the approximation p - const. This applies particularly
to the case of heating of the low-temperature flare re-
gion by particles/ 1 1 8 3 since the characteristic time of
the observed changes in the hard χ ray, Ha, and micro-
wave emissions is frequently of the order of one to sev-
eral seconds. ««.«.iK.ioe.izs.us]

Thus, we consider the heating of the flare region by
a beam of nonrelativistic electrons with the power-law
spectrum (3.2). The energy flux of the electrons cor-
responding to this spectrum at the depth of the chromo-
sphere where the matter thickness is ξ is

F(l)= j EvX (E, I) d£ (erg · cm"' · sec-) . (3.18)

In particular, the energy flux of the electrons at the
boundary of the heated region, i .e. , at ξ=0, is

F (0) = I EvN (E, 0)dE = (3.19)

for y>2. For integral values of γ the ratio F{!-)/F(0)
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was calculated, for example, in c l 2 e ] .

As Petrosyanc i 2 7 ] has shown, the dip observed around
~ 100 keV in the hard x-ray spectrum may be a conse-
quence of the relativistic directionality of the brems-
strahlung of energetic electrons. Therefore, there are
as yet no reliable grounds for cutting off the electron
spectrum at energies =* 100 keV. Below, we consider
the case Ez =°°. We mention here that this last as-
sumption is also made by Brown, [ l l e 3 but on the basis
of the conjecture that electrons with energy above 100
keV do not play a role in the heating of an optical flare.
Brown assumes a hydrogen concentration wH < 7 · 1013

cnr 3 (i. e., ξ < lO^cm"2) in the region of the flare. In
fact, however, as SvestkaC4eI hasshown, in flares with
ne ^ 3 · 1013 cm"3 and real ionization of hydrogen (see
Table I inC4e3 and the literature quoted there) one can
expect a hydrogen concentration nH from 5 · 1013 to
2 · 1015 cm"2 in the low-temperature region. At such
concentrations, heating of the low-temperature region
can be achieved only by electrons from the high-energy
region Ε £ 80 keV of the spectrum.

In the case when the upper limit of the spectrum is
infinite, one can use the simpler expression ofC1261 for
the energy flux of the electron beam, namely,

Y - 2 3 v -S T · ^ £ (3.20)

where 5/2=0.785, 0.333, 0.196, and 0.137 for y = 2,
4, 5, and 6, respectively.

Table II contains the values of the ratio F(£)/F(0)
calculated in accordance with (3.20) for E1 =10 keV,
y = 3-6, and values of ξ cm"2 corresponding to a thick-
ness of matter heated by a thermal flux equal in mag-
nitude to F(0). The minimal initial energy Eo of elec-
trons capable of passing through this thickness ξ of
matter is determined by Eq. (3.4) and given in the last
column of Table II.

We consider separately two limiting cases: 1) slow
heating with p = const, 2) rapid heating with η = const.

1) For the case p = const in Table II the broken line
separates the region of parameters of the model (bound-
ary temperature To and exponent γ of the energy spec-
trum) in which the contribution of the heat flux to the
heating of the low-temperature flare region is certainly
greater than the contribution of the nonthermal elec-
trons. In reality, the latter may be even smaller since
Eqs. (3.5) and (3.20) do not take into account electron
scattering in Coulomb collisions. Consistent allowance
for the energy loss of the electron beam obviously re-
quires study of the diffusion of the beam with respect
to the angles in the presence of a strong magnetic field.

Brownt1283 has attempted an approximate solution of
this problem. It follows from his results that the en-
ergy flux of the particles decreases with depth much
faster than given by Eq. (3.20). Therefore, the esti-
mates given here of the energy loss of the electron
beam must be regarded as the minimal values. In ad-
dition, the comparison presupposes that at the boundary^
of the region, energy is supplied only in the form of ac-
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celerated particles and that it is rapidly transformed
into a heat flux (it is assumed that Fc{0)^ F(0). The
role of the particles in heating the low-temperature
region will be even less if besides the accelerated par-
ticles there is already an appreciable heat flux at the
boundary ξ =0 of the region. That such a situation is
possible is indicated by flares that exhibit no nonther-

• mal effects at all. t 4 e 3

Returning to Table Π, we note that for the class IB
flares considered by Lin and Hudsontea: and Syrovatskii
and ShmelevaCe4] the observed exponents φ of the dif-
ferential spectrum of the x-ray flux at the maximum of
the nonthermal x-ray burst (when the spectrum is at
its hardest) lie in the interval from 4.4 to 5.

In the thick target model, t e o ' M ] this value corresponds
to exponents γ=φ +1 = 5.4-6 of the energy spectrum of
the electron flux. For flares with an electron spectrum
as soft as this, the main source of heating of the low-
temperature region is here definitely a heat flux and
not electrons. On the other hand, for large flares with
hard spectrum (possibly for white-light flares) one can
expect in accordance with Table Π the heating of the
low-temperature flare region to be determined by en-
ergetic electrons. ι

