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PREFACE

The first chapter of the presont thoesis gives a
detalled account of the solar flare phenoumenon from an
obsexrvational standpoint, In chapter 2 eariy magnetic
theordies of flare origin are discussed.

The original work in the thesis is containod in
chapters 3 to 7, in vhich two modes of field annihilation
appropriate to the current sheet mechanism eriginalliy
proposed by Sweet are studied in guantitetive detail.

The first of these modes ip referred to as Parker's
compressible modes but the treatment given in chapiers

& anﬁ‘? is an independont one, developed priocy to Parker's
publication, and differs considerably from Parker's
troatiment in both its method and ibts conclusions. The
second wode, which iz described in chapter 6, arises from
the Tact that the treatment of chapber 4 indlcates that:
Poarker's mode ip not émfinitivea

In chapters 8«10 a detailed account and criticism
is given of ecurrent fMlave mechenisms, and in the final
chapiter some coneclusgions ave stabed.

Part of the work im this thesis was vepovted at the
L.A.U, Syupesivm No 22 on Soler and Stellar Magnetic
Flelds in 1963, and will be published in the Proceedings

il

of that Symposium,




The work described in this thesis was carried out
while the author was a research student and later on the
staff of the Department of Astronomy, Glasgow University.
It is a great pleasure to acknowledge the kind
encouragement, guidance and supervision received from

Professor P.A. Sweet throughout the period of the work.
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CHAPTER I THE PHENOMENON

The purpose of this introductory chapter is to
outline the observational features of solar flares,
This will provide a framework for the later discussion
of flare theories, Observational investigations have
followed two distinet lines of approach; on the one
hand, statistical analyses of extensive samples of flare-
patrol data have attempted to establish associations
between the different processes involved in the complete
flare phenomenon; on the other hand, much more detailed
investigations have been made of particular events,
On account of the apparent individuality of solar flares
much of the statistical work appears inconclusive, It
is likely, therefore, that the determination of the
physical processes involved will depend primarily on the
greater detail provided by the second type of observation.
For this reason,-the present discussion will concentrate
mainly on investigations that have been made of
individual flares. To this extent the discussion will
be incomplete; it will be further incomplete, since the
volume of reported observational research enforces an
eclectic approach, Nonetheless it is hoped to cover the
observational features that have the most direct bearing

on current flare theories.




Like Gaul, the discussion is divided into three
ports, In three sections, the optical, radio, and
geophyslcal aspects of the phenomenon are separately
discussoed. The meaning of the first two of these
headings is clear, Under the third heading it will be
convendent to include, in addition to the discussion of
ionvspherdc and geomagneiic disturbances, a description
of other flare features which are not covered by the
previous headings. such features, which include the
emission of solar ultraviolet, cosmic, and X-radiation,
are ilmportant as the direct causes of the geophysical

effects assocliated with flares.

(1) optical

PDue to the world wide coverage of flare patrols,
the majority of flare events are observed. During the
I.G.¥. the sun was under effective observation for more
than 90% of the time(l). However, the data collected
on the individual events observed is of a largely quali-
tative nature, and is frequently confined te an estimate
of flare importance and duration,

The importance of a solar flare event is assigned
primarily on the basis of flare area at the time of

maximum intensity. The lower limit for a solar flare,




importance l, is set at 100 millionths of the solar
hemisphere(g) Flaremlike brig htenings in Hw below

thi& limit are clasaified as subflares, though this
dmstinction iq arhitrary. In fact, flare areas form

‘a continuous 8equence, extending from the limit of
optical resolution up to araas of several thousand
lmilliontha of the solarx hemisphere. Before the
importance of a flare ean be agsigned, the measureé

area must bhe corrected far foranshortening. As a first
,Aappraximatian a simple aeoamt law givea guod resultsg

rfor 1arae flares at 1east. up to comparabively Jarge
central distaneaa(z), ‘This indicates that the extension
in height of such flareg is small in comparison with
their horizontal dimeunsions, Flare importance is the
most completely reported observational parametor, and
often the only one in flare~patrol data. The measure

of flare ilmportance, wﬁataver its value as a neat
descriptive parameter for use in statistical class-
ification, can yleld no physical insight into the flare
Process, for this, detalled spectroscoplc investigations
of particular events are regquired. On the other hand,
flare patrols that are photometrically standardiwzed allow
gquantitative investigations of light-curves and of the

developunent of flare areas(h)w Further the cinematograph




technigque, using high time resolution, has made possible
the discovery of the fast, shockelile phenomena,
discussed by Athay and Msrat@m(5).

The assogliation of solar flarcs with sun-spots
bas long h@ﬁﬂ-KMQWﬂm In 1939 &iéva&elli(é) investigated
statistically the relatiocnship of solar flares to the
size, type, and development of their associated spot
group. His wesults showed that flares most Lreguently
opéur iﬁ the magneﬁiqally complex Py and ytype of spot
group. Further; ho found thayp flare occourrence is most
“likely when the spot group is increasing in size.
Moxe recently, Heward(7) has pointed out that Giovanelli
made no attempt to twreat flares of differemt importance
classes separately,. Howard suggests that a decrease in
sige, or a rapid agelng of the spot group, may be a
chavracteristic of major cosmie ray flares, & charactore
igtic not shared by the more normal flare of lesser
importance. While observational evidence in support
of Howard's conbtention is, of necessity, slight, messure-
ment of the sun-spot aveas f@r\ﬁh@ few cosmigwray flares,
for which Mount Wilson direct photographs were avallable,
did show a consistent decrease.

Two dmpertant features of solar flares that must

be accounted for in a complete theory are the rate of




development and the duration of the event. The two
time-scales are guite different. The flare first
appears as a sliow brightening” which is follewed by the
Very'ahafp rige of the flash phas@b“ Bllison cstimated
the time-seale of the flash phase as ne more than two

to threo miamtes(@)c . The Ho central intensity end lino
width incremse together at this stage, reaching morimum
values of up e three times the continuvum, end up to

20 A wespeectively, After these maximum values have been
attained, however, the line vwidth decreases more rapidly
than the central intensity (@11$@mm{9), Smith(lﬁ)).

The development curve of Ho Line widih is, théref@ba,
distinectly more pealked than that for the central inteusity
of the lime., Indeed Bilison'*') hao vemarkea that the
duration of maximum line width is probably omnly momentary,
and is cersteinly less then 30 seconds; he laid great
ptress on this flash phase and comsidered it quite funda-
mental to the whole flare process:

An extensive programme of flare photometry has been
carried out by hodson, Hedemsn, and McMaﬁhéQ) at the
MoMath-Hulbert Observatory. In the course of thig
progranmne p&étemeﬁrim light curves for 194 flares and
subflares were obtalined, From ap examination of these,
it was claimed bthat flares exhibit thiree distinet

prefeyrved wrates of visey corvegponding to an increase in




brightness of one magnitude in 4-5 minutes, in 10«15
minutes, and in 30«45 minutes respectively, The first
and fastest of these rates of rise was found to be much
the most reguent, This rate of rise cleaxly
corrvesponds to the time-scale described by Lllison as
the flash phase. Nonetheless,; Dodson et al found that
some very large and brizght flares reached theixr maximum
Antensity at the second and considerably slower vate,
The third and slowest rate, however, was found to be
relatively rare,  VWhile Dodson's resulis avre nos
incompatible with the wvery short rise time found by
Bllison, it is perhaps dmnporiant 4o realise the existence
of flares whoae rise to maximum is net particunlariy
gatastrophic,

The total duration of a flare is determined mainly
by the post-maximum decay, in the game investigation,
Dedson et al found a single preferred rate of decay, of
one magnitude in a pericd of 1% to 2 houws. Many ©iares,
however, deocay more rapidiy, Iin all cases, however, the
depay time of & flore ls far greatver than the time
regquired to veach maximum intensidy. Due to these
slower rates of decay, the total duration of a flare can
be many hours, The duration is found to inerease with
Flare-~area and imporitance class., In partigulazr, a large

3+ cosmic-yray Flarve can have a duration of up to eight




haura(ll)ﬁ Smith(lg), from an examination of 41 class 3
flares observed during the IL.G.Y., finds a mean duration
of nearly 2% hours, though the distribution is notilceably
skew. Severny and Shayoahnikav&(la), however, have
claimed that flare durations as normally roporied arve
subject to considerable observational uncerteinty. They
redefined the duration of a flare as the time interval
during which the flare was at 50% of its maximum intensity,
With this revised definition they claim to have found a
closer correlation between flare-area and duration.
Further the durations obtained are systematically reduced.
Their sample of data, however, was of necessity small,
gsince they had only 22 flares for which the necessary
light curves were avallable, In Smith's complete sample
of I.G.Y. flares, on the other hand, more than 4000 events
were covered, It is clear that a detailed and extensive
analysis of flare~patrol data of photometrically standard-
ized films will be mnecessary to determine any close
relationship between flare-area and life~time.

The determination of the physical conditions within
the flare region itself requires a detalled spectroscopic
investigation of individual events. Flare emission
spectra can be studied in the Balmer lines of hydrogen,

the H- and K-lines of ionized calcium, the helium D, line,

3
and in addition a large number of metal lines, which can




also appear in emission. Moest of the effort, howevern,
has been concontrated on Hx, and much of the present
discugsion concerns this particular line,

At the maximum phase of a di@m.fl&ﬁ@ the He
o profile ds usually asynmetrical, & fact first discovered
by Wmldmeiﬁw(&h), The med emispion wing is noxmally
vhe stronger and the move extendod, This asymmetry has
beoen dinterpreted bs & diffuse absorption Lfeature due to
a eleoud of hydrogen atons ejecited from the flare region
<(Ellis®n(15), Kahn(lé))g A sepavate investigation was
wndertaken by Svaatka(l?’lg'lg)olwh@ came to similar,
though not identical, conclusions, Svestka found that
although a% the time of maximum inteusilty the asymmebyy
is usnally positive, as feound by Waldmedor and Bllison,
in the post-maximum perdod & negative asymmetyry can
develop. This is most naturally interpreted as being
due to the absorbing matewial falllng back inbto the fiare
region. Svestke found that the velecities invelved wewre
cerbainly less than 300 k. /seo. Tt must be stressed
that lavge velocities do not apply te the flave vegion
itself. A disc flave showe wvirvéually no transversec
motion, and the centre of the Hx profile is not
significantiy shifted, Thus the veloclty of the
absorbing cloud is dundicated by an asymmetyry, and net by

& shift of the Line centire. The absorpbion fTeatures

oo




corresponding to surges and similar structures which
accompany flares, on the other hand, often show up with
large Doppler shifts. The Doppler shifts of the flare
emission region itself; howvever, are small, and the
ﬁransvera@ motions are only of the orxrder of two kilo-~
metres pex second(gﬂ)a.

The interpretation of the large widths of Hx
emission observed in solar flares is at present
uncertain, An explanation of thermal broadening must
be rejeected, since it would require a tomperature of
the order of 105 © K. Ellison and Hoyle 1), therefore
auggg&ted that the widths are due to Stark broadening.
Onn the basis of a study of reported widths (often
visually estimated) of 610 flares, Goldberg, Dodson, and

Muller(zg)

argued that the observed line widths could be
interpreted in terms of radiation damping. Conclusions
based on sueh a crude 5tatisﬁiéal sample must be

uncertain, however; serious attempts at the interpretation
of flare emission broadening must be founded on profile
determinations in well~observed events, Some investe
igations along these lines will now be described in some
detail.

%t is customary to proceed as follows: let I()\)

be the observed intensity, and I_()\) be the intonsity of
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the photosphere. Then the emergent intensity can be
written as

1¢) = I.(Me™ + S -e7) (1-1)

where T is the total optical thickness of the flars

rogilon, and § is o mean source function, & is given by

R s I (1-2)
In general both T and 8 arc functions of N . Most
investigations have Leen concerned with the interpret-
ation of the far wings of the profile, For 71 it is
assuned that 8§ is independent of wavelemgth, Iquation
(1~1) can then be reduced to the form

- - T(N- T,
[
where we are justified (in the wings) in rveplacing

(1-3)

IQ(A) by a comstant I_, eaual to the intemsity of the
photospheric continuum. Under these assumptions it is
seen that 7 ds proportiomal to (L(}) - I_) which is a
directly observed quantity. Tor pure thermal broadening
log will vary linearly with (Ah)g, where L) ds thoe
distance from the line centre. For broadening due to
radiation damping or the Stark effect, on the other

hand, log™ will vary lineavly with log A\ with slopes
equal to -2 and ~-2.5% respectively. The simplifying

asgpumptions invelved in equation (1-3), therofore, allow
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a ready comparison of &ﬁuh physical interpretations of

the line widths with the observed profiles, In general

the resulting fit is either unsatisfactory or awbigious.
Jofferies, Smith and ﬁmith(gﬁ) made & detalled

investigation pf‘the flare of September 18, 1957.

Using the Universal spectrograph at Sacramento Peak(ﬁh)’

thoy were able to cover the spectral reglon 3900-7200 A
in o single exposure. Simaltancous profiles of different
lines were thus obitained. Jef'feries and his colleagues
investigated the profiles of the first four lines of the
Balmer series and of those helium lines that appeaved in
emission. Thedy findings were inconclusive. The
Balmer profiles were not inconsistent with an inter-
pretation of Stark broadening. - However, an equally
gopd it corresponded to a linear relationship hetween
log™ and AN,  This was interpreted as widening duo to
macroscopic motions within the flare reglon with a non-
Maxwellian velocity distribution of the form

ey = B v e (1-4)

Here Vg is a e¢haracteristic voelocity,. The values of Yo
found for the Balmoer lines wore of tho ordex of 300
kmo/see,

From a study of thyee flares Kazachevskaya and

y 03
S@V@?ﬁy(gg) found that, oexcept for the central corxes,




the profiles of the first Live Balmer lines could be
satisfactorily explained on a SHiark hypothesis. in a
series of later papers, however, this costimabte was
rovised to some extent.

Severny had reported oxtensive ?pﬂ@trﬂﬁﬁﬂpic
studles of ffine~gtructure amiﬂﬁien(gﬁ)g which he
reforred to as continuouns grains and moustaches. The
size of these Features is of the order of 0.5 , so they
gan only be studied under conditions of excellent seeing.
MoMath, Mohler and @ud@@n(37) have pointod out that the
noustaches are the sawe features as wove studied by
ﬁilermaﬂ(gﬁ), who called thoem *solar hydrogon bonbs'.
These investigetors further showed that the mousbaches
are the ﬁpggtrwawwpia cguivalent of the *petits points!t
studied by myat(gg) with @ wideeband Ho filbor (> 1 4).
The moustaches are slmply very narreow emlssgion wings,
extending np 0 15 & on elther silde of Jines of the
Balmer series and some other Fwﬁunhmfar iines. As they
are optically thin, comparatively low~level phenomena,
they fade out near the line centre., Aecoxding to
ﬁevermy(gﬁ)g their violet wings are in genoral brighfer
and broader than tﬁeir rod wings; ocsasionally only one
wing of the moustache appears. Since thoe moustachos

have the same extension on metal lines (Call, Mg, and
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some Fe lines) as on the Balmer scries, Severny concludes
that the broadening must be due to macroscopic motions
{ turbulence).

In another papar(ﬂﬁ) Severny reported that, in
large flares, under conditions of wvery good seelng, the
wide emission wings could bo resolved inte a cluster of
moustaches. | In a later publieation(gl) Severny auggeats
that the asymmetry of flare emission lines, originally
roported by mllison(is), may be commected with the
appearance of one-sided moustaches, which will in genexral
e uanresolved, It socems uwnlikely, howover, that all flare
asymnetry can be explained in this way. For Severny's

own wark(gé’gﬂ)

shows that the asymmetry in the moustaches
should be in a sensc opposite to that discussed by Ellison.
in the same papar(gl) Severny has remarked that the
position of the central core of the line emission does not
always coincide with that of the far wings. This suggests
different levels, evaﬁ regions, of origin, Severny
argued, thewvefore, that the profiles for flares of class 2
or less, which in general do not possess very wide emission
wings, ave satisfacterily acoounted for on a Stark
hyp@ﬁh@@is(gﬁ}. This same szplenatlon is applied to the
more central parts of tho profiles occourring in lavger

flares., - On the other hand, when equation (1-3) is




b

applied to the for wings eof the emlssion preofiles of
these latbter floeres, the most satisfactory agreement is
Tound by a&auﬁiﬂg g linear velationship between log v
e (Ak}g. The far emiesion wings arce interpreted,
th&r&f@xeg in ¢erms of E@ﬁpkgr braa&eﬂing due to a
Maxwellian distvdbution of veleocities, The velecitioes
are found to be of ihe erder of B0 - 250 kme/sec.

- The same vmi@ai%&éa &pply throughout the Balmex sewles.
Although the velocity distzibution is spparently
Mazwellian, {the ﬁ@ppl@m broadening cannot be thermal in
erdgin, but rather fs due to macroscople motions.

This ls shown by the faet that the widihs of the i~ and
E-iines of ¢all vield voelocities of the same oprder as
found for the Balmesr serles, In this way, Severny
‘fimdﬁ & place for both the Stark effect and macroscople
motions du his lotewpretation of flioxe @@@@tra,

A Buark interprebation can be tested by comparing
the relative widths of lines of the Dalmer seoxries,
Suemoto and Hieing) have investigated two disc flares
in this way. Tu thedr ﬁmveﬁtigatian it was necessary
to study higheyr menbeors of the Balmer series, for which
the effects of self-absorpitien in the line centre were
not serious. Suometo and Hiesd found thet, vhereas the

half-widiths of limes in the serlies deereased from Hoc




down to H thereafter they dncreased at a slow vate up

9*
) ﬁl&’ whioh was the last line observed, This gradual
inerease in width could be satisfactorily explained on
the basis of the $tavk effect, since the Btark splitiing
i the encrgy levels increases with incressing guantum
b oL & similar infeatigati@n has been carvied out
by Hirayamaggg),‘whﬂ‘Q%tainaﬁ essémtial&y the sanie
r&aul%s~from'& atudy of two Ldmb flares,

| From the diéeuaaﬁon‘aﬁuve{”iﬁ is ¢lear that uo
singlo inﬂarpweﬁatiaﬁ of flare emission profiles is
_mnéibely savisfactory. Nonevheless, under differing
cirveumstances, a place can be found v donterprotations
in ﬁerm& of both the Stark effect and maeraheﬂpxc
motions. bevornyﬂJ ) haa put forward an intevesting
mégg&atian that the shape of the lince profile in a
flave and the predominant broadening mechanlsm depend
eritically on the orientation of the magnetic field in
the flare regilon to the line of sight. Severny has

argred that the Wog gonetic pinch e¢ffect is the mechanlsm
M@Qpanaibie‘f@m flave generation, and that material
will be ejected at high veloeity along the magnetlc
field lines, If, then, the flare magnetic fleld

configurvation is such that the line of sight is along

the axis of the pinch then the macroscoplc wmotions
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should be primarily responsible for the width of the
emission line. If, however, the line of sight le
across this axis, then the profile will be predomw
inantly Starlk-broadened. Support was found for this
interpretation in laboratory experiments at the Crimean
Astrophysical Observatory. This suggestion of
Severny's forms at present the only attempt to
synthesize otherwise conflicting interpretations of
flare emission profiles.

Once the brgﬁgening mechanism has been determined,
an estimate can be ﬁ#da of the physical conditions
within the flare, This is done by assigning a value to
the mean source function 8, defined in equation (1-2).
It is not intended teo discuss these estimates in detalil,
They have been collected in tabular fovxm by Smith and
Smith in(35), The estimates of different investigators
vary considerably; typical values are glven in equafion

(1-3);

N, = 107 om™3 |
2 = 1010 cn”? (1-5)
o = 11:01.5.101“’1{.

In these equations Ne’ N, and Te denote the electron

2
density, the number of hydrogen atoms per unit cross-
section in the second gquantum stage, and the electron

temperaturve respectively.




The total energy involved in a flare event has
beon estimated in a number of ways. From a sequence
of He gpecivoheliograms, Billings and Rubarts‘sé)
determined the isophotes of central He emission for a
clags 2 flavre. Egtimating the effe¢itive line~widih,
it wap thoen possible to determine the total energy of
the line emission, A maximan rate of emission of
i@g? ergs/sec. was Lound, The total enewgy appeaving
in e was cgtimated abt 3 . 1@3@ eﬁga. These estimates
appear larger than those of mest other invesitigators.
The reason ig That the phe%améﬁrie method systomatically
inciudes faint outlying sresas that the visual observex
would &@é@rib@ as biright ﬁlaga;

- Larlidier Eliiaam(@) had lnvestigated tho Hor
profiles of five Dlarces, wmeostly of importance 3 ox 3+.
The equivalent widihe of He were medsured in & aenﬁréi
position of each {flave; the total flare area was
measuved sepavately. Then, on the assumpiion that the
iine profile was the same througheut the flare area, the
total rate of He cmission was calculated. The rates

26

249
obtained varied from L.7 . 10" $o 1.1 « 10 ergs/sec,
Bllison romarked that, on account oif thoe assumptlona
involved, these values should be considered as uppewr

limdts. Moxe wecently Eiii&@nqii} has used these
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determinations of H« emission to estimate the total flare
enersy He incliuded idn his estimate net only the
emigsdon dn He and the other Ralmer ilnes, but also the
emission in lines of othor clements in the visiblo

spea bz, These Lines have been catalogued by Severny,
Sveshenko, and Km@klmva(37) o the flare of August 17,
1959,  They inelude over 400 metal lines, notably Pe
and Pe”, which eppeawr faintly in omission or have thelw
absorption profiles parxtily f4lled in. Lilisonts ©inal
eabimats Tor the total energy rediated in visible line
endssion in a 3+ flave was 5 . &931 BEESD .

?ark@r(3$> has glven eostimetes for the total
radiation of the 3" flave of Fobruary 23, 1956. Parker
based bis ecstimabes om a vepert of this feore by Notuki,
Hataneksa and Uﬁﬁﬁtﬁga, who found o cenbral intensity in
He of about threes times the contidnuum, and a mandum
width of sore than 18 4, the czxteont of tthe &iﬂ@lﬂhift@r
of their spectirobelioscops. From this doete Pavker
estimates a ratve of epdszsion at Llare mexlmun of
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6 « 1 ergefenc., which seems extraordivarily high.

o
This Tliave Was also observed in white light, and in the
same papor PFarker estimated the contribution of the flare
conbivuum,. For the totel wvisible emergy radiated by this
aquite emmapt&wnal finre, Pavker obbained a value of 2. 1032

BNEG
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There ls general agrocoment, then, that the eneovegy

-+

, o3
expended dn o 37 flare is of the oxdew ﬂf.igﬁh CIES «

The volume of even the larvgesd Llarves does nod sreadl
: &5 ¥

D0
orcoad 1079

amjr_ e, therefore, the energy of the
eruption is stored dn situ, on encwrgy doensidly of 1072
QRED @mfa te regulred, 4 has frequently been pointed
b, @eSo Par&mw(gg)?.ﬁal@‘an& H@yl@(uﬁ), thet such an
enorgy denslty is far In excess of the bshermal onergy
denasity of the chromosphere, which is no mors than a
few. evgs p@w,@m3¢ Iindeed the total thermal enevgy
conbontd of the whole chromosphere and corone would be
insufficlent bo supply en event as largse as that of
February 29, 1956, TE the energy of the Flave ls
sdbored dn situ - aad, since ne lnflow of material ise
obhaeryed, and no changs h&é ever been mm@ﬂ@tgd &g the
phobosphere below th@ flare, this is & rcasonable
assunpblon « the only poussible storage mechaniem ls the
chromospheyic megnetic £ield, The enargy denslty
‘d@in&d above would require o magnetic field of o fow
hundred gauvss. The energy dempilty that has been
derived here is probebly 2 lower limit, since. the energy
may be disgipated in 2 smaller volume than we have
allowed. There ds some indication of this in the fact

that dn 1%z inttidal sbages the flove appesrs fo have a
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filamentary strueture, which later diffuses in the
posb-maximun phose. Fuarther evidence of fine
structure ds provided by Severny's speciroscoplo
obsexrvatdons to wvhich refevence has already been
madaig@}g_amﬁ by the work of Suemoio and ﬂiei(ag).

I£ a flave ds o be lotorpreted as a dissipation
of magnetic enevgy, 1t is clear that obsexvations of
moagnoatic fleld changes in flare regions will be of
grucial duportance, &evamﬁyial) has reporied that
{1) flaves tend first o appear ot 'neutral points?
of the magnetiec Tield; (1i) a considereble fie&d
gradient at the neubral point is nocessayy for the
appeavance of a flare; (144) the magnebic ficld is
eonsiderably aldered duwing the flare, which leads to
a redlistrlbutlion and, In some cases, do almoss o
destructlion of the field meavr the neutral point,

These conclasions hav@_b@an saverely oriticised,

mainly due to Severny's idemtificabion of the neutral
podnts. The observations were made in the magnebe
ically sensitive Line MBZ6 Feo. The measurements rafer
only bo the field's longlbudinel component.  Severny
plotbed dsogouss contours of this longitudinal £lelds
aud from the shape of these contours he desiganated

several points on the contour of zere longliudinal




field as 'neutral points'. While it is trivially
obvious that any real neutral point must lie on this
particular contour, it is difficult to see how such
neutral peints, If they exist, can be identified from
knowledge of a single component of the field. In spite
off this objection, Severny's observations certainly
suggest that flares begin on the apparent neutral line
(of longitudinal field), and that fiares result in a
simplification of the magnetic field.,

Severny's claims have not been entirely confirmed
by other observers. Bru%@k(hl) reported that flarves
do indeed tend to start near the apparent neutral lines.
He suggested, however, that since they frequently recur
in the same location, it is unlikely that the field can
be significantly altered by the eruption, Howard and

Eabeﬂck(hg)

made scans of a flave wreglon with the Mount
Wilson magnoetograph during the progress of a 3+ cosmicw
ray flare. They found that the magnetic field pattern
remained essentially unchanged throughout the entife
development of the flare. Similar observations were
undevtaken by Michard, Mouradain, and‘ﬁemel(aj) who
measured the magnetlc field during the course of a

flare of importance 1, Though changes in the magnetic

field were observed, they did not coincide with the




ee@urrence'uf the flare and seemed unconnegted with it.
Evana{?%}, on the other hand, repﬂrté& a shafp
change in his meaaﬂreﬁant of.thé magnetic fleld during
o 1Y flaro. Béiﬁdident wiﬁh the flare's rise.tn peak
intensity, there was a sharp decrease in field strength
of 16%; This waﬁ'followedwby an even sharper kécavery
in the flarels posﬁwméxiﬁum phase. | -
| | on the‘queatian of whether magnetic field changes
are Qbaafved which can be connected with flavres, the
nvidﬁnce is, therefamé. conflicting. P&ri of this |
aonfl%ét may have been resolved by recent work of Howard
and ﬁ&verny(g§§¢ Most of the observations described
in the last two paragraphs wafér“tu close examinations
of the magneﬁic”field‘ah th@ &iﬁe off the flare's
ineepﬁian;A“ floward and Severny, on the other hand,
examined scans of the magnetic fiold of tha'whele of
the associated spot grauﬁg These peans were taken at
the Crimeai Astrn@hysiﬁal‘ﬁbservatbry and covered a
periad of four-dayb, . The flare in question was tha
3% cosmiceray flave of July 16; i959; the flare studied
by Howard and ﬁabcoak{ag). But, whoreas the Mount
Wilson scans were 1imiteﬁ to measurements of fields less
than 40 gauss, the Crimean invaatigation had no siich

restriction and outlined more completely the general




ptrneture of the sun-opot Lfield. The Grimean workers
were unablo to scan thoe sun at bthe actual time of he
fhare, viz. 21.30% U,T., July 16 to 00.30 U.T., July L7.
However, by companing two saans, takon at tiames
straddiing the flawve, Howard and Severny determined
that considerable changes in the structuro and gradionts
of the apot group's magnetic field took place between
15.00 U, Juldy L6 and 06.00 U.7%., Jaly 17. It was
sobtinated that betweon these times there was a deprease
in emergy of nearly 4 ., 1072 ergs in the lengltudinal
FTdeld. |

It muast be cmphasised that obsorvations of solar
magnetic flelds ave made by measuring the Zecoman effect
in low-Loevel lines. The fields measured refer, therefore,
to photospheric levels, and never to flawre altiiudes.
Magunedic changes taking place in the flare reglon itselfl
and, thevefore, ot chromogpherdic levels, aye quite
vnobservable. Purthey the changes @bs@@veﬁ in the
magnetie fisld at the péaati@n on the solar dlsc whore
the flare soours may be gquite unceonnected with the flare
i¥seif. If, however, a Flarve vwesults from a dissipation
of wagnetle encergy, then this energy must be drown from
tho magnetic field of the associated spot greup. It dis

to be expected, thewefore, that observations of the type
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undeviaken by Howard and Soverny should still reveal a
reduction in the totel megnetic enewrgy oF the spodt group
in comnectlion with flaves. Clearly, howevesr,
witeguivocal ldenbtifleation of such lavge~scale changes
wilth pardticvler fiaves cam only be expested in tho case
of weory large ovents, like that of July 16, 19359,

The conuneotion of the field chdnges, observed in
Severay'ts eavdy work, with particulay flares is, then,
probably open Lo some deubt. fn the other hand, the
second madn result of Sevarmy'a original worlk hes boen
generally confivmed, namoly the First appenvance of
filares on ﬁha‘&angiéudinal neutral iine, This result
soineldes well with an observation of Lllison ot ai(&ﬁﬁ
that in 2 complexn sunepot group flares bemd to align
Shempelves along the dividing line of spobs of opposite
polariiy.

