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FLARE MODELS

9.1 Introduction

In Chapters 2 through 8, each team has presented an account of a

particular aspect of the flare phenomenon , presenting relevant observa-

tional data, interpretations of the data , and theoretical concepts which

have been advanced to explain the data. However, these chapters do not

reflect some of the inter—team discussion which went on during the Work-

shop concerning the basic nature of solar flares. In particular , there

was a very lively debate involving Stirling Colgate, Hugh Hudson, Dan

Spicer, and Hal Zir~n as primary speakers and Zdenek Svestka as moderator ,

concerning the question of whether current sheets are essential for solar

flares. Unfortunately, no vote was taken at” the end of the debate, so the

question remains in doubt! The purpose of this chapter is to review the

current status of the modeling of solar flares. This requires an attempt

• to address the question of the basic nature of solar flares (if there is

one), which is something of a leap in the dark——if this is an appropriate

• metaphor to use in describing the transition from observational data to

theoretical constructs. As a way of organizing this discussion , Sections

9.2 and 9.3 will propose requirements on flare models which are set by

the observational data , and Sections 9.4 and 9.5 will discuss models. In

each case, an arbitrary distinction has been made between “primary ” require-

ments and models and “secondary” requirements and models.

The division of requirements into “primary” and “secondary” is neces-

sarily subjective . One has in mind that , in some sense, the basic flare

problem is “solved” if the primary requirements have been met. This is
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not to say that every flare manifests every primary requirement: for

instance, some flares have no impulsive phase. Nevertheless , a flare

theory which could not account f or the impulsive phase would generally

he regardcd as unsatisfactory . Similarly, there is no implication that

the secondary requirements are not generally required . For instance, the

basic definition of a flare has long been expressed in terms of Ha emis-

sion. The implication is, rather , that if the basic requirements are met

by a model, then this model will provide an adequate basis for study of

mechanisms for meeting the secondary requirements.

The distinction between “primary” and “secondary” models runs parallel

to that between primary and secondary requirements. A primary model

addresses the question of the basic nature of flares, and should therefore

be tested against the primary requirements. On the other hand , a secondary

model attempts to explain one or more of the secondary requirements only.

It may or may not be tied to a particular primary model.

Section 9.2 will present a proposed list of “primary requirements”

of a flare model. A number of models will be compared with this list

in Section 9.4. Section 9.3 offers a list of “secondary requirements.”

In Section 9.4, a number of models are compared against the primary require—

ments; there is no corresponding comparison of models against the secon-

dary requirements. The material in Section 9.4 necessarily duplicates to

some extent material contained in Section 3.3.1, dealing with “A Brief

Survey of Flare Theories,” of Chapter III on “Primary Energy Release.”

9.2 Primary Requirements

9.2.1 Energy Storage. During a flare, energy suddenly appears in

the form of various kinds of radiation and particle emission . The nature

of much of the radiation is such that it must originate at the chromosphere

—2 —
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or above. In order to escape , the pa r t ic les  must  have been accelerated

in coronal condit ions.  One in te rp re ta t ion  of these events , which was

generally subsc ribed to b y p a r t i c ipan ts  in the Workshop, is that a flare

represents the sudden release of energy stored above the photosphere and

probabl y above the chromosphere, i.e. in the corona. Before space experi-

ments , there was little direct evidence in favor of this proposition ,

although limb flares and loop—prominence systems showed that coronal events

occurred in response to a flare , although they might not be responsible

for the flare .

However , space experiments have shown that x—ray emission is a normal,

and energetically major, output from flares. Photographs taken with the

x—ray telescopes on board Skylab indicate that much , if not all, of this

emi”ssion originates at coronal heights. It is possible to regard the

chromospheric manifestations (such as Ha emission) as secondary results

of coronal energy release, whereas it would be difficult to interpret the

coronal emission in terms of chromospheric energy release, if for no other

reason than that it is difficult to store the energy released during a

flare in the thin layer of the chromosphere.

These reasons, among others, have led to the prevailing view that a

flare represents the sudden release of energy stored (prior to the flare)

at coronal heights. Although in princip le one could conceive of alterna—

tives (high—energy particles , gravitational energy, etc.), it is generally

believed that , before a flare, the energy exists in the form of the “free”

energy of a current—carry ing magnetic field . That is, the magnetic field

configuration in the corona involves currents , and that energy can be

released by somehow reduc ing or destroy ing these currents to convert the

field to its “potential” or “current—free ” form. The vertical component

—3—



of the magnetic field at t he  photospher e is assumed to be un changed since

the photosp here is reasonably highly conducting and (compared with the

corona) is heavy . Note that the horizontal component of the magnetic

field of the photospher e may change , which would lead to changes of the

line—of—sigh t componen t of the magne tic f ie ld  if the reg ion is not at the

center of the disk.

It was at one t ime proposed by Piddi ng ton ( 1973 , 1974) that a flare

represents a sudden efflux of energy from below the photosphere in the

form of Alfven waves. There is no evidence for such a wave flux; further-

more , such a proposal has the scientific disadvantage of moving the primary

cause into a reg ion inaccessibl e to observa t ions (ai theugh , of course ,

such an argument does not make the hypothes is incorrect——it simply makes

it difficult to assess).

The first requirement then is that , bef ore the f l a r e, energy be

ç stored as the free energy of a current—carry ing magnetic field in the

corona l r egion of the sun ’s atmosphere. Note that such a configura t ion

must have some measure of stability. rf some processes were to occur

wh ich rap idly dissipate the current as soon as non—zero current were to

develop, it would be impossible to store the required energy in such a

configuration . On the other hand , the spontaneous and sudden release of

stored energy is normall y in terpre ted as , or attributed to , an instability.

Hen ce a conf iguration must in some sense he stable and in another sense

• unstable. This point w1l~ be discussed further in the next section .

Alth ough flares can occur in magnetic reg ions of arbi trar ily hi gh

comp lexity , and al though comp lex reg ions are more likel y to flare than

simp le reg ions , f la res  some t imes occ ur in reg ions which are basicall y

• bi polar. Henc e a requirement of a flare model , if it is to have general

validity , j~ tha t i t  is app l icabl e to a bipo la r  magn et ic reg ion .

— I-’—



9.2.2 Energy Release. Although in this section we shall be concerned

with the requirement that stored energy be rapidly released during a flare,

we noted in the previous section that there is an apparently conflicting

requirement. Namely, that for some time before the flare the energy,

although present and in some sense available, is not released .

These apparently conflic ting requirements can in fact be reconciled.

Study of the onsets of instability (Sturrock , 1966a) shows that they may

be classified into two types: “explosive” or “non—explosive.” [This

characterization is sometimes referred to alternatively as “hard excita-

tion” or “soft excitation” (Kadomtsev , 1965)]. An onset of instability

is “explosive” if the configuration is metastable: i.e., stable against

small—amplitude perturbations but unstable against sufficiently large

perturbations . If, on the other hand, the configuration is unstable even

against small—amp litude perturbations, then the onset of instability will

be non—explosive.

• 
• However, it is probably a gross oversimplification to refer to “the”

energy—release mechanism. A large flare seems to display three well identi—

• fied release processes. (This is a simplification of the more complex

breakdown given by Svestka (1976), p. 300 et seq.). Conceivably these

all represent the same process, but then one needs to understand why the

rates and other properties of these three phases are different. It is also

possible that there is more than one energy—release process involved in a

flare: one may be operative in one stage and another in a different stage.

• One stage is the “onset stage” which is the first manifestation of a

t flare: it shows up in UV and soft x—ray emission and some Ha brightenings.

In terms of breakdown given by Svestka (1976; pp . 300 et seq.), what is

here termed the “onset phase” corresponds to the interval between the

“onset of the soft x—ray burst” and the impulsive phase. X—ray emission
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during t h i s  phase is in Chapter 5 referred to as a “precursor ,” meaning

“precursor to the impulsive phase or rapid increase ,” not “precursor to

the flare.” Since some flares do not have a clearly developed impulsive

phase, it appears that (in terms of the present nomenclature) these flares

have only an “onset phase.” With the assumption that the onset of the

soft x—ray burst is closely correlated with “flare start” as determined by

Ha observations , we can infer from the study of Harvey (1971) that the dura-

tion of the onset phase is typicall y in the range 0 — 4 m (some flares

have almost no onset phase, apparently starting with the impulsive phase), -

‘

althoug h this duration may be substantiall y longer for some slow two—ribbon

flares.

The most dramatic phase of a solar flare is the “impulsive phase ,”

during which a very large frac tion of the total energy of a flare may be

released in a time as short as lOs or as long as lOts for some very large

and comp lex flares (see Chapter 5). This phase is typically marked by hard

nonthermal x—ray emission as well as UV emission and other chromospheric •

emission which begins in intense “kernels.” The hard x—ray emission is

normall y attributed to brernsstrahlung from high—energy electrons which may

have either a power—law distribution or a high—temperature thermal distribu-

tion . During this phase of the flare, the area of Ha brightening may very

rapidly increase.

Finally, large two—ribbon flares sometimes show evidence for continued

energy release after the impulsive phase (Chapter 7). This phase is often

referred to as the “decay phase” which is appropriate enough if all energy

is released by the end of the impulsive phase, and x—ray and Ha emission

derive their energy from the hot flare plasma produced during the impulsive

phase. However, if additional magnetic free energy is released during this

phase , the term “decay phase” would seem to be inappropriate. The term
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“thermal phase” is used in Chapter  8 fo r  the extended s tage of a f l a r e

after the impulsive phas e which  produces soft x—ray emission , apparent ly

from a thermal p lasma , and this is clearly to be preferred over the term

“decay phase.” There is ev idence that , during some flares , there is con-

tiimed energy release during the thermal pha se, based on the fact that the

estimated energy content of the flare plasma responsible for the soft x—ray

emission some times cont inues to increase during this phase. Furthermore ,

their br ight ribbons seen in Ha li ght may slowly separate and drift apart ,

indicat ing that more ex tended regions of the magnetic-field confi guration

are becoming involved in the energy—conversion process. For present pur-

poses , it is convenient to have a term for this phase of energ\ release

when it occ urs , and It will here be referred to as the “late phase.”

Another way in which energy release may involve more than one mechanism

is the following : energy release , for instance during the impulsive phase ,

seems to involve both macroscopic and microscop ic processes. The release

of magne t ic energy over a large volume mus t involve the movemen t of magne tic

field lines over their volume ; it is unlikely that the diffusion coefficient

is increa sed throughout the volume , so that the hulk of the magnetic—field

readjus tmen t is likely to take p lace through MHD proce sses , such as Alfven

waves. The fact that some flares excite waves propagating away from the

flare site , and some flares give rise to corona l transients , ma~’ simp 1~ be

dramatic manifestations of the general rules that the primary energy release

proc ess involves large—scale mass flow . On the other hand , in order to

reduce or eliminate currents from the coronal magnetic—field structures ,

it is apparen t ly essentia l that there should be localized reg ions where

magne t ic field can diffuse rap idly wi th respec t to the plasma . It is possi—

bl~ tha t both requirements , of large—scale diff usionless mass motion and

small regions of rapid diffusion , can be met in one self—consistent model.

However , it may be that two processes are at work which can also occur
—7—
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independent lv: there may be an MIlD instabilit y which permits large—scal e

reorganization of the magnetic field , and thi s Instabilit y may lead to the

development of local ized regions where rap id diffusion of t h e magnetic

f i e l d  with respect to the p lasma can occur.

To sum up ,  we need e i the r  two or more mechanisms of energy release ,

or one mechanism flexible enoug h to behave d i f f e r e n t l y a t  d i i f e r e n t  s t z l g e s

of a f l a r e , wh ich can exp lain: the slow onset phase , the rapid inputs ive

phase , and the  slow l a te  phase when t h i s  occurs . The e n e r gy— c o n v e r s i o n

processes  must he capable  of c o n v e r t i n g  some energy i n t o  mass motion , and

some energy into heat  and/or  the energy of hi gh—energ y  pa rt  ic I es .

° .2 . 3  Acce le ra t ion .  The fac t tha t  any pr imary  ene rgy—re l ea se  mecha-

nism is l ike l y to involve l a r g e — s c a l e  r e o r g a n i z a t i o n  of magne t i c  f i e l d

makes it almost inevitable that mass motions will develop , so tha t some

of the  f l a r e  energy is 1 i ke lv  to  go i n t o  th e  kinetic energy of p lasma

m o t i o n . F u r t h e r m o r e , since t he  c u r r e n t s  mus t  he d i ss ipa t ed  in reg ions

where  the  e f f e c t  lye r e s i s t  i v it v  becomes high , i t  seems i n e v i t a b l e  t h a t

some of t he  f r e e  magne t i c  energy must heat t he  p lasma b y way of iou I t ’ h e a t —

ing or Its equivalent. However , it is not so obvious tha t primary energy

release should necessarily accelerate electrons and/or ions to h i g h energies.

It appears from observa t iona l da t a  t h a t  the  onset phase does not

tnt r ins ical lv involve particle acceicrat ion . The soft x—ray emiss ion and

re la ted chromospheric emissions can be ascribed to sudden heat ing of corona l

Whether or not t he  impulsive p hase necessarily involves acceit’rat ion

is to some extent a matter of semant ics . If t h e  hard , impu is lye x—ray burst

is prod uced by a non—the rma l spec t rum of electrons (such as a power—law

spec t rum) 
* 
one would normal lv  say t h a t  a c c e l e r a t i o n  has occurred . On t h e

ot her hand , if the hard—x—ray emission may be a tt r ibut ed to one or more

groups of elect rons , each of which has a therma l (Maxwell ian) d 1st r ihut ion ,

—
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one person may r egard  t h i s  as “acce le ra t ion” whereas  ano ther  regards  it as

“ h e a t i n g. ” I f , in the l a t t e r  case , e lec t rons  in the  coronal  gas are

energized p r e f e r e n t i a l ly over the ions , it does seem f a i r  to use the  te rn

“acce le ra t ion .” -•

The energization of electrons during the impulsive phase is usuall y

ascribed to ‘firs t—p hase” acceleration (see Chapter 4). The major require-

men t of a theory of first—p hase accelera t ion is that it should rap idl y (in

a few minutes) accelerate large numbers of electrons to energ ies of order

10 to 100 keV. The number of electrons required to explain the nonthermal r
impulsive x—ray bursts depends upon the model (Brown , 1975). For “thick

target ” emission , it ranges from about 10
36 

for small flares to about lO~~

for large flares (Hoyng et al., 1976; for “thin target” emiss ion , the

numbers would be larger). This Is a substantial fraction of the electron

content of the correspond ing coronal region before the flare.