Finally, as is clear from Table Π, for "thermal"
flares the energy flux that reaches the low-temperature
part of the flare is less than 1% of the total energy flux
in the flare. Thus, thermal flares must be mainly x-
ray and ultraviolet flares. The contribution of the low-
temperature region to the total emission of the flare
can be significant only in the case of heating by ener-
getic particles with sufficiently hard spectrum and in
the case of a low boundary temperature of the hot re-
gion. Below, we shall refer to these flares as pene-
trating, because in them the heating is realized direct-
ly by accelerated particles that penetrate to the low-
temperature region of the flare. From the point of
view of the x-ray emission, thermal flares must be
characterized by a soft spectrum of the nonthermal
hard χ rays (or absence of the latter) and a high tem-
perature of the soft thermal χ rays. Conversely, for
a hard spectrum of the nonthermal χ rays we must have
penetrating optical flares in the form of bright flare
kernels that arise simultaneously with the hard x-ray
bursts and pulses of the microwave radio bursts. Usu-
ally, soft nonthermal spectra are more characteristic
of small flares and hard spectra of large ones. There-
fore, in accordance with Table II we must expect that
up to 10% (about 108 erg · cm"2 · sec"1) of the total energy
flux can penetrate to the optical region of large flares.
As a whole, this picture does not contradict the observa-
tions of large flares with characteristic times not
shorter than 15-20 sec in the hard x-ray emission (see,
for example,t54:).

2) A regime of rapid heating η = const or one near to
it is apparently realized in the short-lived bright points
within the flare kernels during the explosive phase of
impulsive flares. In this regime, as Table Π shows,
the energetic particles for all y and To carry much
more energy below the flare transition region than the
heat flux. Therefore, the temperature distribution may

be very different from the one considered in140·413;
namely, a quasiequilibrium distribution temperature
may be established (in a time shorter than the charac-
teristic gas-dynamic and characteristic heat conduc-
tion times) that is determined by the balance of heating
by the energetic electrons (1.4) and radiative cooling
(1.5):

η.) - i - = nJL (Γ) (3.21)

(cf. Eq. (2.1)). This situation will be discussed in
Sec. C of Chap. 4.

E. Heating by energetic protons. White-light—flares
protons or electrons?

Protons accelerated in the flare do not give rise to
bremsstrahlung χ rays. We obtain information about
them from interplanetary observations (for ex-
ample, c1»·13") and from observations of solar gamma
rays. c l 3 l - 1 3 4 ] Relatively complete gamma observa-
tions were made only for the flares on August 4 and 7,
1972 and they showed that the nuclear reactions leading
to the gamma emission began simultaneously with the
hard x-ray emission and continued for not less than
10 min. The ratios of the gamma lines at, for example,
2.23 and 4.43 MeV enable one to estimate the slope of
the spectrum of the accelerated protons under certain
assumptions about the He3 abundance in the photosphere.
Ramaty and LingenfelterC1351 calculated lines for power-
law and exponential spectra of the accelerated particles
(mainly protons and a particles) and showed that in the
interval 10-100 MeV the differential spectrum of the
particles satisfies a power law with exponent 1.8±0.2
and 2.7 ± 0.2 in the thin and thick target models, re-
spectively, if He3/H = 5 -10"5. Thus, the slope of the
proton spectrum agrees in general with the data of the
interplanetary observations. For the thick target
model, the total number of protons with energy > 30
MeV was found to be ~ 1033.

In connection with optical flares, heating by energetic
electrons has been considered on several occasions (for
example, C l l 7> l l e : i). For comparison of the penetrating
capacity of thermal electrons (more precisely, of the
stationary heat fluxU13), energetic electrons, and pro-
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3.9
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1.7
2.1
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violet,
A

>912
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tons, Table ΙΠ contains the calculated values of the ini-
tial energy of particles that is needed if they are to
traverse a thickness ξ (cm"8) into the chromosphere;
here h (km), Τ (ΙΟ3 Κ) and wH (cm"3) are the height above
the photosphere, the temperature, and the hydrogen
concentration in the model of the quiet chromo-
sphere. [136]

It is clear that nonrelativistic protons with an energy
approximately -Jmp/me^ 50 times higher than the energy
of the nonrelativistic electrons penetrate to the same
depth as the electrons. The energy losses of such pro-
tons per unit thickness of matter is approximately the
same number of times greater than for the correspond-
ing electrons. Therefore, a proton flux -Jmp/me times
smaller in number than the electron flux but with proton
energy 4m~Jm~e times greater carries the same total
energy and gives rise to the same heating of the atmo-
sphere as the electron flux. The following difference
is however important. Beginning at a depth correspond-
ing to a matter thickness of about 3 · 1022 cm"2 or a
concentration nH - 3 · 1015 cm"3 and below, the heating
of the chromosphere requires electrpns with an energy
above 400 keV, i. e., electrons for which a relativistic
behavior of the losses becomes important. Protons
that have penetrated to the same depth have essentially
nonrelativistic energies Ep> 20 MeV. It could be this
that explains why all white-light flares, i .e . , having
flare kernels with enhanced optical continuum, have
been observed to be proton flares. c l 3 7 3 However,
whether there is here a rigorous one-to-one correspon-
dence is at present not known. At the same time, it is
known that during the 3B flare on August 7, 1972
two forms of continuum optical emission were ob-
served. [ 1 3 β · 1 3 9 ] The first of them consisted of short-
lived compact blue-white kernels observed at approxi-
mately the same time (1519-1524 UT) as the protons "
were accelerated. [ 1 4 0 ] The second was a long-lived
diffuse moving yellow-white front that coincided with the
leading edge of the Ha emitting ribbon. Simultaneously,
a slow drift of the maximum of the microwave emis-
sion to lower frequencies was observed, and the
spectrum of the nonthermal x-ray emission became
softer.