The only oheervations of tronsverse magnrotio
flelds onn the sun have been underiaken mueh moye recently
Ty ﬁ&VéﬁﬁV(g?}c- Though such observatione are ptiil to
some oxbend explorvatory, bhey have alrveady yislded
saveral interxesting wresults. The configurations of the
brangverse flelds of spoi-groups are found to be of a
WRTY ammpiiﬁmtﬁﬁ form pnd, in general, cennot be under-

shood in simple dipole berms. ‘Tho mest luportant of




the peculiarities of the field are the points at which
the‘grg&igntﬁ of the fleld are soc sharp that Se#erny
referé to a ’uoéxiatenc&' of fields in different
directions at these points. Beverny reports that it
.ia at those points, ratheg th&n at the neutrai points
of the ﬁrﬁnavewse‘fiald, ihat_flaras seem to occur,
However, once again it must‘ﬁe remomberxred that thesa
obagrfatiens refei té fiei&s at phbﬁqapheria 1&#61#,
and it can only be deduced that flares tend to start at
such points of magnetic uampliqation if it is aséumed that
the photospheric field giveé a real indiecation of the form
of the field in the chromosphere, Iinally, it may be of
inheraéﬁ to udtp that Gapaéuk eﬁval(&gy have fouﬁd that
it dis possible to préﬂiat the occurrence of flares irom
the form of the magnetie fiela,’taking hacoﬁnt of both
the transverse and the 1ahg;tudina1 measurements . In
conclusion, it appearvs that a correlation of flares with
certain £fiecld configurafimna, Judged subjectiveiy, is
established, but that quantitative changes in the fleld
energy, in ﬂanjuﬂ#hion with flavres, can only be deter-
mined in excapﬁional CaASO8.

At present chromospheric fields, and, therefore,
fields in the acﬁuai flaxre regions cammot readily be

a
measured. Zirin and %everny(%)) have:, howover,
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succeoded in making 10%@&@&&&@&1 mensurements in HB .
Theixr invaaﬁigatians pofer mainly to prominencos.

Aue whaa&%&ﬁinn by mi&ia@#, MeKenna and Rﬁi?(ﬁﬁ) may
give an indicatien of megnetic fleld changes in the
@ﬁrom@mph@we colncident with great flares. These
workers reported two new fsatures; sbtudying Cape
heliograph fiims for the class 3 Llave of April 1, 1960,
they found that shorily aifter Llave mamimum an !expanding
h&i@"@@@m@d o develop wound the flave Tilamenis.

?hi@ feature was later named the {larve nimbus, Within
the nluwbus the chromespheric striatlon pattern bocame
bilurred and was replaced by the coawrse mottling typlcal

of the guiet chromosphicrao. Condltions of good seelng

are requived to obsexve the striation pattern - the
variations in this patiern are, therelfore, less fvequently
wbaew#wd than the associlated flawa nidabus . Later a
nunber of cbservations of these two fealures were

reported by the Dunsink wafkaraQ§l'§2’gQ}. and by Smith
and H@n%amigg} at Bacramento Peuk. The latter counsidered
thoe two featuvres closely ¢onnected and vofer to an
'obscuration of the gstriation pattern?. They interpreted
the phenomenoi as the result of an expanding cloud of
sbsorbing waterial ejected by the flarve. They peinted

o evidence for such clouds in the asymmetyry of the W«
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profile, already discussed on page 8.

The two features described mbove have been
observed only in conjunction with large flare events,
usually acecompanied by Type IV radio bursts and cosmic
ray offects. Like the Sacramento Peoak workers, Bllison
MeKenna and R@idéﬁl) at first interpreted the nimbus as
a unldform abanfyticn cloud, which partially obscured the
striation pattern below. They suggested, however, that
the nilnbus was not due to an expanding cloud of hydrogen
atoms, sinece this could be expected to be conspicuous due
to Doppler shifts and irregularities in density, which
were not observed. Instead thoy proposed that the eloud
was the optical counterpart of the relativistic eiactfgns,
proposed by Bﬁiaoh&t-and Benisse(ﬁk), to explain the Type
IV emission, It was suggested fhat the dincreased
absorption was due to the excitation of neutral hydrogen
by collisions with the relativistle clectrons at the
chromospharic reflection points of the magnetic field.
The mechanism was not examined in any detall.

in a.lataw paper, however, Ellisonil&B roemarkod
that subsequent photometric work by Reid had shown that
the main effeet responsible for the nimbus was a
reduction in the brightor elémants of the striation

pattern, rather than any uniform absorpition. Vork by




Sﬁepanﬁv(55) has indicated that weak chromospheric
magnetic flelds are responsible for the alignment and
increased luminosity of the Hx mottling that makes up

the striation pattern. €©llison, therefore, concluded
that it ls the destruction of these magnetlc fields that
results in the disappearance of the striation pattern and
the associated phenomenon of the flare nimbus,.

These observations of changes in the chromospheric
striation pattern form the only indication of magnetic
fleld changes in the chromospherc in association with
flaros. This evidence is at best circumstantial.

Even s9o, these observations do indicate important
.ehromospheric effectﬂ. Many other atmospheric phenomeona
can accompany solar flares, notably surges, prominence
activations, and loop prominences. AllL these features
aire guite distinet from the chvomospheric flare itself,
and a detailed discussion is not attempted here.

On the disc they appear in absorption, frequently with
large Doppler shifts, which are noticeably absent im the
emission of the flare reglon itself., On the whole,
however, surges and related phenomena are more easily
studied at the limb, where they appear in enission.
Indeed, at the limb, it is possible to mistake guch

forma of flare associated activity with the flave
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amias&nm*itaaiﬁ. Por this roason, in the previous
digscussion attontion has been confined in tho main to
disc-=Llares, dgince in such an event tho rocognition of
e Tlare is unambiguous.

" The present discussion of the optical phenomenon
will be completed with an acoount of what have beocome
kunown as ‘bomologous flares?, It has loung bDeen
recognised thet coertaln flares in the same active regilon -
tend to show olose similarities. Tor oxample, Dodson
and Hmﬁ@mam(ﬁé)‘found'tha%'@vew & poriod of a few days
"flares have appeared not in approximately, buat
apperently ian exactly the same small portion of the
solay diskt, - Lllisen, Melenna and Reid(57} Found three
Plares that not only occourwed in the same position
relative to thely sunspot group, but farther had similar
shapes and similar forms of associlated activity. Por
example, a reglon of plage, whieh had no wvisible
connoction with the fiare, being 20 distant in longitude,
brightened simaltaneously and in phase with the flave on
all three occasions. Hansen and Gardan(5$)inva$tigated
five limb ovents of Octobor 13, 19858. There must be
some doubt az to whothor these features, wﬁiah WORe!
photographed on flove patroel fiims, were themsolves

flares ox Lforms of associated activity. Coertainly,
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however, the features were connocted with flares, since
each was assoointed with S0NA. Those five limb ovents
all showed very striking similarity of form and develop-
ment, and are probobly at present the best example of
homologous flare activity.

The phonemenon of homologous flares is an
important one and shounld be comsidersd in flare theories,
As Faxker(ﬁgb has put L, the observatlons suggest that
"suceosding flares fellow some blueprint®, ahagma&am&sti&
of thelr silie, and that this blnoprint is nﬁt’deatway@d

by individual oevents,
{1i) Redde

In the discussion up to this point it has been
tacitlyuasaumed that the Hx observations revealla
fundamental aspect of the flare process, and that the
seat of the eruption lies in the chromosphere, within
the area of Hx emission. Other observational methods,
howevér, roveal different aspects of the flare phenomenon,
which may be no less fundamental. For example, the radio
observatiaﬁs,‘whiah‘refer mainly to coronal levels,
provide a‘different iﬁaight into the flare sequence,
Further they present some evidence, admittedly slight,
that the seat of tho flarco instability is situated not

in the chromosphere, but at some covonal helght,
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A discusslon of the radie data and its interpretation
ls now given,

Solar radio bursits have been more extensively
studied at metre wavelengths than in the decimetre and
microwave region, At the longexr wavelengths,
considerable insight into the physical processes involved
has been obtained by the technigue of dynamic speciroe
scopy developed by Wild and his associntes (Wild and
Msﬂready(éo)). Metre~wave bursts have, by this
technique, been successfully classified into five
distinct spectral types. OfFf these, Type I has only a
very loose assoclation with the flare process and need
be discussed no further. All the remaining types,
however, are closely comnected with solar flares.

Type III (fast-drift bursts) are much the moat
common of flare~assoclated radlo bursts. They are
characterized by an instantaneous band-wildth of about
30 Me/s which drifts vapidly from high to low
frequencies. In view of the comparatively narrow
bandwidth and the high frequency drift, 1t is generxally
accepted that Type IIXI burats originate in plasma
oscillations at high coronal levels, excited by an
outward moving disturbance. Thia interpretation has

been confirmed by Wild, Sheridan and Neylan(ﬁl)q




Their observations of Type ILI bursts associated with
limb flares were made with & swept-Ffreguency inter-
feromober. A systematic variation in the position of
the source with frequency was found. - Both the plasma
hypothesis and these interierometric measurements
indicate outward velocities of up to half the velocity
of light. The plasma oscillations are belileved,
therefore, %o be excited by relativistic electrons
ejected from the fiave region.

Type III bursts tend to occur in groups with
quasi-periodic spacing, the whole event lasting a few
winutes. Giovanelli(ég)'has shown that such groups of
Type IIL bursts ocour simultancously with the H« flash
phase. The complete radio event is conveniently
divided into two distinet phases. The first radio
phase (phase 1) is coincident with the flash phase and
consists at metre wavelengths of a group of Type IiI
bursts, followed in the most complete form of the event
by Type V continuuam. Thies Type V burst is best underw
stood as synchrotron radiation emitted by the eloctrons
that are responsible for the Type III plasma radiation.
The later phase of the radio flare (phase 2 in the
present nomenclature) is only observed in the larger

events. 1In the case of small flares (class 1, 17),




phase 1, deseribed aho&e. represents the complete radio
accompaniment of the esruption. hen both phases are
present there is generally a delay of some ten minutes
separating the two phasoes. Phase 2 begins with a Type
T burst of about 1% minutes duration. in many cases
this is the complete second phase. More'raraly the
Type LI burst is followed by an intense burst of Type LV
continuum.

The Type IL burst has characteristically a very
narrow bandwidth, often only a few Mc/s. Its spectrum
shows & slow systematic drift, of the oxder of 1 Mc/s
per seocond, from high to low frequencies. Fuarther its
spectral charactesristics are frequently reflected in the
emisaion of the second harmonic, The narrow bandwidth
suggants that plasma radiation is being obaervéd,land
the freguency drift mast be interpreted as an outward
movement of the initiating disturbance, This intoye
proetation has been verified by Waissgﬁﬁ), who made
observations similay to {those of Wildy Sheridan and

(él). The interferometric measurements of

Neylan
position, howevewr, yeaquire electron densities greater
by a factor of 10 than those normally accepted fox the
quiet corona, In fact, the required densities arve

typlcal of those deduced optically by Newkirk(éh) for
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coronal sitreamers, it has been inferred, therefore,

that the disturbances respousible for Type II (and Typo
LIY) bursts itravel ocutwards along coronal streamers,

The radial velocities required te account for the
frequency drifts in Type II bursts are of the order of
1000-1500 km/sec. (Maxwell and Thﬁmpsﬁn(éﬁ}). Such
speeds ave comparable with the high velocity Hx phenomena,
discovered by Athay and Maratnn(s).

In view of these observational features, it is
natural to interpret the Type II burst as plasma radiation
excited by the pdassage of a hydvomagnetic shock through
the corona, Further, as already mentioned, in the
complete flare event a'Typ@ X burst follows the Type IIL
event by about ten minutes. it 1s possible, therefore,
to assume & common origin for the disturbances responsible
for the two types of burst, a common origin presumably at
the site of the inﬁtabiliﬁy that initiates the Hu flash
phase, Under this assumption, Wild, Murray and mea(ﬁé)
have attewpted to determine the hedght of this instability
in the solar atmosphere, The following methed was used.
A height-time diagram was drawn up for & compound Type
IL¥ - Type LI oevent,. An extrapolation was then made
back in time to the point of intersection of the quasi-

linear tracks of the Htwo burstis in this diagram.
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This point indicated a time corresponding to the
beginuing of the flash phase (or of the Type ILI event),
and @ height in the solar atmosphere of 50,000 ium,

Such @ h@iﬁh%liﬂ well above the region of He flare
emisgsion, and the method would, therefove, suggest that
the seat of the flaxe is not in the wvisible flave regdion.
The H flare would then be a secondary phenomenoi, The
extrapolation invelved, however, is & very larvge one and
must be suhjae%.ﬁn considerable error. The evidence
must nob, theref@fe, be yregarded as conclusive.

In about 20¥% of cases the Type II burst is followed
by Type IV conbinuum. | In generval, Type IV bursis awve
restricbed to the most onexrgetic flare events. The
term 'Type LV' is used here in whait is now its accepied
sense - though porhaps this is not stricitly accurate.

A Type IV buwﬂf is taken to mean any prolonged intense
continuons radlabtion that Tollows a flavre. The term
was opriginally used by Baiﬂchat{é?) to describe a
particular kind of flare combtinuvum at mebtre wevelongihs,
namely that fyrom an outward wmoving source high in {the
COTONA . This burst will be denoted here by Type EVma.
PFrom interfevometric messurements, RBoldschot found
valoelbies of the order of 1000 hwm/secc. He interpreted

the Type EVma rvadiation, therefore, as synchrobron




radiation from electrons trapped in magnetic flelds
bohind the shogk Troat responsible for the Type IX
burst. The motion of the source is a fundamental
feature of the type of radiation described by Boischot.
This type of radiation yrepresents only part of
the post-flare gontinuum event, The continuuam gboim
following a flave can last for many hours or oven
several days. The Type EVma burst, however, seldom
lasts longer then 1«2 hours. The mechandsms responsibl
for the compledte Type IV vadlo outburst are net cleavly
wnderstood. S4dll, a second compenent, Type v, , is
now geunerally recognised at metre wavelengihs. Unlike
Bolschot's Type LV, the source of this long-lived second
component is found o be stationavry, Further, inter-
Ferometyric moasures of the helghts of cmilssiién are not
inconsistent with a plasma, rather than a synchrovron,
hypothesis. There is no goneral agrecement, however,
on the mechaniom involved, Takakura(5@>, for exawmple,
has suggested a synchrotron mechanism to explain both
Type IVm, end Type IVm , though certain rather
restrictive assumpitions are reguived in the latter case.
ﬂ@ﬂﬁﬁﬂ@iag), on the other hand, has developed a
mechanism suggesting that the comission is due to plasma
roadiation indtiated by magneticeally trapped high-energy

elagtirons.,
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af the flare associated bursdts at metre wave-
Lengths, the Type IV event 1s perbaps the Least
completely vnderstoed. Moraeover, the sbationary Type
Iﬁmb resembles olosely the continuum part of Type X
storms; oand 1t is not cleor what distinctions theve
are, i¥ any, between bthese two types of burst. Type IV
ﬁamtimuﬁm is by far the rarest of meiroe-wave bursts and
iz an indiecation of a very lerge and energetic event.
0f all flare phenomena, this tyvpe is found to have the
closest correlation with the more promounced geoophysical
effects of solar flares.

Microwave hurste, unlike their mebre counterparts,
have been but siightly explored. The technligues of
dynamic spectra, so effective at longer wavelongths,
have only recently been extended beyond ﬁh@ neltre-wave
roglon, The technigque was applied o parits of the
wicrowave region by Maxwell, Swarup and @hompw@n{?cy,
(71)

and by Haddook Dyaamic spectra have also beoen

obtained in the decimetre rogion {500-950 Me/s) by Young,

672}, These latter studies

Spencer, Morveton and Roberts
revealed two distimetive spectral feabures, namely fant-
drift bursts and intermediate-drift bursis. The fagte
derift buarsts appear in groups, and are similar te metre

Type LIX. Iin goneral, however, Uthey do not appenr at the
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same time as the metre bursts, and camnnot ke regorded
as high frequency aﬁ%enéians aof The labtber. Rundu,
Roboarts, Spencer amd.ﬂuiper(?g} have shown, by comparing
metre and decimetre dymnomic spectrsa, that, even vhen
decimetre fast-drdift bursts and Type TIT bursts occour at
the same time, they must be wregarded as distinet phenowmena,
The intermediate~-drift bursits have meeently been studied
by Thompson and M&xweilq?%). They find that these bursts
are rare outslde the major events that exhibit Type IV
continuum. Pt may be that these burgts, which, on a
plasma hypothesils, reguire source motions of 100-4000
kmfsec, are best interpreted as a fine structure in the .
decimetre Type IV conmtinumam.

Dynamic spectra taken in the microwave wveglion do
not show the apectral fine structure Towed at lowver
freguencies, According te Xundu and ﬁaﬂﬁack(75§ the
spectra of microwave bursits show only wroad-band
continuum, Further, since single frequency records
talten at cm~wavelongths show the mlevouave bursts as
smooth uncomplicated features, it Is reasonable o
atbempt 2 classification of wmicrowave bursis from theilw
appearance on these single frequency records, Several
such clessifleantions have been made and are at present
in use, Hove # elassification adapted fyrom Wild, Swexd,

and w@iﬁﬁqvﬁ) is followed.
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The first type diatinguished by Wild et al(76)
s the "gradual burst", which Goviﬁgt@n(?7) called the
gradual vise and fall (GRF). Phis type of burst hus a
typloeal E%meweeal@ of one hour, and Covinghon's nomenw-
claturs de&cwi@@& appropriately the form af its intensity
variation. Frqm measurements by Kuném(78} of the gource
size, a brightuess ltemperature of 106 ® % is deduced.
It is likely, thevefore, that this type of burst
originates in thermal emlssion in the high chromosphere.

The second btype of burst discussed by Wild et al(?ég
is the vimpulsive bursth. This iz the most common type
of microwave activity, and has a typloal 1lifetdime of
gbhont 5% minutes. ln a flare, the impulsive burst tends
to coincide wiﬁh the Type ILI bursts at metre wavelongths.
it is, thereiore, a phase 1| phenomenon. For this wreason,
the lmpulsive bDurst has been refovred to as the microwave
eavly burst (MUB), a berm which will be used here. It
must be stressed that dynamic spoctra, taken in the
nicrowvave ragion<?5’73>, do make it clear that the Type
IIZ bursts and the MEB arve distinet phenoment. The
microwave gpectrum of the latter is conbinuous.
Kumdu(7$) has found characteristle MEB suur#é silzes of

1.0 « L.67, These sizes dimply brighiness tempoevatures

in the range l@? - &@9 © ¥, and, therefore, a non-thermal
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oeviglin for dhe vadiation. The mechanisms of synchrotron
radiation and bremsstrahlung have both been proposed, and
it is possible thad ecach is present to sowme extenti.
Bachenbuyrg and Wal&ia(?g%‘mnd Takakur&(aﬂ) ﬁava
egtablished the wp@qﬁrml éiﬁﬁwihutﬁwn of the MEB bWy
comparing records btaken at different frequencies. It was
found that, while these bursts exmtend up to the highest
froquencies ohserved, there is a éa@h@w shazrp Lowe
froguency cub-off ab about 1000 Ne/s. This indicates
that the source of the MEB is vestricted to weglons of
chromospheric density.

The fMpal distinctive tvpe of microwave burst
recogunised by Wild et al(?é) dg the Type IVp. ‘mik@ the
Type ITm burst, the microwave equivelent is characterized
by broad-band continuuwn emisglon, and is a phase 2
 pReNOmenc . Type IV microwave bursits, however, though
rave in cemparison with the MEB, ave rather nidve common
than thedlr mw%ﬁigkﬁﬂuntarp&rt@. They can oceunr with
quite low dntensities, and ounly the morse intense Type IV
burst is accompanied by Type IV metre radlation, While
1t is certainly thought that Type IVp mms&_he recognlsed
as & distined phenomennn Lrom Type IVm, 4t is net clear
at present whether this smicrowave Type IV contains more

than one componend. The mode of polarvisation reverses
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between cm and dm wavelengths, but this cen be explained
withoud involing distinet mechonisms. Takakmra(go} has
suggested that Type IVu oviginates dn synchrotren
radiation due to eleetrons wvecelerated by the Fexmi
mechandism,

| in thoe most complete form of the radio flare, the
first radio evidence iﬁvﬂ slow inammgm@ of dntensity in
the microwave region, a GREF bavst, This burst appsars
before the Hx flash phase, but not necessarily before
the Tlrst siow brightening imlﬂm'. While such eariyv Hoo
brightonings may be recognised on flare patrol ﬁilma
aifter the event, however, they hardly give a elearn
inddcation of an incipilient flare at the time. In this
sense, bthe GRIF is the firet indleation of & flavre.

The explosive phase of the flare sedls in later
with the He flash, which coineides with phase L of tho
radio flave. At the site of the fleve instability,
pulses of high valqeity electrons are acoelervated, and
these are responsible for the Type IIT - Type V radimtlon,
There is no evidence that protons are accelerated with
these eleetrons, And the occurrence of Type LIL bursts
in guite snall ovents secems te precliude préﬁan
apceleration. wilﬁ(&i} has suggested, therefore, that

the Type IXIT electrens arve runaway electirons acceleratod
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in the initial explosion, De Jagar(hg) bas fuarther
supposed that the Type IXI electroms are also responsible
SO (83) : 1ot o)
for the MEB. Kundn » and Andevson and Wincklerp
have shown that the MEB is precisely coincident wilih
bursts of high-energy X-vays (L-100 KeV). Farthes,
the profiles of the two bursts show decided similariby.

It has been suggesited by de Jagewr, thereflove, that

the primary flare explosion takes place at a cevitain low

&
height in the corona, Vere pulses of electrons ave
acoelarated, Iin moving outwards through ithe corona these

electrons conse the Type IIY metre bursts, on the other
hand, in noving downwards they encounter increased
densities and mégnetic fields at clhromospheric levels.
Here they are capable of gounerating the X-way burst by
the bremestrahlung mechanism, eand the MEB eitbor by the
seme mechanism or by synchirotron emisslen. Wild et a1§76)
on applying the theur& of Ginzburg and %h@l@%ﬂyﬁk@V‘gS)
to a large group of Type ILL bursts, bhave found that
1035 electrons reguire to be emitted with energles of
the order of 100 KoV, Thus the pulses of elocireons,
reguired for phase 1, need a total enevrgy supply of
lagg BYEE

Wiiﬁ(gél has given a qualitative plcbure of the

pessible interrelation of the various features of the
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radio event. The following summary includes many points
from this model. In the majority of flares phase 1 is
the complete radio event; in larger events, however,
phase 2 follows at an interval of about ten minutes at
metre wavelengths, and almost at once in the microwave
regiﬂne The general features of phase 2 may be inter-
preted as follows:~ A hydromagnetic shock emanates from
the explosion responsible for the Hx flash and the radio
phase 1. This shock moves outwards with a velocity of
about 1000 km/sec. On reaching the corona the shock
initiates the plasma oscillations responsible fox the
Type 1II burst,. Behind the shock front a cloud of solar
plasma is moving outwards dragging with it its assocociated
magnotic field. Within this reglon electrons and
probably protons are accelevrated by the Fermi mechanism,
The synchrotron emission of the former is responsible for
the Type IVma burst. The protons, on the other hand,
having greater magnetic rigidity, can escape and are
recognised at the carth in rare cases as cosmic rays.
There is another possibility, however. ‘The
cosmic~ray protons may be accelerated at lower levels,
perhaps in the flare region itself, In this case the
Type IVpu burst will be due to synchrotyon radiation

from olectrons accelerated by the same process.
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4 has already bhoen moentioned thaiv Den&asa(ég) suggested

a plasma interpretation fox the Type IVm, burst. on

b
this view, the stationary Type IVa Lls caused by plasma
execlitation by electrons belung 'dumped! from weakoning
magnetic traps that have been coarried far out into the
corona behind the Type II shock Lront.

“Po account for the Typo 1?mé~radiaﬁioa; Boischot
and Benisae(§7) postulated 3033 - 1&33'ex@eﬁren@ with
energies of the ovder of 3 MeV spiralling in a ficld of
ONne SAUsSD . The total kLinetic energy of the eleciron
clond would then be of the ‘oxdey of 1027 SL'ES It is
clear, therefore, that the energies regquirved to initiato
the Type IV continuum storm, or indeed any of the radio
bursts thet aceompany flares, fall far short of the
totol flare enmergy emitted in the optical reglon.

Type IV bursts at all frequencies have close
correlationz with the geophysical offects of flaves,
ineluding ceoasmicwray events and geomagnetic storms.
Comment on this important point, however, must be

deferred until later in thoe next section when the

relevant goophysical data will have been discussed.
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(ii3) Goophysical

Foxr a flare to have any geophysical effect at all,
it must be a comparatively large ovent. only quite
exceptional flares produce the whole range of geophysical
offects - namely cosmic-ray increascs, lonospheric
disturbances and magnetic storms. Cosmic ray events,
in particnlar, are rare. Before the event of February'ZB;
1956, oniy four cases had been recorded of fiare-
associated, cosmic-ray, ground level effects (GLE).
Since that date, however, improved methods of detection
and'balloun or rocket-borne experiments have greatly
increased the sensitivity of detection of such events.