It seems likely——bu t not certain——that Type III rad io burs ts are a

manifestation of first—p hase acceleration : the electron energ ies are in

the same range , and some flares show a close correspondence between the

t i m i n c  of Type III bursts and fine structure in the impulsive nontherma l

x- ray emission . If it does represent the same process , one needs to under—

31 33
stand why a number (10 — 10 ) which is small compared with the total

nu m b er  of accelerated electrons partici pate in the Type III bursts. In

ord er  to produce a Type III burst , there must be a certain increase in

th e number of elec t rons escap ing along open field lines; since fast

electrons run ahead of slow ones, this will automaticall y lead to a two—

streamsit ijation. IAn (1974) has found that spacecraft data indicate that

for flares manifesting both impulsive x—ray bursts and Type III radio bursts ,

the electrons which escape into interp lanetary space are comparable in

—9—
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number (of order lO~~ ) w i th  the number of e l e c t r o n s  e s t i m a t e d  to be involved

in Type Ill bursts . This suggests that , even when escape occurs , onl y a

s ma l l  f r a c t i o n  of t h e  e l e c t r o n s  a c c e l e r a t e d  d u r i n g  the  i m p u l s i v e  p hase escape

into interp lanetary space. This suggests tha t the r e l evan t  c r i t e r i o n  is

one of access: of all the electrons accelerated during first pha se

acceleration , only a very small fraction have access into interp lanetary

space , and these typ ically produce Type III radio bursts.

The acceleration of ions and electrons to relativistic energies is

current lv attributed to a “second p hase ” of acceleration (Chapter IV ;

Sturrock , 1974a). As original ly proposed by Wild , Smerd , and Weiss (1963)

and hv de Jager (1969), the second phase occurs some minutes after the

f i r s t  p h~ise and is associated w i t h  the  shock f r o n t  responsible  fo r  a

Type II radio burst. However , as pointed out by S~ estka (1976, p. 290),

the 2 .23 Mev gamma—ra y f l u x  de t ec t ed  b y Chupp et al . (1973, 1975) fr om

the flare of 1972 August .
~ was almost simultaneous with the impulsive

x—ray burst. More recently , Hudson (1978a ) has reported the detection

of gamma rays from flares 1w means of instruments on the HEAO—l spacecraft.

His results also indicate tha t gamma rays are produced simultaneously

with the impulsive x—ray burst. These more recent data strengthen Svestka ’s

assertion that the second phase of acceleration immediatel y follows the

first (or is contemporaneous with it) or there is only one phase of acceler—

ation.

When 1ar~ e fluxes of high—energy ions are detected in interplanetary

space , there is usually evidence for mass motion from the flare through the

corona into interp laneta ry space. For instance , of the 18 promp t solar

proton even t s  observed during the Skylab period , Kahler et al. (1978) found

t h , t  1- ~ were associated with coronal transients , and inf er tha t mass ejec tion

—10—
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is a necessary condition for the occurrence of a prompt proton (‘rent.

Fur thermore , there is a high correla t ion be tween par tic le events and Type II

radio burs ts , which are attributed to shock waves (“bow shocks”) moving

ahead of ejec ted p lasmoids, and this is one of the factors ‘.‘hich led to the

view that there exists a “second phase” of acceleration . This phase pre-

dominantly accelera tes ions , somet imes to several GeV , and accelerates to

a few MeV or more a small fraction (of order 1%) of electrons accelerated

to 10 — 100 keV during the first phase. The close association with mass

motions in the corona , especially with Type II radio burs ts , has been taken

to indicate (Chapter 4) that a second—phase of accelera tion may occ ur at

the shock front. [The possibility that acceleration of cosmic rays may

occur in the intense shock waves produced by supernovae has recently been

proposed and examined by Blandford and Ostriker (1978)]. However , this

interpretation is somewhat difficult to reconcile with the gamma—ray data

previously cited , which indicates that ion acceleration occurs contempo-

raneously with the impulsive phase , which occurs before a shock wave forms

(as inferred from Type II bursts).

The situation now appears to be that the relative timing of gamma

rays and impulsive x—rays do not support the proposition that there arc

two phases of accelera tion which are clearly separated in t ime . On the

other hand, theoretical considerations give some suppor t to the existence

of two modes of acceleration . For instance , stochastic acceleration

process es such as mi ght accelera te  ions to hi gh energ ies seem to require

high injection energ ies such as par t icles might acqu ire from ano ther process

which accelera ted particles to lower energies (Sturrock , 1974a). Hence it

seems pruden t to continue to entertain the possibility that there are

two dist inc t phases of ac celerat ion, even though some ~f the arguments

originally given for this thesis now appear to he inva l id .

a • .. _ _  •
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If there is indeed only one phase of accelera t ion , or I f  t he re  are

two phases but  they normall y (but not nece~ssakIl y always) oc cur S imult a -

neous 1 y ,  t h e  assoc Ia t ion between pa r t  Ic 1 t’ events and ev idence for ej cc ta

may requi re  r e i n t e r p r e t a t i o n. It may be t h a t  t h i s  assoc ia t ion Is in d ic a t i v e

of escape conditions rather than of acceleration . The requirements con-

cerning acceleration , as they are presen tly perce ived b y the  w r i t e r , may

he’ summarized as follows : —

(a) There is a f i r s t  phase of a c c e l e r a t i o n  which accelera t e’s , d u r i n g

the Impulsive phase of the I lare , a large’ f r a c t  ion of the  elect  rons In t i le?

corona l region b e f o re  the  f l a r e  to ene rg ie s  of order  10 — 100 kt’V.

(h )  The’ hti 1k of these e l e c t  rons are t rapped , but a sina i 1 f r a c t I o n

may escape ’ , possibl y along open c u r r e n t  s heet s , In to  thit ’  o u ter  corona and

t n t  erp lanetary space .

( c)  There’ is  p r o b a b l y  ( hu t . not cer t a i n l y)  a second phase of a c c e l er —

at ton which can occur at the same t ime as the first phase, possibly In

he same volume . Tills phase prefe’rent f a l l  v acce’ l tes ions (to many Hey)

hut also accelerates some e l e c t r o ns  t o  MeV energy . (This second p hase may

also occur near a flare—produced shock wave , but at  this t ime’ t h er e ’ Is no

fu ll y t’onvlnelng evidence f o r  th s .)

(ci ) The ions and t’ I cc t rons act’e’ Ic rated by t lie’ second pita se can

escape in apprec lab Ic numbers  if t h e r e  Is an erupt  Ion of the  magnet. Ic

t i t ’ I d  pat  t e’rn lead Ing to the  e )  eeL Ion I n t o  In t e r p l a net a ry  space of a

p 1 asmo Id contain lug these’ acce I era i e’d Ions and e’ Icc t rons

(t ’) Type’ II radio bursts Intl [cate’ hat e l e c t r o n s  are’ accelerat eel to

energ I e’-~ of order 10 keV or more a t  a shock f r o n t  propaga t lug through t h e ’

- The “herring—bone ’ st ruct tire” (Kundu , 1965, p. 339) and also the’

l i i i  t ’r p r ct  a t  ion of Smerd et a I . ( 1 9 7 4 )  of the frequency sp i itt tn g both

Ut1 Ic  i t  e t hat e ’ icc t rons p ropaga te  hot hi upst  ream In t o t h e  t insh oe’ ked p lasma

- __~~~~~ _;~~~~~~~~~ ~~
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and downstream into the shocked plasma. Since there is no reason to identify

this acceleration of electrons to keV energ ies with the accelera t ion of

ions and electrons to relativistic energ ies , we should perhaps regard this

as a separa te accelera t ion process which might be termed “third-phase

acceleration.” However , since this appears to be a property of shock waves

rather than of the flare itself , and since these keV electrons are ener-

getically insignificant , this phase will not be regarded as a “pr imary ”

requirement of a model of solar flares.

9,2.4 Mass Ejection. Mass ejections are important in themselves , and

in add ition are related either to a “second—phase” accelera t ion proces s or

to escape condit ions for accelera ted particles.

Although only a small frac t ion of flares show evidence for mass

ejections, when this does occur a large fraction of the total energy

released appears to be in the form of the kinetic energy of mass mo t ion

(Chapter 7). For this reason , it seems appropriate to regard mass ejec tion

as a p!~~~!y1 
requirement rather than a secondary one. (Just as the impu l-

sive phase is regarded as a primary requ irement , even though not all flares

have an impulsive phase.) One requirement of a primary flare theory is

to exp l a i n  wh y mass eject ions occ ur fo r  onl y a small fraction of flares.

It Is known that filament eruptions precede some flares , especiall y

two—ribbon flares (Chapter 2). Although one could develop a scenario for

solar flares In which filament eruption might p lay an essen tial role in

some flares , this would perhap s stretch the definition of a flare beyond

that usually adop ted . The more usual Interpretation Is that a filament

erup t ion either “trigger s” an existing unstable magnetic field configuration ,

which then is recognized as a flare , or that tile filamen t eruption changes

the magnetic field configuration into one which is subject to the type of

instability responsible for a flare. One would like to see a primary f lare
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mode’! e’xp 1 a In whet  her f t  lament e rup t  ion t r lgge’rs an instabi lity or whet he r

I t  change’s t hi t ’  m a g n e t i c  I [c id  e’ont I gu ra t  Ion i n t o  one’ subje .ct to a f l a r e —

protlue’ I ng Itistabti Ity.

Many t r a n s i e n t s  a re ’ assot’ [at ed w i t  Ii f i l a m e n t  e r u p t i o n s .  Some t r ans  I e’nt s

arc assoc iated w i t h  f l a res , most of which involve filament eruptions (Munro,

I 979) . I t  is poss lb 1 e’ that t he rena inde ’ r involve ’ t he’ e rup t  Ion of a s i m i l a r

magne ’ t Ic  lie’ I ci e’ont igu rat Eon , bti t t ha t  t h t I s  con I Igur a  t ion does not

e’out a In su If tc lent  cool gas to  produ ce ’ t h te ’  a b s o r p t i o n  wit lch Is  t h e ’ usual

e’v tde’nt’ e’ of a f t  1 ament - Hence’ It Is qu it ‘ POSS l b  1 ~‘ tha t corona l  t r an s  I e’nt 5

.Ire’ due’ Intrtn s lea! Iv to tile’ i o ’ s s  of f
_

I I ani e ’nt e ’rupt  ton , not to t i l e ’ I L i re ’

p roe e’ss per Se’ . On t lie ot h er h and , t ht ’r e’ Is some’ m d  t e a t  ion t h a t  t rans l e n t  s

protluc eel by I I I  ame’nt t’ rtipt ions wit b out  f l a r e s  d i l l  e’t f r o m  t host ’ p roeiuc e’e!

by reg Eons in wit ie ’hi  f l a r e ’s oe’e’ur  : t h e ’ h a t  te ’r te ’nd to have h i  g i t e r  ve’l oc I t  I c-s

( Ch a p  ci- 7) . A pr Intary I I a re’ t hteo rv m l  g u t  t i l t ’ rt ’ fore ’  e’Xp 1 a l it  wi le ’ t i t e r  a l l

~-or ~ma I t r .ins I e nt s  a rt ’  proelut’ed by some’ t o r n  of f t  l ament  e’rup t  Ion , or

w h i t ’  t h er  SOfl i t ’ t r ans  lent s ar t ’ i rodi ic e’d by anot  h e r  pr oc e’ss wit I cii Is m t  i - I  us

0 .1 solar I I ar t - .