Rust and Hegwer111393 pointed out the intimate connec-
tion between the continuum optical, microwave, and
hard x-ray emissions and suggested that both forms of
white emission were due to heating of the chromosphere
by the same energetic electrons as generated the hard
χ rays and the microwave radio emission. Thus, to ex-
plain a white-light flare there is no need to invoke heat-
ing by energetic protons. Moreover, one gets the im-
pression that, in contrast to electrons, energetic pro-
tons escape virtually freely from the acceleration re-
gion into interplanetary space (see, for example, c u l ])
and cannot guarantee the heating of the chromosphere
necessary for a white-light flare. According to the in-
terpretation of[1423 of the gamma emission with energy
above 300 keV, the total energy of the protons in the
thick target is less than 1028 erg, i .e . , clearly inade-
quate for a white-light flare.

4. GAS DYNAMIC PHENOMENA IN THE ATMOSPHERE
OF THE SUN

A. Optical flare as response of the chromosphere to a
shock wave

Thus, during a solar flare a number of processes can
lead to local heating of the corona and the chromosphere
to high temperatures. At the boundary of the hot region,
there then arise large temperature and pressure gradi-
ents. They must lead to rapid gas-dynamic motions
and shock waves. It is assumed that a shock wave
propagating into the chromosphere is the cause of the
optical emission of the flare and the observed sequence
of excitation of lines observed by the profiles of the
lines, the continuum emission, and other fea-
tures. : U 3- 1 4 73 Shock waves can be excited, for example,
at places where matter falls onto the chromosphere
from the corona ί 1 4 3 ι 1 4 4 : or there is heating of the atmo-
sphere by energetic electrons. c u e · 1 4 7 1 According to 1 8 ' 9 1 ,
the basis of the explosive phase of the flare is the
breaking of the current sheet. The "gap" formed in the
sheet expands with Alfven velocity; at the same time,
there is induced in the sheet an impulsive electric field
that accelerates the charged particles and gives rise to
turbulent heating of the plasma in the region of the
break. But it is obvious that an appreciable fraction
of the energy liberated during the break is transformed
into the energy of magnetohydrodynamic motions, i. e.,
ejections of plasma and shock waves. Thus, the shock
wave may be due to rearrangement of the magnetic field
in the corona during the explosive phase of the flare.

The depth of penetration of a strong shock wave into
the chromosphere can be estimated by means of the
well-known self-similar solution in an exponential at-
mosphere"4 8 1 if one ignores emission losses. A shock
wave with initial Mach number Μ becomes weak (M — 1)
after it~has~traversed the~path

= h, — hl ~ Cft0 In M; (4.1)

Here kg is the height of the homogeneous atmosphere,
and the factor C depends on the adiabatic exponent and
differs little from unity. If the shock wave arises as a
result of heating of electrons with energy about 10 keV,
i. e . , at a height ht above the photosphere, where the
hydrogen concentration is M H ^ 1012 cm"3, then for
Μ = 10-30 this shock wave can reach a height f^, where
nH =* 1013-3 · 1013 cm"3, respectively.

Thus, the shock wave propagating into the chromo-
sphere is very rapidly damped because of the expo-
nential growth of the density and pressure in front of
the shock and the rapid decrease of the pressure behind
the front because of the movement upward of heated
matter. The depth of penetration of the shock wave into
the chromosphere may be appreciably greater than the
depth determined by Eq. (4.1) if the injection of energy
behind the front continues a long time, as, for example,
in the case of heating of the chromosphere by a station-
ary stream of energetic electrons for 100 sec
(see t l 4 e ' 1 4 7 ] ). There are however reasons to believe
(see below) that the duration of heating of each given
section of the chromosphere is appreciably shorter,
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and the flux of particles has the nature of short bursts
that reach different sections of the chromosphere.

B. Influence of emission on the propagation of the shock
wave. Thermal instability behind the shock front

Emission losses obviously reduce the depth of pene-
tration of a shock wave into the chromosphere. This
conclusion is confirmed by the numerical calculation
ofcW5], in which it is assumed that the gas heated be-
hind the shock front is optically thin and that its emis-
sion losses are proportional to T3 for T« 5· 10* °K and
T3-Sfor Τ«2.5· ^

InCU93, Guseinov, Imshennik, and Paleichik consid-
ered a model of the initial phase of chromospheric flare
in the framework of the theory of a high-temperature
explosion in a homogeneous atmosphere. They solved
numerically the one-dimensional system of the equa-
tions of the gas dynamics of an ionized two-tempera-
ture plasma with allowance for all significant dissipa-
tive processes. This made it possible to describe the
structure of the front of the shock wave, take into ac-
count the difference between the electron and ion tem-
peratures, and also radiative cooling of the hot gas be-
hind the shock front. The dependence of the volume
emission on the temperature was taken from1·150-1 and
was characterized by the presence of a maximum. The
calculations showed that the Volume emission leads to
a thermal instability of the hot plasma behind the shock
front. The plasma is rapidly cooled by the emission
and is compressed into cold dense layers. Similar re-
sults were obtained inc l 5 1 :.

In connection with protuberances on the Sun and in a
larger plan the phenomenon of thermal instability has
long been known.cl5a·1531 A linear theory of thermal in-
stability was constructed incls*] by Field. (Below, using

FIG. 8. Radiative cooling functionL(T) in erg· cm 3 · sec*1

calculated by Cox and Tucker.11581 The temperature-dependent

dimensionless parameters of the medium are a and β. The

instability regions of the different modes of thermal instability

are ehown.

equations fromcl45], we shall place the letter F in front
of the corresponding equation numbers.) The theory
was developed further and has found numerous applica-
tions (see, for example, C 1 S S~1 S 7 ]). In the linear theory,
the homogeneous medium in thermal and mechanical
equilibrium is characterized by three dimensionless
parameters α, β, and y. The first two are the ratios
(F. 27) of the characteristic values of the wave numbers
(F. 16) that determine the emission and heat conduction
losses, and the third is simply the ratio of the specific
heats, which we assume is constant.