The association of the sudden ionospheric
digturbance (SID) with flares was first recognised by
D@llingergay}, who found that a solay flare could produce
a short-wave fadeout (SWF). Oviginally it was thought
that SWIF was caused by increased D layer ionlwzation
rasulting from an increase in L« emission, For it was
realised, correctly, that solay Lx radiation was
responsible for the normal D layer. A review of all
SID phenonmena by Friedman and Chubb(%g}, howover, showed
that the great decrease in the height of the D layer, as

evidenced by the sudden phase anomaly (SPA) of VLP

transmissions, reguired an impossibly large increase in




Lo emission, in fact 10§ times the quiet sun. It is
now realised that the ionization yrespeonsible for the
S0 is caused by X~ray emission in the speciral wveglon
of 1 «~ 2 A, This interpredation was vorified by the
pariiest rocket experiments, reported by Byram, Chubb
and ﬁri@dmam(sg), who Ffomnd large changes in the soft
Xevay invensity, dut no detectvable chimnge in Lo, at
the time of flares.

 Keray quanta of energies gﬁeater than 20 KeV
(0.6 A) ponetrate the atmosphere o levels accessiblo
to balioon observvaibions, The less ocnergetie part of
the flare X-vay spectrum must, however, be studied by
rocket or satelliite observations,. A detalled veview
off satellite ¥-ray measurements has been given recently
[53 ﬁx&@dmau(ga)« From these satellite observmitions it
is clear that the X~radiation mmst be separated into
moie than one component,. For example, the resulis
from the solar radiation éa%allit@ SRILE indicate that,
whereas X-rayvs in the region 2 -« & A shewed transient
variation similar Bo the H« flare, X-rays in the region
8 - 15 A eounld combinue at an enhanced level long alter
the optical flare had disappearad. The longer wave

length phenomenon is probably due to enhanced emission

b6
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in the ¢orona, possibly line emission - a sort of
slowly veryving component.

The Xeray omission in the 2 « § A region, however,
is veéy elosely essociated with the flare itself, and
aorrelatos well with SID. It can be intevpreted as
thermal conbinuum. Beyend 20 KeV, on the other hond,
the vadiation is better fitted to non-thermal
bremsstrahlung (Kawahata(gl)). The high oncrgy elect-
rons vespounsible for this X-radiation ave assumed to
initiate the Type IX¥ bursts (de Jager(ag)), and the
MED (Kmndu(gg)}, Solar Xereay spectroscopy is still at
an eaxrly stage, and obsexwvatbtions Hill now have boen
limited by lack of spectral resolution, The intere
pretations mentlioned ebove wmust, thevefore, be regavded
as tentativoe,

Kreplin, Chubb and Fri@ﬁmaﬂ‘gg) have described
results obitained £rom the satellito SBRE. This satoliite,
besides investigating solay X«rays in the specotral region
2 « 8 A, also monltored solar L« radlation. Thoe
agouracy of the o measurements was not sulficient to
detect any cortaln change in the sun's total Lo filux,

An uppes limit of 11% was, however, set for‘mny enhanco-
mont of L« above the lovel of the quiet sun. Using

ulteraevieledt fluxk data of Detwiler, Garveti, Purcell and
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Tmuséy(93), it is 5eén that this uppeyr limit corrosponds
to a total rate of omlsslon of approximatoly 2 . 10°7
evgs/sec, If, howevor, the L vadiation eorrvesponding
tg this upper limit were confined to an area of the siue
of the visible flave, then an increase by a factor of a
thnusmnﬁ ﬁﬂuld be reguired, While the extent of L«
emission in flaves is still very unae#%aiﬂ. it does secm
that tﬁis'radiaticn is not in any sense o predominant
feature of ﬁhe‘flar@ event. |

| Large flares ave gometimes followed by the sudden
commencement of & magnetic storm. The delay between the
flare and the sudden commencement depends on the sizg of
thie sﬁuwm, and lies between 12 days, L% is dnferved,
therefore, that & cloud i solay plasma is blown oubt at
the time of the flare, and from the Travel time o
velocity @fLIQGGQEGﬂ@ ki/sec ie deduced. in view of
these figures, it is tempiing t@'idenﬁify the Type I¥
radio bursti with the plaéma astroaii. Worle by Me&eanigh)
shows, however.‘éhaﬁ Type LTI bursts correlade well with
aﬁddan commencements i¥, and only if, they are accon-
panied by Type IV contdnuum, O the other @mmdg
Parkar§9$} has suggesited that the magnebic mﬁ@rm may not
be due to an ejection of plasma at the explosive phase

of the {iare. He avgues that the storm is cauvsed by
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an interplanethyry blast wave generated by an expansion
of the enhaonged corond over a longer period of time.
DG
(96,59)

Farther, Parker as ocoloeulated the kinetle onergy

of such 2 bluast wave, assuming & voluwe of 0.2 a‘uoa and

2 density of 30 pmw%im&&m/ﬁmg. His wesult gives o total
;t"“ 1?..
energy oF 2 . i&s QLES Moreover, the density he uses

»,

la rather less than that deducod by Blackwell and
Xmgham(9?) from sodisecal light obsovrvations, Unless,
._%hﬁﬁ@f@reg the blast wave Ls, Tor some roason, confined
to o comparatively narveow sheet near the sun's eguatorial
plane, one must conglude that the enowgy involved in the
plasma stroam is af loast ag grealt as thed omitted by
the optical {fiare,

Solay cosmlig-ray partleles have omly been detected
at ground level in very vare evenlds. | Such detection is
quite the mﬂéﬁ;aﬁegp%iﬁnal racognition of flarvew
associated phenomons. since 1056, however, the use of
purticlo counters and emuisions o balloons, or at still
greater altitudes, in sptolllites, has greatly incroased
the detectabllity of lower onergy solar cosmie~ray |
Gavents., Pavyther, ithese svents c¢an be dotectod lndirectly
by polar cap absorption (PCA) of cosmic radio molse in
thoe YHP reglon, With this Amproved senaltivity of

debtoction, it is nov recognised that solar cosmic ray




bursts are not the rave phencomenon thet the scarcity of
GiE would iundicate. Bven so, opy debection of cosmic
ray effects is indicative of & lavge ﬁiaf@ oventd.
Thompoon and Mﬁﬂw@ii(gﬁ’gg)p for axpmple, have noted
that both dizveet and Indireet debeetion of loweenergy
solay cesmlc ravs are well ecorvelated with Type IV wadlo
‘omﬁburaﬁwe

To produce an obgerwvable effect ab ground Leved,
particle energles in exgess of 1 BeV ave roguired, The
most famous event of this kind, that of February 23, 1956,

(&00)“ They

was studied by Meyer, Parker and Simpson
found that the teotal kinetie emnergy of particles abowve

2 BeV, ecmltted by the fiare, was mobt leas than 3 . lﬂgﬁ
GIES In o lator papev, ?mw&&w(ga) suggested that the
particlas are accelorated by the Permi m&nhauﬁ@méi@ﬁ} in
the indtlal site of the Flare. Assuming a magnetic
Field of %00 gauss, Parker argued dthait the fluid wmotions
and mawgnetic imh@m@g@ﬁaitiwﬁ within the flare reglon
would be sufficient to accelerate protons from thermal
to relativistic velocities In aboul dwe minuwies. A
rather difforent non-statistleal mechanism bas been
proposed by Severny and Shabamﬁ@éi(la2}¢

Akl estimates of the total energy of solar cosmic

ray bursbs are uncertain owing to lack of kuowledge of
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the low-energy spoectrum. In the paper Jjust referred
to, Parkérlealculateﬂ the spectruw for his mechbanism and
. found that the turnover occurred at an enorgy of 450 MeV.
For higher energies, the spectrum was an inverse {fifth
power law. This is in agreement with observation.
This result would suggest that the figure of 4 . 109
ergs, qgquoted above, is a falr estimate of the total
energy of the cosmic ray burst. It should be noted,
however, that there is no observational ovidence to
support the high energy turning point deduced by Parker.
in a recent roview, Mallitson and Webberiiﬁﬁ}
have tabuiateﬂ data from satellite observations of 30
majoxr cosmic ray events th#t have occurred since 1956,
They calculated the integrated intensity of particles
with energies in excess of 30 MeV and 100 MeV. From
'these values it is readily seen that for large, but not
exceptional, ovents the total energy in excess ﬁf 30 MeV
18 of bthe same order as Parker's result. This suggests
that Parker's figure for the flare nf'Fabruary 23, 1956,
may well be an underestimate. Some authors - @.g.
Stepanyan and Vladimirskiiil@a} - have arguaﬂ‘that ihe
energies invelved in the cosmic ray burst may be quite as
large as the value usually quoted for the optical event,
0%

namely 2. 1 XS .




The correlation of cosmic-ray events with Type
IV continuum has already boen mentioned. Both at metre
wavelongths and in the microwave reglon this radiatlon
is generally interproted as synchrotron vodiation. It
1z probable that the electromns vesponelble for this arve
accelorated by the same Foermi process as the cosmie ray
protons. The complote Type IV burst fs not at present
understood. It dees appear, however, shalt there iso
synehrotron readiation being emitited Lrom two quite
separate reglons. The Type EVm, burst is emittoed Prom
an outward moving, high in the corona. o the other
hand, the Type Kvﬂ;iﬂ gmitteod from comparatively dense
regdons of high magnetic field in the low corona ox
chromnosphore. It is not cleary which source sheuld bo
identified as the clowd of agcelerated counterpavis of
the cosmic ray protons, It could even be thet cosmic
ray acselexation takes place dndependently in cach
roeglon, Por similavities have been found betwsen the
time vardations of cosmle ray intensity and tha
intensity of Type IVm {Boischoet and waww&@kélﬁﬁy).
Mallltson and thbey(xﬂg), o the other hand, have Lound
that the sitrength of a cosmie way event is welated

specifically to the inbeusity of the microwave bursd.




The protons accelerated at the time of the flare
will be confined in the solax magnetiﬁ'field. In &
typileal cosmic ray event, therelore, the ouset of PCA
is delaved for several hours, the time requlred for the
coasmic ray particles to diffuse from the solar magnetic
trap (Stepanyan and Vladimirshi&‘la&)). In certain
exceptional cases, however « particularly sthe large
events in whiech o CGLE is obsewrved ~ the firvst particles
veach the enrth within minutes of the flashkh phase of the
flare. To agcount for these wery short onset %imes,
speocial magnetic configurations must be specificd in the
aarth-sun space. A number of authors « @.8. Goldélaé) -
have suggested that the solar magnetic field may beconme
drapwn out from an active reglom to form a magnetic bottle
in interplanetary space, the feet of the magnetic fileld
Lines romaining anchored om the solar surface, The
Forbush decyvease in galactic cosmie vadiation provides
avidence for the oxistence of such field conifigurations
at the carth. These configuvratlons may be drawvn out by
the interplanctary blast wave wesponsible for geomagnetic
storms, which indeed are often accompanied by Forhbush

decrenses.,
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If a Tlare, situated in the active region at the
neck of a magnetic hottle, accelerates cosmie ray
particles, %hmae particles may escape from the sun, but
they will be idnitially econfined to those regions of interw
planetary space tp which the fleld of the active xregion
extends, In general, such magnetic configuvrations will
not engulf the earth; then the probtons must have time to
diffuse from the magunetic boittle befowre they can produce
any geophysi#al effect, usually RPCA. In this way the
onact times of several hours are agaim explained. In rare
eases, however, bhe ecarith may be included in the fisold
configuration, and in this event solar protons have direct
access to the earth,. The onset time should be simply the
travel time, and the coswic ray burst should Follow the
accelerating flare by only a few minutes. The except-
ionmally shovrt onset times in some large events ave, there-
fore, satisifactorily accounted fox. Addditional ewvidence
in favour of this explanation is provided by the welle
known east-west asymmetry of flares producing GLE, and by
the shorter onset times Found for cosmic vay bursis
assoclated with flaves iu the western hemisphere.

Maliitson and webbar(l93> have noted that the large
cosmic ray evends since 1956 have been restricted to

flaves in only a few active wreglons, each such reglon
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tending bto produce several flarves with cosmic ray GLE,
Eliiaam, MeKonna and R@id(ﬁg) have studied one such
hetive region in detail, A sevies of 3+ flares which
f@@aurred in this reglon have been referved o as the
fJuly 1961 event. The lexrgest of these Tlaves, that of
July 12, wes accompanied by intense Type IV raﬁia@ianl
at both metre and sicrowvave wavelengths. Dospite the
nagnitude of this evont noe cosmic rays were detected at
grouid level, though the flare did glve wise to PCA. |
' Furbher, this flare was Pollowed 2&%9 laber by a sudden
;icmmmemeamanﬁ of geomagnetle actlvity, with a simultaneous
CForbush decrease in cosmle radiation, on July 18 and
,,3uly 20, two ovher flaves eccourred; though sach was a
3? event, the eptical and radio date indicated that these

¢

ovents were smallex than that of Fuly 1212, In pavticéular,
; i N

Cthe Type IV bursis were significantly less intense.

N@ﬂé&h@l@s& gach was followed within 35 mimates by a

LS
\

wdmmiﬂ ray GLE. It is closar that these obserwvational
o
featurcs can be satisfactorily explained on Gold's

ma@ﬁeﬁi& bottie hypothesis. It may be assumed that the
N

flare mg July 12 failed to produce a GLE due Vo The lack
of a smi%&bla interplanctary field configuvration. The
intevplanetary blast wave of this evenit, however, selt up

such o configuration, and ground level debection of
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cosmic rays was, thevefois, possible for the later and
smaller ovents.

This conocludes the description of the observational
features of aplar flares., A number of points that might
be important to flare theorles have been omitted from the
discussion. For example, mo acecount haa been taken of
the possible increase in the relative abundance of
Deuterium in active regions (Severny(107), Goldberg,
Mohlexr anﬂ‘Mﬁllar(loa)). It is felt that the results
of thess measurements in D« can scarcely be considered
conclusive. Such measurements are hampered by the
proximity eof Dx to the hydrogen line, and more seriously
" by its ceoincidence with a variable telluric line of water
vapour. Observationally, the question of nuciear
reactions in flaves must be left open.

In the next chapter a discussion of theory
requirements will be attempted in the ilight of the

obaservational data that have boen discussed here.




| GHARPTER 2 THEQRIES OF ORIGIN
(i) Introduction

The discussion of the previous chaptov indicates
that tho ceaplote flare event mnst bo regarded as an
agerogate of muny divorse solar and geophysical features.
The total ovent is scen o bo fer moro complox thaa the
o< phonomonon by which 4t was vriglinelly obosrved.

The Hee phonomonon de but one aspeet of the Llaxe, and
not neoessarily the proedominant ona. Hany of the
observationnd foatures and thelr intervolation ave
undorstoed in a gualitative maaner. The rodio and
goophiysical dote arve porhops botter andorstood thon the
optical phonomenny ot least, thove ig more goneral
agrecuent on thedr interpretntion.

Othoy aspects of the Llave evont avre understood
rather mere conplotely, sud guantitotive theoyvioes hove
een developed thet aceount Loxr the essontial Lentures
af the obsorvations. Por onomple, assuming theo
proviasion of 1@35 sloctrons in the 100 KeV ronge, the
machonism of Ginvburg and mhwimmmyﬁkav($§? spatisioctorily
peoonnts Loz the brevity, bondwidth, Frequemcy deilt,
angd barmonic stractuve of Type IXI sadie bursts. ALY
fiare associnted features, whethor understood at prosont
in a gualitative or gquoantitative mameor, vegplre Lo

thedir initiation an oxpleosive primnary evont. The concorn



of a theory of flare origin is the nature and the
development of this primary event,

The fact that no photospheric change of any kind
has ever been observed at the baseo of a solar flare has
led to the belief that the source of flave energy is
either chromospheric or coronal. On the other hand,
Severny's discovery(go) of fine structure in the wings
of flare emission, which he described as moustaches,
muat cast éome doubt on this interpretation, For, if
these particular moustaches are identified with Ellerman
bombs, then they are low-level phenomena. This
interpretation of the fine structure has not, however,
been generally accepted.

If a chromospheric or ceronal origin of flare
energy is assuumed, the insufficiency of thevrmal energy
in these regions of the atmosphere requires that the
energy source be magnetlc. It is deduced, therefore,
that the flare energy is dvawn from the magnetic fileld
in tﬁe‘general environs of the primary event. Most of
the observed features of solar flaves are regarded as
secondary phenomena. The possible exception is the Ho<
flave.

Certainly Hoec emission is virtually a sine gua non
of any flare event. Again, estimates of the energy

dissipated in this emiaaion, 2 . 10328rgs in great flares,
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are large, larger than the ugual estimates for all other
associated features. As has already been mentioned,
however, soie auth@ra(lna’95) have sugsgested that the
energy eoxpended in cosmic ray showers and the inter-
planétary blast wave may be as large as that emitted in
the chromospheric flave, The possibility oxists,
therefore, that the Hee flare, like %ther associnted
features, is a secondary phoenomenon, and that the
primary event is unobserved.

Some arguments(76) have been advanced to suggest
that the primary event is sited in the corona, These
argunents ave, however, based on a crude interpretation
of the radio data, and iavelve a large extrapolation of
doubtful aceuracy. The evidence is not conclusive,
therofore, and observations do not specify a site for
the primary event. The physical conditions at this
site ar@,wim effect, quite unknown. They may corraspond
to chromospheric conditions or to conditions in the,
probably disturbed, corvona.

A theory of solar flaves will generally
concentrate on explaining the iargest evenis. Such 37

fliares involve energies of the order of 2 . 103g

ergs .
In a magnetic explanation, the source of energy wust

ultimately lie din the magnetic field of the associated
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(109) estimated the emnergy of the

spot group. Sweetl
potential {ield above the photoaphere.in a large spot
group as 2 103“ ergs, & figure a hundred times lavger
then requived Ffor a 3+ flarve. He pointed out, however,
that as Yhe potential field represents the configuration
of minimun energy, this euergy is not available to
supply the flare. it is, thevefore, the CRErEY
jnvolved in distortions of the sunsgpot pobtential field
at chrvomospheric helghts that must provide the flare
energy . Since at chrowmospheric and coronal levels,
above active reglons, the magnetic pressure far exceeds
the gas pressure, any distortion of the sunspot field
from potential form must be Fforce«frea.

Briefly, two main requirements of a complete
magﬂ@ti@ flare theory may be stated as follows.
Pirestly, 46 wust provide a stable process of sboring
energy up bto 2 . 1032 ergs in force«free flelds at
chromosphorio or ceronal laeavels. The uwltinate source
ef this energy is probably in photospheric motlons.
At photospheric levels the gas pressure ise in excess of,
or at leapt of the seame order a&? whe magnetic pressure,
and gas motions will be able to distort the Lield.
These motions of the foet of the magnetic fleld limes,

anchored in the photosphere, will induce force-iree




perturbations of the potenitial field at chromospheric
levels. The existence and stabillity of such forcoe=
froe configuvations form, thevefore, the first requiree
ments of a complete flarve dtheory.

The second main rveguirement of a flare theory is
the appearance of an instabllity in the fleld
configuration, The developmendt of this dnstability
nmust proceed at a vate comumensurate with the time=scale
of a fiave. This timeegcale is usually identdfied
with the fLlash phase of the Hx flare, and may, theree
fore, be bvaken ag about 200 seconds. The total
duration of the flere is of course fayr longer, and may
be regarded as the time of vrelaxation to normal
chromospheric conditions. Other interprotations have
been offerved of the decay phase ol the flare, and these

will be discussed iaﬁ@r»

(ii) glassical Theories of Solar Flares

The first magnetic theory of solar flares was
proposed by Glovanelli. Subsequently this theory was

severely c¢riticised by Gcwlihﬁ(llg)

on very fundamental
grounds . Nonetheless the detailed nature of the theory
merits serious discussion. This discussion will provide
a context for later developments, and the criticism will

illustrate some of the difficulties with which such
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- L L3 l:!n
theories must contend. Gmwvamail&( 1 )

avtempied %o
expiain the sudden onset of a flave by a discharge
mechanism due to runaway electromns. In separate
pap@rs(llz’llg) he dealtl with the discharge mechanism
iteelf, and the fi%id configurations vesponsible for
ite incepition.

(122) was made of the behaviour

A detailed study
of the conductivity of a highly ilonized gas under the
influence of an applied electric field. Foyxy small
applied fields the electron energies are limited by
elastic collisions with ions.  The collisional crosge
section for this type of collision decreases with
increasing electiron velocliy. Under simple assumpiions,
and negleciting the veloclity distribution: of the
electrons, Glovanelll compuited a critical field svrengih

B above which applied fields would produce a discharge.

o’
For field strengths Eitmﬂ, elagtic collisions Limit the
electron enevgles. For fields B E.,s however, these
collisionsg are ineffective in limiting the electron
velocitios, and runawvay elecirons are produced. Under
conditions of complete ionlization the velocitioes of the
runaway clectrons are limited only by the extent of the
eloctric fleld. On the other hand, if the gas is only

parcially donized, the presence of neulral atoms may




place an effective upper Limit on the electron
velocities. Blastic collislons between electrons and
neutral atomg will generally be uadmportant, owing to
the fact that the crogs—sechion for this itype of
collision is small compared with that for collisgions
betweon electrons and ions. Inelastic collisions,
howavaf, may be important, effectively Limiting the
electron enevgles to values nolt far in excess of the
excltation or ionization poteniials, The presence of
a magnetic flield will also be effective in providing anm
upper limit to the electron energies.

Asg the applied electric fleld B is increased to
the eritical value E¢. there ds, then, on Giovanellilts
sinplified theory a discontinuous increase In the
electron drift veloeitby. This abrupt change can bhe
intevproted as a chango in the counductivity of the
lonized gés. For hydrogen ions at a temperature of
5?%9@ ¥, Glovanelli computed the critical field as
-17

EQ w5 . 10

ng @.s.u. (2-1)

{ . e 1l =3
where n, is the ion density. If we take niﬂu10 om ~,
appropriate to the chromospheric levels of the optical .
flare, the elecgtric field required to initiate a

-6

discharge i8 5 . 10 e,8.1, or about 1.5 . 16”3

volts/om.




This, then, was Glovanellit's discharge mechanism,.
The secoiwd part of his theory invelved finding a
siltuation appropriate %o the solar atmosphere that would
provide an electrie fleld of at least 1.5 . 19*3
velba/em to drive the discharge. Before outlining
Glovaneilllts dnvestigetions on this point, it will be
conveniont to state the electromagnetice equations
invoelveds these will be required throughould the present
chapter. They ave gsimply Maxwell's equaiions and the
conductivity equation, which, using Gaussian units, may

be written as

curl H e 43;%. (2=2)
c
1 B _ 1 94
curl B e paliey (2-3)
P~ }i, — L.
il A = wl
~ . R (2-4)

As ds usual, the displacement curyent had been neglected
in eguation (2«2), and, for the moment, the Hall current
termn has been omidtved from the conductivity equation.

As mentioned earlior, Gimvan@&liéé) has shown Trom
2 aﬁatiaﬁieai analysis that flares tend o occur when
the spot area is changing most vapidly. He attempted,

therefore, to oxplain the electriec fieolds reguired for
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the discharge mechanism as fields induced by the
development of the sunspotls magaetic field. NWow the
bypleal Linear dimension, I, say, of a sunspoit is of
the ovrder of 109 oo Farther the obsecrved timoe
sgale of growih iﬂlabomﬁ a waok, 5 . 1@5 secondy .

This indicates a velocity of propagation of the Tield,
w, whowre |a|~2 . 103 on/sec, I£ the maguetidce field,
Hy of the spot is taken to be 500 gausz at chromospheric

n

levels, then an observer whose position is fixed

alative o the solar surface will measure an elecbric

o

field of 10™° voltsfoem.  Such a field appears more than
is required o initiate the digscharge. However, the
electric field available to dvive currents is not
{wAH)/c as computed above, bubt the field measured by
an observer moving with ﬁh@ fiuvid. That field is
(enH)/c, vhere w is the fiuld velocity velative {o the
fleld limnes,

The £iéld strengih avallable to drive the

“ volta/em, AF

discharge will only be of order 107
w o= u, that is if the fluid veloclty is zero,
Gievam&&ii(lls), therefore, considered the propagation
of the sungpot field in a static atwmosphere. From

equations (2-2) to {2-4) the equation of magneiie

didffasion ds derived as
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9t

TH (2-5)
L o

This equation yields a time=scale T for the growth of

the sunspot field, given by

T ~ !#WcrLJ/eg (2-6)
In the chromosphere the conductivity o is of order

! !
1013 e.s.u.; hence, as Lfirst shown by Gowling(llg),

the
time=scale of propagation of the sunspot field in a
static atmosphere is about 300 years.

Giovanelli mnoted, however, that the prosence of a
magnetic field decreased the conductivity in the
direction perpendicular to the magunetic field; he
concluded, therefore, that an increased rate of field
prepagation was possible. But the modified form of the
conductivity is due to the inclusion of the Hall current
term in the conductivity equation, (z-h)e The diffusion

equation, (2=5), then becomes

H L T - S et (L et HAt) (2-7)
t o - Lme n
wvhere n is the electron density. Consider a static

lsothermal atmosphere of fully ionized hydrogen. Then,
under a conservative field of force, - with potential

function ) say « , the final term on the right hand side
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of equation (2«7) will vanish identically. Foy, if
M is the mass of the hydrogen ion, the equation of

motion can be written as
(curl HAH)/n = b4okT grad(log n) + 41T M grad ) (2-8).

The diffusion eguation, therefore, . reduces to
(2«5), and the rate of field propagation is unaffected
by the modified conductivity. In point of fact, the
Hall current term can be neglected anyway in any quasie-
sﬁéady chromospheric problem involving sunspot fields,
since the gas pressure cammot ausfain megnetic forces,
and s0 JAH = O, The assumption of a static
atmosphe#e is, therefore, not only artificiel, as
Giovanelli admitted, it is also wrong, since the process
of static diffusion would invelve magnetic forces that
the)chrumospheric gas could not sustain. The sunspot

field must be transported by material motions, and, in

general, electric fields sufficient to drive Giovanelli's

discharge will not be induced.

Cowling(llo) had two main criticisms of the
discharge theory, as proposed by Giovanelli,  The first
criticism is similar to that just given, in that it
questions the existence of the required electric fields.

Cowling's argument may be put as follows. The total
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enevgy of a flare is of exder 2 . i@3£ ergsy a typical

lﬁlg emg, and the duration

flare area ls perhaps & .
of a lavge flare may be 5 . 102 scconds, or 1Y hours.
From these values the rate of emission, I, may be
estimated as I ~ 10° ergs em™? gec™t. Now, in a
dischavrge theory, this rate of emission must be provided
by Joule dissipation of magunetic energy. If ¢ is the
thiclkneass of the flare region, then the total rate of
disalpation will be of order jaé /o per unit surface
ares .

In the solar atwosphere, the current demnsity J is
determined, not by any applied electrie field, but by
the magnetiec field configuration. To order of
magnitude, equation (2+2) gives j~ cfbrwf, and the tobal
rate of Joule hesating will be mgﬁafiéﬁ%ﬂfa This wmust
be equated to the aobserved rate of emission, to provide
an egquation for € , wviz

¢ —~ e Wt
lew®o I (2~9)

Substituting the values already given, = I4~«169 ergs
om™> aec”l, s ~ 1013 e.8.1., H 500 gauss =, it is
féund that € ~140 om, Cowling regarded this extreme
thinness of the flare region as unacceptable. The

importent point is, however, that 4if the flave is

interpreted as a discharge, this dischavge must be very
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thin in one direction, a feature noid recognised in
Glovanelll's theory.