I t  . ippe . ir s  (Sves t  ka , I t ) 7~ 
~~~

. 197) ha t  Type ’ 11 b u r s t s  a re  a lw zt~’s

w i t h  I i . ir e s , i l t ’v e ’r simp l y  w i t h  f i l a m e n t  er u p t  Ions , and t h I s

I ( i~ut d~~t ’~ no t  c’s t . i l ~ I I sh i )  h a t  t here ’ is a mass ej cc’ t Ion process

wit ( c i i  ,‘,- c~t i I ~~; i i i  I lare’s bu t  not In I i  l amen t  e r u p t i o n s .

in .ii ~i It ion to ( lit ’ q u e s t  Ions c ot tc e ’ri i  lu g  mass e’j cc’ t I eli) 1 1st e’d above’,

ofle ’ I t . i t ’ c’d wit ii t h e ’ mor e ’ has Ic ques t  Ion of de’te’rmintng the mass—e’ l ec t Ion

nec hi.iii I sm , wit It~ht may In t ci rn be’ broken down I n t o  t i l e ’ f o l l o w i n g  qu e’s t b its

(a) Wha t Is t h e ’ stru cture ’ of au e’j e’cte’tI p lasmoid; what g lv e ’s I t

~- o h t t ’s ion , and is It magne’ t lea l i v  at t ache’d to or detache’d f reim t he ’ su it ?

(hi) Wii .it a re’ t ile ’ forces (or wha t is  he’ force ’ ) wit Ich acce’l era t L’s the ’

P 1 .isrno let and ove’r what range ’ of el i  st ~i1e’e’ or t Ime’ do t hey at ’ t ? and (c ) Wh at
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is the origin of the mass ejection In the p lasmoid , and what is its state

(density, tempera ture , etc.)? However , as we shall see in Section 9.4,

most c u r r e n t  models have not ye t been developed in s u f f i c i e n t  d e t a i l  to

address such specific questions.

9.2.5 HeatIng of the Temp~ rature Minimum Reg ion. The work of Team 5

(see Chapter 6) was concerned in par t  with radiations , such as the Si I

con t inuum and the  wings  of the  Ca I I  K line , which are believed to or iginate

pr imar ily from the upper pho tosphere. This radiation is confined to small

reg ions (possibly the flare “kernels”) and to the impulsive phase. It Is

not certain that all flares would exhibit such radiation .

Some of the radia t ion apparently originates In the “temperature minimum ”

reg ion; the difficulty in unders tanding the origin of this radiation Is

disc ussed in Chapter 6. The conventional view concerning solar flares has

been tha t the primary energy release occurs in the upper atmosp here , most

l ike ly in the corona . If this is the case, heating of the temperature—

m inimum reg ion must be due to a flux of radia t ion or of par t icles origi—

ma t ing in the corona and propaga t ing down to the upper pho tosphere.

Mach ado et a l .  ( 1978) have shown tha t  e lec t rons  or ions or f l uxes  of s o f t

x—r ays would he scattered and absorbed at levels well above the temperature

m i n i m u m ,  It  is possible t h a t  energy t r a n s f e r  f rom corona l hei gh t s  to  the

t emperature—minimum reg ion occurs through a flux of EUV photons , or through

a f lux of pro tons wi th energ ies in the range 10 — 20 MDV . However , ano the r

p o s s i b i l i t y  is t ha t  t he re  may he an “In situ”mechanism of energy  re lease

in t h i s  pa r t  of t he  sun ’s a tmosp here .

If it turns out , as a result of further data and model analysis , that

energy Is released at p hotosp heric  levels d u r i n g  some f l a r e s , or d u r i n g

all f lares , the exp lanat ion of this fac t will cer ta inly qualif~’ as a

“primary requ irement ” of flare models. However , since this requirement is

s t i l l  in doubt , it must  he l e f t  in abeyance at  t h i s  t ime , a l t h o u g h it ma”
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be in t e res t i ng  to consider  w h e t h er  or not  proposed models m i g h t  lead to

such e’nergy re’lease.

9 . 1 Se’c~~~~~ry~~~e~~~~r ements

In t h i s  section we discuss requirements which are believed to be

secondary . This is unavoidably an intrusion of theoretical considerations

into a se’ction which should be devoted pure l y to observational requirements.

The general  consensus that the energy released in a solar flare is before

the flare in magnetic form alread y leads to some limitation on what mi ght

be the outputs from the primary energy—release mechanisms . A p la sma

i n st ab i l i t  can convert stored energy into hi gh—energy  p a r t i c le s , mass

mot ion, MMD turbulence , e ’ t C . ,  but it would not in i t s e l f , g ive r ise t o — —

for Instance——Ha radiat ion .

In th Is section we discuss some of the requireme’nts for providing

some of t he ’  r a d i a l  Ions wit ic’li are believed to he secondary In eha r ac  t e’r -

9. 1 . 1 X—Ray anti EITV Radiat_ion. X — r a y  emis s ion  is typ ic - all v dlv i~i , d

Intet two types: “hard” (E ~ 10 keV ) and “ so f t ” (H < 10 kt ’\’ ) 
- ri te ’ i t . t r ~I

cad t at  ion is normal l y produced on ly  d u r I n g  the impti is ivi ’ phase’ ot a I ii

and theref ore is produt’t’d o n ly  f o r  t h a t  suhcate’gorv of I I ~I r e ’s wi t i h ‘ave

an i m p u l s ive phase’. The ord e’r of magn i t  tide’ of tile’ phiot on I I t IX i — We ’ 1 I

known for various c-las ses of flares. ‘Fhe’ spe’t t rum is frequent Iv ho I i e ’Ve ’ei

to he’ powe’r— law In form , a I thought for some- case’s it appe’a rs that t i le’

spe’c trum e’oti Id be fit by a therma l brc’rnsst rahu lung spec ’ t rum . To date’, only

Oflt ’ expc r imcnt has sought to d e’ t e’ rm i in’ wite’ t i le ’ r or net t hard x— ray c-miss Ion

is po1 arL~ ed (Tindo e’t al , 1970 , 1972a ,b , 1971). The’se’ results iuitiie , ute

that some of the’ hard x— ray emiss ion Is polar i?,e’d , but t i le’  re ’sul It ~~~ not

vet  been confirmed by independent experiments. As a way of d&’te’rmin lug

whether hard x—ray emission is “beamed” or not , there has been some’ at t cut—

t ton to s tu dy ing  the  d 1st r Ihut Ion of hard x — r a y  events  on t h e ’ disk of the’ 



sun (Dat lowe et a! . 
* 

1974 ; Pet ros Ian , 1975; Langer and Pe’t ros taut , 1977; Dat lowe-

e’t al., 1 9 7 7) .  Re ’su l ts  to da t e  appear  to  be c o m p a t i b l e  w i t h  a lm o s t  i s o—

t reip ic rad I at Ion .

Ha r d — x —  ray det e’c t ors wit Ic It have- been in opera t tout to date ’ :u’c ’t ’ pt  I hi ’

ent  i r e ’ rad E a t  ton f rom th e’ sun.  As a r e s u l t , the re  Is no d lr e ’ct evide’nce

I or t i l e’ lie ’ i g ht a t  wit  I c h i  ha rd  x— rays a re- p rodu -ed - However , sonic st cid i t ’s

of hard x—ray e’mis s ion f r o m  f l a r e ’ s w h i c h  appear  to be located j u s t  over  t ile’

I int h (Me ’Ke ’n? Ic , I ‘47~ ; Roy and Pat lowe , I 9Th ;  Hudson , I 978h) m d  l t ’a t t ’ t h a t  , lit

t e ’r t a  lit case’s , par t  of t he hard x—ray emiss ion or i g ina te s  at  lie- I ght  s of

some’ t e’utS o f tho et sands of k I lomet  e’rs above’ t h e  photosp here ’ .

A t heory of h ard x—ray emiss Ion should exp la in the ’ f l u x , spec t rum

~
‘
~~

‘ Ear i:’at ion , beaming, and location .

As mentIoned in Se’e ’t ion 9 .2 . 2 , a l l  f l a r e ’ s appear to  beg in wIth EET~’

and so f t  x—ray emission during t he  “onse’t p hase’, “ and some f la r e s  never

get beyond t h is pit ast ’ - ~
‘ wcve’r, a 11 f l a r e s  whIch  have’ an i m p u l s i v e’ phase

seem also to have’ a “ t hernia I p hase” d u r i n g  w h i c h  e’miss ion cont inues - S o f t

x—ray and Et IV e’m 155 ion is observed d u r i n g  the’ onset phase’, beg Ins during

t h e  l u npc i  I s lvi ’ i)i),t.
~t’, and ext  ends into t lie’ tit e ’rma 1 p hase ’ .

A u~ ’t h t i  i re -un cut t of  a flare t it eory is there ’  f o r e ’ to e’xp l a i n  t ile ’ t bite’ —

t ’v~’ I i i i  ion , I I uix , and spec t rum of s o f t  x—ray and EUV e m i s s i o n  at various

- i c e  -~ ~* i t 1 ar t ’, re’a 1 1 lug that t he’ re’ may be’ O lt e’ une’t’han I sm fo r  one’ phase’

nd i i i , ’  t her I or .i dill e’ re’nt pitase’

‘I 1 ..’ IV aunt V i sible R a d i a t i o n .  ‘rite ’ b u l k  of our l u t t  orma t ion con—

c c i i i  I uig solar I lare ’s is st I ll obta  ine’d by pat rol cameras wit lc i i  have’ beert

pito t ograp it Lu g t h e ’ stun In 11cc light every few seconds for ntanv ~‘car s  . The

h’u 1k of t h i t s  rad [at ion must ori ginate- from gas at ehromosp ite ’ r Ic  t e’mperatures

t O  • 
00() to a few t bites 10,000 ” K) . It appears that the e’lirom e’splie’re’ Is

,~r e -at  lv ~i 1st urbe’d deur ing a f l a r e  leading to grea t  1 v e’ithan ceel rad tat ion In
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l ines such as Ha in the v i s i b l e  par t  of the spe ct rum and also in UV lines

such as Lya. On rare occasions , flares are’ visible also in white light.

It seems likely that in these cases the  chromosp here is very g r e a t ly dis-

turbed so tha t the density of a given temperature level is greatly increased .

Considera tion of the UV and visible radiations from flares may there—

fore he interpreted as the question of determining the change in the chromo—

sphere necessary to exp lain th ese radiations and understanding the processes

h~’ which  these changes occur .

A great  deal of i n f o r m a t i o n  has been derived f rom the morp hology of

ehromosp h t e r i c  r ad ia t ion  such as Ha l i gh t .  Viewed in Ha l i g ht , the  f i r s t

m a n i f e s t a t i o n  of a f l a r e  may be two b r i ght  “kernels” located close’ to t h e

m a g n e t i c  reversal  l i ne .  Flare ke rne l s  typ ica l l y have much broader wings

than l a t e r  Ha emission , probabl y i n d i c a t i n g  tha t  th i s  r a d i a t i o n  ori g inates

- - deeper in the  a tmosp here of the  sun . Hence a separa te  ques t i on  to be asked

of f l a r e  models  is the d i s t i n c t ion between the  mechan i sm f o r  the p r o d u c t I o n

t)f Ha (and o the r  l ines)  in f la r e  k e r n e l s  and iii o ther phases of a f l a r e .

Stud y of tite morphology of Ha em itt ing regions gives a great deal of

addi tional informat ion concern ing flares. Some of this has already been

di scussed in Section 9.2 dealing w i t h  pr imary  requ i rements .  Other aspects

w i l l  he mentioned b r i e f ly in Section 9 .3 • 4 dea l ing  w i t h  mass f low .

9 . 3 . 3  Radio Emission.  Rad io  emissions of wide v a r i e ty  are produced

by solar f l a r e s , the de t a i l ed  s tud y of w h i c h  could well  occupy ano ther

workshop of comparable manpower and d u r a t i o n . As I t  was , onl y l i m i t e d

a t t e n t i o n  was g iven to radio b u r s t s , p r i m a r i l y by Team 3 (see Chapter  4 ) .

Solar  rad io b u r s t s  have been ca t egor i zed  in to  f i v e  types  (Kund u , 1965) ,

tite first of which is not specific to flares.

Ty;e’ II bursts have alread y been mentIoned . It is widely accep ted

tha t t i i e ’~ ’ are produced 1w radiation from plasma osc illa t ions, these oscil—
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lat ions being excited by streams of electrons accelerated in a collision—

free shock front. A major question concerning the shock front is the

following: -

Is the shock f ron t  which gives rise to a Type II burs t  a “blast wave”

produced by impulsive energy release, or is it a “bow shock” which forms

ahead of a moving plasmoid?

The answer to this quest ion has important  bearing on energy release and/or

mass motion produced by f la res .

Type III radio burs ts  of ten  occur without  visible mani fes ta t ion  of

flares , but they also frequently occur at or somewhat before the impulsive

phase of f l a res .  They are a t t r ibu ted  to electron beams wi th  energies in

the range 10 to 100 keV moving outward through the corona where they excite

p lasma osci l lat ions.  Hence the existence of Type I II  burs ts  has imposed

one of the primary requirements of flare theory , that is, the requirement

for the acceleration of electrons in the range 10 to 100 keV in such a

location that  they can move out through the corona . This imp lies tha t ,

for these flares at least , either there are open field lines before the

f la re  occurs , or these open f ie ld lines form shor t ly be fore  the impulsive

phase of the flare. The occurrence of “U—burs ts ” ind icates tha t , in some

cases , elec trons are moving along closed field lines ra ther  than open

field lines , but the scale of these closed field lines appears to be

larger than that of any stable closed loops visible (through eclipse

photographs , e t c . )  on the sun . This suggests tha t  before  Type I I I  bur s t s

occur there may often——if not typically——be magnetic—field rearrangemeiits

leading to erupting and expanding flux loops , which might indeed become

so expanded that the field lines become esentially “open .”

Although details remain to be examined , the mechanism by which elec tron

streams produce Type III radio bursts appears , in princ ip le , to be under—
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stood - Hence these b u r s t s , 
~~~~~ 

se ’ , do not at this t ime present a major

nutso 1 ve’ei pr ob l  e’m conc e’rn lug se’e ’ou id .u rv energy re’ I e’~~5e’ In solar flares.

f i t e r e ’ a r e’ se ’ve ’ra I t vpes of l’vpe ’ I V  rad to b u r s t s .  Two of these  a re’

stat ionarv and mew lug me’t e ’r—w av e  b u r s t s . Th ese are bo th  a t t r i b u t e d  to

g vr o cv c l o t r o u t  r a d i a t i ou i  by it i g ht— e’nergy e lect rons  (in the MeV range)  moving

in magnet i c — t  rap  e’onf igu rat ions. E l e c tr o n s  responsible  fo r  s t a t i o n a ry

I’vpe ’ IV bursts a r e ’ p r o b ab ly  c o n t a  l t t e’d by mIrror—act ion due’ t o  t he’ ine’re’ase

in magnet ic- f t c  Ed as one f o l l o w s  f l u x  tub es  down to the photosphere’.

~lov ing Type IV b u r s ts  may re’preseu it  e’lect rotis trapped in magne’t i c — f  Ie ’ l d

e’ onf igura  t ions wit ic hi a re’ e’sse’u it t a l l  v c I o~ e’d . At least one r a d i o  b eurs  t - -

( t lte’ e’ve’nt of l°b’t M ar e’it 1; RieleIIe , 1Q70) appears to have involved a

toro Ida I magnet  ie’—f t e l d  conf iguratIon. rh is may or may not he t vp ica I of

m o v I n g  Type IV me’te ’r—w ave ’ bu r s t s .

S inc e’ the’ radiation me’chanisnt of  me’te’r—wave’ bursts is ge’ne’ral lv be’l ie’ve’d

t o  be the  svnchrot ron proc e’ss 
* 

the’ ma in j u t  crest c o n c e r n i n g  met cr—wave’

b u r s t s  is  now itt I t s imp ! ic-at touts for a cce ’ I e’ra t ion and t or t rapp iutg

Typ e IV microwave hursts correlate in t ime v e i v  c I o s e l v  w i t h  Imptu 1—

s Ive ’ itar el x—ray h c u r st  s . I t  Se’e’ltl S l i k e ’ iv t ita t hot ii are’ caused by a sing le ’

e’ I e’c t rout s t rt ’am w i t  it eut e ’rg ic’S lit t h e ’ r au t ge  10 to 100 ke’V or more’. Th e ’

It at - el x—r . t v  b u r s t  is gene’ra l i v  at  t r Ibut  ed t o  bre’ntsst rahi lung as an e’l cc t ron

stream Es st - , t t  t e’re’d li t t i l e ’ e’ i tr omo sp Iie ’re ’ aut el ~ 0S5 iblv also i i i  ( lie t’O ro it a -

* Ty p e ’ IV microwave’ bursts are’ jut cr es t  lug in titat 
* 

w ii e ’n Iii ! orma t ion

rom thte ’m is combined with informa t ion f rom impulsive ’ hard x—ray bursts ,

we have’ a more’ c 01111)1 e’t e’ spec i t  I c,t t ion of t h e ’ re’qu I re’me ’ut t s cofle’ e’rtt iutg

e ’ I  e’ct ron .u ’ce ’ 1 e’rat Ion during t hte’ iniptu Is lye’ phase of sot ~ir fl ares. On t h e ’

ot ite ’r iiattel 
* 
our tunel e’rst and lu g of t hte’ spe’e’ I rum of microwave ’ bursts Is a

nontrivi al prob l em ( Hot t and Ramat v , I ~hQ ; Krug e’r . l”~72 ; Takakur,i , I ¼t 72) *

so t hat ,iuta 1 Vs is  01 nil c row~1ve’ spe ’c I ra c-au pros’ ide ’ cisc’ fcu I In fonna t lout  about

L Ii_ 
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condit ions in which ,t cc e ’ I e’r,ited e’lec’trouts may he’ t r app e’d

rvpe’ I l l  b u r s t s  ( w h i c h  t v p  ical Iv occur  in groups) are’ of ten f o l l o w e d

by emission , In the same part of tite’ s p e c t r u m , w h i t e - i t  p e r s i s t s  f o r  a few

minute ’s. lb is e’miss ion , w h I e ’ll It occur s , i s  Cal l e ’el a T~j~e V  ~~~I~~~ _t .  At ’co r d —

j u g  to Kund u ( 19h5 )  , t i t e r e  is no accepted Inte ’rpretat ion of these ’ bursts.

lacking an interpretat ion , we cannot s t i p u l a t e ’ a c o r re s p o n d i n g  r e q u i r e m e u t t

ot f l a r e  m o d e l s .

An interpretation of Type V bursts can , however , he proposed . We’

know that the cxc it at ion of Type V radio  b u r s t s  depends upon t h e ’ de’ve l o p —

mt’nt of a t w o — s t r e a m  i n s t a b i l i ty .  I f  an elec t ron stream is produced w i t h

a w e l l  de’f m e d  ve loc  it v , then  t h i s  beam , t og e t h e r  w i t h  t he  corona l  e’ ie’C- t ron

p lasma , can meet a ne’cessarv ( h u t  not stuff Ic lent) c o n d i t i o n  for two—st ream

i n s t a b i l i ty , t h a t  is , t ha t  the one—dimens iona l  v e l o c i ty  d i s t r i b u t i o n  func-

t ion (v) should have’ a m i n i m u m  fo r  some va lue  of v ( S c h m i d t , 1%h ’i .