If the heating of the medium is such that the supply
of energy per gram of matter per second does not de-
pend on the temperature and density, and the cooling
of the medium is determined by the volume emission
losses (1.5), then the parameter a depends only on the
temperature and is the logarithmic derivative of the
radiative cooling function

dint
din Γ (4.2)

The parameter β characterizes the relative importance
of heat conduction. If the heat conduction is deter-
mined by free electrons, i.e., ̂ e^^0T

i/z, then

-1)2 (4.3)

also depends only on the temperature; here, μ is the
effective molecular weight (for a plasma with cosmic
abundance of the elements, μ^ 1.44wH), R is Boltz-
mann's constant, and κ 0 ^ 1.45· 10"6.

For a plasma with cosmic abundance of the element,
the radiative cooling function L(T) was calculated by
Cox and Tucker"581 and is shown in Fig. 8 together with
the functions a(T) and β{Τ). To calculate β in accor-
dance with Eq. (4.3) y- 5/3 was assumed. Figure 8
also shows the temperature regions in which perturba-
tions of the following types may be unstable: 1) Iso-
baric perturbations, i.e., perturbations for which
p = const. They correspond to two regions Ct and Ca

in which α<1. This is the so-called condensation
mode of the thermal instability. 2) Adiabatic perturba-
tions (with constant entropy) are unstable in the regions
Wx and W2, where a<-3/2. This mode of the thermal
instability is called the acoustic or wave mode. 3)
Isochoric (w= const) perturbations are unstable in the
regions a and c2, where a<0 (see t l52]).

We introduce instead of the characteristic values of
the wave numbers (F. 16) the matter thicknesses cor-
responding to them:

- J L _ y " 2 Β312 Γ 3 / 2

^-α-ξρ. 6 , - i - -ρ
(4.4)

The thermal instability is stabilized by heat conduction
over scales smaller than the critical value (F.26) of
the matter thickness:

Ιο = ίρβ 1 ' 2 (1 - α ) " 1 ' 2 (4. 5a)
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corresponds to the characteristic thicknesses (F.46):

τ,'κ

FIG. 9. Scales of perturbations of condensation | c c and
acoustic ξαο type stabilized by heat conduction (see (4. 5)) and
also scales of perturbations that have the largest growth rate,
ξ^. and Zmw (see (4.7)). The dashed curves show the charac-
teristic thicknesses for the temperature profiles in the case of
stationary heating of the chromosphere by a heat flux'4" in the
two limiting cases p= const and η = const. The dot-dash-dot
curve shows the characteristic thicknesses for the tempera-
ture profile in Fig. 10.

and

(4. 5b)

for the condensation and acoustic modes, respectively.
These values of the thickness also depend only on the
temperature and are shown in Fig. 9.

As above, we shall consider one-dimensional equilib-
rium distributions of the temperature T(|) produced by
some mechanism of heating of the solar plasma in the
presence of volume cooling by emission. We shall
compare the characteristic thicknesses

tt IT\ _ di(T)
s t >~ din Τ · (4.6)

over which the temperature changes appreciably along
such a profile with the characteristic thickness (4. 5)
for perturbations in a homogeneous medium. As an
example, the dashed lines in Fig. 9 are the character-
istic thicknesses for the temperature profiles corre-
sponding to stationary heating of the chromosphere
by a heat flux in the two limiting cases p = const and
η = const.c 4 1 1 At every point of such a temperature pro-
file , there is a balance between heating by the heat flux
and the emission losses. It can be seen from Fig. 9
that in both limiting cases the temperature profiles are
stable against perturbations whose scale is less than
δξ. For scales greater than or comparable with δξ,
the approximation of a homogeneous medium does not
apply.

The greatest growth rate of the thermal instability

and

(4.7a)

(4.7b)

for the condensation and acoustic modes, respectively,
and they are also shown in Fig. 9.

In the problem of a strong explosion in a homogeneous
atmosphere1·149-1 the temperature behind the shock front
at the initial times is very high: 106-108oK. Because
of the high thermal conductivity, the thermal instability
can be manifested here only over very large thickness
scales: C£>£ c inFig. 9. But compression (condensa-
tion) of matter on such a scale requires a considerable
time te~ 6£,/nVs, where Vs is the velocity of sound be-
hind the shock front. With expansion of the strong
shock sphere, the temperature falls behind the shock
front, the permitted thickness scale decreases and the
characteristic compression time shortens, and the rate
of radiative cooling increases as the maximum of the .
function L(T) is approached (see Fig. 8). Therefore,
after a certain time the matter behind the shock front
is condensed into cold dense layers.