Cowling's second critieism concerned the nature
of the dischapge iteell. In Giovanellits theory the
disecharge occurs due 4o the onset of runaway electrons,
whioh ds egquivalent fe a @udden increase in the
conductivity of the gaos, ‘xn this theory the electric
Pleld was treated as an applied field, and consequently
the sudden inorease in the conductiviiy resulted in a
rapid increase in the curvrent density, and thevefore in
the Joule dissipation, which wap treated as <7E2 per
undt volume, This point of viev is, hovever, guite
vrong in the context of solear problems. Hexe j is
detemmined by the magnetic field configuration :£raugh
ecauation (2-2) aﬁd will be virtually uwnaffected by
abrupt changes in the conductivity. The only lumediate
effect of a sudden change in the conductivity will be
2 veduction of the electriec field, which is gilven by
equation (2+«4). This field is vreduced, since it must
provide effegtively the same current for the larvger
conductivity. The Joule dissipation, which is always
given by jg/a'. will eclearly be reduced by any increase
in the conductivity.




The onset of runaway electrons would, then,
inhibit rather than enhance the energy dissipation.
The sudden onsed of o flare cannot, thervefore, be
seccomnted for by this type of dischavge. I runawvay
eleoctrons are importand in the dissipation process at
all, it dis in limiting the rate of conversion of
magnetic energy into heat within the flave wregion,
rathor than in providing o mechanism to account for the
flare's explosive onset.

A wather different type of discharge theory wvas

put Lorward by Bungay(llB).

Hoere it is recognised that
under solar condibvions the current demsity ds determined
by the magnetie configuvation. Cowling's first
criticiem is, therefore, satisfactorily met. Dungey's
dipcharge, which he defines simply as a veglion of very
high current dmmait§g is due to the sovere distortion
of the lines of magnetic fevece at the neutral point of
the £ield. A current region ia then former that is
very thin in one directlion. Dungey's investigation is

goncernad with counditions at the neutral point that

lead to the onset of such a discharge; the subsequent

behaviour of the dischavrge was mot considered. Although

several points in his analysis are open to criticlism,

Dungeyts work did glve the first real insight into the
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nature of discharges in the solar atmoesphere and the
releovance of neutral points.

The magnetic field near the mneutral point was
exanined by Dungey under the approximation that the
iines of force are freomen to the material. Undexr this
approximation equations(2-2) to (2«4) can be reduced to

a single eguation to give

H o (bogred)y - (cogred)H - irn) B (2-20)
LR
In the equation of motion the pregsure verm is neglected
so yield
X = - (g, cj/wwl)g + ol HAH (2=11)
el b p

And, Pinally, there is the continulity equation ,

~

- A_L = £ i v 4+ U %fra-c(f (R~12)
ot

Next a Lrame of reference is chosen In vhich the
neutral pedint is alsgo a sgtagnation polndk, Then Vo=
EE = 0 at this point and all terms in equations {(2«10)
and (2«311) will vanish there. The neutral point is taken
as origln of a Cartesian system with coeoddinates
g A o= L3, At the orvlgin the dgvivatlves av’i/’ax 4
asiel 'B}Eif D x j @ve respeciively denoted by v, . H, .
Then, using the dunmmy suffix notation, the equation of

contimuity (2«12) becomes at the neutral point.




0 ,

- 9p - v (2=13)
K<

at s

Similarly, if equations (2~10) and (2-11) are

differentiated portially with respect Lo each of the

e in burn and then appliied alt the neubtral peini, a set

of eguations is derived, one for each of the v and

1.3
Hy 4o that are similar in form to equation (2«13), Iu
thisg way a get of simultancouns nonelinear first-order
ordinary diffevential equations is obtained in the
viﬁg Hijg and jja This set of eguabtions can readlly
e solved, givon only the necespary starting values,
Having set wup these equations, Dungey considered
the following example. Suppose thait g.ia zapro at the
noutral point, then a set of orithogonal principal axes
can be chosen,; so that all the ﬁid vanish except the
diagonal elemonts. This set of axes is taken as cow
oprdinate axes. Suppose, furither, that dnitially there
ig no fluid velscity in the neighbourhvod of ﬁhe neutiral

point, then all the vié will be initially zero. Now &

small perbturbation is applied to a number of thoe velocity

and field derivatives, and the differential equations

refeorred 4o above are solved numerically. Tt wae

72

found that inditially the pewiturbations grew oxpomentially,

vntil the antlegymmebric terms in the matrix M, ., which

143

rofor to the current density, becamoe the same order an

.



73

“he (iniﬁiaﬁly nou=zeroe ) diagonal berms. Thareafter,
all terms grew aud became infialte after a finite time,
It was coucluded that the eurvent density at the
agusral point begomesn indinlte afber a time nalb maﬁy
times larger than (& Trf)%/ﬂil' a typleal Alfven time
of the system,

Prom this exampie, Dungey drew the conclusilon
that the magnedic flield at a neutral point is unsbable,
and that an initial perturbation, hovever small, will
grow bo produce a dlscharge within a finite fime. To
exomine this conclusion, 1t is inbtended to apply the
wvell«known theovem that the potentlal field is the
gonfiguration of minimun eRErgy. longider a magnetic
field configuvation, with a neuniral point, that ias
bounded by a surface %, on which the normal componend
of H is specified. Por this distribution of flux on
Y there is a undgue potential fleld within ¥ , which
may be deunoted by Hg, and which is supposed to possess

.4
a neubral poiut within %L . Let W, be the energy of
this field. Noxt let €5§_%@ any perturbation on this
field, which veitains the flux distribubion on ) ,
where forces are applled to held bthe magnetic field
iines in pesitilon, Let OVW be the energy inovement of

the perturbed fleld B + §H. Finally, imtroduce the

A




magnetoatatic potential for H , wrdting H = grad c#.
oo iy

Now, on applying the néceaaary vector identity,

an expression for oW is obtained, namely

8m oW = jgﬂzdv +2$¥Wﬂ¢5ﬂ)dv
sinee div 0H = O, In this eguaition the volume
integrals axe taken throughout the wvolume enclosed by
the surface 2 , fpom Ganves's dtheorem the esguation can
bhe wrlbben

Sw = —L-SSti‘dv +——‘—~f pSH. A (z2-1b).

8t L ] s
But since the fiux on 2 is conserved the second btorm in
equation (2~1l4) vanishes, and so OSW Y 0. Hence the
potential Tield Hﬁ is the field of minimum enorgy and,
w—o
thewrefore, muet be a configuvation of stable equilibriua.

Since Duagey's analysis would senm to dndicate

that this fleld Hg is unstable at the neoultzal point,
—

a dilemus is oncountered, the reseiuiion of which must

be along the foilowing lines,.

Within the approximations of the mothod, nemely
aspuning perifect conductivity and neglecting the gas
prossure, Dungey's soluwtion abt the newiral point of the
flald is, in o sense, coewvreah. These approximaetions
break down at the neudral point, heowvever, and tho

solubtlion may, therefoxe, be physically uwnroalistic,
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Under the appromimations used, the only way in which
one part of the fluild con lanfluence anothey is by
hydromagnetic effeets, which willl be propaogated with
the Alfven veleadby. This welocity of preopagation
gaaﬁ o mero ot the naubtval point, As B consequenee,
the domadn of dependence of any gsurfoce, howeveyr nearp
to but not containing the neudtral point, and on which
the solution is known for a finite time, does not include
the n@ﬁtral point itself, The neutral point is,
tharvefore, an isolated peint, and the solution obbained
there will neot he relovant to the selution in {the
surrounding ©as. On the other hand, when pressure and
magnetic diffuasion effects are included, the solution
at the neuwtral point will indeed be influenced by the
splution at neigbbouring polnts. However, additional
bhoundeary conditions avre then necessary to obtaln this
soplutiony and one cannot proceed by Dungey's very ueatd
methed, In short, Dungey's method relies on the fact
that the neutyal point is isolated, a fact that makes
the solution obtained by this method inappropwiate Lo
the physical pyroblem.

It must be concluded, therefore, that the nentral
peint is not wnstable in any real sense. It is
possible that o perturbation given to a potenbtlal Tield

may initiate a discharge of the type envisaged by Dungey.
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But the tobtal energy dissipeted in the discharge will be
exactly egual to the perturbation energy and no more.
The energy of the potentlal fleld léself is unassallable,

Pungey attempbed to show that the inclusion of
gas pressure would not fnhibilt the dovelepment of his
digcharge, arguing that the pressure graodlent would
reinforce the electvomagnetic forcen, In dnvestigating
this podint, he erxamined a two-dimensional field
configuvation and proved that the conditlon of static
eguilibrion reguires an infinite curront denaity at an
Xetypae nevtral ymﬁﬂt.

This second conclunlon of Dungevy's worlk can be
stated ae follows, An lsolated btwo @iménaianml
magnatic fMleld configuration contalning an Xe-typo neutral
point cannod be in hydroatatic equildibriuvm, Dungey's
proof of this theovem depends, however, on an
agpuapiion, albeit an explicit one, that the lines of
force touwch alt the neulzral point. TThe oage vhere the
lines of force oud at a fladde angle is excluded by
means wf'a gualitative srgument. This argument 1s,
however, misleading. In the prescnt thesis, it is
intonded to demongtrate the existence of a Pwoedimensional
isolated fleld which contains a neutral point and vhich
ie in eguilibriuvm undey hydrostatic preossure. In this

sontext, by an isolated field is wmeent o magnetie
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configuration whose outer boundary is a closed line of
force, An isolated equilibrium field may be constructed
as follows.

‘It is possible to gspecify o two-dimensional field
that is independent of the z-coordinate, and whose lines
of force are parallel to the x«-y plane, by a vector
potential & = (0, 0, A(x, y)). An equilibrium field
with two O«~type mneutral points and an X-~type neutral
point on a line of symmetry may be constructed as follows.
Let the O-type neutral points be the poiunts 91 and 02 at
X = . a, ¥y = 0, and take the Xetype neutral point as the
origin 0. The type of field under discussion is
illustrated in Mgure (2«1},

The equation of hydrostatic equilibriuvm will
simply be

cunl H A H - b grad o (2=15).

Taking the curl of equation (2-15), and substituting
the vector potential A for the magnetic flield, yvields

the equation

Awin, A) - O (2-16),
0 %, y)

which indicates that the condition of equilibrium is

that the current density V’A should be a function of A,




As o slmple oxample, comnsider the solution

A = - \NA

(2-17).
By spepayation of the variables, the general solution of
equation (2«17) can be expressed, in polar ceovdinates
with oxvdgin 0, as

A = i Asa Jzn()\r) 00 2n 0 (2«28),

n=0

where J, . denotes the Bessel function of the first lkind
of order 2n, in equation (2-18) account has been taken
of the fact that A ds findte at the origin, and
allowance has been made for the symmetry and single-
value reguirvements of the type of field, Allustrated in
Fig (2-1).

Xy

BOUNDARY A= A

i 2wl Bguilibrium field with an X-«type neutral
point, bounded by the equipotential mmAl.
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It is more comvenient, howevar, to worl in

bipolar coordinates, takiang 01, 0? as the referonceo

o are the

distances of o point fyvom 01, Og reapectively, then a

points of the coordinate system, If Tyr ©

particular seplution of equation {2-17) is

A

3]

A, ( T.(\a) +  T.(ha) ) (2-19).

Here Ag is a conptant,. In this solution the origin is
avtomatically o neubtral point, It will be an Xetype

neutral point, and 015 @p will be Ow=type noutral points,

=

A

-
A - o (2=20),

whexe r_ is the first positive zerc of Jl(r). The field
given by equation (2-19) is then of the figure of eight
foxrm near fhe origin that is shown in Pig (2«1).

The complete field given by equation (2-19) hasa,
of eourse, a much more complicated strnucture ithan that
indicated in the diagram. It possesses other neutral
points, in addition to the thyree 91. Og, and O under
discussion, It is possible, however, to construct a
field of the simple type envisaged in the &i&gr&m, by the
simple expedient of enclosing the field by a boundary

that is o line of fowse, A = A,, as shown in Fig (2-1).

l?
Numerical computations can readily verify the existence

of suck & line of force.
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The oxaplo jued considered, although »athey
aprsificial, down prove tho existonoee of Lsolaiold twow
dimensionnl flolds viiieh possess o neateal point ang
axo dn egudlibadom andor gas prossure. The oxisdonco
of puoh egvliiberivs flelde way be dapostant in
iuvestigations of the dovelopusnt of cortaln typos of
instability in the flield, on which some flore thoorias
donond. Thewe 4o, howevoy, no yeason why flelds of
thio dsolatad type shounld speodflcully be conslderad in
auch problons. A Tlold which has o fiusy distribuiion
speclfied oa dte ontor bowdery seems more appropridato
for the solar chromosphores. for the roots of suoh
fields ave axpacted to 2io beoelow thoe photosphere, in
vogions of high gos density, wshere thoe linos of ferce
will be Fixaly held in posdtion, The movenonts of the
field llues ot low levels, due to photospheric motions,
thon exort perturbations oun the chromespheric field.
Bguilibkiun configurations contoining o neuntrol point,
for fields of this type for which thoe magnetiec flux is
gspegified on the boundory, obviously exist, Pho
petontinl cenfigurotion alroady considered on .73 de

oun vory siople exenplo.
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(141) Subsequent Developments

(116)

Sweet has considered Dungey's type of
discharge from a more satisfactory standpeint, He
considered a two dimensional example in which the field
lines were directed in the x-y plane and were independent
of the z-coordinate. The field examined lay above o
iine in the x-y plane on which the magnetic flux was
speciiied. The twin bipolar system considered is

shove in Figuve (2-2). A flex distribution has been
gpecified on the line PQ, and it is assumed that the
field above PQ is initially of potential form.

The two current systems A and B vresponsible far'
the magnetic field are now moved together. If infinite
- conductivity is assigned to the fluid, then the lines of
force will move with the fluid during this displacement,
angd a new field configuration will be taken up. This
new configuration will be reoferred to as the colliding
field. In general, this fleld cannot be of potential

form, and electric currents will be induced above PQ

by the displaccment,
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Fig. 1. Potential field of two bipolar systems.

g (2-2) The potential field of two bipolax
syatems, ((16)

Prom an investigation of the field above PQ that
is dnduced by a displacement of the current systems
through a distance of the same order as their initial
separation, $wéet derived the following important result.
He showed by a detailed and rigorous argument that, if
hydrostatic equilibrium is to be possible in the
@allidimg field configuration, then there is a point M
above PQ at which the gags pressure is at least of order

ot
ﬁa“/&TT, where H, is o typiecal value of the magaetic




83

intensity in the inltial potentiel field.

This result was next applied te the solaw
atmosphere. Since the magnetic prossure above a spot
group will greatly exceed the ambient gos pressuvre of
the chromogphore oxr corona, Sweet argued that the large
gas pressures reguilred for eguilibriunm cannct be
maintalned by the chromospheric gas. He concluded,
therefore, that lu general a nonwsingular cguilibrium
configuration will not exist.

While thils couslusion wvould seem & vossonasble
consequence of Sweet's wesult, it maguiwes.furﬁher
Justification. For, although the gas pressure in theo
indtial potential field will be several orders of
magnitude below the magunetic pressure, the displacoment
might concedvably induce a gas pressure sufficient to
sustain equliibrium. Certainly a sufficiently high
gas pressure, of ordew ﬁoa/&77¢ may be produced by
compression in the ilmmediate neighbourhocod of the neutral
point, The condition of equilibrium in a twoe
digensional field requires, however, that the pressure
be constant along o liwne of force. ‘The wegion of high
é&é preossure muaat, therefore, extend far from the neutral
point, and, although the lines of force have their roots

in the photosphere, it is difficult to see how the
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necegsary pressure confliguration could exist at
chrongaphexvic levels.

A more rigoreous treatment of this same guestion
hags beenr brlefly reporited by Sweat(log)u His mothod
may be ouvtlined as follows,

A svestem ig congldered within a region D, bhounded
by a closed surface 8, under the assumpbtion that the
elecirical conductivity 1s infiniie. Thon the eqguation
of hydrostatic equilibpivm is simply oquation {(2-15).
Now suppose that ayrbitwery small displecements g eve
made o tho fluid within D, Let the resuliting
perturbatlons on the prepsure, demsity, and magneiie
intensity he &p, §f y and J H wrespectively. Then it
can be shown thalt these perturbations aire mrelated to

the displacementy veclor g by thoe followlng fivet ordexr

coguations
o = - dwpyg (2-21),
SH = ol (g n H) (2-22),
Sp = c? 5p 2«23).

Hove eguations (2=21) and (2-22) ave vespectively the
conditions of continuity and periect electrical

conductivi by, Bguation (2-23) depends on the assumption
that the gas behaves dsothermally; T is the local velocity

of sound.
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Marthor, from equation (2-15), the equilibrium

condition to first order can be written as
b 1 ?/r'ml. SF = cu~l Ha SH + 3_@"‘;‘ (2-24),

Substitubion may now be made For dp, 5H, and Sp from
oquations (2=21) 4o (2«23}); equation (2-24) will then
vield a single paxtial differential eguation for the

digplacement G namaly

WL]_:] A ol (“‘Ll\ t’) + ml[w((il\ !i)]l\ ‘j (2«8_‘5).

+ leFzg/vm,c( div- pq = O
A solution for this second owder eguation is then sought
within the region D, As a bouwndary condition the
displacemnent v@aéww %Iiﬁ speclfied on the hounding surface
8.

Sweet exemined equation (2-23) for a ecylindrical
configuration, in which the field was independent of the
zwgoordinate, | it was found that a2 nonesingalar
solubion of oquation (2-25) uwnder am arblivary bouandary
displacoment does nol, du general, exist. Farther, it
wap shown that a sufficient condition for this none
axistence is that (Hza + 8mp)* should nowhere exceed a
cordtaln positive upper bound, which depends on the size
of the region D under consideration, Heove dashos have
been used bo denots differventiation with respect to a

vactor potential 4 of the foxm considered earlier in this
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Thus moguetic energy coan be extrasted from the system
in a fimewscale Tow shovter than the time of normal
resistive diffusion, The main body of the present
thesis is concerned with an investigation of the
intevpenetration and recomestion of the magnetie

field lines in such weglons of high curyont deonsity,
Separate investigations of this mechanlsm along similar
lines have proviously been made by ?awher(ll7'59), and

these will be discoussed in the cowvrse of the work,
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CHAPTER 3
SINGULAR MAGNETOHYDROSTATIC CONFIGURATIONS

The genoral problem of the behaviour of a plasma
under conditions of movement of flux systems cannot
redﬁily be studied in an exact manner. A twom
dimensional system of a vdry simple nature will,
therefore, be examined, since 1t lends itself to
gquantitative analysis. The magnetohydrostatics of the
system is {reated in detail in the presemt chapter, and
#hia troatment will provide zero-order solutions that
\ are required to seolve the more general dynamical problem

discussed in chapters 4 « 6.

(1) 2 simple Two-i

imensiana;,Moﬁgl

Consider the field due to a system of two
identical line currents, each of strength Iﬂ, acting

along the positive directions of the lines x = = g

vy o= 0, Represent the magnetic fleld of this system by

the vector H = (H,, Hys 0), and by the vector

potential A = (0, 0, A), Then clearly Hy Hy, and A
are all functions of x snd y only, and it is possible
to represent the field by a complex potential £(z),

(z = x + iy), where

F(z) = - (2L/c) Gy (2* - al) (3-1).
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Note that A is the wreal pawrt of £(z), and so
A . - (.210/6) Qj/f'zl-— as | (3=-2).
Then {the magnetic intensity is given by
f'z) = = Hy — iHa (3-3),

which yields the result that

D PR (3-4).

() (21 — (/\ol)

The field of this system ig illusirated in Figuve (3w1)
in which the line cuvrvenits ave dirvocted into the page,
{(i.e. I, < 0). The lines of force illusiratod ave the
eguipotentials A = constant, and form the well-known
sat of Cassinian ovals.

A finite boundary is now assigned to the agystem,
and & finite thickness assigned to the wires, thus
replacing the line currents by current cylinders of equal
current strength. The exterior boundary is taken to be
the equipotential (as calculated from equation (3«~2)),
going through the point x = 0, ¥ = Rg. The boundaries
of the wires will be taken, for convenience, to be the
equipotentials through the points x = 3(@9 - b@),y = 03
this gtep will invelve no significant loss of generality.
The system within these boundarieé is, then, still

represented by equations (3=~1) to (3+«4).
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Fig. (3-1) The potential field of two line
curxents

Suppose now that F_ is tho magnetic fiux (per
unit zelength) crossing the xe-axis between the neutral
point and one of the current cylinders. Parther, let
ﬁé be the valuo of the flux that crosses the y-axis
betwoen the neutral point and the outer boundary at the
point {0, R, ). Then firom equation {3~2) two relations

are obtained, namely
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28 20 4] 5.

2L, (R a2
F =0 Loy h ;o,,."' ] (3-6).

In this pystem cach wire is subjected by the
magnedlec field to an inwerd force. It is supposed,
thorefore, thot initially the two wires are hold apart
by an external force. This latter foree is then
reloxed elichtly, allowing the currents to move together
at a rato sufficileontly glow to enable the inertia of the
syetem to he neglected. Lot 1t be assuned, therefore,
that 2t a subsequent time, the distance between the two
currents has become 2a, that their astrengths have become
I, and that the values of the two ifluxes Fm, Fol,
defined in the previous paragraph, have become F and IMY
ragspectiveoly. In addition, it i assumed that the
digtance of the outer boundary is hkept constant, and that
the thickness of the curroent cylinders remains b As
the displocement fakoes place the shapes of the boundaries
aro alitered slightly so that they remain equlpotontials.
This in a convenlent approximation to a system with »igid
boundaries, end again will cause no esgentlal loss of

generality,
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If the mediun within these boundaries is none
conducting, the field reoadjusts itself during the
displacement, retaining potential form, It follows
that the magnetic field may be written as

CHe o+ M . S (3=7).

Ve A A

il

Prom this oguation the flukes PP and F' can be caloulated,

Then the condition of total flux conservetion,

F o+ F = R+ R (3-8),
will yield I as & function of a, for given values of
2y ba’ and Ro’

I8, however, the mediuwn is perfectly conducting
the magnetic field moves with the material, EBguation
(3=8) is then supplemented by the additional flux
condition,

= = Fo (3-9).
Now for a potdntial field, the ratio of P to Fa is a
prescribed funciion (Ffollowing from equation (3-7)) of
the displacement (ao - a). Thus the condition (3=9)
indicatos that the ﬁi@%@_ggsu&tiug from o displacement
of the kind described, iﬁwé perfectly conducting mediwm,
can under no circvmstances beo potential, and slectric
currents will be induced by the displacement. The

form of these currvents, however, is net predeterminced




by the separation a, but deponds on the moetion of the

medivm during the displacementy.

£2
oo

(ii) Deotermination of the Shect Curront Induced by

Displacementg of a Perfectly Conducting Medium.

(109)’

The work of Sweet to which reference was
made in the last chapter, shows thatla general
displacoment of the system doscribed in section (i)
will imvolve the production of a sheoct curreunt, Here
it is intended to consider only the special limiting
cage of zero gas pressure, Since 1t has already been
shown that the displaced field cannot be potential, it
ig at once clear that, in this limit, a sheet current
will be induced by apy displacement of the two current
cylinders. |

For equilibriuwan it will be neccssary that the
lLorents force have no component along the current sheet.
This requirement wiil be satisfactordily met if the
magnetic field is paralliel vo the sheei curvent; +thah
is, no magnetic flux crosses the sheet, Now the
conditions of symmetry require - in the liuit of zero
gas density -« that the sheet current iie symmetrically
along one of the coordinate axes, If it departed from

these axes 1t would be subjected to an unbalanced

magnetic force. In fact, for the displacement described

93



in section (i), a shect current will be induced along

the yeaxis. - Suppose that it is of length 2L,

;_.AAJ

Fig (3-2). The field of two line currents and a
sheet current of Jength 2L

The problem is to find thoe magnetic field duc to
ﬁwa line currents at the points x = 3 a, v = 0 and a
sheet current of lengith 2L, across wvhich no flux passes.
This magnetic configuration is illustrated in Figure
{3=2). By working in elliptical coordinates, it is
possible to show that the general solution for this

problem can be written as

9k



: ' T, (224 11" 1, : o
x 4 = ——— {(3-265}.
¢ M +f} . + (2, o)

To zomove the infialbles In the wmegnetic intoeuaslty at
the points @ = = 3%, 16 48 nocessary o teke Eg ex (b
An the stronzth of the tus ourrent oviindors is known
to e I, it iz also posodble to debopaine ﬁiﬁ o
magnetloe Slald eosudsins Svenm the ddaplacoment L thon

Pound to bo

How My = bla (2 + L)% (3w1d).

clr+ds 22~ al

w4,

b Ads tmpowbant bto note thald in both oguadion
P Y L8y _ .
f3-30) angd {(9=12) (&% « L)Y i teo be sntorpreted oo
§ . :T?a ?‘?p i v . &y v &

wid & 0 e e foeldlovdun the genowraliy ccceptod

i A 2
aouventiong Xer she intappretation of nonsintegmnl powvers
CRVEPRR B S ¢ . o X S . & - - 5 . gk (118)
dn the  dhwory of foanotlons off $he qomplen venionblo ..
This dntevpretation o naeoosvary Ho ononroe thot $ho ounb
i dthe conplexr plooe guineddes with the ghood oneront.

Uadng ogpotlon (9-3), indograbion of equation

o

(3e1i) wild yiokd the vouploz potonitial, viw

f(z) 1 L‘,}-(’-i"ﬂi)‘("z - alL® + 21)’4

(L'l +.6&1)‘,‘Z + CQ.(L-L > .Z'\.)‘/ﬂ_

bla oz {2-12).
C(L7‘+c\.1)’i L

]
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Peom equabtions (3=11) end (9-12) and twe Fluxes P and P!

are obtained ss followste

(2 ettt

+(ﬁ_¢,@.")"t oy (L2 elabd)s —(re)t (eobo) ] (3-13),

ar a (Lt +a-to)' Ve 4 (L)% (o= be)

=r 21 ( a* )%[“2 Lo Ro (rzohv)"«)

c oty Lt L

IS} (Lz+al)t{’~ Re — a (RS —1¥)4 )-} (3-14).
+( ar ) L‘T} ( (CPea)5Ro 4+ o (RS =1)%/

These weswlts will now be applied to a system which has
ne outer boundeisry.
Lot Ra tend to infinity; Lor lavge Ro, equations

(3=6) and {3-14) respecitively vield

6L

C

Fol N~

¢ ey Ro (3-25),

2 {
and - ~ AL ( a )ZL ij, Ro (3-16).

L* + a?

P oang © o BFe, howevery, Tinite and indopeundent of R 0®
8o, as B > % , cquation {3-8); the coundition of
couscervation of tobval flux, chows that

1 . (—“lii—l—-)’z I, (3-17).

al




It will be convenient to reduce =, bo, and I, to

dimensionless form; so put

X . =~ , Y. &k B = == (3-18).
e QAo A,

Then, with these substituilons, and using equations
(3=5), (3=13), and (3=1i7), the second flux condition

(3=9) can be written ag

N -B) +(Y? + (X-B))%
g (28-87) = 2 log (X=8Lr OY" x OBV

Y

7y L 2 AL 2 2\ % -
f(1 e XY L,,}(X(v F(0-BY) P (Xt YY) (X B))(3~19).