However , the acceleration processes which one expects to he’ operative’

in a s t r o p hy s i c a l  s i t u a t  ions are more l i k e l y to produce  e l e c t r o n  d 1st rihu—

t lon f u n c t i o n s  wh h’h f a l l  o f f  m o n ot o n i c a l i v  with )~ I .  Such a d i s t r i b u t i o n ,

t a k e’tt t o g e t h e r  w i t  it t h e’ u t e’a r— ~1~txw el  1 ian cont ro l  d i  st r ih u t  ion , wou ld  not

s i t  I s fv  t ite cond i t  ion for two—st ream jrtstab flit y~ Howeve’r. It w,is rc.t 1 i:~ed

some’ t tune’ ago (Bat clv in • I ~ h-i ) tha t if a svtnmct rica 1 s irt g 1 e’—h u mpe ’d d ist r I—

but ion is ge’ne’rat ed Inst ant  an e’ous lv  , t i l e ’ t w o — s t  ream Inst ab it it w i l l  be’

s.i t is fled at some’ di s t ,cn c  e ’ f rom t he son rce s iuic e t i l e ’ f,t st ci Ce’ t rons viii

run  ~i ite’ad of t i l e ’ s low ott & ’ S .

I t  appears  t h t a t  t i t i s  model  can o f f e r  an e’xp l a nat  ion of b o t h  Type 11!

and r~-p e’ V b u r s t s .  I f  ace ’ e’ le ’r at  ion beg ins s u d den l y  and cont  it tue ’ s t’or a

few minutes , titere’ w ill  m i t  Ia! lv be’ a st  r eug i n s t  ,tl ’ i i  i t  v ‘is t h e  f a s t

ci e’c t rons run ahead of the slow e’ne’s . One’ may at I r ibti t e the’ lvpe’ 111

bursts to rad i,ct ion gene’rat ed at t h i t s  “ I  cad lu g  ed ge’” of the’ elect ron b’,’ ,im

L
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If the beam were to continue without any change in intensity or spectrum ,

no further instability would develop. However , In the more likel y case’

t h at tite beam continues but disp lays fluctuations in intensity or spectrum ,

then one must expec t that tite condition for two—stream instability will be

met sporadically, preferentiall y at large distances from the source. This

would ti ten show up as sporadic r ad ia t ion , s imi l a r  to Type I I I  rad ia t ion ,

concentrated at lower frequencies than a normal Type III b u r s t .

Inspection of data presented by Kundu (1965) indica tes tha t this

inperpretation fits the observational facts reasonably well. Furthermore ,

some of the Type V spec trographic data show fine structure consistent with

the  occurrence  of a large number of Type III bursts. This fine structure

is j u s t  as one would expect on the basis of the proposed model.

Titis i n t e r p r e t a t i o n  of Type’ V radio bursts , if correc t , ita s an impor-

tant imp lication concerning the number of electrons accelerated during

the  i m p u l s i v e  phase w h i c h  e’scape out  t h r o u g it t h e  corona . I f  one assumes

t h a t  a Type III radio burst is produced by an e’l ee’ t ron st r e a m  witi cit e’X i s t s

for on lv a second or a few seconds and then c e’a se’s , tile’ number  of e’ I e’c t rons

t y p i c a l l y produced by suc hi a bu r s t  is quite sina i 1 , oi order 10 31 
( S m i t h , l Q 7 Q )

On the other hand , if one assumes t h a t , as i n d i c a t e d  by t h e  above inter-

pretation of Type V bursts , acceleration normally continues for a few

minutes , then the number of e’le’ctrons accelerated during such a stage’,

wlt ic h  escape throug h the  corona , is inc rease’d 1w a factor of order 100 t o

33
about 10

Est imates of ttte number of ele’ctrons escap ing into interp lanetary

spae’e itave been made by Lin e’t a l .  (1973) who g ive e s t i m a t e s  of order  10~~~.

This number is inconsistent with the above estimate’ for Type Ill bursts ,

assuming that the elec tron st ream lasts only for a dura tion of a Type ill

burst , hut is reasonably consistent w it i t  estimates based on the’ above
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interpretation of Type V bursts.

9.3.4 Mass Flow. We have already discussed some aspects of mass

flow in Section 9.2.4 as part of the “primary” requirements of a flare

model. There are however other forms of mass flow which seem more

appropria tely considered as “secondary . ”

Even before observations were made by means of spacecraft such as

Sky lab , it was clear that large masses of gas somehow appear at co ronal

heights as the result of a flare . Thus observations of limb flares often shiow

extensive and dramatic “loop prominence sys tems ,” in wh icit large amounts

of gas appear (in Ha) at corona l heights and stream down curved paths

which may naturally be interpreted as magnetic field lines. There is no

evidence for  such large masses of gas being present  in the  corouta  b e f o r e

such a flare . It follows therefore that this gas is somehow injected into

the coronal volume of the active reg ion during the flare, and tite only

sourc e of such large masses of gas in the lower atmosphere——tite chromosphere’

and (if necessary) the photosphere .

Until spacecraft observations were made , the above interpretation may

have been reasonable but  i t  was s t i l l  conj e c t u r a l .  However , Sky l ab  ob se’r—

vations comp letel y resolved the issue. Observations made’ by means of t h e

iitwo x—ray  te lescopes made i t  a b u n d a n t l y e’le’ar t ha t  large’ ma sse’s of itot , -
~~

dense’ p lasma appear at coronal itel ghts In the course of a t y p i c a l  f l a r e .

The tempera ture is normally several million degrees whicit exp lains w h y

the  gas is i n v i s i b l e  in 11cc l I gh t .  It becomes visible only if c o n d i t i o n s

are such that the plasma becomes thermall y unstable (c.oldsmith, lQ7l~

Ant iochos , 1976), in which case “knots” of gas spontaneousl y cool to a

few thousand degrees so t h a t  they emit Ha l i ght and , because of t u e  re’ s u i t —

ing dens ifica t ion, stream down towards the chromosphere.

Hence it is now clear that , during a typ ical f lar e, mass first flows

—23—
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f rom the  chromosp here into the corona and subsequentl y flows hack down to

the chromosphere. It is believed tha t such mass flow occurs as a natural —

consequence of sudden energy release at chromospheric levels , by a proc ess

which has been termed “chromospheric evaporation ” (Neupert , 1968; Hudson

and Ohk i, 1972; Chap ter 7 , Chapter 8). It is believed that such upward

mass flow can occur either as a result of bombardment of the chromosphere

by energetic particles or through the conduction of large amounts of heat

from the corona to the chrL- sp here. Al though bombardment of the chromo—

sphere by high—energy particles is likely to occur only during the impu l-

sive’ phase, heat conduc t ion will occur as long as the coronal plasma can—

not c~e’t rid of its energy by radiation , and therefore may extend long

, v t e ’r the impuesive phase has ended .

\~~
- - rd in~ to current theory, the requirements on a flare model for

th. - ~~~ 
- 

~u t ion ot chromospheric evapor at ion seem not to be stringent :

~~~~~~ r e - i ’  i — c  o~ energy at coronal heights in almost any form appears

,1J e ( ~~t 1.1 t e’ ‘ ‘r t~~it ’ production of such transfer of mass from the chromosp her e

into t h e ’ - r- rt , i

•\riot Ic r t o r n  of mass f l o w  which  f r eq u e n t l y occurs in assoc ia t ion  w i t h

l a r e s  (but sometimes occurs without flares) is the surge (Svestka , 1976 ,

p. 221). Surges are visible in Ha light and other chromospheric— type

l ines , and there  is no ev idence for strong heating . Surges often occur

at “satellite sunspo ts” (Rust , 1968 ; Roy , 1973) , and surge activity ceases

when the satellite sunspot finall y disappears. Flare activity may or may

no t be assoc iated with the surges.

It is possible that surges are due to some mechanism which may occur

during a flare , bu t could also occur when no flare is in progress. However ,

it is also possible that a surge is an independent phenomenon, giving rise

to changes in the magnetic field which may sometimes lead to magnetic—

—24—
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field conditions appropriate for the occurrence of flares.

A bas ic ques t ion concerning surges is whe ther the m~ss flow is driven

by a pressure gradient or by magnetic forces , iii which case it might be

a t t r i b u t e d  e i t he r  to magne t i c  p res su re  or to magne t i c  t ens ion .  This  ques—

t iort must be answered in order to determine a requirement  on f l a r e  models .

The rela t ionship between surges and satellite sunspots suggests tha t the

d r i v i n g  fo rce  is magnet ic . Possibl y a magne t i c  group of f i e l d  l i n e s  are

“hooked” into  the  photosphere; then flare action may occur in this current—

carry ing magnetic—field configura t ion (Sturrock , 1972). This scenario for

surge—related flares isclosely related to the “~ nerg ing—fl ux” model of solar

flares to be discussed in Section 9,4.5,

9. -~ Models

9. 4.1 Gold—Hoy le Model. It is interesting to consider a model

pr oposed some time ago by Gold and Hoy le (1960) since it is the earliest

model wh ich comes close to meeting the primary requirements set out in

Sect ion 9.2. In a sense, it may be viewed as the first “modern ” model

of solar flares.

The basic form of the model is shown in Figure 9.1. The model com-

prises a pair of twisted flux tubes in proximity to each other. The sense

of the long itudinal field is different in the two tubes , hut the sense of

the toroidal field is the same . Hence the electric current responsible

for the toroida l component is in the same direction in both flux tubes.

It is argued tha t , if the two filaments remain pressed together for a len~ tit

of t ime , they must beg in to penetrate into each other. Interpenetration

tends to augment the toroidal component and annihilate th e ’  longitudinal

component , so tha t toroidal magnetic-field linkage occurs which tends to

prod uce the “p inch effect. ” The field and current confi guration which

exj~ t s between the two flux tubes would not he termed a “current sheet ” ;

—25—
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Iie ’nc e I hit’ Gei 1 d—hlety i e mode’ 1 Is e’ I e t se t  y Fe’ lat ed t~~ mode’ is su(’h as t host’

d i s e ’ussed In Sect Ion 9.4. 3.

i t is re’e’ogn I ze’d ci e’a ci v by Go I ci and Hoy Ic’ that there’ must be’ a

pr oce’ss pr oeluc Ing a e’atastrop htl c effect. This means th at t ile! axial parts

~~~~ th e’ filaments , where the fields are most intense , must approach each

ot  ti er at an in e ’r e a s i n~~ rate. Gold and Hoy le further rea l ized tha t ti cks

rt’qu lre’ s i t  rap tel litcre’a se’ lit t he’ d if t u s  lvi ty which Is equiva l ent to a

rap  let Inc tease’ In e’ le’c t r i c a  1 F e ’ -. 1st iv It y or a rap id decrease in the ci cc t ri—

t’ondut’ t lv i  t y . At t h i t s  p o i n t  , Go I d and iloy IC- quote’ the’ fo 11(1W lng  lot- —

mu ! a for tite’ conduc t Iv ity of a p lasma l i t  t h e ’  presence ’ of a magne ’ t Ic  field

of s t r e n g t h  B :

— 3 - ) ‘1 •)  _ -)

10 ‘ e- n ’ x B  (9. 4 . 1)

wite ’ re’ it Is t ite’ ctumhe’r dens it v elf locts and a en - and x Is the degree’ of

lou t ;~ i i t ion . It Is clea r t h at  Go te l and ito~’ Ic are’ cons ide’ring e’eind It ions

in t lie’ c it romo sp hie ’re ’ . Tit is f o r m u l a  re’pre’sent S t tie’ t-’otiduc t iv it V coe’t t h i  cut

wit Ic It c, tv e’s t he etc c-re-ut pa r~c hI t’ I to ~ie e’ I e’c t r 1e f Ic’ 1 d produce’d lit t hc’ p lasma

whi e ’it t he’ e ’ I e’c t r Ic ’ I Ic’ let Is ott hto g o i t a  1 t o t itt ’ magne ’t I c  I Ii’ 1 d . llowe’ve ’r

i (itk cge’ of mzigtte’t Ic t ie’ It!  re ’qu I re’s t lie’ de’ve’ 1 opmc’nt of ne’ut ra I po IctI s at

wit ie ’tt II = 0 and I he’ eoitdtie I Iv ! t v  a t  I il e ’se’ ~ 0 t n t  s i s  not g ive’it by t it e ’ above’

I o m u  I :i - li t I tie’ c-a Se’ t ita t re’c Ofltte’ c I I cl i i  occurs  wlte’re B ~ 0, 1 t ie ’ re’ Is a

ctirre ’nt para ii e’I to B wh It- h is dr ive’n by an ci e’et r Ic I ie’I d par:i l i e ’1 tO 13,

I te ’;le e’ I it e ’ 1 o c-mu h a  adetp t eel by G o l d  and ht ov 1 e’ doe’s not f it vi t i t  t in ’  pre’se’llt —

c i i i  V c t ) i )  e’p t of t itt’ mec it an I sm of magne’ t i c  f Ic Id re’conne’e’ I b i t  , as de’ve’ 1 ope’d

I or I list e by Eurt ht , K Ill cern , and Roacub I Ut  it (1963) . hIe ’ne’ e’ It ~, wort i t—

w it lie’ t o  co ii s  lde’r how t h e ’  G o l d — B o y  IC ’ mode l compare’s wi tit t i l e ’ pr lntarv re’qu I c-c—

me- itt s set dli t. I cc Se’e’ t b i t  Q . I , c-c i t  I ix I ctg t h a  t on r uct d e’ rs t a ctd lug of I lie

tee o t t I l t ’c  t ion pr oe - vss has imp rove-el s I nec Go Id and ltI l~’ It’ or 1gb ita liv dc’ve’l oped

f ile ’ hr mode- I

— - ‘ (‘ -5
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The basic requirement of energy storage set out in Section 9.2.1

is met by their model , although Cold and Hoyle imagine that the storage

occurs at chromospheric heights rather than coronal heights. However ,

their  model requires a quadrupolar field pattern at the photosphere , whereas

we know that flares can occur in situations which are basically bipolar .

Tha t is, the Gold—Hey le model does not meet the requirement of a general

model tha t  it should be possible for flares to occur in a bipolar config—

urat ion.

We have already discussed the question of energy release and noted

that Gold and Hoyle realized the requirements but do not propose what

would nowadays be an accep table mechanism . Gold and Hoy le were implicitl y

at tempt ing to exp lain only the rap id impu lsive phase of a flare , probably

being unaware of the prevalent slower onse t phase or of the occasional slow

phase.

There was no discussion of acceleration or of mass ejection or of

possible photospheric heat ing in the Gold—Hoy le presentation, since these

requirements were not realized at that t ime. It seems unlikely, but not

impossible, tha t accelera t ion of par t icles to high energy can occ ur at

chromospheric densities. Studies (Mogro-Campero and Simpson , 1972;

Cartwright and Mogro—Campero , 1972) of the abundances of ions accelera ted

during solar flares indicates that , before acceleration , the particles

are in a plasma with a temperature of some millic rts of degrees , nec essaril y

at coronal height. Nevertheless , there is no reason why a model of the

form proposed by Gold and Hoyle could not extend into the corona .