In connection with solar flares, the possibility of
thermal instability behind a shock front was first
pointed out in t l 4 9 ] . Under the conditions of solar flares,
the thermal instability can develop in a very short time:
ΙΟ^-ΙΟ"2 sec, as will be shown below. Weymann,cl53]

considered as long ago as 1960 the stationary heating
of the chromospheres of stars by shock waves and was
the first to give the correct criterion for condensation
thermal instability. Kostyuk and Pikel'ner1·146·1 formu-
lated'the problem of the formation and propagation of a
shock wave in the case of prolonged (=< 100 sec) station-
ary heating of the chromosphere by a stream of ener-
getic electrons with power-law spectrum. They con-
sidered the one-dimensional system of equations of gas
dynamics with heat conduction by electrons and neu-
trals, ion viscosity,c l 4 7 ] and radiative cooling. How-
ever, in the numerical calculation they did not foresee
the possibility of the appearance and rapid development
of thermal instability. It was assumed that the prob-
lem contains no characteristic times shorter than 1 sec
(the calculation step). On the basis of this, they did
not, in particular, consider the possibility of the elec-
tron temperature becoming different from the ion tem-
perature. Taken as a whole, the gas-dynamic pic-
ture of a solar flare is more complicated than the
picture considered int 1 4*· 1 4 7 3 for several reasons.
First, as is shown by modern observations (for ex-
ample, tios,ioefi23,ise,i39j) t h e m j e c t i O n of energetic elec-
trons into the chromosphere takes the form of succes-
sive short (of a few seconds) pulses, which partly over-
lap in time, so that the illusion of continuity was cre-
ated when the time resolution was poor. These pulses
correspond to different points on the chromosphere.
Second, the prolonged quasistationary heating of the
chromosphere in, for example, the flare ribbons is
evidently due not to energetic particles but heat fluxes
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from the region of rejoining of the magnetic field, and
it also takes place along different lines of force. This
is indicated, for example, by the motion of the flare
ribbons in opposite directions from the zero line of the
photospheric magnetic field. Third, in the case of
flare heating of the chromosphere the thermal instabili-
ty may begin before the occurrence of the shock wave
and strongly influence the gas-dynamic picture of the
flare.

C. Thermal instability of a hot flare plasma before

formation of the shock wave:

The hot (T> 2 · 104 °K) flare plasma is usually virtual-
ly transparent for its own emission. The cooling of
the plasma by emission has a volume nature. During
the flare heating, it restricts the growth of the temper-
ature and leads to the formation of quasiequilibrium
distributions of the temperature and the density which
are, in general, unstable against perturbations of the
thermal or mechanical equilibrium.

Let us consider as an example the heating of the
chromosphere by electrons accelerated in the flare
with the power-law spectrum (3.2). The power re-
leased by the electron beam as a result of Coulomb
losses in a plasma with concentration n(s) cm"3 dis-
tributed over the thickness ξ cm"2 in accordance with
Eq. (1.4), in which the function Ρ(ξ) in the general
case is expressed in terms of Gaussian hyper geometric
functions (see Eq. (12) ince4:l). Suppose, to be specific,
that the exponent of the differential spectrum of the
particle flux is γ = 3, i.e., the spectrum is hard, and
the upper end of the spectrum is at Ez = ». Then

n(4-Y3r"\(-l·), (4.8)

duction time

where n = aF0/2£f is a constant, ξχ = .Εί/2α is the char-
acteristic thickness over which an electron with initial
energy £ t loses its energy, and

Λ -r- =
- l for

for

(4.9)

We shall assume that the boundary energy flux is
sufficiently large that during the heating time

3ΜΓ(ξ)-7
Ρ (I)

(4.10)

the initial density distribution κ«,(ξ) does not have time
to change. In other words, th is much shorter than the
characteristic gas-dynamic time

te{T&)) = - (4.11)

where δ ξ is the characteristic thickness (4.6) over
which the temperature changes significantly and Vs is
the velocity of sound for the temperature at the cor-
responding point ξ.

In addition, we shall assume that the heat conduction
does not affect the establishment of an equilibrium dis-
tribution of the temperature Γ(ξ), i. e., the heating
time is much shorter than the characteristic heat con-

"η(ξ)χ(Γ(«)
(4.12)

here κ(Τ) is the electron thermal conductivity, since

in the range of temperatures T>2 · 104°K and concen-
trations «<10 ls cm"3 in which we are interested the
hydrogen is almost completely ionized.

Under these assumptions one can establish the quasi-
equilibrium temperature distribution, which is deter-
mined by equality of the heating by energetic electrons
(4.6) and the volume emission cooling:

(4.13)

here, we have ignored the heat source ^«.(T.,, «„) that
maintains the original temperature distribution in the
quiet chromosphere (cf. Eqs. (2.1) and (3.21)).

The cooling by emission is capable of equalizing the
heating by electrons only if one is sufficiently deep in
the chromosphere, namely, for ξ>ξΛ, where the
smallest value of ξ is determined by the obvious con-
dition

(|J = Ρ (ξJ, (4.14)

1021 erg· cm3with Lu = maxL(T) = 1,(2. 5 · 10s °K) <* 1. 05 ·
• sec"1. The equilibrium temperature distribution cor-
responding to heating by electrons with spectral param-
eters F0=10n erg· cm"2· sec'1, £1 = 10keV, £2 = °°,
and γ = 3 is shown in Fig. 10 together with the charac-
teristic times (4.10)-(4.12). For simplicity, the real
density distribution in the region of the chromosphere
in which we are interested has been replaced by an ex-
ponential distribution with scale height h$ = 200 keV:

n. (I) = Λ"1! (cm-) . (4. 15)

f (sec)

4 S
ί (10" cm"')

FIG. 10. Distribution of the temperature Τ over the thickness
I (cm"2) into the chromosphere when the heating by energetic
electrons (γ = 3, F ^ I O 1 1 erg· cm"2· sec'1, El = 10 keV, E2

= °°) is balanced by radiative cooling. The characteristic heat-
ing time is th; the time of development of the thermal insta-
bility is tL in the regime p = const; the time of stabilization of
the instability by heat conduction is tc and the characteristic
gas-dynamic time is tt.
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const) = ( 1 _