X?—

X (Y ( X-B))5+ (X*+Y*)% (X-8)

fig (3=3), Length of the current sheet induced by the

displacenent of the current cylinders
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Bauabion {3n19) gives a volationshlp bevween the
dimenglionless values of a, ha, and L. In particular,
it enables the value of I to be determined fopr glven

values of a b, and a, thus determining the loength of

o' e
the idndused curyvent sheet as a functlon of the dise
placement of the bwe ouvrpont cviinders, Boguation
(3=19) may bhe solved nmmmerically by a silmple application
of Newton's melthod of suvegesglve approximation. Three
solubions are shown in Piguve (3-3) as o greph of ¥
agaidngt X for three valuss of B, namely B = 0.05,
Q.3 and 0,7,
Aw already mentioned, each current oylinder is

in general subjdect to an inwvard magnebtic force. The
magnitude of this fovee, ¢ say, can be ovaluated by
conaldering the magnelbie stwesses of one half plane upon
the othew, Since the integrated magneblc stress wround
the owbter boundary goss to zere as this outer beundary
goes 4o infinity = from {(J=211), H A«%I&/m(aa + &g}%z, Fox
lavrge = - , 3t ds clear that the stiractive force G iu
BRMpLy

G = ! AN i f o

. (j M dy - j H3 @) (3-20).
Loy L o

Substitution for ¥ from equation (3-~11), and integration
of (3=-20) then yicids




c - I* (- 1) (3-21).

ac?(a? + 1Y)

Tt follows that equilibrium will be attalned when ithe
displaceoment bas beon allowod to proceed until I = a,
The roguizred externally appiied forces on the curvent
eyiinders can then be enbtirely velaxed,

Suppuse that equilibrium is attelned when
@ By IT the mediun is balkken as stricily perfectly
conducting, thoe system will womain indefinitely in

this eguiliibrium configuration with L = a = a XL,

1
on $he other hand, very large but finite conduchiviby
is assigoed bo the medium, there wmust be a gradual
loakage of flux through the sheet current due to
maghetic didffusion, The fluwx ' will ingvoase at the
puxpeuses of the flux P bobween the current cyviinders

and the origia. The two ourvent eyiinders will
gontinue to move together, and a aund L, wiil wvary,. The
system will, howevor, robain its eguiliberium
configuration, The flux coudition of equatlon (3=9)
must, therofere, now e weplaced by the condltion of

egquilibriwn, namely

L = @ (3-22).
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The other flux condition, equation (3-8), however, holds
as before, and, therefore, equation (3-17) which is
based on this is still applicable. Due to (3-22), this

equation can now be written in a simpler form, viz
1 = J‘E‘ Io (2“23)’

Making use of these two new conditions, the
o]
expression for the flux ¥ can, from equation (3-13), be

written in a new form,

Fos 2l Tty [ (o))

N (l-n.(iw(ro/a.)z)l/i‘-u\rz(l - (ra/a.) ]
R CvwTiu s e ue/a))

(3-24).

Taken together esquations(3-3) and (3-24) then yield

L2t e O )

L ' t e B
Lo (v (1= bofa)) 5~ J3 (1- bo/a) 2bea, ~ b ]
}(U + ([=boJa)* V5432 (I - l:o/u)) L‘T?/ A o*

S|

N

(3=-25)

This last expression can dbe simplified in the
cage when the current cylinders are very thin, that is
when bo/a << 1. Then meglecting terms of order (ba/a),

equation (3-25) con be veduced to give the separation of
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the currents, a2, as an explicit function of the fluxes
and of the initial parameters of the system, a, and bo'

This expression is found to be

it

A ~ Ao
ﬁm QE”% Q7,~2m +VZ %}(l-+di) (3-26).
The above hydrostatic analysis will provide the
zero=-order solution of the dynamical system to be
considered in the next chapter. When the effects of
finlte candueti%ity are allowed, the current sheet must
be replaced by a thin finite region of high current
density. The field outside this region is described
to zero order by equation (3-11). TLqguation (3-26) is
also of importance, in that it can be used to relate
the rate of magnetic diffusion in the current sheet to

the rate of displacement of the two current cylinders.
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Fig (4=1) The fiold in the region of high
current density

It will be convenient to work in terms of three

characteristic velocities, defined as follows

- Hﬂ . ln ’

Uh ) (A'“'fO)VZ (‘ 1)

Ué - <GQHT‘ )Ih (u-z),
I\d.

M being the mean moliecular weight of the gas in units

ol the mass of the hydrogen atom,
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and v, o= <t : (4=3).
Lo L

Then vy is the Alfven velocity, and Ve essentially the

sound velocity, in the ambient gas. Further, v, is the

D
velocity of magnetic diffusion over a scale-length L.

Two modes of interpenciration aro distinguished, the
’aamprﬁaaibla and the incomprossible ceses being treated
separately.

The first of the ovdor of magnitude soluiions Ffor
guasiegtationary conditions that follow ip essontially

(117)' Parkexr has also

that oyiginally given by Parker
developed 8 semdleguantidtative treavmont of this mmde(sg).
In addition, he has included the e¢ffects of ambipolar
diffusion, vhich will not be congidered at this stage.
Later it is intended to follow a slightly different line
of argument, based on a mére direcﬁ\?ormulation of the
differontial equations. In this way it may be possible
to examine the significance of an undetermined parameter
(<) that appears in Parker's work.

Consider now ﬁhq’ayatem ililustrated in Pigure
(4=1). In the incompgeasible case, the density is .FQ

throughout the current region, and the equation of

continuity simply yields
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A —~ ve L (fe=tt)
The outflow velocity Vyr OF moro corvrectly an upper
1imit for 1%, is oblained by equating the kinetic enorgy
of the gas squeezed out along the layer with the magnetic
energy convected inte the layer, This gives
| 3 ™
> vl —~ E;f ve L (4=5).
Prom equatlions (4-4) and (4-5) it at once follows that
Vy ~ Vas the Alfven velocity,

Pinally, since Vo will simply be the veloclty of

magnetlc diffusien across the current thickuness £

",
h‘».
,

 J
it Pollows that

C?.

Vo ~ h=G).
o £ (4=6)

Bquaitions (4e4) and (4«6) are now sufficiont to detexmine
a solution for vo and 4 . ‘ In terms of the characteristic

velocities this solution is

/2
f o~ (U—u) L. (‘tiﬁ-?).
Vs
v, ~ A Ub)VZ (4-8).

Bquations (4~7) and (4«8) form the basis oi the
order of magnitude solution for this incompressible mode,

rom these two equations it ia a simple matter to
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determine the magnitudes of the remalaing physical
veriables.  Since v, » vy 4n most astrophysicel
problems, and pariicularly in the chromospheric
conditions velevant to seolar flaves, it is clear from
equation (u;a) that this mechanism, even in this siov
mddé}‘alldws a much faster rate of magnetic field
annihilation than is possible with normal mognetic
diffusion. ‘The rate is enhanced by a factor of order
(v, /vp) %, |

The incompressible mode, Jjust considered, would
apply in the case where the gas pressure is greater than
the magnetic pressure, or at least comparable with it.
Such conddtions certainly exist on the sun, - in or
below the photospherec, Of more dnterest to the solar
flare problilem, however, are Hypical chromospheric or
coronal conditions in whiech, at least above an active

region, tho magaetic pressuve groatly oxeaosds the gas

PLESONIre . Thisg implies thatl
2 2
H, > fo Vs | (t=9),
8

and the ingompressible analysis will no longér be a good
physical approximation. .

Consider again the configuration represented in
Figure (4=-1). ‘The effects of compressibility will now

be important, Only the simple case of isothermal
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compression will be treated herxe. It may be imagined
that radlative losses keep the gas at some constant value
of the temperature, -~ a falr assumption in view of the
extreme thinness of the current sheet that is derived,
The high magnetic pressure on the sides of the current
reogion compresses the gas in the interior to a wvery high
density. Tﬁe condition of pressure balance across the

carrent region gives the result that
2

2%

P Vg ,~.H02/81T, or egquivalently
7o ~ Th o f ‘ (4-10),

wvhere [, dis a typical value of the gas denslty inside
the current region. A further relation is obtained

from the equation of continulty, namely
plo o~ pe b (4-11).
I 4t is assumed that the field in the current
region is of the form shown in Figure (4-~1); to be more
specific, if it is assumed that typically

e o~ LW, (h-12),

where A is the thickness of the current sheet, then the
y~components of the gas pressure gradient and of the
magnetic forces are of the same order, and work togethexr

in expelling the gas from the current region, On the
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haais of this assumuption it is readily seen that
o o Vs {4=13),

a0 that the ejection velooity is, from (4-10),
éasential@y the Alfven veloceity in the compressed gas.
Now a@ﬁaﬁiena (4=10), (4-21), and (4-13), together with
oquation (4=6), which still applies, are sufficient to
derive the order of magnitude solution. This is

found to be

l/?.
L~ (%st) L (ka1k),
A
Vo —~ (%2 ) 2 Up (zi-alfj) .
)

The main effect of compresaion ig to veduce the
thickness of the current region by a factor (vﬁ/vA)%.
The diffusion of the magnetic flield then takes place
across this reduced distance at a propoviionately
faster rate,

This order of magnitude solutlion, originally due
0 Sweet, was first given in a paper by Hoyle and

(1l9), who eppiied it to a coronal problem

Wiehwamasingh@
vneconnectod with selar Tlarves, Later 1t waﬁ independently
dovaeloped in a aemi»qu&n%iﬁaﬁive manaer by Parker(sg) and
appiied to the flare problem, Paykerts treatment, liks

his treatment of the incowprossible mode, containg an
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undeternined parameter. Lt ds dntended to show, however,
that in ﬁhia case of compressible flow, this parameter is
indeterminate, end that this fact is ludicative of tho
exdsbeace of o fTastexr mode of interpenetration. The
basis of ParlerVs node 19 eysentially the assuwaption
contained in oquation (ke12}; this assuwmption requires
Justification by e conalsioncy aprgument such as is
attenpted later in the present chapter. The assumpcion
made in (#-12) sboui the size of i, determines the order
oi magnliude of the maghetlic foree cjeeling material
Lrom the current region, The fluid motion will,
however, itsell affect the magnetic {leld. it is not
vaiid, thevefove, to impuse a boundaxry coundiition on

ﬁﬁ based oun the analysis of chaptor 3. To do so wouldd
tngorporate the aspumption of equation (4=12) and make
tho problem definitive. Xt is necessary, rathewr, to
examine the corrceciness of such an aggunpétion by moans:”

of a gstrictly gquantitative investigation of the motion

in the interior of the current regiou,

(i1) Hydromasnetic Bquations

e

A guantibative treatmont ls now altitempied oif the
twe modes of interpenedration, discussed in order of
magnitude dn the lasli section, Piret of all the

hydromagnetle equations are stated.




110

These comprise Divst the electromagnetic equatlons,

iz
curnl H - AW (4~16),
i _“_’ pu O (lemi7),
- = A
et B - {(h-18),
and = ) - E + 4 (g A HJ (4h=19).
o C

In equation (4-16) normal practice has been Foliowed in
omdltbing thoe displacement curvent. In the conductivity
equoation (4«19) oniv olmic effects have been included;
the Hall currvent term has been neglectod. Farther, as
already mentionoed, the effecés of ambipolar diffusion
are notv dncluded in this treatment.

. These elwcitromagnetlc eguations will he
suppleomented by the hydrodynamle eguations, namely

tLWJ?_Uf = - ‘ag

ba20},
5 {4-20}

0

U

f)_-_-L-_ + Pl grad)y = ~gradp + ER (hm21),

FAS

C

Notlce that the effects of viscosity and gravity have
both been omitited from the eguation of motion, equation

{4-21).
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Owring to the dbwoe-dimengional form of the problem
o be considewred, 4t is poesaible do make a congiderable
plmplification of {these equations, So let us iatroduce

a vector potential A, vhere

A = ( o, O, H(m‘\})) (422},
in the saue way as in Chapter 2, section (ii). Thon

‘-—‘ - _E_Q_J — M._, ; O (!%‘23).

- D?’ 2 x

Again, the twoedlimenglonal form will allow onoe

o write

_'j_ = (0) O) jz)
(h-2h).
L = (O) O’ EZ)

Bguation {4~16) can, therefore, be scalarized to give

} . (e/um) TEA (-25).

Farther, eguation (4«17) con be integrated to
yiald

- ( 9A (

.- - _ = + AL ./

E-. e YA (1-26),
aud the twoedlmensional form wreduires that grad Y be a
congtant, independent of position., So put grad (Y = E_j

o




then the value of Eo will be determined by the choice
of the zero for 94/ Dt. The logilcal step would be to
take A constant on the Boundaries of the flux systems,
i.e. in the model of chapter 3, on the boundaries of

the current cylinders. In this case, Ea = O, It is
more convenient, however, to define A so that throughout
the motion A = 0 at the neutral point, Then with this

definition, B, = E_(0, 0).

o
Using equations (4-25) and (4-26), the four

electro-magnetic cguations can be reduced to tho formi

=
!

S
I

J vl c’ <7*A = ck, (4-27).

9 Lo
The above equation (4-27), together with (4~20) and
(4=21), are the equations that must be considered in the
quantitative treatment of the interpenetration modes,
Before proceeding to the quantitativé discussion,
it might be profitable to pause a moment, in order to
state the exact noture of the problem that is to be
exanined in the remainder of the chapter. The problem
concerns the derivation of a solution, or at least the
essential features of a aolﬁtion, for the dynamics of
the reglon of high current density that results from a
breakdown of hydrostatic equilibrium due to the

relative motions of two flux systems embedded in a gas
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¢i high conductivity. For simplicity, the flux systems
have beon taken to be of the ideslized two-dimensionel
form of two infinite pavallel current cvlinders.

Divide the domain of hydradynamieél flow into
twe reglons as fbllmws; Region I is defined as the
reglon of high eurrent density; the suwrrounding region
of the gas is termed region II. As the conductivity
tonds to infinity, region I shrinks into a sheet current,
and conditions in reglon II approach the mognetow
'hydrastaﬁic conditlions, The solutions derived in
chapter 3 from purely hydrostatic considerations are
then applicable in this region. In particular, in
region II the zero-order magnetic field is given by
equation (3-11). Dynamically the zero-order solution
for region IX ies simply v = O, A zero~order solution
does not exist in region I, asince region I ltself does
not exist to zero-order, |

A first order solution in region I is then sought,
by attempting a solution of the dynamical equations in this
region, The boundary conditions for these equations are
provided by the zero~order solution in reglon II. It is
here, then, that the analysis of chapter 3 1a important.
As with the earlier order of magnitude considerations, so
in the quantitative discussions that follow, it will be

necessary to treat separately the incompressible and the

compressible cases,
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(1i1i) Incompressible Mode.

Hydrostatlc solutions were obtained in chapter 3
for the limiting case of zero gas pressure. In this
case a single sheet current was obtained. The surrounding
field was of potential form. Such analysis 1is directly
applicable to the case where YA>> Ve sinee-the low gas
pressure will be unable to sustain a non-force-free field.
This corresponds to the compressible case to be
considered in the next section. In the case undew
consideration in the present section, the gas pressure
must be at least of the same order as the magnetic
pressure, if not larger, and the mégnetic field noed no
longer be of potential form, BElectric currents may be
induced provided only that the resulting magnetic forces
are balanced by a gradient in the gas pressure.

When the gas pressure has been included, therefore,
the condition of hydrostatic equilibrium is given by

equation (2-15), or equivalently
J
c
On introducing the vector potential A from (4-23) and

(4-25), equation (4#-28) can be written as

vz
Fedr = T gred A (k-29).
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Prom {(4-20) 1% is cleaw that the condition for
magnatohydiroatatic oquilibriuwa do simply that the
current denaity and the prossure bo funotlons of A, and
po are constant along o magnetic line of foreco, It

follows from {(4=29) that

de - VA )
:ﬁ% B Lt T (4-30).

| The presence of gas pressure allows the

poéaibility of a different type of sheet current from
that derived by ignoring pressure effects. In the
earlier case a symmetrical displacement of the lino
currents produced a sheel ocurvent along a finite segment
of one of the coordinate axes. No other type of sheet
curreint was admisgible, When the influence of gas
pressure is taken into account, howveyer, the possibility
that the sheet current has the form shown in Pigure (4-2)
must be censideved.ﬂ

in this case the magnetic field changes noie
symmetrically across the sheei, the resulting change in
magnetic pressure being balanced by a change in the gas
pPressure, Such a ourrent sheet cleariy cannot exist in
the absence of gas pressure, and was not counsidered in
chapter 3. As the gas pressure tends to mero, the

strength of the curved part of the current sheet in
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Figure {(%4-2) must also tend to mero, while the strength
of that part lying along the coordinate axis will
remain finite. Thus in the case of very low gas

pressure one ls again led to the type of sheet current

considered in chapter 3.

[ _/ - ‘\_"/ -

Fig (4=2) The field of two line currents and a
sheet current following a closed line
of forxce.

ir Hl and Hz are the respective magnetic field
strengths at a point on either side of this current sheet,
then since it has already been seen that hydrostatic

equilibriam ﬁequires that the gas pressure is constant on



a line of fowvece, iv is cleawy thatb

ot

HE - Hy = 8m (pa-pi)

i

constant (4-31),

viheve Pys Py axre the values of the gap pressure on
glther side of +the sheet.

When gas pressure ds impoeriant, it is not clear
whhich {type of sheet current will be formed; it may well
depend on the nature of the displacement of tho flux
systbens., The rate of wmagnetic woconnection in the type
of $ﬁe@ﬁ cuprent shown in Pigure (M-2) will in gencxal,
be slower than tho rate for the type illustrated in
Meure {3=2), since the dynemical conditions that lead
o enhanced intoerpenetration are not present in the
curved part of the current sheed. The interpenotration
across this part of tho shoet reduces Yo virbually static
diffasion, The thichness of this vegion adjusts itself
ao that the interpenceiration through it keeps pace with
that taking place in the straight part of the current
sheetl. Notice <vhat theo interpenetration in the straight
part of the current sheet will be slowed down since the
ejection of maverial will in part be opposed by the
higher pressuve p, (Figure (4-2)), which is alweys in
excess of the prossurs p, on the current region's sides.
This may in part be compensated by the fact that the

patenial, that would havoe beon pjected from thoe curvend
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sheet along the veaxip, can now flow out of the curront
sheet over an area distributed over the whole of the
curved poriilon,

The exdisbence of cuvrent sheets of this type hes
besn eoxamined by ﬁweet(&ﬂg). Hio disaussion-moncernad
a compressible gas, though no assumpbion was made thai
tha gas prassure was small. No {reatiment has vel been
given fov a strictly incompressible fiuid, The
prasent incompressible breadment is, however, only
intended o vepresenth the case vhere tho magnetic
prossure does not‘@xemed the gas pressure by o large
factor. dincomprosasibility da esseuﬁimliy only an

approximation to be applled within wogion IL; it is not

to be regardad in any songe as 2 genexal feature of the:

Fluid, With this provise, then, with rogard te the
meaning of incompressibility, Swveot's work may be used,
and the fovmation of a sheot eurrent after sufficient

Aistortion of the fiocld may bp assuned. hether fthe

induced sheet current will be of the 'straight!' or of the

teurvod! type, must, however, remain uncertain.

To determine the boundary conditions on region I,

46 wlll be assumed that a current sheoet has been induced

simply aleong the y-axls. Farther, use is maio of the

vield dorived in chapitoer 3 for this sheet current
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together with the two current ocylinders. This is taken
to represent the magnetic configuration in region II to

zoro=-order, and can, near the y-axis, be written as

Ha = )
Hy = H, L -—(&91)" (4=32).
, L*+ y?

llere H  is the field on the positive x-axis just outside
the current region,. This, then, will be the boundary
condition on region I.

It is dimportant to remember that the field of
equation (4-32) is the vesult of two assumptions made
about the field in regioﬁ IT; ~ firstly that the induced
current sheet is of the 'straight' type, and secondly
that the field in region II is of potential forn,
Certainly such assumptions are consistent with the
coudition of hydrostatic equilibprium. Nonetheless the
field in region IXI depends on the displacement of the
field lines from the initial configuration, and the
condition of equilibrium is simply that of pressure
balance, given by (4=-30). We are, however, entitled
to adopt an initlal configuration that will reduce to a
potential configuration on arrival at the sheet current
situation, just described. FPquation (4-32) may then
be taken for definiteness to provide boundary conditions

on region I.
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In the incompressible casd¢ tho equation of

continuity (4-20) reduces to
dur = O (4=33),

when stationary conditions (9/9t = 0) are assumed.
It is convenient, therefore, to introduce a stream

function ¢ = (0, 0, #(x, y)) so that

Y = A~ = 9 ...? -
(i) (ﬁ; 7;%: O) (h=34).

If now substitution i1s made for v and H in terms
of their respective potential functions, then, again
under steady conditvions, the hydromagnetic equation

(4-27) can be rewritten as

oA gy =  cE, (4-35).
a('x—);—) l{-rl—()'
Marther take the curl of the eguation of motion, equation
(h-zl), to eliminate the pressure and the other gradient
terms. Then this equation can, on introducing the two

potential functions, be reduced %o

(¢, 7°0) — N 3(/-),\71/-)) (4=36).
0%, %) tr o 00k, y)
The equatiocns of the system are, therefore,
reduced to the differential equations (4=35) and (4«36)

in the two potential functions, In an appendix to his




rocent papex, Parker(sg) has suggested that solutions
of the Lfowm I
Vi o
AV 4

i

F(9)

jq (/'?) (z‘"‘:”?)i

i

might be pnaaible,‘an the grounds that equation (436)
would then be auntomatically satisfleds. But it is casy
to see that equations (4=-37) impose on the solution
conditions that are not met in the problem at hand,
For the boundary of region I is defined by A = O,
The second of equations (4-37) requires this to be a
line of force, Such a boundary is guite clearly not
abplicable to the type of current region under
congsideration, namely that corresponding to a straight
curvent sheet, (Iigure (3-2)). IFf the boundary were
indeed a line of force, the current sheet would have to
be of the curved type discussed earlier in this sectlion,
and shown in Figure (4~2). This type of current sheet
would involve a rather different interpenetration
mechanism to that eanvisaged by Parker and under
discussilon here.

It is clear, therefore, that a solution of the

form of equation (4~37) that is relevant to the present

problem cannot be found. Instead the equation of motion

must be examined in more detail. In fact, the problem
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is vnov poeadily treated in an exaclt mauner. Nonetheless
2t dw }nﬁemded to state the relevant eguations for the
aak@_ﬁf comploteness,

It will be more convenient to use the two
components of the equation of motion directly, rather
than to make further use of equation (4w36), Consider,
then, the x=-component of the equation of motion (4-21),
Since the velocity of inflow is small, this equation

reduces to a static eguation of pressure balance, viz

43 L9 g:p - O 438

Bince the thickness of the current region is very
small in comparison with its length, thoe feollowing

appyroximations aire justified:

o
7 A =
d xt
3 '()'2
VAR - ,a—?% (4-39).

Oon substituting for YA from equation (4-39), equation

(4+38) can be integrated to yield

, . F(y) - _l_(?ﬂ)z U (u-bo),

where F(y) is a function of v to be determined.

Now the boundayxy condition on the field in roglon I

is, from equation (4-32),
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M =. - Ho L. ——————J’—(L’L—. 1)%

s Lt + }1 A (Ll-mzl-l)o
a8 _ O

%y

Further, the gas pressure p nmust be consitant on the
baun&ary of the curfent region, since in region II the
pressure will be constanﬁ*%long a line of fowvce, due to
the condition of hydrostatic equllibrium. Taken with
the thinness of the current region the condition (4-41)

. shows that the boundary of region I is indeed a line of
force to zeroworder, - but not, of course, to higher
ordexrs. Hoveoveyr, since it has been assumed that the
field in region II is of potential form, the pressure
will be constant along the boundary a fortiori. Let Py
then, be the constant value of p on the boundary; using
the condition (4-41), it is now possible to solve for F(y)

obtaining

[:(j)

Hy L2 L? - Yt
8 (L & %1)2

it
)
)

(4=h2).

The gas pressure is then known in terms of A frbm equation
(4=k0).

Next, again substituting bthe potential functions
for the magnetiec field and the fiuid velocity, the

vy-component of the equation of motion (hnzl) can bhe written as
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! (aﬁl)*? ) = % o A0 (4=k3),
D x J

Y L p 7Y

e—b|_

wvhere the symbol J denotes the Jacoblan operator, i.e,.

3—( d)t) CP") = 'a( CP' » (Pt)
(> y)

Then, on using the approximations given in eqguation
(4-39), and substituting for p from equations (4-40) and
(4=42), this yecomponent can be reuwritten as

£ (alilt)

3

D¢ brp J x b (L* +y*)

Further, by equation (4~39), the conductivity equation

(t=35) can be slightly simplified to give

T(A, ¢) _ ¢t A = c¢Eo (4=b5)

L. o 9 x?

These last two equations, (4«44) and (4=U5), must
be solved for A and ¢ within rvegion I. The boundary of
this reglon must be determined from the solutions It
will be the curve on which 92A/19x2 = 0. Denote this
curve by C. Then it will be sufficient to solve for ¢
and A in the first quadrant; that is, within the region
bounded by the positive x~ and y-axes and by the curve
c. The boundary conditions on g and A within this region

will be as follows e




On x = Q, ¢ = O
On y = O, 43 = O
\_\o L ( Lt _ 'z) \fa
On C ?—r'-]-—' = - 2 }2 (%—46) .
9% L + 7'
and EQ. = O
g

Tn equations (4-46), the first two conditions awe
conditions of symmetry, and the third is simply equation
(4=41).- The final condition is due to the fact that
outside region I the fluid has not yet been

accelerated and, therefove, v, = O(vx); inside region I,
however, v, = 0(v,) and so v&)? v,+ Thus om the
boundary, to a first approximation, vy = O,

The solution of equations (4-~44) and (4-45) with
these boundary conditions will, of course, depend on the
value of the constany Eo. Further, the shape of the
boundary will also depmhd on the value of this parameter,
If nonwgingulayr solutiong with a2 closed boundary curve C
exist only for a Linibte range of values of Eo’ then an
upper Limit fox Eo can olearly be obitained. The
interpenctration of the system will speed up until the
upper bouund is attained, and then will remailn steady at
this maximum rate of interponetration, If, on %he

other hand, such non~ginguiar solutions exist for all
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values of B , this fact would be indicative of the
exlotonce of a Lfaster mode of interpenetration,

.Aé this is essentially a Jury problem, it is not
possible to derive, by any stralghtforwvard method, the
main features of the solutions that would be neceasary
to detormine whether the mode is definitsive, Parker(Bg),
in his semi-quantitative btireatment of this mode,
derived o solution along the x-axlis, But this
solutlion can shed mo light at all on the question of
the possible existence of an upper bound for B
Poarkerts golution wos nodt a solubion of the Htwo equetions
that are being considered here, vthe conductivity
eguation and the y-~compenent of the eguation of motiong -
rather it was a solution of the conductivity equation and
the equation of continmuity, based on an empiriecal
agsuwnption, Thins assumption, which was justifiable

only on an oxder of magnitude argument, was that on y = O

d v - o<t Z(P'-P‘!‘ ]llz halt7 ),
"a—?,’[- L[ I i)

wvhere < i8 a constant, In this way, Parker avoided
soiving the equation of motion, and determined his

sélution for v from only the conductivity equation.
it was then possible to detdvmine the value of B, in

terims of o0, This latter parameter, however, remains




undetermined and ihdaed quite arbitrary, as is the
assumption (4-47) that introduced it, Moreover this
assumption ignores the accelerating effect of the
magnetic fleld. Clearly, then, Parker's solution can
give no further insight into the gquestion of the
definitiveness of this incompressible mode.