Gold and Hoyle did not discuss the magnetohydrodynamic effects of their

reconnec tion process , bu t there is nothing ire the model which would obv i-

ously lead to an explosion with a sudden ejection of material. The model

therefore apL ears not to be compatible with known ejection phenomena .
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To sum up ,  the Gold—Hoy le’ model was act important advance on previous

ideas in suggesting a specific magnetic—fi eld configuration and emphasiz—

lug tha t a f l a r e  mi gitt bas ica l l y he an exp losive reconnect ion of magnet h-

f i e l d .  There’ c e r t a i n ly ex is t  f l a r e s  which  occur in b a s i c a l l y bi po lar

c o n f i g u r a t i o n s  which are incompat ible  w i t h  the Cold—Hoy le mode l .  On the

o the r  hand , It is possible  t ha t  some class of f l a r e s  do occur  in a eon—

fi guration not un l ike  t ita t proposed by Gold and Hoy le.  (See’ , fo r  Ins tance ’ ,

t ite  “emerging f l u x ” models discussed in Sect ion 9 , 4 . 5 , )

9 . 4 . 2  A l f v en— C a r l gvi s t  Model. The’ shor t  a r t  id e’ b y Al  fve ’n and

Car l qvlst (1967) represents an important c on t r i b u t i o n  to develop ing I de ’as

of solar  f l a r e s .  The a u t h o r s  emp h a s i z e  the role  of curren ts in t ite’ suit ’ s

atmosphere and s tate clearl y that the problem of rap id energy re’least’ Is

e’qu !valent to the problem of rap id current dissipation . Another Import aitt

lesson In t i t e  A l f v en — C a r l q vi s t  a r t i c le ’  is tha t it stre’sse’s the important - c’

elI  t u e  ct~. ren t  c i r c u i t :  the  problem is not simp ly one of the ’ In s i t u

ci i s si pat  ion of magne t i c  e n e r g y ;  r a t i t c r , one shtou ld  look  f o r  tite ’ l o c a l  I i~e’~h

release’ of energy stored over a l a rge’  volume .

Tite’ a n a l o gy  made by Al fven  and Carl qvi st  Is t h a t  of en ergy  re- i ease li t

a c i r c u i t  conta  bi t ing a me ’r cury— v ap or  r e ’ct  if ie’r . The p lasma in I it e re’e- I  I—

I I e’r can , cii t de’r ce ’r t a  in e’ond i t  tons , make ’ a sudden t r an s  it ion f rom a hightlv

cond uc t lug  to  a h i gh l y  re’sist Eve s tat e ’ . When t i i 1~ occurs , e’nergv s to red

In t he  Induc t an ce ’  Ie ’a el s to  are ’ i n g ,  t h a t  Is t he  deve ’Iopment of v e ry  it ig it

e l e ’ - t r l c  pot cut  Ia is , wit ie’li le’aels to t i t e ’  breakdown elf a e ire-u i t  e’l eme’nt

pat ,c  l i e ’ i t o  t itt ’ r e-ct I f  I e’r . The’ de’ t a i l s  of t ite’ re’c t i f  ie’r operat b i t  are’

itot re- le ’v ant  t o  delttd It ions wh Ich won 1 d occur In t i l e ’ SUfl~ s a tmosp ite’re’ -

A l fve’u and Carl qvtst ( 1 0 6 1 )  acid more ’ re’ce’rtt iv Carl q v l s t  ( l~) 7 2 )  a r g ue  t ita t

It t h e ’  cu r r ’n t dens I tv En I he ’ sun ’s a t m o s p here  exceeds a cr 11 ic a l  v~c I tie’,

an [on—a t -ous t  I t ’ Itt st ab tIlt v w i l l  de’ve I op wit I cit I e’ads to a suetde’n Inc re’ase’

— 2 8 —

I,

— -~~~~- .~~~~~ — — -— — - - -5 - - -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —--— -
~~~~- - - 5 -

lit t h e ’ re’s 1st l v i  t v of t h e ’ p 1 asnia - Tii is  sci dde ’it I ctc rca se’ li t  re’s 1st lv  it v

Ile’e’e’ssa r I I v  leads to  I iie’ de’ve’ I opme’n t of hi Ighi e I cc’ t r Ic lie’ Id  in  o rde’r t o

m a I n t a i n  (or  atte’mpt to  ma in t a i i t )  t he’ ori gina l current. This re’giein (or

re’g Ioits ’t m ay et c -vt ’ I op b i t t  o a ‘‘ dotib I t ’ l~cve ’r ’’ (or array ol  douil I c  I~ tv e ’r s)  in

wht Ie’hi st ore’d Iuagne ’ I Ic  ene ’rgv got’s to ~c c c e ’ I e r a t  e’ l a r g e  numbers  of e l e c t  ro i ts

acid /0 r [em s - (Cone cc-n lug double l ay e r s , se ’e’ for bits t alit’ e’ the’ rev I e’w liv

Goe’rt , I ~)78 . )

iii  e’Oflipar lug t i l e’ Al  f v e n — C ar  I qv 1st model wi t i t  the pr iniary re’qu ir e -’me ’nt 5

se’ I elut earl [e’r In t Ii is chap icr , we f inc h  t hat  energy is st ort ’d , as requ i reel ,

in  ,i c ur r e ’n t — c a r r y  b u g coroita I magnet  ic t i e  I d .  F u r t h e r m o r e - , i t  i s  1)OSS 11) 1 e’

b r  the ’ te)polOgV to be.’ t h a t  of a s imp le ’  d ipo l e’  or somet i t i ng  more’ comp lex .

To e’Otts I d c ’ r icig t h e ’ cite’ rgv r e ’ lease’ r eqt i  i re’men t s , we’ ito I e’ t h~c t A l t ~‘ e ’n

and Car l qvist cons icier  o n l y  a rap id s tage of energy  re - l ease  w h l c i t  Is pre-

sumably to lit’ ident if ted w i t h  the  impuls ive  phase. There Is no d i se ’uss ion

of a si OWe’c- onset p hase.’ or of ~t slow l a t e ’  phase. If  t lie sudden change  of

state ’ of t in ’ p lasma  occu r s  u t  a s i ng le localized reg ion , i t  is difficult

t o  Od e ’ how an outset p hase ’ can fit into tite’ir mode ’l . I f  tilt t h e  of he ’r hand

t h e ’ aitoina iel U5 re’g i clits pe’rnl i t  t iitg tile ’ e l I  ~s 1p~l I  ion of m~l gite ’t I c  e ’fle ’r gv are ’

mactv lit cucmiie’ r , l i i i  lid lug (II) ill t he  torn of a e’asc aele- , t lle ’il we in i~~ht t h i t  e ’ r —

p re -f I hit ’ Oitse’t p h~i Se’ a s t i l e ’ c rca I I on 01-5 
more’ aut el more’ re’g ititis of I oca 1 I;’ eel

e l i i pat  lout , icuel t h e  impu Is iVe ’ p hase .i s  the ’ ‘‘ c v i  l a i t ch e ’ ’’ wi t  i c h i  c ’t - cu r~- w he ’ii

I lie’ it unihi~ r 0 t elI ss I [Sit Ion meg I outs rein’ lie’s sat nra t I e) it - ~‘ lit e’ t’ I in ’ Pot cut  ía  I

de ’ V e ’ 1 op ed C c  l~00 s a d ou b l e ’  Ia  y e ’ r i s  I in I t  eel I el a I e W  I lin e’s t l i e’  t hernia I

cue ’ r~ v , I ite ’re’ m u s t  he ve ’rv many  dou ib  1 e I ay e ’rs in t he f l ; t  Fe ’ re ’g lout I t  e ’ne ’rgv

N’ I t’ ,i se I s  te l  o c c u r  by eho ub l i ’— I aye ’ r f o  rm~i I I t i ll  -

A l t  i i o ugh i  I itt’ nie’re ’urv  r e ct  111cr  c i te ’t i I t  i s  kutow i t te l  li1 e’Xp l o s  ly e ’1 V

d u st  ,i h i t - , it clo t- s  not f o i l  ow t hat  I it e ’ so l a t  mode ’ 1 propo se- el 1w A i f  yen and

C.ir I qv 1st w i l l  a l s o  m a n !  fe ’st an t’xp l o si  ye In s t  ~i h i i  I t  v .  Act b i t  , i e o u i s t  Ic

—
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Insta i t  [lily is a spe’e’ La I fo rm  of a t wo— st  re.’am I n s t a b i l i t y  whie’lt Is t yp i

c- a l l y uielue ’Xp los lye’ (Sturroc -k , 1 %6a) . IIe’nce ’ the’ Al fv e ’n—C ar l qv 1st mode ’ l

iii Its pre’seult b c-in , appe ’ars i to t  t o  rne’e’ t t ii Is r equ ircme ’it t . Al fven and

Car I qv 1s t st re’ss tha t t ite deve’lopme ’ui t of reg b its of h i g h res 1st i v i t y  w i l l

tend to promote acceleration and th is point seems well taken , it Is not

Se) c lear  (hu t  It  may he’ true ’ ) that t he  e’uergy release’ may out some’ occa—

s [outs p re ldue e’ itea t I ng (Maxwe ’ I I I an eli St r i but  Eons )  r a t  he’ r t han p°~~’ r— law

e I e’e’ t rout be’ant s . 1 t doe’s utot  se’e’m a t  a l l  I [ke’ l v t h a t  t lie’ e-outi igurat tout

w hk ’h  t iie ’ v propose’ e’oul d couve’rt a large’ fr a c ’t Ion of t i ie ’  e’ue ’rgv rt ’l e’ase’d

dccc - lug t h e’ I lare ’ lot  o mass m e lt Ion • as Is re’qu I red t o  ex~i I a I l l  Solile ’ I Ia c-es

The’ Al fve’n—C~ir I q v i  st nit de’ 1 [itvolve ’s oil l v  elite ’ p hase ’ e f  part ie ’i e ’ zn - ce - I —

e~r i t t  lout . fhe’y propose t Isit  I)el t ii e’le ’ctreiits and lout s may he’ ~t cce ’le ’r~it  ccl a t

ide ’ same’ t line’ in t i l e ’ Sin e’ re’g I on - i’li Is deie’s - ute l t f i t  w i t  h i t i le ’  cu r  re’i)

c’eluic e’pt 5 e’ e) ut e ’ e ’r u t ing ‘‘f i c - s t  p hli t5 e ’ ac ’ c~e’ I t’r~et lout ’’ autel ‘‘se’coitel ili ii i5 e’ at - ce ’I e’r—

at  lout , ’’ hu t  (as we’ iiave- ~tl ready  el I sccc sse ’d)  i t  Is not c~l ear  t h a t I h ie ’s e ’

e On (’e’pt s are’ we’ll iounele ’d . I f  d~ita bit ch i c a t  e that ,ice’c’ I e’rat 1(111 t Vp It - al Iv

take’s p lace ’ lit elIt e’ phase on l y , lit is woti I d  lie’ suppor t  ly e ’ e i f  tin ’ ge ’ute ’r i i  I

lde’iis advan e - e’d by Al fve’n autel C~iu - l qv 1st . Out f lit’ c i t  ite’r hiaitd , t iie’v c-otis IcIer

d l v  e’ 1 Ose’el I I C ’ Id e’out f I gu ra t  ions so I 1st t t lI e’ re’ Is not lii itg ii i I t i e ’ mode’ 1

as propelse’el , wit Ichi IiC’~~ its 
easy e’se’ilpe ’ of e’l e’c t c-el l is or louts  I i t t  o lo t  c-r-

i) 1 ~d l t e t a rv  space’ . lle’ite’e’ t lit ’ I i  m O d e’ 1 , if vii tel , mus t  t ie ’ re ’st F i e ’t  de l to 11 ,1 Fe ’S

whi i c h i  clii not miii it c’s t “par t Ic ’ I ~ eve ’it t 5 .

A I tycu ~inei C~c r I qv 1 st cli ci it ti t c~~ui 5 iel e’r e’lte ’rgV Fe ’ he ,i~ t a I p h~ t osp hi e r Ic ’

• I e’ve Is , s I ltc’e it was not e’ i c -ar at t h a t  t line’ I hat  slit ’ ii re’ I case- n i l  gu t  oe-cur -

Eveit at I iii s I [m e’ , I t  is itel t c- c- Ft a iii t is, t a me~e’ ba it I sin f o r  t e -  I e’a se -el e’ite’rgv

a t photosp ht- r Ic’ 1 eve’1 s is de’f In it e’ Iv re’qu Ire- cl.

C) 4 1 CI ose’d Curre’nt She’c’t Mtiel e’ Is. Ont’ t~I ass of flare ’ iltt)ti e’ Is iflve i lye’s

e’ccrre ’lt t sit e’e’ts wlttehi form he’twe ’e’ii two or more’ se’t s of e’ Iose ’eI magne ’t  f e ~

— 10— 
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field lines. The most detailed analysis of this situation appears to he

tha t  of Syrovatski i, and we therefore begin by a discussion of his model .

Syrovatskii has In recent years developed his model of solar flares In

a series of a r t i c l e s  (S y r o v a t s ki I , 1966 , 1969; Somov and Sy r o v a t s k i i ,

1977). This model is based on the formation and decay of a current sheet

near a magnetic null line or surface. In th is  respect , it is s imilar  to

the model proposed by Sweet (l958a ,b) who proposed tha t f lares  occ ur as

two d i s t inc t  f l u x  systems move into p rox imi ty .  This leads to the  develop-

men t of a magnet ic f i e ld  con f i gura t ion such as tha t shown in Fi gure 9.2.

It is argued that the high electrical conductivity of the coronal plasma

• prevents the magnetic field from adopting the minimum—energy state (i.e.,

a potential field) and instead develops a thin boundary with a current

sheet. Sweet argued , from a hydrodynamic analogy , tha t such a con f i gura—
S

tion can become unstable. It was argued that , when this occurs , a very

thin layer (the “collision layer”) forms sufficiently thin that rap id

reconnec tion occurs in a quasi—stead y state. Petschek (1964), in an

impor tan t paper on the theory of solar f l a re s, developed a mod el of the

reconnec t ion process ind ica t ing  tha t reconnect ion  could occur  at a frac-

tion of the A l f v e n  speed.  There have been extensive further studies of

this possible quasi—stead y reconnect ion process.

Sy r o v a t s ki i  emp hasizes t ha t  the  flare problem Is basi cally an insta-

b ility problem: one must consider a stationary p lasma—field configuration ,

or one which is evo lv ing  very slowl y in t ime , and understand how it can

suddenl y develop in to a state of rap id energy rel ease. Svrovatskii titere—

fo re  considers the  t ime—evo lu t ion  of cond i t ions  in a c u r r e n t  sheet r a t h e r

t i t an  the  s tead y—state reconnection process of Petschtek.

L 

Syrova tskii argues tha t , if reconnection occurs , the  sheet becomes

progressively wider and thinner , and the’ density of plasma in the sheet
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becomes progressively lower,  I f  t i te d e n s i t y  becomes low enough , the

elect ron veloci ty required to car ry  the curren t in the shee t may be hig lt

enough to excite the Ion—acoustic Instahilitv This would give rise to

plasma heating and to the acceleration of some particles . If the density

becomes lower still , the disp lacemen t curren t may become more important

than the electron current. In this case , Syrovatskii argues tha t there

would be a “rup ture ” of the current sheet with the development of a

pulsed electric field and acceleration of par t icles to hig h energies .

possibly ultrarelativistic energies. However , Syrovatskii envisages that

at  any ins tant  these c r i t i c a l  c o n d i t i o n s  are  l ike l y to he met onl y in a

utumber of local ized reg ions r a t h e r  t i tan th roug hout  the  cu r r en t  sheet .  This

concep t has an important bearing also on Syrovatskii ’s views on accelera-

tion. He points out tha t , if  par ticles  of ver y hi gh energy are to he

produc ed , it is essen t ial t h at only a small fraction of parti cle’s in the’

f l a r e  region he subjected to tite acceleratIon process. There are two ways

in whic it  th i s  could occur :  one po s sibi l i t y  is tha t  a c c e l e r a t i o n  occurs

througitou t a large’ volume hut there’ is a “selection mechanism ” such tlta t

only a small fract ion of part ic lcs are accelerated , due possibly to t h e i r

mass , charge , or i n i t i a l  ene’rgv . Another possihil its’ is tha t t h e  accele ’r a—

I [clii Is inhomogeneous in space: In t h i s  s i t u a t i o n , a large ’ f rac  t ion of

• the particle’s In a smal l  p a r t  of the volume will be accelerated to hi git

- i e ’nerg i e ’s. Sv rova tsk i i  cons Ide r s  t h a t  bo th  of these processes univ occur

w i t h i n  tite ’ co n t e x t  of h i s  model , t h e  latter process occurring near regions

of e’urre’nt—shcet r u p t u r e , and the  former  p rocess  o c c u r r i n g  in a l a rge r

vo l ume’ du e’ to the genera t ion of p lasma turbulence of some type’ .

We flow compare Syrovatsk[i ’s model aga inst tite requirements set out

In Section 9.2. As with all other models here’ considered , the energy

re l eased dur ing  a f l a r e  is asc r i b ed to a c t i r r e ’t t t — c a r r v i u t g  corona l magnet  ie~

— 3 2 —  
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f i e l d .  However , Syrovatskii ’s model can accoun t for  mor e than one stage

of energy release. Syrovatsk i i  i n t e r p r e t s  the slow onse t phase as the

stage of energy release in which ion—acoustic instability devel ops in the

curre nt shee t .  He i n t e r p r e t s  the  rap id impuls ive  phase as one in w h i c h

cu r ren t sheet “rupture ” occurs leading to a much more rapid pr ocess and

stronger acceleration . There is no atialog to the  “ l a t e  p hase ” in his model .

Syrovatskii claims that the possible transition from one process to the

other meets the requirement that flares be explosive in nature. Althoug h

p lasma flow occurs in the Syrova tsk ii model , it is not demonstrated that

a major fraction of the energy released during a flare cart go into mass

motion.  He does however argue that a considerable fraction can go into

heat and into high—energy particles.

Syrova tskii ’s comments concerning acceleration seem to meet require-

ments  as now indicated b y gamma—ray data. Syrovatskii envisages tha t there

are two acce le ra t ion  processes which can , however , proceed substantiall y

in the same volume and pre sumabl y at the same time. There is strong accel—

eration in small regions where current—sheet rupture is occurring which may

meet the needs of “ f i r s t  phase ” a c c e l e r a t i o n. In addi t ion , the  region ma~

he in a tu rbulen t stat e so tha t stochas t ic accelera t ion can occur , me et ing

the requirements of “second phase” acceleration . There Is no discussion of

escape of big ht—energy  p a r t i c l e s  i n t o  t h e  o u t e r  corona or in to  i n t e r p l a n e t a ry

space.

Syrovatskii does not discuss mass ejection nor hea t ing of t he  t e m p e r a t u r e —

minimum region . It  is qui te possible tha t Syrovatskii’s ideas , in the F

context of appropriate more specific magnetic—field configura t ions , cou ld

lead to mass ejection and/or to temperature minimum heating .

A recen t development concerning a theory of closed—current—sheet

models of flares is discussed in Chap ter 3. llchida and Sakurai (1977)
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have’ noted t h a t  a cu r r e n t — s h t e ’e’t coutf I gura t ielit i s  I j k e ’ l V to be’ u n s t a b l e

tel t i l e’ MIII) I u t t e ’r e ’itange mode’ aitd pe liu tt elut that , if titi s occurs , It will 
*

hsi ve’ i m p o r t an t  e ’ffe’e’ t s  in i t  se’l I and w i l l  have’ a ve’rv st rong i n f l u e n c e  on

t ile’ F~’COitite? C t b i t  rate’ -

In t i t e i r  p ic tu re , the slow reconnec t ion which m ight occur without

t ile’ imt te’re’ita utge’ instab ii  i t v  woc i ld  c o r r e ’sp emn d te l ti t e ’ outset phase of a f l a r e .

I f  • at some’ s ta ge’, the  iu t t e’r clia itge’ i i t s t a h l l  i ty  oe -cu rs , i t  w i l l  deve’lop

rap id h u l k  mel t ielut amt d t it e  d i s s i p a t  [clii of tltis not  ion will lead to a sudden

h le ’dt log elf t h e  p lasma . Iii is  pr oce’ss is iele ’nt I t  led w i t  it t i l e ’ impu ls fve’

ph a se’ elf a f l a r e’. Suh se’que’itt tel t ite’ itt t e’rc it ange ’ i nst a b  i l l  t v re ’ce lnit e’c t ion

~h ie iu leJ  celu it l i t t ie ’ at an enitamie’e’d rate clue tel tite’ f o I d e ~l ge’ometrv  of t he ’

c u r r e n t  sheet , and t h i s  pr c lcc’ss Is t a k e’ut to be’ t i te  exp lanat ion of what

t ite’v I e’rm t ite’ “q u i e t  therma l pha se’ , “ wit icit we’ hive’ te’rmed t h e ’ “ la t e  p hase’

In e- elmp ar log t i l e’ lie’l t i eha—Sa kc ir a  I nelli e’1 with t i l e ’ I lr i m ary  r e q u i r e m en t  set

out In Se’c t [cu t 9 .2 , We’ See’ t 1st t e’fle’rgv st d c-age’ is again at t u. itiut e’d te l a

c t i r r e ’t t t — c a r r v  Ing  e’clroula 1 n uagmt e ’t Ic l i e ’ id . We’ alsel see’ t h a t  th ere are’ possible’

e’Xp 1 . it t i t  j elOS for  t i l e ’ t hre’e phase’s of a f l a r e ,  it 15 lid t e’ i t ’d r I lta t t lie’

clttse ’t elf I itS I ~thi i l l  lv w i l l  lie ’ e’xp los lye  • but the ’ ui,i to c-c’ of tite ~ I i t t  e’r c hinge’

I us t iii ji l t v is sue’ it t ita t a large’ t rat’ t ~elfl e I tile ’ ei le’rgv Fe’ leased siiou id gel

i i t t  o mass mel t lcuut -

ma in de’f e ’c’t lit  tite ’ 5 tnt p lc vers  Ieui t of t h t e ’ t h i e’eirv i s  t hta t it elc le ’S

not prov [tie for p a r t  le’le’ acc c i e’rat . l on—— e ’ither cit e’’t e’ct rdlns elF cit b its

S tOe’ e’ re ’ce lulne ’e’ t b i t  ele’cUrS lit  t itt ’ I r mode’ 1 , tine’ wel d I el e’xpe’e’ t on t ite’ ha sis of

t ile ’ work of Svre ’vatsk Ii , for  ins t amte ’e , that ae’ce’ 1 era t I on will oe ’e-eI r - il euw —

eve r , ei h is e ’rvat toni I data indicate ’S tha t mue’it of tile’ ac’e’eler at  ion oe- c e m r s

th e i r  Ing t he’ Impti is  bye p ht ase’ , hu t  t he ’ Pelt I d a— S ak ur a  I model doe’s ulei t lOve) ly e ’

.i gre’at release’ cIt e’flcrgV hr ree’elnne’e’t ion dur  [m u g t h i s  pitase -

It is c i  early Impeurtant te u de ’term i ui e whct i te ’ r t he ’ lnte ’re ’hange in s ti l ’  I l l  t y

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



w i l l  dle’cu F l i t  t ile’ V I c  I i i  i t  v 01 a e u rr e ’ut I Shle ’e’ t , such as t ha I city I sac,e’d liv

S v rcivat  sk i i  or  hr Il e’ii ida and Sakura i - I I it ddles , one needs to  know t h e ’

elvutamn [ci 1 e’ f I cc’ Is  of th u Is inst iii lilt v ho I i t  wool d i i  Sc) lie’ utee’e’ssa c-v t e l

c-e’c’elns I ele’r t i l e’ ili el ele’ I de’ve ’ ld lpe d by Sv c-eivi t ski te l t ake ’  ad’count of I l ie ’ c h ange ’

10 1 h It ’ fli.ie~1te ’t I c— I le ’l d c~ lu i f igura  t le im t ot th~ e- u r r e m t t she’e’t due t e l  t h e’ i uut e’r—

e- h t . t m i ge’ iui s t ab i  l i l y .

Ct ’
~~~~~l ~ip e n — V i e’ ld_ Mode’l s.  M o d e l s  ~ 1tic’h have he’eit d i s c usse ’d so f a r