The calculated equilibrium temperature distribution
Τ(ξ) corresponds to the characteristic thicknesses δ ξ
(4. 6), which characterize the inhomogeneity scale of
the temperature profile and are shown in Fig. 9 by the
dot-dash-dot curve. It is obvious that in the range of
temperatures from 8 · 10* to 2 · 10s °K the equilibrium
distribution of the temperature is virtually homogeneous
with respect to the perturbations that have the greatest
growth rate, i .e . , perturbations with characteristic
matter thickness £m<; (4. 7a). Therefore, in this range
of temperatures one can use the results of the linear
theory of the thermal instability in a homogeneous me-
dium. For example, ignoring heat conduction and con-
sidering gas-dynamic compression in the constant
pressure regime, we can write down for the character-
istic time of development of the condensation mode the
simple expression

(4.16)

Since £,mc« δξ there is of course no contradiction here
between isobaric compression of condensation pertur-
bations and isochoric heating to the equilibrium tem-
perature. In accordance with the general linear the-

ory[i54] ^ f o r m a t i o n of condensations begins in the re-
gion of temperatures where a<l, which corresponds to
temperatures Γ& 7.4· 104°K on Cox and Tucker's curve
(Fig. 8). For comparison with the other characteristic
times, tL is shown as a function of ξ in Fig. 10.

Figure 10 shows that the time of heating of the chro-
mosphere to the equilibrium temperature is shorter
than the characteristic instability time, which in its
turn is shorter than or comparable with the gas-dynam-
ic time. Therefore, the instability may begin before
or at the same time as the formation of the shock wave.
In this respect too the picture considered here differs
from the situation in which the heating and compres-
sion of the medium that leads to instability are due to
the passage of a strong shock wave. [ 1 4 9 · 1 5 1 ] Figure 10
also shows that heat conduction does not succeed in
stabilizing the thermal instability.

Under conditions of flare heating of the chromo-
sphere, the thermal instability has a strong influence
on the gas-dynamic picture of the flare for the further
reason that the thermal instability may develop over a
characteristic time that is determined by radiative
cooling and is shorter than the characteristic gas-dy-
namic time. In the example considered, the character-
istic time of the condensation mode is shorter than or
comparable with the characteristic gas-dynamic time,
which ensures condensation of the matter cooled by the
emission in a nearly p = const regime. As a result, if
the chromosphere is heated by a sufficiently powerful
stream of energetic electrons, dense cold layers or
filaments must arise, at least during the start of the
process, and their presence will influence the nature
of the optical emission of the flare. Thus, rapid gas-
dynamic motions and shock waves are inescapable con-
sequences of sufficiently powerful liberation of energy
in the atmosphere of the Sun. These processes take
place in the presence of strong cooling by emission,
which leads to thermal instability—the formation of

dense cold layers of gas that influence the gas-dynamic
picture of the flare and especially its emission. A
self-consistent treatment of these phenomena requires
simultaneous solution of the equations of gas dynamics,
radiative transfer, and ionization equilibrium in, for
example, the approximation described in c l S 9 : .

5. HEATING OF THE SOLAR ATMOSPHERE BY THE

EMISSION OF THE HOT REGION OF THE FLARE

A. Specific features of heating by radiation

The overwhelming part (from 90 to 99%) of the total
flare emission energy lies in the soft x-ray and ultra-
violet ranges of the hot flare region. A major part of
the radiation of the hot region escapes from it into in-
terplanetary space. Having been partly absorbed in the
source itself and during propagation, this radiation
reaches the ionosphere of the Earth, where it causes
a rapid rise in the ionization, which is observed, for
example, in the frequency drift of reflected radio

waves.
[137,160]

Below, we shall be interested in the emission of the
hot flare region that does not escape from the solar
atmosphere but is absorbed in it, giving rise to addi-
tional ionization and ultimately heat. Thus, an appre-
ciable part of the emission is absorbed in the chromo-
sphere directly under the hot region and in the immedi-
ate neighborhood. This radiation can change the struc-
ture of the flare transition layer and increase the opti-
cal emission of the flare.

An important feature of the radiative transfer of the
energy is that the radiation escapes from the hot region
isotropically and not along the tubes of magnetic lines
of force, as is the case for the heat fluxes and the en-
ergetic particles. It is therefore probable that the en-
ergetic particles and the heat fluxes generate flare ker-
nels, knots, ribbons, and other bright compact forma-
tions within less bright and diffuse regions (halo) heated
by the emission of the hot region. The efficiency of
radiative heating obviously depends strongly on the ge-
ometry of the high-temperature region, especially its
height.

In contrast to shock and heat waves and also nonrela-
tivistic particles, radiative transfer of energy does not
introduce an additional (relative to the velocity of light)
time delay. Therefore, the radiative transfer of en-
ergy certainly does not contradict the observed simul-
taneity of the phenomena that take place during the flare
at different heights (see, for example/ 5 4 · 1 2").

Finally, and this is the most important thing, the
emission of the hot flare region has a high capacity to
penetrate. If we assume, following Table I in t 4 e : , that
the hydrogen concentration in the region of formation
of the flare Ha emission is nH = 5 · 1013-2 · 1015 cm"3 (in
the quiet chromosphere, [ 1 3 β ] the Ha emission is formed
in the range of hydrogen concentrations n a = 7 · 1011—
2 · 10 le cm"3; see Fig. 5) which corresponds to a thick-
ness ξ» 7· 102 0-2· 1022 cm"2, then for penetration to
this region we need (see Table m) electrons with en-
ergies Ee = 70-300 keV or protons with energies EP = A—
20 MeV, or χ rays with energies of only Ex = 0. 4-1. 8
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keV, or ultraviolet rays in the region λ>912 A (see
Fig. 2 t n t i e l i ) .