Parker's derivation of a solution in the
compressible case again follows the lines of argument
described in the previous paragraph. In the next
section it will be shown, however, that it is possible,
at least in the compressible case, to obtain a solution
along the x-axis without recourse to Parker's arbitrary
assunption. Farther, 4t will be possible to
investigate the question of whether the mode is
definitive, a vital questioun omitted from consideration

in Parker's treatment.

(iv) Parker's Compressible Mode

The compressible case, which is more readily

127

amenable to quantitative discussion, will now be exauined.

This analysis is more directly applicable to the case
of solar flares, For under chromospheric or coronal
conditions it is expected that the magnetic pressure
will exceed the gas pressure by sevoeral orders of

magnitude. At the outset, therefore, an assumption is
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made to this effect, requiring that in the awmbiont gas

DD S (4-18),

where tho notation of section (L) of the present chepter
hay been used. This condition implies that the
magnetic field in the ambient ges whore hydrostatic
conditions prevail is of a force~firee form. In
particular, 1f the fileld is of a twoedlimensional typo
the field must also be potenitial.

Assuming, thon, the simple twoedimensional model
of two infinite current cylinders, bthe comments of the
previous paragraph show that, in the ambient gas, the
magnetic fleld will to a firat approximation be of the
form derived in chapiter 3, and will be given by
equation (3-11). Thus, on the boundary curve ¢ of
reglion I, vne is entirely justified in applying the

boundary condition that is givon by equation (4-32),

namely
H ., = O
T 2_‘/7.
Hy = Hel (- y) (4-32),
>+ v

where Ha is again the ywcouponent of the field at the
point where the boundary cuis the x-axils. it is

important to note that equation (3=11) can oniy be used
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to zero-order, and no knowledge oif the variation of Hx
along the boundary can be obtained. With this
boundary condition a selublion is now sought in region I..
In section (di) of the present chapter the

equations of the system were reduced {to the equations
of continuity and motlon, equations (4-20) and (4-21),
together with the hydromagnetic equation (4-27}.
Writing

Mé%- = é%? + _g.ﬁmad (4=l9),

these eguations can be expressed in scalar form as

4N

DA - cE. v 4‘ \VARA (4=50),
Dt ™o

DU‘: = - (USZ —(?"'-( 2| -+ vln ag) 4“51 ’
DL 0% Q?JJ lpwf D ot ( )
0y L (FRlan e A
Bﬁ‘ S'D} Lo} lq-Trf ‘??f g
Eh; - _ f dw o (4~53).
Dt

In equations (4-51) and (4-52) it has been assumed that
the gas behaves isothermally under compression,

It 1s intended to transform the four physical
equations (4-50) - (4-53) to dimensionless form. This

transformation is made in terms of fivé physical
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conptants Ho".ﬁ” L, o and Ve whiceh have escentially
the seme meanings as in section (1) of this chapter.
The precise definition of these constants is made as
folloussm=

Choose an avbiltrary epoch, at which 4t is
inténded to oxamine the solution of the system, as the
timo origin ¢ = O, Let ?b be the point at which the
boundary curve of reglon I cuts the positive x-axis,
Then the physical parameters Ho, fo, o, and Vg are
respeciively defined as the y-componeunt of {the magnetic
intensity, the gas density, the electrical conductivity,
pnd the local velecity of gsound, all taken at the peint
Po and at the time t = 0, Yurther, 21, is defined as
the greatest longth (in the y-diveetion) of the current
reglon, again taken at this same epoch, The solution
is then sought that corresponds to the epoch t = 0.
| The parameters o , Vs and £ can be assumed to
be independent of the particular epoch chogen in the
above definition. L and HQ, on the other hand, will be
dependent on the separation of the two current cylinders,
which will vary with the epoch chosen as the time origin,

In terms of these redefined physical parametors,
the two typical velocities, v, and v, , are defined in

A
the same way as in section (1), viz
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U-A = —-—-—-——-—-l—ln (l*"l) ’

4 p)”

v = c?®

D = e (4=3).
L1 oo L

The transformation to dimensionless form will be based
on Parkert's order of magnitude solution, equations
(4=-14) - (4=15). For convenience, therefore, define
and Vo in teirms of the newly defined physical parameters

in exactly the same way as in section (1), writing

vy e \4
vy - (Eh)ih o (4=54),
Vs

Then, £ and Voo now respectively a precisely defined
length and velocity, are of the same order of magnitude
as the thickness of the current sheet and the velocity

of interpenetration.

Now transaform to dimensionless variables as

follows, putting
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et = -'g- ‘5 lg/ = L— t)
C = L T Lo = vo Ho f";
r‘o Ve N
y (4=55)
U s
H — Hc 'g o — ’__ﬂ: f" G
r f ;
U, = o 4 ve 4% U} = |11\§ %%
L Y w

In these equations, [, is a dimensionless numerical
ﬁarametar of order univy, assumed a priori to be
independent of the physical parameters of the system.
Essentially [, is the dimensionless electric intensity.
It is, however, convenient to include /; in many of
the transformation equations, since this will normalise
the resulting differential equations and tend to
algebraic simplification, The fact that [, is of order
unity must be verified by a consistency argument. This
ig attempted below, and indeed this verification and
the determination of |! are the main objects of the
éubsequent analysdis.

Pinally it 1s convenient to introduce two

further dimensionless parameters, ¢, and ¢, , defined by




2
€, = s
Ya
N \
c, = Va Y 2
013

On applying the transformations (4-553), and on

(h=56).

using the simplification afforded by oquations (4-56),
the physiecal equations of the system, (4«50) - (4-53),

can be written in dimensionless form as Follows 3

\ + ‘ai‘x = -ci'-*—( Mg —aﬁ + %935_)
2% @ 2% 'c)?
(4-57),
élél {—-l 'az - élﬁt 90\’
\’;"'( 0T 99t
2w + .?.f:y’" + 6362[_‘_ Jo- e c,_|ow.§_.(_‘f_"%_
3% 28 04° ¢ 22 v\ @
7 (4'58%
o[ u ll.Cii wy 9 [ 4 = O
e 0 g?)i w) - 739 (_é
u, 2 [ u _u.ﬁ..(“ | 3w |, der %r
Py (Ef) ! 7 A “Ef) e (87 o 28
2 2
s Em 9 (M € € Qo Vor - O - '
4 T 'b’i'(wt—a’”?) ¥ e 79 ’«)7’ (4=59)
-Bu € 'ats' (l"—GO)o

o |2

NS
+
i
f
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The assumption has already been made that
v, ) Vg From equatian (4=~56) this implies that €&, << 1,
It is less easy to see the order of magnitude of ¢..,
Howevexr, one may examine the order of <¢: for values of
the physicel parameters that are expected to occur in a
solér flavre. | Assuniing chromosespheric conditions, take

"
p ~ 10" °

Kyoo ~ 2 . 1913 @.8.u.,  Observations of
solay flares suggest that L — 104 km and ﬁhat.

fo ~ 2 . 10713 gm/cmB. Finaliy, energy considerations
require that HG ~ 500 gauss.

Vith these values the three typical velocitiles

involved in the definitions of ¢, and €, are approximately

given by
vy 3. 1o? cm/sec
og ~ 16, 10° cm/sec (4-61),
-3
Up ~ b 10 cm/sec

Prom these values it is readily calculated thav

€ ~ 3 .10, and &~ 9 . 10”2, Thus it is seen that,

at least under soler flare conditions, ¢,<< 1L, €< 1,
Now the dimensionless fuactions e, &, ug , and

u) that are the solutions of equations (4-57) -~ (4-60)

will be functions of six variables, - the threc

dedimensionalized space and time coordinates g » 7)., and

™ , and the three dimensionless parameters |;, ¢, , and




€,

Now both <,

.  Write,

therefore,
]“|

= K(%JO,T’,
w(%) K T,

}"\

Il

0, €1,
. €,
ug (% 9, ™, o, €,

) é.’

M.?(%,?, T, o

therefore,

€

€

o

~

€~

)
)
)
)

and <. are small quantities.

magnitude solutions,

(b-62).

The order of

suggest that the

dimensionless variables in (4-62) arc expansible as

shownit below

{(!'{3'"63) L]

22 C

o = "‘o(g,'), T, rlo) t 2» 2. € €a o (%,‘)) ™ r‘o)
20 j:0
*3#:9
<o co

w = ‘:‘\""(g,')n'-r) r"’) + 22 C—: e'i wi.j
fa0 Y20
Lk o

g = u(fam, P 55 eled gy (5 m
i.j;;_-o

- &< Iy

Mr} = Mya(%j'?)"l‘,)o) + 27_ €€y ur):,’(%,'}, ™,
L-:o,=0
e

In equations (4-63) the functions oo and oi; etc. are

simply the appropriate coefficients of powers of ¢,

€2

and

in the Taylor expansions about the point ¢, = 0 ¢, = O,
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Substitution of these expansions into the
dimensionless equations (4-57) ~ (#-60) will yield the

following results, on equating the terms independent

of € and €,y

o ( |+ 0 ex, ) = & (4-64),
952
9@y ,  doo dory — O  (4=65),
0 3§ ¢
Usgo ")(——4-—“ 0) + “?Og(ﬁiﬂ_") 4__'_( JdWo + Doxs . - O (11-66),
Efﬁo I\ @0/ 09 0y 24"
i)ujo . 2 Wye — O (1,;,...6_7),
2 ¢ 12 y

It is dintended to derive the essentlial features of the
solution of these last four equations within region I.
From symmetry iconsiderations it will be sufficient to
solve them in a single quadrant, that is in a domain,
D say, hounded by the positive x- and y-~axes and the
boundary curve ¢ of the region of high current density.
The following boundary conditions are available
for the dimensionless vector potential o , By the

symmétry of the magnetic configuration, it is necessary

that
On .?) = O; 9“0 - O

2% (4-68).
Oon ? - O' ? oy = @)




Murther, in reglon LI the megnetic field is given by
(h=32)}. The continuity of }I across the boundary of the

current region yields the condition that

on ¢ dor, = - giiﬁﬁ (4=69),
2% : +?

when equation (4«32) is reduced to dimensionless form.
The condition on H, in eguatien (4-32) is automatically
satislieil by the form of the dimensionless
twansformations {(U#=55).

Now, in region X, = + O. Within this region,

therefore, equation (4#=-64) reduces to

9 o, - — | (4=~70).
-

This indicates that to zZereo order the ecurrent dengity is

constant throughout the region. Integration of
equation (4=-70) and application of the boundary
conditions (4«68) yields o. within region I :
- 2
I‘o(’)) - g/z

@)

O(c-
Fo'(0)

H

(4=-71).

1

Here FG('7) is a function of v still to be determined.
Further, the application of the external boundary
condition (4#-69) will yield an equation for the boundary

curve C, This is found to be the oval, given by
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Attention is next turned to the dimensionless
gas denslity © . in region II the gas density p = O(fo)
It foliows, then, from thoe Loxm of the dimenslonless
transformations that
cn C vl - e {(L-73).
On substitution for o6 from (4=71), equation (4-65) can
bo dutegrated directly to give

e + $/2 = [;(O)
vhere Fl(7 ) is a function of v only. Fl( n) can be
determined by the extermal boundary condition (4-73),
since the equation for € is now known. Solving for

Fl(q ) then yields

S ' [(IQ?;_Y ) gz] (3=74)

tn reglon IXI the gas has not vet been accelerated
and, thorefove, Vg = O(vo} <K ¥vg. Hence the continuiiy

of vy across the boundary requires that, in region I,
“no — O on C,
Vs

Now, since P, itself tends to zero on €, this last

equation will give the boundary conditions that
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on ¢ W - O (4e75),
and 9o — @) (4=76)
3%

A further houndary condition can be obtained from
the continuity of mass flow across C, In region II
hyderostatic conditions prevail; as shown in the last
gection, thereforve, the gas density will be conshant
along a line of Torowe. To a firet approximation the
boundary curve of region X is such a line of force, and,
therefore, the gas density de, to this order, constant
along 4t, in dimensionless form this wrequlres that in
rogion IT the leading non-zero term in the expansion
(k=63) of the dimensionless density & be constani along
the curve C,. It ls vreadlly seen that this term is W,
Further, from the definltion of [ and the trans-
formation equations (455}, it follows that
on C X0 = O | (bw?7).
The above argument is hawrdly rigorous, It can be made
s0, however, by a siraighitforward but tedious examinaiion
of higher order torms of the dimensionliess éxpanﬁionﬁ
(4=63).

Wow, in reglon TL, tho gas and current densities

are zero, to mero ordexr, that is




i1ho

foo . 3 Zofo — O

Paking equetion {(4=57) to order €, , the following

result, applicable to region II, is obtained

(_b‘“_) - u§a a”(o e U-?O dero (\‘4*78).
RIS o9

Substitution can now be made for da /)% From (4=69),
Then, on using the vresults oi egquationg (h-75) and
(4=77), (4=78) will vreduce to

L+ 9* (Bw79).

u — —
: - ="

Thig last vresult has boon devived for roglon II, The
continuity of mass flow across the boundary of the
current reglon requlires that 1t should also hold in
vogion I in the limit on C,

Putting u = (u<§o s W, s 0), equation (4-67) can
be wribtten as

o w = O

Tt is possible, therelore, o replace the two components

of u by a stream Dunction, writing




452

U'So = -'(-)g

99
U — _9Q
28

his will allow consideroble siunplification of tho

romaining difforentinl equation (-GG},  Uoon
substitublon for ®, from cgustion (Bayh), ond for o

from equablion {(he78), this lost oquation reduces to tho

fomm 3

T( @ 2U=g) 94 | - Rl
F=g =BGy 0%

Tha oysbol J i now usesd 4o donote tho fwowdinonsionad

Jagobian opovator v the i §, O } plone, so that

T ( ¢ CPJ = 9(4".¢2)
2(%, 1)
The Suaagtion Fﬁiv } that appeoes in (4-81) 4o & fusesien
of 7 only, which is to bo detorminod by the soluvion of
thds didforontiad cquation, Phe walinown faagbions

Fg§7 ) oud ﬂgéy } ave wolated by the equabion

o

Fly) o L (';(%'— )+ RO (=),
e ( |+-92f

Cloaviy, the ogusblon (4«81} can Do writton as o

pazrbial didfevenbtiol cguation 4n 4 only, nanely
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O (4-83).

il

2 2( 1+ ?1)'1 20 J
ag[ﬁj‘(CQ, [— 92§ (1+9?)" 25 )

As boundary counditions on this final differontial

gguation, there are firstly the conditions of symmetry,

that
on $ = O, Q u 0

(kw@@),
oK 7 m 0O, Q w O

on choosing a suiltable origin for Q. PFurther, thexe

are in addition the two conditions to be applied on the
boundary curve ¢, These are given by equations(l«76)
and (4=79)., Upon transformation into expressions in
torms of Q, these two equations will provide the boundary

conditions that

on © ?‘@, _ O | (4-85)

<
Wl
[

3Q _ |+ 9
on H m— - - N ’IZ (lf-mfﬁﬁ)
29 (1= 9) -

The four conditions contained in equations (4-84) -
(4-86) may be expected, in general, to be sufficient to
determine a unique solution foy the third oxrder partial
differential equation (4-83), This is illustrated by
the Tfollowing argument, Considexr the partial

differential equation in its second order form, - that
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s equation (&-81), It 18 then a quasi-linear hyperbolic
equation of the segond orderf It is meadily seen that
on the § ~axis the equation can be reduced o o second
ovder nonwlinear ordinary diffevential eguation in
Bﬂhfap s Tor which the boundary conditions, when applied
on n = 0, are sufficient,. in poinv of fact, the
solution on N = O will be dexrived in the next chapter.
Thus the boundary conditions ave sufflcient to extend
the solwbtion to a neighbourhood of N = 0. Special
candiﬁianﬁ ayply 5y 9 = O, since the differential
equation (4-81) is parebolic an that Line. The more
general problem of extending the solutlion at a peoint
eway Trom the % ~axis must next be considered,

Suppese, therefore, that the solution has been
successfully dexived from the % waxis up to the line
Q f 90 ¢ Further, suppose Q@ is the value of Q at the
point A at which the line h =9 euts the boundary
ouﬁ&e. Now, supposo that 1¢ is intended to extend the
solution wp to n = Qn( JL > Oo) . For cenvenience, call
the poind (0, 9.) Bﬂ. The characteristics of the

diffevential equation (4~81) are the curves

) &3 constant

(4=87).

Q & conobant




144

So from the first of conditions (4-84) it is seen that Q
is now known on two intersecting characterisolution Qo(i ' ) )
=19 and Q = O (pesnNS O'> . It follows,
therefore, from the theory of parti%% %gffgﬁg?tial equations
that a unigque solution can be obtained for Q within the
shaded area in TFigure (4~3); that is, within the area
bounded by the two characteristics just mentioned, and
the two characteristics of the opposite systems through
the end points, ﬁo and Bo‘
Clearly then to extend the solution to the region
1< 0 0 Q<A (@ 1s negative), a further boundary
condition on ¢ will be required. This is provided by
equation (4-83). Finally, the last boundary condition
on ¢, equation (4-86), will be necessary to eliminate
the unknown function Fz(i)) that occurs in equation (4-81).
From the above argument, 1t is reasonable,
therefore, to conclude that the conditions (4-84) -
(4-86) will be sufficient (and necessary) to determine a
unigue solution of the differential equation (4-83).
Let us postulate, therefore, the existence of such a
solution, denoting it by QO( % 7 ). Since the
differential equation (4-83) and the boundary conditions
(4-84) = (4-86) are all independent of {,, this solution
must also be independent of the value of [,., The

solution Q_( i,.y ) will detexrmine F2(7 ) from equation




1h5

(4-81), and the function Fz('7) will also be independent
of [, . The only effect of (o will be on the
determination of ¢, , the dimensionless vector potential,

From equations (4-82) and (4-71) one may readily obtain

an expression for ~. in terms of Fz( 7), namely:

P‘*vr—‘-()t' L[ =9 .

2

Fig (4-3). Domain of dependence for
equation (4-81).



146

From the above considerations it is clear that
nonegingular solutions exist for the hydromagnetic
equations for aill values of the pavametex Fl, provided
only that a non-sivngular solution Qo( §$y 9 ) exists fov
the diffevential equation (4-83) subject to its boundary
conditions, Further, if a non-singular soluitlon exists
for one value of [:, this solution will define Qo( Sy )
and hence determine solutions for every other value of [.

It is seen, therefore, that this mode, as
proposed by Parker is indeterminate, The reason for
this indeterminacy is that the behaviour, to a first
approximation, of all the physical variables with the
exception of H_, is homogeneous in o«  The x-component
of the magnetic field ilnereases monotonically with (o,
thus providing an incereasing accelerating force that is
responsible foxr the enhanced interpeonetration. It may
be expoected, therefere, that the magnetic field wilil
distort itself into configurations allowing faster and
faster interponetration, until the parameter o is no
longer of order unity, and texms neglected in this
treatment bocome important, A possible faster mode
taking these features into acgount will be consldered in

chapter 6.
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CHAPTER 5
DISCUSSION OF TIE SOLUTION FOR

THE COMPRESSIBLE MODDE

The argument Jjust considered shows conclusively
that within the approximations of this mode, [, possesses
ne upper bound. On the othexr hand, it will be possible
to show that [0 is bounded below; the purposc of the
present chapter is to determine this lower bound, and
thus set a lower limit to the rate of interpenetration
of the colliding magnetic fields. To investigate the
significant aspects of the solutions for different
values of [, it will be necessary only to determine
the solution for 9Q/9y on the % -axis, The section
which follows wiil bhe concerned entirely with the

derivation of this solution,.

(£) Solution for Q on the 3 -Axis.

It will be convenlent to consider the partial
differontial equation for Q derived in the last chapter
in its second order form, equation (4-8l), which is
restated here for reference purposes as equation (5=-1),

viz

T(a . 201enp) QN - F, () (5-1).
L& ot - ey 3%) 9




The second conditlen of equation (4~8%), namely the
gymmetry condibtion thalt the § -axis is a siveam=liue,

reguires that

on 7 = O Q = © (5«2).

Substitubion ¢f this regsult inte the differential

equation {5-1) will, however, only yileld

Folo) = O (5-3).

It is ¢lear, then, that the partial dlfferential
eguation, ag it stands, gives no information about the
behaviour of ?Q/ 29 on the % waxis, Therefore,
differentiate equation (5«1) partially with respect to

9 On putting ¢ = 0 and epplying equation (5-2),
an orvdinary differential eguation for 5’@/97 on the
(waxis ie obtained with § as the independent variable.

It is convenient te write

7 :—<F1?(o)\%(‘;c;)9:o (-4)-

Then this ordinary differential eguation will become

(-6 (g7 = 94") - 233" = (-¢7)° (5-5).

In this last equation dashes sre used to denoto

differentintion with vespect to 5 .
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Bguation {5-5), a second order ordinary
diffevential equabtion, requires twoe boundary condlitlons
to determine its solution. one of these is provided
by equation (L-85). By eguation (5=2), equation (4-85),
as Lt stands, is satisfied automatically on n = 0.
However, if the equation for the curve ¢ is writiten as

$ = 30(7 ), then

s - Ga% - ) oo

The left hond side of equation (5«6) is zero by uvhe

boundary condition (4-835), and, on using equatioan (5=-2),

eduation (5=6) will veduce to the condition that

. ] *Q - O
on ? = QO (Diﬂg)c = {(5-7).

Finally, by the definition of g(§ ), this last

condition {5«7) becomes

g’"(l) o O (5—8),

gince the boundary cuts the ‘iwaxis at the point (1, 0).
The second boundary condition follows at once

from the first condition of equation (4-84), namely the

symnetry condition that the f)-axis is a streamline.

Thias condition is




}(o) = O (5=9).

The immediate problem involves the solution of
the non-linear differential equation (5-5), with the
two point boundary conditions, given in cquations (5-8)
and (5-9). This problem is considered in detail in
Appendix (5-1), vhere the complete solution of equation
(5%5) has been obtained, 0f particular intervest is
the value of g{ { ) en the boundary curve C. For
convenience, thevefore, denote g(l) by the svmbol A\, ,
Then, from the solutions thot have been derdved in

Appendix {(5~1), one obtains the important numerical

result that

Q

A =  0.5578 (5=10).

(44) Determination of the Minimum Value of f:‘

It is now possible to apply the results of the
solution of equation (5«5) to the differential squation
(5=1). TFrom the definition of g($ ), given in

equation (5=4), it fellows that

Ao = - (F,%w))}i[(%%)’)w]g:n (5-11).




At the end of chapter L, four boundary conditions
were obtained for Q3 they are given in eguations (4-84)
to (4-86). Threa of these conditions have already bheen
applied in determining g( $ ); the fourth condition,
eguation (4-86), is still free, however. Applying
this condition on the ! maxis readily yields {the presult

that

N\ - -
f):o

Substitution of this result inte equation (5-11) will

now allow a solution to be obtained for F,'(0), viz

)
A

1

F.(0)

(5-13).

FProm equation (5-10), this can be written in numerical

forim g

F'(0) G 4 29 (5-14).

The next step invoelves an examination of the
behaviour of bthe magnetic field, It is convenient,
thevefore, to restate the gguation for the dimensionless
vector potential o, , that is equation (4-88), as Follows

v = ;-"*J”,:( ) dg __L[_‘_-_n‘_ _ g‘} (5-15).
o o y I? 67 - — -
° 2 L+ )

15

3
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Now by symmedtry the origin must be a neubtral polunt of the
magnetlc ficeld. This requives that both J«/2¢ and
90@/97 are zero at the origin, It can be seen from
equation (5~15) that this condition is automatically
satisfied, since it has been shown that Fz(ﬁ) = O,
There is, bhowever, a further condlition to he fulfilled;
for not only must the origin be o neutral peint, it
must in addlition be an X-~type, not an O-Lype, neutral
point, This is seen fyrom the general topological form
of tho magnetic field, as Llntroduced in chapter 3.
There is, therefore, the additional reguirement that the
lines of force through the origin be real.

Expond <« in a Taylor sepries about the origin.
Thon, in the nelghbourhood of that peint, the lines of

forece can, to first order, be writton as

dore\ o2 2 (2o _jﬁ) b = constant (5-16).
(Bﬁllg ¥ (@iﬁqlq? - (9¢ a?

In equation (5-16) the suffix zero is used outside the
brackets to indicate that the derivative in question is
evaluated at the origin, The algebraic expressions
for these derivatives can readily be obtained from
equation (%=15). The equation for the lines of force

through the neutral point can then be written as




ft o+ (3-T*FM(0))yr = O (5-17).

Now these lines of force can only be real if the
coefficients of and have opposite signs. it s,

therefore, required that

M« F'(0) > 3 (5-18).

Now substitute for Fa'(m) from equation (5e13); thon

the condition (5<18) will become

. o . (5-19),
wherve | . is given by
. 3N, | e

On subsbitution of the result of equatlon (5-10), the

last result can bhe written in numerical form as

—
1M\;\n

Il

O. 82¢5 (5-21),

(144) Appliecation to iho Idealised model.

it is now intended %o apply the resulis of the
last two sections to the ddealized model developed in
chapter 3. From the minimum value of [} that has just

been determined it will be possibie to obtain a
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maximuam $lme of interpeneitration foir the colliding
magaeetic fields of the model.

Before maklng any deltailed application of the
numerical results o the model, it will be advisable,
for the sale of clarity, to expaind the definitions of
some of the guanitiities originally ilunbtroduced in chapter
4, Bagically the model hasg the two-dimensional form
e¢f two infinite parallel current cylinders of radius
b The initial field wes assumed te be potential
with o current separation of aaga The $two curyent
cylinders were then allowed to approsch each other under
the influence of their muiual attrection. It was
assumed that the two current cylinders approached each
other sufficlently slowly te cnable the inertia of the
system Yo be neglectod. It was further assumed that
during thip approach pbhase ne interpenetration takes
place, Thig is effectively an assumphion about the
value of the electrical conductivity. The conslgtency
oi these two assumpiions yeguires justification; which
can be provided by the determinetion of the actual vate
of inverpencetration that ig counsidered in the subsequent
quaslesteady phase of interpenctratlion. Consiatency
can be achioved, provided that the velocity of intere
penetration cventually derived is significontly leas

than the Alfven veloocity.




As the bwo current cylinders are allowed to
approach each otheyr, under the assumpilon of dinfinlte
conductivity, o sheet currveat of length 2L willl be
Formed. The formula relating L to the current
sepavaiion, 2a, is given in equations {(3~18) and
(3-19), The magnetic field of the induced guvrwvend
sheet produces Torces whickh oppose the appiroach of the
two curvent cylinders. An equilibriuam configuration
ls reached when L = a.

The seocond phase mentloned eaplier is concerned
wlith the interpenetration of the fleld through o series
of quasieequilibrium configuraiions, X¢ is Lo this
phase that the analysis of chapier & applies,. b ds
assumed that egquilibrium ds first albbained vhen
a = Io= Ay The valus of By in berms of 2 and bo’
can be obiained fyrom the selntions of equations {(3-18)
and (3-19). Onece thisg equilibprlam configuration has
been atitained the system i left to ilteelf (the applied
oxternal Lorcss regqulred for the approachilong phase are
now Bevo ), and interpenstvation will take vlace, The
gystem then remaing in an eguilibeilum eﬂnfiguratiﬂm
with L = o, and the sepavaition (2a) of the current
eyiinders devreased as intevpenedtration takes place.