i iwo lye’ out iv d I else’dl unagm te’t le’— f  ie Id c’onf i g ur a t  lou ts .  As W e’ have’ not iced in

d i se ’uss iu t g  t he’se’ mdldl e’ls , it is d 1f f  i c e u l t  to und e- r s t i eu tc l  p a r t  i d e  e’Ve ’tl t s iii

SUd’ hi a c’ dln t  e x t  si mic ’ e’ P a r t  it ’ I C ’S , i t  ace’ e’ I C ’ ra t cli iii soc ii a ccitt I I gun I i out

W d lC t Id I j oel i t  di ll icu it t e l e’se’ape’ l m t t e l  h i t  er iu  l a it e ’t ar spac’e’ : t h e y  WOO 1 eI

cud t o  rena u t  t rapp ed i i i  t i l e ’ e’ I ose’d— 1 i c ’I d  e~ l mi I i  t~U r a t  ion, i t  i s  Iioss ii’ I t ’

t ha t  t l . l c - e’S max- ti e- cur lit  e’ l o s e d — f  le’ld l  ge’el nue ’t rh’s jut which ae’ce ’l e ’r ,u t lout t a k e ’s

il l  ae’e’ and t i l e’ part Ie ’ Ic’S rema in I rappe ’d I eir a e’e’c- t a  iii I eu tg L it d l t  I ii fle ’ h u t

~~fl t i le ’ course’ elf t h t t ’ f l . i c - e’ , magnet Ic t I e ’ Id l i n e ’s expand and weaken In

St  Fe ’ti gt  ii Sdl t iii t e v e n t  ua l i v  p a r t  Ic i c ’s may e’f t e’c t ire iv escape’ f r o m  t i l e ’

sv s t ciii of t (~ ‘ 1 ~i I lu te ’s d O  wlt i c i t  t hte ’v we’re ’ i dde ’ I e’ra t e’dl . I t  i s  ku iowtt  t iua t

I h u e ’ Fe ’ is t c l O s e ’ c~clc -Fe’ i , i t  I oit ilL’ I Wc ’e’it t ile ’ pa F t d’ h e ’ e’Ve ’fl I s d1i t t i l e ’ one’ h au te l

.uutdl fvile’ I V b u r s t s  aitc l md ly l u g  T~’pe ’ I I i- _ tel id b u r s t s  • out t he’ ot hi e ’t’ hua m id

rite - ha t I t ’ r ~ .uv b~’ a I t r Ibei t  ~eI I el au t eItttwirel ntov ing p 1 aSlildI I el and til e’ shock

w it  I e ~il i t  ge’mt e ’r at  c’s , wli I cht  may hot  hi ele’Ve ’ lop 1w flle’~tul5 cI t  t i l e ’ e’Xpiu t s  lou 01 a

e I t is ee! nsmg m te ’ I I t ’— f i 1’ I d  con  I i  gura  t 1cm . t~n t il e ’ cit her htau i d  • I his i’ i asmei Id

nay a r i se I ron an iii it i~m I I v  ope’ml m agu i c ’ I I c — 1  I c ’l el e’clu t I I go rat i clii . I ’lie ’ nit ’s

d i  r e’e’ t e’V i ele ’it e e that seim e f l a r e ’s I itvtl iv  e’ lit  i t  b i l l  ~
- cip e ’n t le’ Id cOn t i gem rat ic imi s

rein t h e ’ f , i ~’t tha t mautv f l i r e ’s involve ’ T~’pe’ I i i rich be ’ b u r s t s .  l l i e ’St

,i c-c’ ,i I t  r i  hu t cli t e’ e’ 1cc t rou t st r.’ams prelpagi I ifl~! ou t I %t re iugh t i l e’ ~-~lron l— —

u ic ~- e s s , t r I ly  elfl maglt e ’t Ic t ie ’ld  I j u t e’s. S j u i c e ’ Type ’ I I I  h u m t ’ s t  s Oe ’ e’t i r  ,it t i l e ’

ve ’rv beg I nit log of a I l ir e ’ and have’ ch it t a t i outs cit  Se’e’eiuidl  s oil I \ • t iie~~e’ liu ist S
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provide evidence tha t  some f l a r e s , at least , occur  in m a g n e t i c — f i e l d

conf igura t ions which are par t iall y open .

I t  appears t ha t  the  f i r s t  f l a r e  model involving an open—f ie ld  con—

figuration was that proposed by Carmichael in a paper subm itted for pre—

sentat ion at the AAS—NASA Symposium on Solar Flares held at Goddard Space

Fli ght Center in 1963 but not given because of shortage of time. However ,

the paper (Carmichael , 1964) was included in the published proceed ings of

t i t e  confe rence .  Carmichael proposed tha t  magnet ic  f ie ld  lines extending

high above the pho tosphere cou ld be forced open by the solar wind (Figure 9.3).

A s imi la r  conf i guration (Figure 9.4) was proposed by Sturrock (l966h , 1967 .

197 2 , l974b) who also proposed tha t  the f ree  energy of the open—field system

is derived from the nonthermal energy source which heats the corona and

drives the solar wind .

There are certain difficulties with the assumption that a pre—flare

eupeut—field configuration is formed either by the solar wind or by corona l

heating . First , we note that the m a g n e t i c  f i e l d  would open onl y if the

plasma stress were to exceed the magnetic stress. Since th e p lasma pres su re

in an active region does no t rise much above 1 dyne cm , th e  p lasma

pressure could not fo rce  open magne t i c  f i e l d  of more than a few gauss in

strength. This would make it impossible for the ‘f—type neutral poin t ,

which  marks the  t r ans i t ion  from closed to open field lines, to be situated

low in t he ’ sun ’s a tmosp here where the field strength may be of order l0

or lO~ gauss. On the other hand , some energetic flares are so compact t ita t

the Y—type point , if it exists , mus t he q u i t e  low in the a tmosp here.