B. X-ray heating of the solar atmosphere

That χ rays can give rise to appreciable heating of
the optical region of the flare can be readily seen with-
out recourse to the model calculations"5178-1 made for
the thermal x-ray emission with the elementary spec-
tra (2.5).

Let us consider as an example the large flare on
August 7, 1972 at 1515 UT. At the maximum of this
flare, the softest channel 8-20 A of x-ray detectors on
the satellites Solrad 9 and 10 was saturated. c l e 2 1 This
means that the energy flux of the χ rays in the range
0. 6—1. 5 keV exceeded 1 erg · cm"2 sec'1 at the Earth.
Therefore, the power of the x-ray source on the Sun
was not less than 3 · 1027 erg · sec"1 in this range. If
it is assumed that about 1/3 of this emission is ab-
sorbed in the chromosphere, then, given a flare area
of about 3· 1019 cm2, the energy flux density of the
χ rays directed into the chromosphere was not less than
3 · 107 erg · cm"2 sec"1. Attenuated by about e times on
the propagation path, this flux could give rise to a den-
sity of Ha radiation up to 107 erg· cm"2sec"1, i .e . , ap-
proximately the same as that due to heat conduction
within the flare kernels at Γο = 3 · 107 °K.

Calculations of the absorption of the thermal x-ray
emission in the atmosphere of the Sun"8·*5 3 revealed
some interesting features.

First, up to 30% of the x-ray emission of the flare,
and moreover the softest, can be absorbed in the emis-
sion source. Therefore, the opacity of the x-ray source
in the region of the softest χ rays may be important for
the interpretation of the observed spectra.

Second, the emission of elementary tubes with bound-
ary temperature To < 107 °K is absorbed mainly above the
region in which the flare Ha emission is formed. We
should enter the caveat that the uncertainty is too large
in the determination of the parameters of this region.
It is possible that the Ha flare is formed higher in the
chromosphere than assumed here.

Third, only an insignificant part (< 1%) of the x-ray
energy flux directed downward may reach the photo-
sphere even in the case of boundary temperatures as
high as 5 · 107 °K.

Finally, and this is the most important, about 30% of
the x-ray flux is absorbed in the region of the Ha flare
if 107 i To i3 · 107 °K. Moreover, the higher the bound-
ary temperature To the larger the fraction (» 30% for
To » 3 · 107 °K) is the flux of x-ray energy that penetrates
to the region of the chromosphere with hydrogen con-
centration nH>2 · 10 l s, where, probably, the continuum
optical emission is formed in all white-light flares.
Therefore, to construct models of white-light flares it
may be necessary to take into account the mechanism
of x-ray heating of the source of the white continuum.

In connection with x-ray heating, it is also appropri-
ate to discuss how one can deduce from observations an
important flare parameter such as the energy flux F o in

the flare kernels.

One can attempt to answer this question by consider-
ing the simplest model situations. For example, if ob-
servations of hard x-ray bursts have enabled us to find
the power & of the stream of energetic electrons, then
under the assumption that these electrons are the prin-
cipal source of heating of the flare plasma, one can es-
timate the boundary energy flux as FQ = JF/Sl. Here, Sj
is the area of the flare kernels, which in accordance
with the observations'·54·79·803 is much less than the total
area of the flare—the area S2 of the flare halo. Know-
ing FQ we can, for example, calculate the heating of the
flare halo by χ rays, as was done in t*S l 7 8 : l. However,
the total power .Fof the nonthermal electrons is usually
unknown since the lower limit Εχ of their energy spec-
trum is not known. Therefore, one can in principle
consider the opposite problem·, namely, assuming that
the Ha emission in the halo is due to x- ray heating, estimate
the necessary power of the x-ray source and the boundary
energy flux needed for the existence of such a source;

Thus, the boundary flux Fo can be estimated if it is
assumed that the diffuse halo of the optical flare is
heated by the x-ray emission of the hot region. How-
ever, it must be borne in mind that a comparable, if not
larger, contribution to the heating of the upper chromo-
sphere may be made by the ultraviolet emission in the
region of the Lyman continuum (λ« 912 A), which is
formed in the flare transition layer.

There exist some other possibilities for determining
the boundary energy flux Fo in the flare kernels, where
the greatest energy liberation power is observed. For
example, one can estimate ,F0 from the known temper-
ature To and concentration w0 in the high-temperature
region by assuming constancy of the pressure or con-
stancy of the density along the magnetic tubes through
which the energy reaches the flare kernels. Another
way of estimating the boundary energy flux is to pro-
ceed from the observed intensity of Ha emission in the
flare kernels F{Ha). In this case Fo~ l&F(Ha) in the
case of heating by heat conduction or Fo^ (10-30)F{Ha)
in the caseof heating by energetic electrons (see Table Π).

All the above ways of estimating the boundary energy
flux are however indirect and inaccurate. It would be
more direct and accurate to find the boundary energy
flux in all flare kernels by first determining the lower
limit £j of the energy spectrum of the accelerated
electrons, since they are evidently the main source of
heating in the kernels. For this it is necessary to re-
gard the power JF{E>E1) of the energetic electrons cal-
culated by means of Eq. (3.12) or (3.13) from the data
on the spectrum of the hard x-ray emission as a func-
tion of £Ί and equate it to the total power of the emis-
sion in all the flare kernels. Of particular importance
here is the impulsive component of the ultraviolet, soft
χ ray, the optical continuum (if it is observed) emis-
sions since in them the observed power is maximal.