Prom equations (3«-il) and (3=23) the fiold of

this soguilibriuvm confisuration ig
1} &
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I H} = : - (5-22)

where IO is the initial strength of each current
cylinder, Now the parameter Ho. which will have the

meaning assigned to it in chapter 4, (page 130) will be

a function of a. From equation (5-22) one can write
Hoa) = - 4l (5-23).
<

In chapter 3, an expression was derived for the
magnetic flux F during this second interpenetration
phase; ~ here F is the flux crossing the x-axis between
the neutral point and each of the current cylinders,
This expression, which is given in equation (3-25),
determines ¥ as a function of a, a s and bo.
Considerable simplification was possible in the case
where by << a, and attention will be confined to this
particular case. With this assumption, equation (3-25)
was reduced to equation (3-26), which, for convenience,

is restated here, namely

ba
b7,

EEF-LV?Y;; + \)’iu?(lu‘i) (5=24),

Now, differentiating equation (5~24) with respect
to t, it i3 possible to obtain a relatlion between the

rate of interpemnetration, which is simply d¥/dt, and the




rate at which the two current cylinders are moving

togethor, In fact, this relation is

_l__ da - __!__ __a_‘f_) _df_ (5"'35)'
. dt G u—}(% Ak

As a first step in the interpretation of (5-23),

express F as the integral

1

a- b
j‘ Hy, (35, O) da (5-26).

o

F

Then differentiate equation (5-26) totally with respect

to t to obtain, since a is a function of ¢,

4 a-bo
dE - _ f (aH_;,) de 4 44 Hy(a-bo 0)  (5-27).
dt 0 9t 2:0 c

Next one gan apply Maraday's law to the integrand

occurring in equation {5*27) and integrate to obtain

tho form

dF c[ E(a- b, 0) -Eo] + i(a“- H}(a—(rw) 0) (5-28),
dt

on using the definition of Eo from chapter 4, viwz

B, = e,( o, 0) (5=-29).

Finally, substitute for E( a = by» 0 ) from the
conductivity eguation, remembering that to a flrst
approximation at this polnt j = 0O, and that

Vx( a=b, 0 ) = da/dt. DBquation (5-28) will then
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reduce to

dF
de

- — ¢ E, (5-30).

The electric field Eo is related to the
dimensgionless parameter (o by the transformation

oquations (4-55). These give

nHe M
Eo = = lo (5-31),
where Vo is defined as
v, \ /2
Vs

Now the velocities that appear on the right hand side
of equation (5-32) depend upon the values of H,, L
and fo y &ll of which will be functions of =&, Let
us, therefore, put v = vo(a).

Now 1t is intended to evaluate a time-scale T for
the interpenetration, S0 define this time~scale by

the equation

To = - at/(é_‘f‘_) (5"'33)‘
(,[t axs &y

Then from equations (5-25), (5=-30), and (5-31), T is

given by

A}' _ V2 Qo -t -
| T Caled) Hela) [tﬁy(%)" (5-34)




159

Fanadly, one ooy oabatitute Qov ‘fl*"‘ﬁ Trom oquation
(33},  Siuwce it hoes boom asewsed thobt b, < 6y, 46
feliovs o forbiovd that b, << e Ho noglocbing
torms of ordow (%}ﬂfﬁg} A5 eguetion (J«5), this oguotlion

wiid ylodd

Fo= 2L g 20 {5m35).

Ao

P, wedy; tho costdts of {(5-23) ang {5=953), equation
BeS4 ) wdil roduce bo the sdaplor fowm
™, = S {526},
V3 1 wle)

From the wors of $ho provious sogtion, this lost
pesudlt con elonpyly Lo wiritten in thoe alterantive Lo,
thab

To < ™ o (e ds
RO Twme, 28 the smostoun dlocescnle of interpovotration.

Thie is dofined by

— N | (535 ¢
Je lT‘m'M U'o(“‘)

vhieh by eguntien (HGe21) con be vedtton i nemerdonl

o ne

0.8555 % {Hmay,
U.a(CLI)

'T'mgu,‘ e
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A maximun timeescale of interpenctration is, therefore,
unanbiguously delined in iterms of aq and Vot that is in
terms of the physical parameters of the systen.

The application of this result to chromospheric

conditions will be made in chapter 7.
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CHAPTER 6.

PQ&%iBLE ENHANCEMENT OF PARKER'S LO%PRFQ“IBLL hﬁﬁh.

(1) General Description of a Possible Faster Mode.

It bas been shown in chapter 4 (page 146) that a
' maximum, in contrast to a minimuan, rate of inter—
penetration cannot be determined for Parker's mode;
iﬂ.other words this moﬂe.ia not deffinitive. Since the
existence of a lower bound for |, has been established,
this fact is dindicative of the existence of a Ffaster mode
of interpenctration.

| The key to a possible faster mode is provided by
the solution for the dimenslionless vector potential of.
in the slow mede. IFrom equation (4-88), this solution
is o |

oo = CQIQE(W)J7‘ + J_[l;:ﬁ; - §1J (6-1)

° 2 L (g

The form of this solution suggests that one should make
the substitution

[

o= e (fg, )+ TEF(y, ) (6-2)

Substituting this into equations (4-57) to (4-59),
the dimensionless equations of the system can be written

in the foxrm

\ + })‘l“x ~ ..E':_.( U? acx + qu)_"_‘t) -+ ~€—‘—[z u ?—E
24° & kS 99 o R
(6<3)
+ €& ( N _3_2\’_* + e 2F  _ €€ al_"‘» — E.C‘Jj;"‘@if
I oT o o CL X
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v——

a ¥ gt ¥ 1 L
I dod Dot + €€y [l Qo Qe + 2o AF

TEMFTIEYE Rt 9§ 29 0f 29
- Om
. :.f(ug L(5) ¢ m2(s)) sered@w)] s O (6-4)
u‘zl(u) + u?l__(_u_?_) + _l_(?w + doc 926:.“) +.§“_|-: 2:25_*
3 \& Ip \ @ e\ 29 99 2f 99 90§*
G D (U, G g, @t OF
* [ © T (;9-) * ¢ (09 99" 29 97’
. (6-5)
o P_E ..“)_?b_‘.w i Iqo%.'_a_f_ _(’:)ji - O
Lty 99‘ 37 9

The fimal equation, the dimensionless equation of

continulty (4-60) remains unchanged by the substitution

and 1s
——3—3‘“ 4+ M = - EE..D_":": (6-6)
23 ) ~ooT

An examination of these equations indicates that,
as [, increases, the first term in the ¢'s previously
neglected to become of order unity will be the term

(e R'/) uO‘DF/07 in equation (6-3). Therefore, put

N 6 e (6-7)
where G, is a constant.
A mode of interpenetration will now be sought in
which Go is independent of €, and ¢,, and in which the
dimensionless variables that have been initroduced are

of order unity within region I. As a Turther
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simplification, introduce the dimensionless quantities

¥, y X2, defined by
){; b=~ &|

W, = €' e, (6-8)

Since it has been shown in chapter 4 that ¢ <1, €.<< 1,
it follows a fortiorli from the definition (6-8) that
X << L, X2 << 1,

Nowv, substiltuting from equations (6~7) and (6-8),
the cquations (6~3) -~ (6-6) coam be tidlied up te give the
dimensionless equations of the system in a form
apprepr;ate to i‘urﬁher investigation of the faster mode.

Tliese equations become

| 4 Do 6wy X fug 9o 4wy M) r 0 02
98 o 97 w 2% 87 G, 97
PGS AF _ xlwe e Gl R
rhng G. 9 o9
| 7 ] (6-9)
AN 1 A % S Tl L MV o ol LA S
ai ‘ai 2 §‘L G“: 927 972 ai 391 S
%2 G Gi(ﬂ_g_) + oG G‘Z(ugi(gg_)+ ubglﬁg_) - O (6-10)
DT\ g\ 29\ &

W, 9 {u, D[ w I o ¥ (DCS Vo Dzoc‘“) Vo 9 w
2[5 ek () T2 Lk (20, oo D ()
14 (—9—) 7’0 o 09 2§* GS\%y 99 0% G, ot —j

w )

ROG |y 38 Ve k.G:(aﬁ.‘)jf-y (I R WA T B S B
&,° [ ch) ’«)9‘ o })7‘ '0? 'Dr)‘-) M av'lj = O (6-11)
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Qug . 2u EPL AN
ag 3)—7"2 T8 e (6-12)

tquations (6-9) to (6-12) are the complete

equations of the system in dimensionless form. It is
intended to treat them in a manner very similar to the
treatment of the equivélent equations, (4~57) - (h-60),
in the slow mode. The limiting solution is sought as
%, and x. tond to zero. As before, the subscript =zero
is used to denote the values of the dimensionless |
functions at a point on the'GQ-axis; this time in the

X, o k1~aa gpace,. On this axls the dimensionless

equations reduce to

\ + ala(f - G(.:h U;zo % (6_13)
8§° @ 99
9o, 4 2w Vo O (6-14)
28 2§ 947
we, 2 &;L) M_‘a,,(_t_-t_) o e - O (g
g Y (wo + Wy g o + 3y o5 (6-15)
dug, . dupe = O (6-16)
28 91

As equations (6-13) -~ (6~16), and the boundary conditions
to be derived later, do not contain T explicitly, we may

take all the dimensionless variables independent of T

From equation (6-16) it is possible to introduce

the stream function §, defined by




979
20 {6-17)

Farther, since ~, and Fe appear in the equations (6*13)

to (6-16) only in derivative form, it will be convenient

to write
dock ‘
4] - — < R
T K (§.9)
- 6~18
dr £(p) ( )
d7

Bothh k and © are then ofifectively dimenslonless componeﬁts
of the magnetic fieid. From now on, one may work in
terms of these components rather than in terms oi the
assoclated potential functions.

As in the slow wmode, there is a boundary condition
o the magnetic field provided by the analysis of chapter
3. ‘This condition is given by equation (4-32), which in

the new dimensionless form raeduces to
3
¢ = U=9) (6-19)
[+ 9t .
at the boundary of the current region. If this
boundary curve is agein denoted by €, then equation
(6-19) will define C.
Now eguation (6+14) can be integrated directly to

givo
To o F,(q) - f<‘/2
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The function FI(Q ) can be determined directly from
equation (G6~19), by noting that on ¢ & = 0, Hence

the result follows that

I e/ S
> 5 [(“_91), | ] (6~20)

The remaining two oquations, (6~13) and (6-15),

can, on applying the relations given in (6-17) and (6-18),

be written as differential eguations in (§ and k. They are

iy
%‘g—{ N C; §(y) —g—% (6-21)
and T 1 20\ — Sl + G s(q) 2@ 622
(@ L2 i) ( = 5ty 28 (6-22)

in equation (6422), J denotes the Jacobian operator with
{ and Y as the independent variables.

| The problem has, therefore, been reduced to two
simultaneous partial differential equations with Q and k
as the dependent variables; for ¥, can readily be
eliminated by using equation (6-20). For the present,
it is convenient to retain @, dn equation (6-22), since
substitution for it will merely complicate the algebra
uninecessarily. For the same réasan, there 1s no point
in tsimplifying' the problem further by the eliminatlon
of one of the dependent wvariables from equations (6-21)
and {6~22), thus reducing the problem to a single partial
differentisl equation. The function f(ay) that appears

in these equations is a function of /i only that must be
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determined by the solution of the two differential
equations,.
The solutions for § and k must be obtained within
a quadrant bounded by the positive {~ and )-axes and by
the boundary curve C, given by equation (6-19). In
this mode, unlike the slow mode considered in chapter 4,
the boundary curve is not known and must be determined
step by step from the solution for k and equation (6-19).
The boundary conditions on Q@ can be cbtained by an |
ergument almost completely identical with that used to
determine the boundary conditions in the slow mode.
The resuviting boundary condlitions are, in fact, identical,

and are, thereflore, exactly those given in equations

(4-84) o (4-86), namely

on S = 0, Q = 0
on N = O, Q = o
2
on ¢ 2 SQI = 0 ' (6~23)
40 + 0
G — 454 _— S
on G, 3? (1 _71yn

These conditions must be supplementéd by & single
boundary condition for k as demanded by equation (6-21),
This is simply the condition of symmetry that

on § = 0O, k = 0 {6-24)
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Boguation (6~22) iz of the same order as the
oquivolent diffevential equetion for @, namely (4-81)
in the slow mode; noreovey, they are wvery similar diun
form, Bach is o quasdi-linear hyperbolic equation of
the second order involwving a function of 9 that requires
determination stage by stage as the solution 1s devoeloped.
The pain differences between the two equatleons ave,
firatly, that in equation {(6~22) Q is coupled with the
function &, to which 4t is also related by the DTirst
ovder differvemtial egquation (6~21) - this ovidently
regquires the single boundary condition supplied by
egquation {(6<24) - and, sccondly, that the boundary
conditions Ffor Q are specified, in equations (6-23),
on & eurve ¢ that ls still to be determined. This
second point does not, however, affect the boundary
condition reguirements in any way, since examination
of the characteristics on this curve shows that they
are of the same form as those considered earlier;
that is, the characteristics of equation (6-22),
consildered as a second order partial differential
equation in Q, touch on the curve C. The axguments,
ﬁhérefore. that were used in chapber h $o Jusiilfy the
number and foxrm of the boundary condlitlons on Q ecan be

carried over to ithe present probiem with only minimal
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modifications,., . It is expected, therefore, that the
problem as stated in eqnatiéns (6~21) to (6-24) will be
definitive for a given value of Gu‘

The most imporient difference between the two
modes, however, is not a question of the applicatien of
the boundayy conditions, but rather the fact thaﬁ, in‘ |
this‘fast‘mode, the parametor Go'appeara exﬁlicitiy in
the differential equations. . In genefal. thexelore, the
solution for Q will depend on Go. . In the qluw mode,
on the othexr hand, Q was 1ndapendeht of thia pardmater.

It should be noticed from equation (6-21) that,

for G = 0, equation (6~20) reduces to the form

o m ! ( Jl: %;1 - ¢ ) | (6~25)

2

In this case, ithen, the boundery curve ¢ is identical
with that obtained in the slow mode. . For this curve
is simply given by ®, = Q0. . Faurther, with Go = O, the

diffeventiael equation for Q will reduce to
422
T({ a 2 () +9") gl ) = f0) (e
) Y ? - “26
( l"'}l _(;1(1+r'1) ag ( )

whieh is identical in form with the equivalent equation,

(4=81), in the slow mode. Since the boundary conditions
on Q are in any evené identical in the two modes, it is

clenr that in this special case the solution for Q is the
same as the equivalont fuaction in the slow mode. This,

indoed, would be expected.
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Por o general value of Go,-however,.the curve C
will, as already mentioned, depend on the solutions for
Q and k, and nust be determined from these aolutions.,.
So the shape of the boundary will itself depend on the
value of GQ.- indeed, unlike the slow mode,. in which
the shape of the boundary is always given by the same
closed curve, namely tho oval

L= - (e 9t) = O (6=27)
1t ig now possible that, For cortaln values. of Ggg the
boundary devived from the solutions may be an openr curve..
Before diécuﬁsing farther the shape of the boundary, it
should be stressed that, should the boundary curvae €
gplay out and become parallel to bthe $§-axis at any point,
a siﬁgui&riﬁy will be enceuntered at that poilnt, and iv
will be dmpossible to proceed with the solution above
that level. Such a point will, therefore, be referred
~ to as the endw-point of the boundary curve C.

There are five posalbilities for the siting of
such an end-point. They are as follows:iw

(1) The end-point is the peint (0, 1), as in the slow
mode s
(ii) The endepoint is & Tinlte point on the line n= 1.
(i1ii) The end-point is a point at imfinity on the line
N = Le
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(iv) The end~point is a finite point for which 5 < 1.
(v) The end-polnt is a point at infinity for which the
iimiting value of v as §?9°” is less than 1,

OFf these five possibilitlies Toi tho site of the end-
point only the first twe willl provide acceptabie solutions.
L% is possible that these comsidorations ey
provide a criterion to determine 8 upper bound fer'Ge
which would make this fast mode defimitive. Por the
mode will indeed be definitive if the conditions (i) and
(i1), cited above, break down fox eufficianﬁly laxge Gg.
Sﬁch a posgibility is dntirely‘abﬂent in the slow modes
A conplete discussion of thié point ﬁust; howéver; await
 the complete evaluation of the solutions of Q and k, and
their determination of %hé'shape of the boundary curve.s
Such complete solutions are net attempted in the‘prasent

thesis.

(1) Solutions on the § -Axis.

Although no attempt is made te determine complete
solutions of equations (6-21) - (6~24), the remainder of
this chapter will examine sone solutions of these
equations on the %uaxis, in the hope that some insight
may be given regarding the definitivencess of the seolution.
In partlcular, the curvature of the boundayry will be

investignted at the point where it creossce the $-axis,
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FProm tho socond coandition in equation (6-23), it
follows thab Jd0/2¢ (and its $ ~derdvatives) are mere on
the line ) = 0. TBguation (6-21), therefore, integraotes
to give, on unsing (6-24),

k(g o) = 5§ . {(6-~28)

tguation (6~20) can now be written as

@ (§ 0) = __'i_'(l__,iz) (6-29)

To obtain any signifieaut information from the
romaining equaition (6-22) one must £irst differentiate
it partially with respect to 1) .  The wesults of
equ&%ions {(6=28}) and {6«29) can then be substitbutod
inte the differentiated form of this equation. In
addition, make a substitution analogous o that made in

chapter 5, putiing

I I

5'(0) 29

An opdinary differential equation is then obtained fow
g( §), viu.

(1-§)(g° - 49") - 2849 = (1-%) (6-31)

¥t will e idmmediately noticeod bhat this equation

is identical with the equivalent equation, (5-5),
developed in chapler 5. And sinee, 28 slveady observed,
the boundary conditions on Q aye ldentlical in the two

modas, the same must be tyune Poxr the solutions of the
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functions g($). | The whele of the numerilcal analyslis of
chapter 5 may, therefore, be carrvied over into ﬁﬁa new
mode, and the solutlons for g($) and h($) are as
tabulated in Appendlx (5-~2). The function h{$) is
defined in the same manneor as in Appendix (5.1}, uamely
h(g) = 908 4'(5) (6~32)
lﬁ particular, the following result is obtalned from the

application of the analveis of chapter 5,

j:‘.(O) - 2'2 - 61425} . (6'”430})
N -
on using the result given by eguation (H~14).

The solutions for k and aQ/37, thereforey arc
kaown on = 0, and these may be used to oxamine the
curvature of the boundayy at the peint where it culs
the § ~axils. It will again be comvenient to represent

the boundary curve € by the equation
v 3

Moreover, on the §~axis, one mnay state ét once theat
?fo(O) e 3
(6-35)
(o) = O

the latter condition must follow from symmetry. The
curvature of the bouwndary ls determined by the second
devivative of $.( ). This curvatuve will clearly be

oviwards or inwards {(i.e. away, from or towards the
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) -axis), sccording as {'{0) is greater or lcss than
ZATO o
Let us write the boundary condition on the
magnetic Tlold, equation {6-19), in the form
7
K (%, 9) = [a — ;3 (6-36)
Now differenitiate this equetion twice totaily with

respect to J to obiain, on 9 = Q.

AT =g - %k A A%, ‘
do* [ | +9? ] ?),71 * 24 dy (6-37)

The other diffeveatiated torms that bave beoen mmitted
from whe right hand side of equation (6«3?} vanish due
te bhe secomnd condition of equation (6-35).
Substibution can now be made for 2k/3¢ from éqﬁation
a(6~28), and if the necessaxy differentiation is carvied
out to evaluabe the leflftv hand sidae forx 7 = 0, equation

{(6-37) will take the fouxwm

[a(zfe] I (alk) (6-38)
dn> 1, 90 Jo

Hore the subscript zero has been used ocutside the

brackets to indicate that the function in question is
evaluated ot the point § = 1, )= O

The final term on the right hand side of equation
(6-38) must now be evaluated. Differentiate equation

{6~21) twice partialiv with respect to 7 « On throwing




away the terms that vanish on the § waxis for wreasouns
of synmetry, one is lefi with the following equatlon

on that line

2* Kk _ | 316%(‘ Z ok ook £y %@
2§ 247 >, 29° ) Wo 9§99 (6~39)

29
Noxt substitute for k on the {-axis from equation (6~28)
Thent the flrst term on the ight hand side vanishes.
Further, since by oquation (6~2ﬁ).32k/97‘ = 0 at the
ovigin, equation (6~39) can be written in integral foxrm
as

(a"k) - 26 £'(0) J
9{)1 o

0

(1 2'Q ) de (6-40)
®o 8?39 g=o

Ploslly, substitute for £4(0), w.(§{, 0), and
Q% s ©) from cquations (6-33), (6=-29) and (6~30)

raopectively, to obiain

2tk _ 86t 7
). - A2 (6-k1)
Hero J is the definite integral gilven by the egquation
]
(
3 - j hls) ds (6-42)
o 1-5%) 98)
Thonu frem cquation (6-38) it follows thab
*
ds. — 86" 37 _ 3
(dqll AN , {6~43)
Let GM b the value of GQ that maltes the right
hand side of equation (6~43) meve; that ilo define G, @s

3 '
G - (31\«» ) I (G-4h)
3T
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Then &, is the value of Lho paramotor ¢ which divides
Phosn solublens whove beundasioen curve ownbwhrds Troem the

§ wtaxde {ﬁﬂj>mm} from thoso whose boundorics earve in

(e, < Guds  Eb do vime coom thad for davge G, tho
howadardaes will have pedically Adfforons shapos from
thone obbained for smald wvaluon of G of whakoh dn tho

Limdt epproack tho sans olosed oval as found in t&&

slow mosdo. An argoament can be advanocod o sagpont

that, i this fast modo is definitive, and 1L, thorofore,
&& is rostricted to a finite ronge of valuas, thon tho
mandnog value of m@ will be leso shen @mw This argomont,
heovevaer, is usot complebo and meot ronaln apeewnlabive antil
tihe ontviee selutions of She problem aroe obbiiaed, Noanow
theloss, 4% lo possible thoad ﬁm mey gdve an srdor of

vagnd bude ostinnte of the maximgn value of €

*b’ showla

this morlnum osish.

Pinally, for complotoness, the valuwe af @N i
degdved.  The Puanctdons g{f) ond L(f) sre tabulatod
with considerable nosuvaey lo Appondix {42},  Thoese
yaluce eon readily be used I & mameriond intogration
of oouation {(6-42) %o detormine J. Owing to the faod
shnt in Appendix (5-2) both gli) and h{{} swre tobulabed
at o fadlxdy olose intorval « dn Daot, oo dnborwval of

0.0 = Simpsen's sule provides o slople snd entivoly
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adeguate method of integiration. Integroting, then, by
this method 1t is found that J = 00,6951, Ualng this
value and that obtained for L\, frowm aguation {(5-20),
the xesult

Gy = 0,651 {6-45)

is readily obioined from equation (&6-44), Lacking bthe
final solublons one may tentatively vogard this valuo as
en order of magnitude estimate foxr &a appropriato to the

now modo,
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CHAPTER 7.

THE PARKER MODES UNDLR SOLAR CONDITIONS

(1) Time-Seales

In previous chapters three distinct modes-of
interpenetyration have been considered. These were
Parker's incompressible mode and the two compressible
modes that were studied in detail in chaptexrs 4 ~ G,
in testing the application of the mechanism to solar
flares, it will be convenient to compare the rates of
those three different modes of field annihilation.

For this purpose, Parker's incompressible mode, and the
slow and the fast compressible modes will be reforred to
ag the first, second and third modes respectively, and
designated by the subscripts 1, 2, 3.

‘The velocity of interpenetratioﬁ has alrcady been
estimated to order of magnitude for the first two modes.
The formmlae are given in equations (4~8) and (4-15).

If itfis assumed that the dimensionless parameter Go'
used in the analysis of the fast mode, is of order unity,
then the veloclty of interpenetration for this mode cén
readily be evaluated from equations (6-7) and (4-56).
For convenience, let us restate the formulae for the

velocity of interpenetration; they are
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L

U~ (v, vy ) ? (dincompressible)
|
v, -~ Ub)ﬁ v (Parker compressible)
Vs (7-1)
( 3)%
ALELEllz (fast compressible)

v;
U—S

It will be noted that the three velocities of
interpenetration are in geometrical progression, the
commonn ratio being the fourth root of the compreasién
factor (VA/VS)R. This central compression, which is
the same in each of tho compressible modes, is éimply
the compression required to provide a gas preﬂauré along
the neutral line sufficient to balance the external
magnetic pressure. Its offect, in each compressible
mode, 4is to decrease the thickness of the current'sheet.
thoreby reducing the distance across which resistive
diffusion must act. The essential difference betwecen
the two compressible modes lies in the veloclty of
ejection along the current sheet. In the slow
compressible mode this is the sound velocity, i.e. the
Alfven velooity for the compressed gas. Iin the fast
mode, however, the ejeoction velocity is the Alfven
velocity caleculated for the ambient gas. In the latter
case more lines of force from the external fileld cross

the current sheet. The rate of ejection is then not




determined by the high density of the small amount of
material in the current ragion, but rather by conditions
exterior to the pinch,

The total energy dissipated in the simple model
that has beon discussed above will be of order
(Hﬂ"ﬂ’3 / 81T) L2 L,y where L is the extemsion of the
assuned two-dimonsional system in z-direction. From
the discussion of chaptor I, it follows that, to account

for a large flare eveont, this energy must be of orderxr

1072 opgo. This could be achieved with the following
valuas
Ha = 500 gauss
L z 109'om (7-2)
L x3 lﬂl@cm

which are not inconsistent with the expected chromo-
spheric conditions. The magnetic intensity given is
perhaps & slightly large, but not unreasonabie, value

for the flield in the chromosphere above an active region.
The cholce of the relative sizes of L and Lz is somewhat
arbitrary. This particular choice is suggested by the
observed filamentary structure in the early stages of the
development of some flares. it may be significant that
the values of I, and Lz that have beon chosen correspond

gulte woll with the half-widths and lengths that are

180
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typical of large flave filaments. Hence equations (7~2)
provide reasonablo values {fopr tho pacranetors HOF'L and 'L3
that will supply sufficient energy Tor a iarge flave.

In equations (4-1) to (#-3) the characteristic
velocitvdes Var Vg and vy weire axpressed in teras of five
physical parameters, namnely Hgg Lyo, T and f,.. Of
these pawameters; o wilil be a function of temperature.
In a highly ionized gas ono may write with sufficient
accuracy

o o~ 13 10 T (7-3)
Further, it will be convenient to work iu terms of a
particle density rather than the gas demsity f, .
Let N_ denote the ambient particle density. Then, on
using the values given in equations {(7-2) and (7-3),
the definitlions of the characteristic velocities yileld

the {following results:
Vi l -2
oy o~ el 10" N

U-g —~ \'3 . [OL‘- ']_"/9-
U‘D —~ 6 ' |O3 T—- -3/2

Now let 7 demote ihe timowageale 9T intor-

(7-b)

penevration of the i-th mode, hased on ithe values given
in equatdon (7-2), Then one can write with sufficient

agcuracy
q

T . {O

U

i

1= 1,2,3 (7=5)
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Justification of this is provided by the analysis of
chapter 5 section (iii), From equations (7-1), (7-%&)
and (7«5) it follows that |

iy = L2 T N,''*
- : il

04 z3 f+3 R > T I\l‘-’x: . (7#64)
-10 ]

™ - l.s ., 1o T.g;;, N,

From equatione (7-6) it should be noted that the rate of
interpenetration of any of the modes will decrease with
incéeasing tonmperature or particle density,

It is of intorest Bo eoxamine the variations of
the timo-gscales with hedight in tho chromesphore and low
cCOrona. A pimilar invéstigation has beon made by Hoyle
and Wigkramasinghe(119) of the wvariation in ithe high
enrona of the rate of interpenetration in the sceand.ef
the nodes ﬁnder discussion hero, In the solax
atwosphere the temperature and particle dansity gradlents
are in opposite directions, and whereuas the decresse in
density with height tends to allow faster rates of
interpenetration, the increasing temporaiure tends to
counteract any such increase, The time-scalos for the
three modes have been plotted in Figuve (7-1), using
equations (7-6). The distribution of T and N, with
height is taken from the composite model given by
221en{120) | pue fuil details of this distrdbution




and the wesulting values of the T;'s are given in

Appendix (7-1).