The second difficulty occurs in the context of “homologous ” sequenc es

of flares which are regularl y spaced in t ime and qui te similar in form

(E l l i s o n , 1963). The imp lication seems to be that the magnetic—field

c o n f i guration which is disrupted during a flare is reformed by the t ime of

—36—



_ _ _ _

the’ next flare. Ju t consequence , t he energy released during one flare must

he rep laced b e f o r e  t h e -  next  f l a r e  o c c u r s .  The i n t e rva l  between f l a r e s  in

suchi sequences increases with importance of the flares , being approximatel y

one day or lO
5
s for flares of importance 3. Sinc e such f l a r e s  are l i ke l y

“0 
-, 3”

to cover an area of l0~ cm and release about 10 erg, we see there is an

7 -2 -l
energy f l u x  of 10 er g cm s is requ i red  to provide the  f l a r e  ene rgy .

This requirement exceeds , by a factor of approximately 100 , the energy f l ux

required to heat the quiet corona and drive the solar vinA (Athay , 1976) .

However , it is possible that the energy f lux  in to the coronal vol ume of an
7 — “ —1

act ive region may bi f order 10 erg cm ~s (Wi thbro e and Noy es , 1977).

If the flux is tha t  hi gh , the energy released dur ing a f l a r e may indeed be

der ived from the nonthermal energy flux which heats the corona . If it is

ut ot , some o the r  energy source is required to prov id e the free energy re leased

during a flare.

It was for these reasons that Barnes and Sturrock (1972) proposed an

a l t e r n a t i v e  process leading to the  fo rmat ion  of o p e n — f i e l d  c o n f i g u r a t i o n s .

They considered the possible evolution of a closed force—free magnetic-

field conf igura tion as the field becomes more and more stressed due to

pho tosp heric motion. Their particular examp le was a simp le case of

cylindrical symmetry produced by a hypothetical disk of one magnetic

pol ar i ty surro unded by a ring of opposi te polarity. As the r ing  is rotated

wi th respect to the disk , the field pattern expands and the total energy

in the’ field increases. It was found that after a rotation of about half

a comp lete revolution , the force—free field contains as much energy as

the corresponding open-field configura t ion with the same distribution of

magn et ic f l u x  a t the p ho tosphere. For larger rotations , the force—free

f i e l d  con ta ins  more energy than the corresponding open field. Hence , f r om

these purel y energetic considerations , it appears that the force—free field

must at some point either be unstable or metastahie since energ\- would he
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released if the field were to make a transition permitted within the context

of MIlD theory . If such an eruption were to occur , it would necessaril y

lead to an open field configuration . Since such configurations are

beli eved to exist within corona l streamers (Sturrock and Smith , 1968), it

seems clear that open current sheets can persist for some length of time.

On the other hand , the open current sheet may reconnect by the tearing—

mode process: if this were to occur at all , it seems most l ikely that it

would occur as soon as the curren t shee t comes in to exis tence , since it

would then be thinnest and subject to fluctuations likely to trigger the

instability.

These considera t ions therefore led to a rather more comp lex interpretation

of the flare process. The preflare state comprises a magnetic—field con-

f i gura t ion  which is comprised ma inl y of closed magnetic flux , al though

some of the field—lines may already be open. Photospheric motions stress

the f i e l d , which maintains a force—free state with steadily increasing

energy.  A t some stage , the configuration is subject to an MHD instability

(which may or may not need triggering) wh ich leads to the eruption of some

or all of the closed magnetic flux. This eruption leads to the formation

of current  sheets which are then subject  to the tearing—mode instability

leading to reconnection. Reconnection in such a configura tion exp lains

very naturally the formation of a detached plasmo id . Since the magnetic

energy of bo th the p lasmoid and the surrounding magne tic f i e ld  decreases

as the p lasrtoid moves out and expands , the p lasmoid must  be subj ect to a

magnetic force driving it away from the sun. This is the “melon—seed”

e f f e c t  discussed some t ime ago by SchlViter (1957).

This model may now be compared against the primary flare requiremen ts

set out in Section 9.2. It is not yet clear whether or not the model can

satisfactorily explain the three stages of energy release. In the event

t h a t  eruption and reconnection occur almost contemporaneousi”,, the onset

phase may be associated with the MHD processes which occur between the

- 
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initiation of the Mi-ID Instability and the development of a current sheet.

Then the rapid Impulsive phase is due to the faster energy release by

magnetic—field reconnec tion which occurs after the current sheet has fo rmed .

It is possible, however , that these two phases bo th occur as stages

of energy release after the current sheet is formed . The reconnection

process may involve the development of a large number of localized regions

in which anomalous processes occur [such as double layers (Goetz , 1978)

or regions of ion—acoustic instability (Stix, 1962)1. Then the onset

phase represents the development of larger and larger numbers of such

reg ions by means of a cascade. When the number has reached the saturation

value, the energy release rate Is at a maximum , represent ing the impuls ive

phase. The latter interpretation is more easily reconciled with the high—

temperature plasma formed during the onset phase , as is made evident by

soft x—ray emission .

The slow late phase may possibly be due to con tinued reconnec t ion

occurring at the rate set by the MILD eruption process. On the other hand ,

it may be due to a change in coronal density. The reconnection rate is

set by the Alfven speed which varies inversely as the square root of the —

density. It is believed that the coronal p lasma densi ty increases by a

fac tor of io
2 

to 1O
4
. This leads to a reduction of the reconnection rate

2by a fac tor of 10 to 10 . This is su f f i c i ent to explain the  reduction of

energy release rate in going from the impulsive phase to the slow late

phase.

However , it is not easy to understand how the density can be increased

in the region of magnetic—field lines which have not yet reconnected . The

most likely explanation seems to be that x—ray emission from the high—

temperature plasma in shells which have already reconnec ted leads to

heating of the nearby chromosphere. This x—ray heating can drive evaporation
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along field lines which have not yet reconnected .

We have already noted that mass motion occurs quite naturally in

this model. Furthermore when reconnection occurs , ei ther con temporaneousl y

with field—eruption or in a quiescent open—field configuration , there

resul ts a plasma—field configuration which will be driven away from the

sun by magne t ic pressure , magne t ic tension , or a comb ina tion of the two

[Fi gure 9.3(c)1.

Since magnetic—field reconnection p lays a key role in this model ,

one expects that acceleration will occur (possibly two stages of accelera-

t ion) as earlier discussed in the context of Syrovatskii’s model. However ,

it should be no ted tha t accelera ted par t icles can escape into in terp lanetary

space more easily in the context of the present model titan in the context

of a closed—field model. If the flare occurs in a magnetic—field configu-

rat ion which is initially open , par tic les may stream out along the open

field lines. If , on the other hand , acceleration occurs in a localized

current sheet in an erupting magnetic—field configura t ion , particles may

escape as the disconnec ted plasmoid moves out into interp lanetary space.

We have already seen that the present model offers a natura l exp lana—

l ion for the ejection of p lasmoids in to in terp lanetary space. However ,

one needs to understand why only a small f rac t ion of f l a res  produce such

ejecta. There are two possibilities: (a) the majority of flares may

produce eJ ecta which are too small (in terms of mass and energy) to be

dete’cted ; or (b) only a small frac tion of flares occur in an ope’n field

co n f i gura t ion. Since only a smal l  f rac tion of f l a res  g ive rise to par t icle

events , interpretation (b) seems preferable to interpretation (a).

It is also easy to associate flares with filament eruptions in the

context of titis model. The eruption of a filament is almost certainl y due

t eu magnetic forces, the energy required to eject the gas in a filament
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presen t model , as in any other current—sheet model: if reconnection tends

to develop a high curren t densi ty In the corona , it will do the same at

the top of the photosphere so tha t tempera ture m in imum hea t ing may be

attributed to Joule heating .

A variant of the above model has been proposed by Kopp and Pneuman

(1976) as an explanation of loop prominence systems. They consider the

hydrod ynam ic effects of the closing of a system of open field l ines by

field— line reconnection. Their assumption is that field l ines are opened

either by prominence eruption or by a f l a r e , and that there Is a high

outward flux of energy and mass while the field lines are open due to an

enhancement of the normal solar—wind mechanism . When l ines close , there

is a sudden stoppage of this outflow which leads to an increase in the

tempera ture and densi ty, each increa sing by a iac tor of about two (Figure 9.5).

In its gross outline , this model is similar to the slow late phase of

the open—field model discussed earlier In this section. However , ther e are

the following d i f f erence s :

(a) The energy supply in the Kopp—Pneuman model is the norma l flout-

therma l input into the corona ; energy is not derived from field—line

reconnection .

(b) The mass supp ly is derived from the outflow of solar wind , not

f rom chromosp heric evaporation .

Since loop prominence systems s!-uow up in Ha li ght , titey involve l umps

of gas at chromosp heric temperature. Tltis po ints towards a thermal iutsta—

h i l i tv in a ho t , dense gas a t coronal hei ghts. The analysi s of An t iocho s

(1976) shows that such an instability can occur in the hot , dense f l a r e

p lasma responsible for the long—lived soft x—ray emission from flares. The’

Kopp—Pneuman model would lead to temperature of onl y 4. 106K at a densit~’

of order lO
9cm 3

; the’ temperatures proposed by Kopp and Pneuman are certainl y
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too low to account for the soft x—ray emission from flares .

The Kopp—Pneurnan model requires a very large non thermal energy f l ux

in to the corona of order 1O 7 
erg cm

2 
s ’ - Even if only 10% of the sun ’s

su rface is coup led into in terp lane tary space through open f ie ld  lines , this

- 
_ 

- would give an energy flux at the earth muc h larger than is observed . Current

estimates of the nonthermal energy flux into the corona are of order

l0~— io
6 
erg cm

2 
s~~ (A thay , 1976). The Kopp—Pneuman model implies that

there should be an association between high—mass—flux solar—wind streams

and ac t ive reg ions. However , we have learned (Zirker , 1977), tha t such

streams are in fact associated with corona l holes which are regions of

low coronal density and weak magnetic field . It is also notable that there

is a conflict between most flare theories and the Kopp—Pneuntan model in

that the former consider that magnetic—field reconnection leads to a release

of magne t ic energy , whereas the latter consider that such energy release

is negligible.

9.4.5 Emerg ing Flux Model. In a series of papers (Priest and

Heyvaerts, 1974 ; Canfield et al., 1974; Heyvaerts et al ., 1977; Tur and

Priest , 1978) Heyvaerts and Priest , with collaborators , have developed a

model of solar flares which exp l ici tly takes cognizance of the importance

of emerg ing magnetic flux in flare activity. When new flux emerges in a

quiet reg ion , it produces x—ray faculae or “bri gh t poin ts,” which  some t imes

suf f e r  t iny flares; when new flux emerges near a sunspot , reversed—polarity

elements called “sa tel l i tes” appear whiclt are the focus of surge and flare

activity. The basic concept is that current sheets develop between the

newl y emerg ing flux and the pre—existing flux , and that mechanisms occur

in the current sheets to produce various aspects of flare activity, as

summarized in Figure 9.6. The discussion in this sect ion follows most

closel y the article by Heyvaerts , Priest , and Rust (1977).
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If new magnetic flux emerges into a pre—existing magnetic—field

con f i gura t ion , one expects at least one current sheet to develop. The

au thors inves t igate the possible state of such a current sheet , assum ing

that steady reconnec t ion is occurring and taking into account the energy

equation which determines the temperature of the plasma in the current sheet.

From this anal ysis , they determine an equilibrium temperature as a function

of the height of th e sheet (see Figure 9.7). This analysis ind icates that ,

if t h e shee t rises to a cer tain he ight , there will be no neighboring

equ il ibrium si tua t ion , imp lying that there will be a sudden increase In

temperature , corresponding to the j u mp from boint B to point 1) iui t h e

diagram . This analysis ind icates that the configuratiout is subject to a

therma l in stabi l i ty , and that tue onset of this instabIlity is “exp losive”

(Sturrock , 1966a). Since the pressure of plasma in the current sheet

balances th e pressure of the adjacent magnetic field , the  density of th e

p lasma will decrease as th e temperature iutcreases. This leads to an

Increase in the drift—speed of the  current—carry ing electrons , whtich cart

eventuall y lead to a two—stream instability of the Bunemaut (l9~ 8a ,b) type.

For typ ical parameters , the authors find that this critical condition is

passed as the current sheet makes a transition from B to D.

Thte development of turbulence due to micro—instabilities leads to a

sudden increase in the magne t ic d if f usiv ity, as a resul t of whtich the

current sheet rap idl y expands. During this sudden expansion , strong electric -

fields develop which lead to the runaway acceleratioui of electrons. In

this process , however , the scattering is due to the iout—acou stie- turbulence’

ra th er titan Coulomb collisions. The authors draw a distinction hetween

— t h e  “ impulsive” phtase and the  “ f l a s l t ” or “exp l ei s ive ” phase .  The foruner  Is

attributed to sudden electron acceleration leading to impulsive hard x—ray

emission; tite latter is due to the sudden expansion of th e ’ e’u r ren t  she’e’t
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In t h e i r  flciel e’l , these n o r m a l ly  occur  in close assoc Lit ion , hu t  t h e  im p u l  s ive

p h~~~e’ may precede the  f l a s h  p h a s e  or v i ce’ versa .

Fk ’vvae’r t s , Prle’st , and Rust  cons ider  t h a t , after the sudden c htau ige in

state’ of t hue c-u r r e ’u t t  sl ie ’e’t , ree -onute’c t ion w i l l  proceed f ast e r  t hiatt iui t h e

p r e f l ar e’ phase:  this stage is futterpreted as the “main  phase ” of a f l a r e .

lit  t he  case c’f a s imp le loop f l a r e , eut e’rgv released d u r i n g  th ie  m a in  phase

is still attributed to th e  slow emergence of magne t i c  f l ux . However , in

thie case’ t h at the flare is a “two—ribbon ” type , the a u t h o r s  propose that

t he a c t i v i ty  de s c r i bed  above “triggers ” t he  release of energy of a u-con—

p o t e n t  ial  sheared  m a g n e t i c — f i e l d  c o n f i g u r a t i o n , and t h a t  t h is r e l ease  of

p r e — ex i s t  ing m a g net i c  f r e e  energy c o ut s t i t u te s  t he  “main  p ha se” of such a

flare ( 5 t - e’ F i gu r e  ° .8~

lii compar i t t g  t h i s  mode l  w i t h  t h e  p r i m a ry  r e q u i r e m e n t s  set ou t  iii

Sec t ion  9 .2 , we f i r s t  no te  t ha t  it d i f fe r s  n o t a b ly  f rom the norma l view—

• p o i n t  c o u t c cr c t i n g  ene rgy  supp l y .  T u e  norma l view is tha t t he r e  is a pr e—

exiStine~ state conta ining magnetic free energy which is r n et a st a h l e .  The

v i e w  eif h l evv a cr t s , P r i e s t , and R u s t  is t h a t  t h e  er1erg~- r e lea se -d in most

s~’Iar flare ’s is clue to the’ sudden  t r a n s p o r t  of magne t  Ic eutc rgv f r o m  be low

t i l e ’ p hie it o s p he’re - to ~i hiove ’ i t  . ti ne’ utee ’ds a more’ de’ta i i  e’d compa r i soui of t lie’

change’ of the’ pliotosp hie ’r ic magn e t  ic—f i t - i d  p a t  t e r n  iut re’ Ia t ion to I Lire’s

~ J e t  e ri~ I I i i ’ Whe’ t i l e ’ r t h~- r a t e ’ Li I c Itange c~ I ma gc ie’t Ic f ie I d s is su f f 1  c b e n t  1~-

rap id to e’xpla iut the’ rate ’ cif t ’ne ’r gv  re’l e - ase ’d d u r i n g  t i le ’ pref late pha se’,

dItc! wite ’ tile ’ r t lie rap Id cc ~ei era I iou ci e’utergv re I e’a sc during I Ice pre  f l a r e ’

p ita Se’ is due’ to aut i c  c e l i ’ r at  tou t in t lte rate of emergene’ e’ of magute t i c  f l u x .