C. Heating by ultraviolet emission of the flare

The ultraviolet emission of a flare contains energy
that is almost an order of magnitude greater than in the
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χ rays. α β 3 ] Therefore, during the time of large flares
the energy flux of the ultraviolet radiation may reach
several erg · cm'2 · sec' 1 at the Earth 1 1 3 7 ' 1 8 4 3 and ac-
cordingly about 108 erg · cm2 · sec"1 deep in the chromo-
sphere. If it is assumed that the absorption of ultra-
violet radiation in the chromosphere is determined by
the same effective cross section as in interstellar gas
with ordinary composition and temperature (see Fig. 2
in [ 1 8 1 : ), then two wavelength regions are distinguished
by the nature of the absorption. The ultraviolet radia-
tion in the region of the Lyman continuum λ « 912 A is
absorbed mainly in the upper chromosphere itself for
ξ> 1017 cm"2. In contrast, radiation with λ<912 A pen-
etrates deep into the chromosphere and is absorbed
primarily at ξ> 2 · 1022 cm"2, i. e., in a region with hy-
drogen concentration ηΗ>2· 1015 cm'3 (Table ΠΙ).

At the maximum of the white-light flare on March 12,
1969 the energy flux of the ultraviolet emission in the
band 760-1030 A was about 4 erg· cm"2 · sec'1 at the
Earth, [ 1 8 4 ] which corresponds to a power of not less
than 1028 erg · sec"1 in this band or 5 · 1027 erg · sec"1 in
the band 912-1030 A. Let us suppose that almost all
this radiation was formed in the flare transition layer
within the flare kernels. There were three such ker-
nels in the flare on March 12, 1969 and they could be
clearly seen both in Ha and in the optical continuum
(see Fig. 4 in" 3 7 1 ) . If the area of the kernels is taken
to be 5 · 1017 cm2, then the radiation flux in the band
912-1030 A in the region of the chromosphere with con-
centration ηΗ>2· 1015 cm"3 is approximately 6· 109

erg · cm"2 · sec"1, i. e . , not much less than the flux
needed to produce the continuum optical emission. It
is probable that to explain a white-light flare it is nec-
essary to take into account all ultraviolet radiation with
wavelengths λ>912 A. At the same time, the continuum
optical emission can be formed over an appreciable
range of depths in the chromosphere: many layers of
the chromosphere, each with its own temperature and
dominant opacity mechanism, contribute in this case to
the white continuum.

6. CONCLUSIONS

The problem of investigating the extremely compli-
cated and ramified process of a solar flare can be di-
vided rather naturally into two parts, which may be
called the internal and external problems. The first
of them corresponds to the investigation of the primary
physical process as a result of which a tremendous
amount of energy is liberated in a short period of a few
tens of seconds in the form of massive hydrodynamic
motions, fluxes of accelerated particles, and fluxes of
heat and radiation. This process is obviously the basis
for understanding the flare, and its investigation is the
most important part of theory. However, information
about this process can be obtained only by a very in-
direct manner, mainly from the rather distant conse-
quences that it has in the atmosphere of the Sun, the in-
terplanetary medium, and on the Earth. In addition,
these secondary effects by themselves have an impor-
tant significance for astrophysics, the physics of inter-
planetary space, and geophysics. Therefore, the ex-
ternal problem plays a very important role. Its main

aim is to investigate the secondary effects of flares.
The main effects are associated with the response of
the solar atmosphere to the energy fluxes that arise in
the primary flare process.

The study of the flare mechanisms of heating and
other secondary processes in the chromosphere and
corona gives one in principle the possibility of obtain-
ing detailed information about the primary flare pro-
cess. This problem is complicated and not always un-
ambiguous. Nevertheless, there are now a number of
important results that significantly deepen our under-
standing of the flare process, and in some respects
force us to reexamine this phenomenon. Such results
are the following.

First of all, it has become clear that the traditional pic-
ture of a flare as a brightening (basically in the hydrogen
line Ha) of part of the chromosphere relates to only one of
the late consequences of the primary physical process.

In this connection, one should emphasize two circum-
stances, which significantly change our previous ideas
about flares.

First, energetically the emission in Ha is only a few
percent of the total power of the flare and in this re-
spect is not a sufficiently adequate characteristic of the
flare as a source of disturbances on the Sun, in the in-
terplanetary medium, and on the Earth. The over-
whelming part of the energy is released in the form of
mass motions and accelerated particles, and also in
the ultraviolet and soft x-ray spectral ranges.

Second, a flare, if one has in mind its principal pro-
cess, is specifically a coronal and not chromospheric
phenomenon. This is clear alone from the relative im-
portance of the ultraviolet and x-ray emissions. In this
connection, the very term chromospheric flare, which
is usually used for the phenomenon as a whole, is not
very felicitous.

Apart from these general conclusions of qualitative
character, the investigation of the "external" problem
already enables us to determine now important param-
eters of the primary process such as the total flux of
energy expended on heating the solar atmosphere, the
fraction of this flux due to energetic particles and radi-
ation, the importance of rapid motions and shock waves,
the space-time structure of flares, etc.

There is every reason to hope that further investiga-
tions of these channels through which the energy of the
primary process of the flare reaches the atmosphere
of the Sun and the analysis of the concomitant physical
processes will not only make it possible to systematize
the considerable amount of accumulated observational
material but will also cast new light on this remarkable
phenomenon of nature.
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