\s net ed al’e\ t ’ , hje’vv aert s , Pr t e s t  , and Rust  do a t t r i b u te ’ I itt ’ ma in phase’ ct

~i t w e — r  l i ihon t L u r e  to  t hue re’ le’ase’ of m a g n e t  ic f ree  e’ne’rg v ; I ci add it lout ,

t h e ’ ir  a t t  r ihu t  le~ct of t h e  i m p u l s i v e  p ita Se’ to a scudde’ut e’xpatl s tout of t ti e’

current slut -ct imp l I e ’S t h a t  , d u r i n g  t h i  Is p hta se’ , e’n ergv  i s  he’ In g re’l e a sed
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rap idly  f rom the f r ee  energy of the  magne- t ic  f i e l d  c o n f i g u r a t i o n  c o m p r i sb u i g

the p r eex i s t i n g  f l u x  and t h e  newly  emerg iutg f l u x .  On the  o the r  hand , t h ey

attribute’ the main phase c_ i f a s imp le flare’ again to tlte release of magnetic

energy as new flux continues to emerge .

Another requirement was that the model should provide for two or three

stages of energy release, correspond ing to the p r e f l a r e  phase , th e impul-

sive’ phase , and the  la te  phase.  The present  model meets  t h i s  r e q u i r e m e n t .

Anoti ter  requirement is tha t  the  model should provide for  ae’ce le r a tio n

and/or h e a t i n g .  The au t i to rs  p rov ide  fo r  h e a t i n g  d u r i n g  a l l  th ree  p hase’s ,

autd argue t hta t electron acceleration would occur , si_ie’ci f lcall y during the’

Impulsive phase . However there is no discussion of ion acce’Ierat Ion se_i It

is i-cot c lear whtether or not t i t  is part of tlte requirement would be’ ine’ t . Tite’

model does provide for  the poss i b l e  acce ss of particles to open magnetic

l i e ’ Id  I ins’- s ince some c_ if  the’ pre’e’xl st in g  magnet  it- flux may h_ic oj _ i e’tt zt nel ti l e’

e’rupt lout of a f t  lament  may lead t o  an e_ipc’n I it -Id  coni  igura t ie_in , hut t it Is

rcspc’e’ t , t hu e model Is s i m b  I ar t e_ i  t h a t  disc’ cussed In t ile’ prey  ions St-ct I e_iut .

There’ is no d iscuss ton of I hu e e’ c-c’ t lout c_ i f  mass , e’xe’c’pt I c_ i re’ce_ i gut  I e

tha t t h e ’ e’rupt lout of a ft lame’utt w o u l d  l ea d  tc_ i t h e - ’  c j e ’e’t ion of mass e_ i r i g l u t z i l Iv

supported liv I he’ t tlame’ntarv miugutet be ’ t i t - I d .  As has h_ it - en argued earl Ie’u l i t

l it  is e’itapt er , i t seems like’ lv that t he’ erupt ion of a filament c’an c’xp I a lit

mass clee t ion e’ve’nt s itt wit it - lu tht e’ gas is at chre_imcisphe’i- Ic’ t emperature ’s

(such as lare spravs ’i , hut  It dc_it-s not seem I Ikc’lv t:lta t t Ilamen t erupt touts

can e’xp I a in cit-ct a In wit It’ It t he’ gas is at  e’ore_ina I t e’mpe’ra t nrc’. hlc_iwe’ver ,

I I t best- e’veutt s dc_i req u ire chtromeisp it c’r i e ’ e’vap e_ irat lout , this evapeirzi t be_ itt

could oct’cir just as we’ll in thtc context c_if tite e’merglutg f l u x  mode’ l as in

previous models.

M a j o r  quest  ions conce rn ing  lI t  is mode’ I w h i t - l u  nt-eel t c_i ht’ rese_i lve’el are’

t ite’ following :
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(a) Does t I t e  p r e f l a r e  phase re’preseitt t he  d i s s ipa t ion  of newl y

emerging magnetic energy, or does i t represen t an earl y phase In the

development of instabilit y In a possibl y quiescen t p lasma—magne tic—field

conf igura t iout~’

(b) Does tI-ic therma l instability d iscussed by Heyvaerts, Pries t ,

autd Rust (1977) occur and , if so , does i t p lay a key role in the f l a r e

p hieutom encuu i ?

9.4 .6 ~ cer and Col gate Models. Sp icer (1977a ,b) has recentl y developed

in grea t detail a model which has some similarities to tha t proposed by Alfven

and Carl qvist (Section 9.4.2). Both models are based on p lasma pr ocesses

whti cht c’aui occur in a twisted current—carrying flux tube . The first primary

requirement , tha t of energy storage by a current carrying coronal magnetic

f i e l d , Is t he r e fo re  s a t i s f i e d .

Sp icer ’s model provides for various modes of energy release which can

he related to thte apparentl y distinct phases of solar flares. For instance ,

3 
Spi e-er points out that a “super heating ” instability can occur in thte

pr esenc e of magne t ic shear , and tha t this wi l l  tend no t onl y to Increase

t h e’ t e m p e r a t u r e  of the’ p lasma but  also to iutcrease the current density.

This pro e’e’ss may be r e spons i i_ i le  f o r  the  onset p hase’ of a solar f l a r e  in

wh ie l t  t ite t empera tu re  of t h e  coronal  p lasma a p p a r e n t ly  increases  and

ce_ ind i t  ions (su ch as an increase in cu r r en t  d e nsi t y )  develop wht i ch t  lead

e’veuttuall’, to a me_ ire rap id process fo r  energy release.

I t  is p o s sih i l e’ t h a t  energy re lease  can occur h_iy mechanisms whtic’h-u will

lead to a “ th e r m a l ”  f l a r e .  In p ar t i c u l a r , the  tea r ing—mode  i n s t a b i l i t y  
—

t~~ fl occur under  c e_ i n d i t  Ions where i t  is domina t ed by classical resist ivitv.

There may a 1st_ i he an cit-ct rostat it-all y u n s t a b le’ c u r r e n t  o c c u r r i n g  in some

s i n g u l a r  layers whit-it also will g ive ri se to hea t ing  c_ if t he  corona l p lasma .

Sucht  e’cind I t  ic_ ins nee’d not occur a long  the ’  who le  l en g t h t  of an a rc i t , but  may

- . - --- ---~~-

- - - - - - -  - - .
~~~

‘—“ - - - ----- - - -
~~~

-.----• - ---- - -~~~-~ - - - _



F- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _

exist only in well localized regions. Nevertheless , the heating would

rap idl y extend over the entire length of the flux tube.

I t Is also possible that the flux tube may be subject to a combIna r~ r~n

of MHD and resistive instabilities , such as appear to occur in Tokamak

laboratory plasma experiments. It appears that the development of an MUD

ins tabi l i ty , specifical ly the kink instability, may promote conditions for

a resistive instability , spec if ically the resistive kink instability , and

vice versa. When this situation arises , the energy release rate may

disp lay periodic fluc tuations. This may be rela ted to periodici ty in

x-ray and microwave bursts produced by flares. The nonlinear interaction

between various modes of instability leads to much more rap id growth rates ,

and therefore  to more rap id energy release. Hence the impulsive phase

of a f l a re  may be unders tood , wi thin the con tex t of Sp icer ’s theory , as

a stage in which such nonlinear interaction occurs , leading bo th to rap id

energ y release and also possibly to periodicity.

There is apparen tly no discussion of a slow la te phase in Sp icer ’s

th uce _ iry, hu t it is possible ti-cat conditions for the nonlinear interaction of

modes occurs only for a limited length of time , and the flare then reverts

to the’ simp ler mode of energy release which leads to a “thermal” flare.

Since the impulsive phase of flares is attributed to nonlinear pro—

Ct-SSe’S, it can quite naturally exp lain the fact ti-cat this stage is “exp losive.”

Sinc e the instabilities discussed by Sp icer w i l l  n a t u r a l ly lead to t iue

developmen t of reg ions in which elec tric field is parallel to the magnetic

field , i t can g ive rise to particle acceleration . Spicer discusses primarily

elec tron accelera t ion , and it is not clear whether or not appreciable ion

accelera t ion would occur. Since Sp it-er’s model basically involves closed

magne t ic f i e l d  l ines , it does not prov ide for the rap id escape of par t icles,

as would he required to exp lain Type 111 radIo bursts or prompt particle
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events. On the other hand , as we see from Figure 9.9, Spicer imagines

that some of the closed magnetic field may expand as a result of the

plasma—field reorganization due to the MIlD kink instability. If this

occurs, it would permit delayed escape of accelerated particles. In

add it ion , it would lead to mass motions and the formation of a shock front;

it mig ht also lead to the ej ec t ion of a p lasmoid from the flare region.

It appears tha t Sp icer ’s model Is sufficien tly comp lex and sufficiently

flexible to explain many of the phenomena which are characteristic of

solar flares. Since one class of flares appears in fact to involve closed

f l u x  tubes , it seems very likely that a model such as that foreseen by

Alfven and Carlqvist , and developed in more de tail by Sp icer , mi ght meet

the primary requirements of this category of flare.

Col gate (1978) has developed ideas which , as he poin ts ou t , are very

similar to those advanced by Splcer. He also considers that energy may be

stored in a single twisted magnetic flux tube and that dissipa t ion may

occur throughout the volume of the tube. As seen in Figure 9.10, Col ga te

envisages tha t , in the course of the flare , an in it ial l y closed f l u x  tube

may become open allowing the ejection of par t icles and plasma into inter-

p lanetary space. He cites laboratory experiments (Birdsall et al. , 1962)

whit-lu show that such a field—current distribution may break up in to a

number of current filaments. Hence the dissipa tion may a t any one t ime be

proceed ing in a number of discrete filaments. Colgate points out that this

li-c sim ilar to the processes which would occur within the context of the

Sp it-er model.

Colga te compares the implica tions of this model with observational data ,

espec i a l l y data for the flare of 1972 August 4. He argues that this

model can explain not only the soft x—ray emission , as a result of evapora-

t ion from the chromosp here to coronal heights , but also the impulsive hard
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x—ray bursts which he attributes to the superposition of bremsstrahlung

from a number of small flare filaments. He also argues that gamma—ray

da ta on this f l a re  indica tes tha t mos t of the curren t must have been carried

by high—energy ions rather than electrons . He suggests that in some flares

high—energy ions are accelerated by direct acceleration (in the presence

of ion—acoustic turbulence) or by la ter accelera t ion of an ini t ially trapped

p lasma by unspecified mechanisms .

Comparison of Colga te ’s model wi th the primary f lare  requirements is

substantially the same as that for Sp icer ’s model. Althoug h the models use

the same basic magnetic—field topology, Spicer concentrates on the primary

processes whereas Col ga te concen tra tes on the secondary processes lead ing

to various estimates for radiation which can then be compared with observa-

t ional data.

9.5 Closing Commen ts

It is clear that we have not yet arrived at the final stage at which

one theory or one model comes to be accepted as providing the “answer” to

the problem of understanding solar flares . We are instead engaged In a

vigorous process in which a large and somewhat unmanageable problem is

being broken down into simp ler and more manageable parts. One can at this

t ime onl y speculate what the end of this process will he.

It is possible that in the end—-one or two decades or more away—- one

model or one theory will synthesize components which meet all of the require-

men ts emerg ing from observational data. We may in the process f ind tha t

there are two or more f undamen tal l y different types of flares, and tha t

a separate model or theory must be devised for each type. One must also

be aler t to the possibility tha t an en terpr is ing group of theor ists wi l l

redefine the term “flare” in theoretica l terms and then proceed to claim

tha t the problem of the nature of solar flares has been solved ! This would
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be like retreating from a real enemy , constructing his likeness in effigy ,

and then proceed ing to destroy the effigy !

The contents of this Monograph cer tainly do no t lead the reader to the

final answer in our search for the nature of solar flares. However, if the

reader can use the contents as a tentative map which will help him choose

the most profitable direction for his own future research, then our efforts

will not have been in vain.
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FIGURE CAPTIONS

Figure 9.1 Gold—Hoy le model. Two bundles of lines of force, both twisted

- ‘ up. The initial longitudinal field is in opposite directions ,

and the twisting has occurred in the opposite sense. The

arrows indicate the two components of the field. The electric

curren t responsible for the circumferential component is in

the same direction in each one.

Figure 9.2 Sweet model . Movement towards each other of magnetic dipoles

A and B produces a current sheet with “neu tral l ine” N in

atmosphere assumed to be perfectly conduc t ing .

Figure 9.3 Carmichael model. Magnetic field lines are caug lt t up in the

solar wind and extended into interp lanetary space to leave a

pair of “open ” tubes of magnetic flux.

Figure 9.4 Sturrock model . Schematic representation of (a) pre—flane open

magnetic field configura t ion ; (h) reconnection leading to

acceleration, chromospheric heat ing attd evaporation ; and

(c) ejection of plasma on open field and decay of plasma on

closed field.

Figure 9.5 Kopp—Pneuman mode1~ (a) Ini t iall y open field configura tion ;

(b) reconnection produces ri sing—loop configuration .
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Figure 9.6 Emerging—flux model. (a) During the “preflare phase” (“onset

phase”), the emerging f lux begins to reconnect with the over-

lying field . (b) During the impulsive phase , the onset of

turbulence in the current sheet causes a rap id expansion with

rap id energy release. (c) During the “main phase ” (“late

phase”) current sheet reaches a new steady state with recon-

nection based on a marg inally turbulent resistivity .

Figure 9.7 Emerging—flux model. The thermal equilibrium temperature

in the current sheet is shown schematically as a function

of height Ii in the solar atmosphere. As the sheet gains in

height , the equilibrium solution moves along AB. When the

critical height hcri t is attained, there are no neighboring

equilibria and the sheet heats up dramatically along the

path BD. At this point , the tempera ture will typ ically have

exceeded the critical value T for turbulence to develop .tu rb

Figure 9.8 Emerging—flux model in context of a two—ribbon flare. (a) Pre—

f lare  phase during which new flux emerges close to filament.

(b) Impulsive phase. (c) “Flash phase” and “main phase ” (“bate

phase”).

Figure 9.9 Spicer model. Development of flare, according to Spicer theory ,

when an emerging curren t—carry ing arch interacts with a pre—

existing magnetic structure.
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Figure 9.10 Colgate model. In this model , (a) a twisted f lux tube is

convected to the surface; (b) as the field dissipates due

to current instabilities, t he helix pa r tly unwinds; and

(c) depending on the development of stresses in this tube

and in the ambient magnetic field , part of the magnetic

f lu x may expand into the corona .
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