Flash Phase

CHROMOSPHERIC  HEIGHT (10% kM)

Lo . 2 4 6 1 10 12 14 % i

Fig (?~1). Plcet of the time~scales of the three modes of
field annihilation agailnst chromgspherlc
height. (Hﬁ = 500 ganss, L = 10 km) .

From the grvaphs of Figure (7«1}, it is seen ai
onece that all ﬁhwée modes of interpeneivaiion have
moximum annibilatlon rates in the middle chromosphere.
The offeet of the decrsase of mognetie field strength
with helght, neglected in Plgure (?ml)g is to incresse

the inderpenetration time with inerveasing height, but
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this will no% destroy vhe feature of the maximum inter-
peneivration rate shown in the diagram,

The time«scales of the three modes must be compared
with the equivalent time~scales of solar fleres, Xt has
for many yvears heen normai practice to attempt to identify
the annibilation time with the duration of tho flash
phase. Cortainly the flash phase ié a predominant
ifvature of the flave event, and the spubsequent decay
counld be & roalaxation procesg. Wenﬁzel(lzl) has
eriticizod this interpretatiorn on the greunds that this
point of wview reqguires thads all the meagnetic enoxgy be
dissipated into heat during the fliash phase, and that
all subsequent radiation is at the expense of this
thermal energy store. He argues that 1f this were the
case, the flarce should be vory hot at the time of maximum
intenalty which would be followed by a gradual decyoane
in temporature. Bloctyron tomporatures determined
throughout the Flawve are, however, comparatively consiant.
Wentzuel mainitained, thorsfowxe, that the ldentificatlion of
the annibhilation time with the flash pbhase was incon-
sistent with obgservation. It maust be roememboered,
howeverw, that such elecitron bonmperatures are extremsly
uncertaln. Nevertheless, there is cordalnly a casc for

arguing that thoe welevent time-scale of the flaro to be




compared with the zate of dissipatieon of magnetic cnergy
ig not the Tiash phase but the total duration of the flare.

(12) 4

For a 3+ flare, the mean total duration
moxe thon twe houvrs. The flash phase; on thse ether heand,
lagts about flve minutes. In Flgure (7-1) these timow
seales heave been indlceted, and it is at once seen that
only the fastest mode can. give 1nta$p&métw&t&@n times
ahiorter than odther of these two timewsoales,

As pointed out In chapter 1, flave observations
indicate amblent pardiele demsitles in the {flare region

i1

La
m J . 3 , -
of ordery 10O pagrtiecles poer o, and btemperabures of the

b
order of 105 © K. It should perhaps bo nobilced that a

particle density of 1911

particles per cublic ocm Covyes—
ponds closely with the helght at which the inters
penetration vate 1 o maxidmmm. in Pact, sutstibtution

of the values Just given into equations {(7-6) vields

™ ~~ 6‘8 los Sec
™ ~ el 10%  se (7=7)
1‘3 ~~ 2‘7 lOg See

From thoso values, it is again clear that only the fast
mode coan give a timo of interpenetration appropriate to
the solax flare problom. The shortest time-scale
derived in equations (7-7), of about 3§ hour, is

sufficiontly rapid te account for the decay phase of a
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polar flare. An interpenetration time of the order of
the flare wise-time cannmet be achleved by the present
theory.

The wesults, thoerefore, are not vwholly satis.-
Tactory. The besdt thalt can be sald is that the fast
mode can accepunt for the decay btimes of lavge flares
overy a wlde range of helghis dm the chromosphore and low
COTDRA . Ap 4t s dntended to ahotry however, this fast
mode roquires rather speclal oclrcecumstances that will not,
in geaeral, be mot in actual magnetiec configurationas.
Although the xates of Inderponetration do soem too slow
to account §atiﬁfaet®ﬁily foxr solar flares, 1t should be
pointed ont that 4t haé net been proved that she fast
mode ds defindtives; and the development of the form of
the currendt sheet, agp tho paramoteoxr &0 is dneroased, is
BRKIOW TThe fast moede should, itherefore, be wregorded
ag & lower limit to the interpenetration rate, for the

case whore compressivllity de imporcant.

{i1) Dffects of Ambipolax Diffusion

Gold and Hayle(hﬂy have suggested that an enhanced
disslpation of magnetie onergy can be provided in the
solar fiare problom by the elfocts of ambipolar diffusion.
?arkew(Sg) hag eriticized this suggestion, however,

pointing out that tho compression of the gas will reduce
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such effects. This objection is most easlily demonstrated
in the followlng way.

Let n be the ion density, and £ the fraction of
neutral atoms'thaﬁ are present in the gas, which, it is
supposed, is composed entirely of hydrogen. Let N be the
total density of ion and neutral particles. Next let

V.

L

s V be the collision frequencles for the dons with
neutiral particles and electrons respectively; and let
w , w,; be the angular gyro~frequencies of electrons and
lons respectively, so that

?,H , W, = e H (7*8)

n C m‘-C

where m, m, are the electron and ioi masses. Finally

introduce the dimenslonless parameters

.Y 4 o
- S (7-9)

Now following Cowling's treatment(lzg). one may
include the effects of ambilpolar diffusion in the
conductivity egquation, writing it, with sufficlent

accuracy for conditions in the solar atmosphere, as

—

c o X, nec H

E o+ wab 3 _28%  (iaM)aH (7-10)

However, it should be noted that the conductivity ¢ can

be written as

o - ne nec (7”11)

™m X w w H

i




Now in the -two-dimensional model JdH = 0. S0 it is
clear that the conductivity equation (7-10) can be

wiitten as

q‘!{\_.

E + £~H8 - -

= - (7-12)
whore - is a modifled conductivity. On using equations
(7-10) to (7-12), this modified conductivity will be

given by

| { 247
pr i “i.:‘(' % ) (7-13)

In this problem, then ambipolar diffusion is
equivalent to a reduction in the effective conductivity.
Parker(ﬁg) has made clear the physical effects of
ambipolay diffusion in the type of current region under
discussion. The ambipolar diffusion cannot itself
produce the actual weconnection of the lines of foxce;
the flux linkages can only be altered as a result of
Joule dissipation. However, ambipolar diffusion allows
the iomized component to dvift through the neutral gas,
and allows the magnetic field which is frowen to this
ioniged component to proceed to configurations of lower
energy. Near the nreutral line the limes of force pile
up to produce a very steep {ield gradlent. Thus a thin

region of increased Joule dissipation is formed which

188

produces the necessary reconnection of the magnetic field

lines. The presence of ambipolar diffusion, therefore,
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. enhanees the vate of intorpenetration by allowinrg ihe
region of cuwrent density to constyrict itsell, so reducing
thie distance eover which resistive diffusion must operate.
The total Joule dissipation, though confined to a narrcwer
region, is increased, but the mein dissipoetion pirocess of
nagnetic eneorgy ls obtaincd fiyom collgsians oi the
ionized componenit with neutrai particles occurring over
e nuch wider area.

The rxeduction in the conductivity will be important
if |

28 > | (7-1%)

X X, . .
Tt will be convenient to denote the lef't hand side of

this inequality by R. Now from eguations (7-1), it is
seen that in all three modes the rate of interpenetration
is directliy proportional to vh%. The time»séalsa, then,
are directly proportional to cr%. If ambipolar
djffusion is important, and, thevefore, R ) 1, then as a
rough approximation, one may replace o in the formulae‘
for the time~scales of field anmihilation by the modiflied
form of the conductivity given in equation (7-13).
Thus ambipolar diffusion has the effect of reducing the
time-scale by a factor of order R%.

To estimate the significance of ambipolar diffusion,

R uust be computed. From equations (7-8), (7-9) and
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(7-11) the result is obtained that

2 2
R . 2feH (7-15)

Cl h m; Vi
Writoe £ = na/ N )
(7-16)

Here n, is the densily of neuitral avome, A, is the
collisional crosa-seciion for colllsions botween the lons
and the neutral particles, aud w; s the ion thewmal
velocity. Then from equations (?¢15) and {7-16}, it
foliows that

R .

2
o H n,

c* m, ﬁiWa n Nz (‘7“17}

Fow the present puarpose, only o rough ovdor of
magad tudo va&ue“ﬁfln is requived. So lot us take the
foilowing values of the physical parameters, which will

be reasonably appropriate to the flare problem

24 ~ 500 ganes
o ~ 1013 Os8elle
vy ~ 109 om pec T (7518)
N ~ 20t on™3
RFinally btake Ai's*iﬁulé cr® in vhat Tollows. With these

vaiues egquation {(7-17) gives

R

(7-29)
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From this equation it must be concluded that, for values
0¥ the parameters gilven by eguation (7-18), only a very
small percentage of neutral atoms is required to.make
the effects of ambipolar diffusion rather important.

From equation (7~19) omne would expect a very
significant enhancement of the annihilation rate under
flare ednditions. As'Parker has poinﬁed out, howevgr,
'the.reéulﬁ 18 illusory. Underlsteady conditions, the
appropriate value of the total particle demsity N in
eqintion (7-17) is not that of the ambient gas, but
vother that of the comprassed gas in the current region.
FPor pressuwe balance it 13 necessaxy that

N ~. Coa/vs) N, (7-20)
whmr@~Nﬂ ig specifically the anbient pavticle density -
ag dn she last section. Danote the value 0f R resulting
from this substitution by Ry Now, substituting for N
and # in torms of the charactowvistlce velocities, and
further putting LI vé, it is found that equation
(7-17) will be replaced by

R‘ - A«w-a’ﬁf Nea

¢t Ay N,y n ‘
It is this eguation, not (7~17), which must be used to

(7-21)

determine the value of R, on which any increase in the

reconnestion rate depends.
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Tho effects of ambipolar diffusion on either of
the two cemyreé&ible modes considered in earliier chapters
can now be computed. Substitute intoe (7-21) the values
of o 4 way and vy from equations (7«3) and (7-4), whi.ch
are basoed on o 500 gauwuss magnetic fleld, Bguation

(7~21) can then be written im numerical form ag

R, = 33 107277 Do (7em2)

I Fingé (7«2) logl@ R, has been plotted as a
function of né&ght-in the solar atmosphere., As before,
Allen's dota has been used to give the tomperature
variation'and the total partiele dénsity in the chromo~ 
sphere and low corona,. In the vpper half, allowance has
beon made for tho fact that at higher levels lonization
is caused prima&ily by‘eleatrom collisions and
reaémﬁiﬁat&@ns aro radiative. A Fformula for the degree
of ionizotlon giveﬁ by Allam(123) was uged,

While the values of Ry shown in Figure (7-2) must
be rather uncertain, thoy aré sufficlient to show that no
large increase can be achieved in the interpenetration
rate due to the eifeets of ambipolar diiffusion, The
high gas density in the pinch, necessary to balance the
axtornal magnetic prebaure, chokes any relative motion

hetwgon tho ilonized and neutral components of the gas.
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with

Fig (?«é). Vardation of the parametoxr RS

chromospherde helpght.

(11i) 1Ihe Bfiects of a _z-Field.

The models consideored up to this stoge hove been
two-~dimenslonaly the magnetic field was indopendent of
the a~cogrdinate and had no component in the z-direction.
These agsumptions are, of course, guite artiiicial; and
ong cannpt oxpect them to be satisflied, in general, in
the solar atmosphere. What is moro important is the
fact thet the second assumpbtion affocte aignif&cmnﬂly

the rate of interpeneiration dexivsd.
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To oxemine this point, suppese that in addition
o the components of the field that lie in the % « vy
plane, there is a component in tho m-direction. The
two coliilding flelds ave then not exactly antipamrollel.
The neutral line in the twow-dimenslonal fiold ia now a
Lineg of Tovco. Whareas the ywcomponent of tho field
ehonges sign aoross the sheel current, tho m~component
does nobe. MNoir, dn the two-dimensional case, to achieve
pressure balance in the z-direciion, o high gas pressure
was roguired along the centre of the curront shoet.
In every mode this condition of pressure balance vas
exprosasod by the x-component of the oguatien of motion,
When o z-fiold is present, howover, thls z«component is
not mero along the centre of the sheot curvent, and the
compresaion of the gas need only bo sufficient to compress
this component &6 that~ﬂm2/ﬁ1f can balancoe the total
external mognetlc pressure. The x«component of the

eguation of motion, when vgg

& v,*, ean bo written to
a Firet opproximation as '

(o), oo (723
Oon neglecting the x-component of the mesgnetie Field, this

equation integrates to glve

[/

Hy + H = F(g/) {7wal)

2
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Tf tho m-component of the Field ds of the some ovder in
leie embient gas as the componont Iiying in the x - y
plene, then enly o moderate comprowsion of tho cas will
bo r@qgired to previde tho increase in the ﬁzwfieiﬂ
vecesuary to satisfy oguation {(7-24).

In the gensial case, therofoerve, where the field
has 2 significant z«componont, high compiressien is
proventved by the presence of this component, and the
rate of interpenetyretion Lo covrespondingly roducad.
The system behaves, therefore, g in the incouprezsible
wmods, and, as Flgure {(7-1) indicates, thyvousghout the
solar atumesphevo thies mode 1s guite inadequate o
mecount fovr the Teatures of golapy flavses.

A eomplete tveatumont of the case whore & z-Plold
i prescint would bhe exdromely duvolved, Fox all the
difficnlties euncountored in the two«dlnensional
incompressiblo mode in chapter 4§ ave pyesent, and, in
addition, the situation is complicated by gas mobtions
induced in the z-dizrectlon which cannot be ignoraed.

In dewiﬁing the ordew of magnitude solutlon, however,

1t ds noted that the samo cauatlons ere valld as fox the
incompressible oose, nomely (B4}, (4~5) and (&«6).
Conseoquently the order of'mdgnitude soelubtion is ldenitical
with that of the incompressible mode and is, thervefove

given by

Mo,




L

vy, ~ (v, Ub) 0

—~ u. \ Y2
¢ )" & (7-25)

It might at first appear that the g~field's

Anhibition of the compression of the gas might allow
ambipolar diffusinm effocts bo be significunt. Ags
oguation (7-23) shows, however, bho field must be forca~
Ffeoe dn the n-divection, and, theroefore, the ambipolar
diffusion btoram in oquation {7-10), which would otherwlse
be dominant, is wserp do Fivet ovden. Bat the ffieid
naed:naﬁ bo completely force-froe, and ge ambipolaw
diffusion might ¢till be Amportant. In the cguation
of motion the moagnotic force berm must be as largo as
vhe presoure gradiont, and this could gviil bo sufficient
to make the awmbipelar diffusion term significant in the
conduetivity equation. Farther and more dotailod
imvwétigatﬁans of the effects of sumbipolor diffusion

i this conmection are ragulred bofore any dofinito
conclusiong canr be r&aehédn Lt is quite ceytain,
however, that the ambipolar diffusiocn teorm does not have
the dominance that wouwld be suggested by eguabdions

(7-27) anda {7-19).
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CHAPTER 8

THE SEVERNY-UENTZEL MECHANISM

The cbmplexity of the problem has prevented
anything other than a steady two-dimensional analysis
of the process of tﬁe dissipation of magnetic encrgy.
In the work of Parker, in fﬁe presemt analysis, and in
the work of Petschek to be discussed lateyr, tilmo~
independent configurations have been examined in two
dimensions. Hﬁngey(igh) and Sevewny(gl}, on the othew
hand, have argued th&tlﬁhe collapse vesulting Srom an
inotability iﬁ the magnetic conffiguration near a peutral
pﬂint does not lead to the setiing up of a steady stato.
Severny has; therefore, considered o time-dependent
systen. The model adopted was one«dimensional, The
avgument in a oyude form, is that as the collapse
proceeds the megnetic field and the gas density are bullt
up at the same rato. However, the magnetic pressure
which Ls responsible for the compression increases as the
square of the field, while the gap pressure is
proportional teo fy, and in all casocs y<f2. Hlonco the
magnetic forces causing the cellapse are bulll up morve
rapidly than the pressure forces reoacting against it,
Aa $yravatmkii(125> has pointed out in o criticisom of

Severny's wvork, however,; counsiderable care is required
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in applyving thils kind of argument. In the discussion

; : . 3L, 126
of Soverny's mectiangom{ 3ts 3 1

) that follows, it 1s
intended to point oul th@'raa%ric%ive conditions under
which SBeverny!'s analysis may be applied.
Let us consider the magnetic field confliguration
vhich is represented by
L5} = (0, H{x, t), 0) |
H{o, t) = 0 (8-1)
- 80 ihe field is directed everywhere in the y-~direction
aind depends only on the x~coordinate. Moraover, the
plane x = Q is n neutral plane. Foy simplicity,
synmetry is sosumed abouwt this plane; ithemn the
discuasion may be confined o the field om one slde of it.
Tt will be convendlent to use the Lagrangian form
of the fluid equatlons, so pul
% =oxm (K, ¥) (8=2)
where x is the coordinate of a fluid particle whoso
coordinate was initially X. HHence
x(X, 0) = X (8«3)
Finally, suppose that, at time ¢t = 0, the field, the

density, and the pressure distributions axe respectively

glven by
H = HO(K)

f = o (X) (8-4)
P = P (X)




199

In this simple onc-dimsneslonal ecasc, ithe equation
of motion in Lagraagian form can be writben as

PR N L | ' i
s E (e ) -2

The equation for the conservation of mass becomos

pdx = fo O (8=6}

Substituting from this eguation into (8~3) will vield a
simpler form of the oquation of moltion, vim.

B (W p B
{5 I '()X(‘B‘rr * ) ( 7

Newnt perfect comductivity is assumed; the
gondition for the resulting conservation of magnetic £lux
can be writiten oo

H dx = H_ a% (8-8)

Pinally 4f padiative and othery energy losses are

neglocted, there is the adiabatle equation, wviz.

P = P (-f-’-)" (8-9)
o [
Prom equations (8-8), (8~9) and (8-6), the
variables H and P may be eliminatoed from the equation of

motion, replacing them with the dndtial disvributions,

0, and P . Equation (8«7} then becomes

-1 o R B

Up to this point, with the physical assumptions made, the

troatment has been exact. Bouation (8-10) is, therofore,

the complete differential eguation of the system.
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It should boe noted - in passing « that 1t ds.a non-linear
partial differential aqua#imm of the secend order, and,
therefove, of a rather complicated nature. Ite soelution
for x, when the initial distributions [, H , and P are
apeclfled, reqguires a single external boundary condition.
The indtlal boundary conditlon on x is givenr by eqguation
(8-3).

wy  al
(31,3%) considered

To simplify the problem, Severny
the case of homologeus ovr what he tovrmod 'aubomodal!
COMPrROILioN. He assumed that the form of the material
distribufion was independent of time, and that, therefore,

the solution of oquation (8-10) bad the simple scparable

£V

fowrm
E> = a{t) %
{(8w11)
a{0) %2 3

Tith this substitution a very counsildersble simplifdeation
of the cquation of metion 4o possible. Douation (8-10)

reduces o the form

- -

d"a H,” 1 »
f 5 75

di X am  a~ aV

Suppose now that the system was Initilally in
eguilibrivm, then one coan write
2
i “/8m «+ ; = 817
"/ P, P (8-13)
wvhoere Pn 48 a comnstant - in fact, the initial value of

the gas pressure on the neutral plane.,
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Now lev XQ be the initial halfewldth of the transition
region of the magnetic fleld. Substitate for Ho in
equation (8-12) using ithe equilibrium condition (8-13),
and integrate the resulting cquation with wrespect te X,
from X = O %o X = K@; The FTollowlang egueitlon is then
obtained ; n :

| .
& = (L - &) (8-14)
vhere Q is glven by

Q = [F-P(X)] /f"fx 4X

Toguation {(8«14) is Qmaentimlly the equation

{8«15)

studied ond solved by ﬂaverny. Sinee y'( 2 - and of
necessity QjSVQ - it is cleay from this equation that a
compression once started will proceed at an over
increasing wvate. From‘this, Severny deduced that the
equilibriun configuration of a magnetice Tleld with a
neutral plane is ungltable. He concliuded further thatb
a compression, oncoe 1t has begun, will procecod to an
indoefinite extent, since equabion (8-14) indicates that
there can be no eguilibriam configuratlon other than

a = 1, and this, it is ¢laimed, is unstable.

Severny argued, btherefore, that the compression
procesds until shocks ave doveloped, which sventually
svop the compression, and leed to an iumpulsive heating
of the gas. The gollapse towards the neutral suriace

waa ddentified with the flash phase ¢f the flarvo.
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It procoeds at approximately the Alfven wvelocldy, wvhich
senle short enongh to account Lox the Tlare's suddon
egven for a small fheld {~ 50 gouss) will provide a timow
gealo short enough to account Lox the fliarve's suddon
vise to moxdpun. This *inetability! of the field,
then, and the couseguent collapse are the basls of
SBeverny's theory of flares and of the theory of the
acceleration of charged pavriicles thalt he developed
with Shabanﬁkii(102’127};

Sevoral criticiswms can be made of the thoory.
For the present, altteation will be concentrated on the
regtrictions that are imposed by Severnyt's approximation
of autonodal comprassion, Tveon 1f the aosuvmpilon of
equation (8-11) is made, it should bhe romembered that
the oquation of motion must still be examined in the
form of equation {(8-12), and mot simply in its integrated
form {S-14), Subsiituting the equilibrium condition,
equation {8~13), 2% is possible to write (8-12) in tho

Lorm

1

N T - 'clﬁ, 816
(dy az) (.“71 fox d’X ( ) 3)

Now by the definition of eguation (8~11}, the left hand
side of this eguetion is a funcition of + only, the right
hand side a fanciion only oi X It fellows that, in

addition to eguation {8-~14}, it is also requived that

il

dfe + QX O (8~17)

d X
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Thus Fov Severay's automodal compression to
operate, the inltial dissvidbutions ?0 and f. must satisfy
the diffevential equation (8-17). A special class of
equilibriuvm configuvation ls, thevefore, roguived Tox
Seveirny'e analysis bo be legltimate. further, the
condition (B8-17), though necoessavy, is not sufficient
Foyr the compressivn to e of the unldfovim btype specifled
by oquation (8-11). The solution of the geneval Form
of the differeuntial equation of the systeom, vomely
oyunation (8~10), waqmiram twn‘bvﬂndmry conditions for a
unigue solution, Mratly there ds the Indtial condliion
which dis simply x = X, or inm Severny's case a(@} = Ly, and
secondly there i the external boundary condition which,
it may be supposed, is appiied on the plane X - Xg.

Such a condition will e of the form

2%, ) = #{t) (8-18)
Foir the compression to be of the aulomodal form conw-
sidered by Severmy, £{it) must cleawly, for seli-consistency,
be of the form

£(t) = K a{t) (8-19)
vhere a(t) 1s the solution of the diifferential equation
(B-2h). _
Beountion (8~19) 1o the boundary condibtion that

corrosponds, not to the free collapse of the field, bub




rather to a forced compression. From eguations (8~6)
and (8«11}, it is scen that the pressure that must be
applied on the external boundary, X = xg, in order to

sugtain the automodal compression, is given by

Po= R ) () (8-20)

a(t)

From this equation it is clear that the automodal
compression will only proceed to an indefinite oxtent
1f the externally applied pressure is increased without
limit.

The principal criticism, bthen, of Severny's work

is similar to that made of Dungey's discharge thaory(llﬁ)

in chapter 2 (page 76). If a perturbation is made on the

type of one«dimensional magnetic fleld with a neutral
plane under consideration here, then the energy available
to distort the magnetic configuration is precisely the
perturbation energy and no more. The illusion of a free
collapse of the fleld le created by forcing the boundary
conditions, and the existence of an instability, in any
real sense, has not been demonstrated.

To summarize, by his assumption of & uniform
compressalon of the type given in equation (8-11),
Severny claimed to give an example of a collapse of the
magnetic field towards a meutral plane that would result

in shock phenomena and a comnsequent severe heating of

-
-
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the flare regilon. On the basis of this example, he drew
rather general conciusions about the stability of such
-magnetic configurations, As the present analysis has
shown, howover, only a spec¢ial class of initial
equilibriam coniligurations can lead to such automodal
compression undexr any external boundary conditioné.
Again, granted that such an initial configufation is
attainable in practice, internal oonaiatency reQuires’
that the external boundary condition be of the form of
equation (8-20), The"physiéal interpretation of such
2 boundary condition must be that the compression is of
a special and forced lype, and that the initial equilibrium
configuration was such as to allow the compression to
romain undform. These considerations greatly reduce
the generality of Severny's analysls, and any conclusion
about the stability of the field resulting from it must
be disregarded.

A theory similar to that of Severny has been

developed wvery recently by Wentmel(lzs).

Again a unie-
dimensional time-dependent system was considered. Iin
addition to the field components as represented by
equation (8-1), however, Ventzel included a component

in the z-~direction that was initially uniform. The

direction of the magnetic vector, therefore, instead of

reversing across the transition region, is turned through
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aﬁ anglé of T -~ 20 wvhere O0< 0 < 'w/2, {the size of P
depending on the relative strengtiis of the y~ and
z—aomponenta. The neutral plane is then repl&cad by
a plane of minimum resultant fieid strengith and,
therefore, of minimum magnetio pressure.

| Wentzel doﬁsiderad‘the collaﬁse of the magnetic
field fawards this surface. In treating the dynamics,
only tﬁe magnetioc forces were considered; the effects
of gas pressure'were neglecfad. This is no doubt a
reaaeﬁablé approximation, since at the chromospheric
lavalavétAwhiéh fiarés occur, it is expected ithat the
magnetia forceé will be dominant. Thus the forces that
react agéinst tﬁe collapsae and ultimateiy halt it are

the magnetia forces built up by the compression of the
conptant z=field, Wentzel carried out an extensive
nuﬁarical analysis of this type of collapse and of the
résulting shock formation. A number of initial magnetic
#;ﬁfigurations wvere examined, and the effects of varying
the éﬁgle of inclination 0 were also computed. The
Séitﬁaﬁions;initially assumed, however, did not correspond
to'eﬁﬁilibrium configurations. Such a theory, therefore,
'me%éiﬁ describes the behawviour of a system after an

!
e
iuaﬁaﬁilﬁty has fully developed, and thue has ne bearing

Do
J.|1 E

on-thg clrcumstances gilving vise to the flare,
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Probably Wentzel's work is quantitatively the
most detailed that has been attempted in comechlon
with solar flares, Reflerence has alwready been nade

(124)

to his contention that the flash phase corresponds
to the time of onset off the Divst yisible effects of an
indvial donstabillity, and that the proper timo-scale for
identification with the rate of magnetic enorgy
dissipation 1s the total duration of the Flarve. On this
polnt o view, the actual rate of opblcal emisasion in the
fiave will cowrrespond to the rate of magnetic eneorgy
dissdpation. '

Ventzel proposed that the collapse btowards the
purface of minimum fiold strength leads to am onset of
turbulence, if the velocitly of collupse exteeds o
gortain arbitrary fraction of the local Alfven velocity.
He supposed that this turbuience persists throughout the
Ilare, and that the emission of the optical flaxe is due
to Joule Aissipation of magnetic energy in the turbulent
fleld of fiow. He pointed to bbaervatinna by Suemovo
and ﬂiei(aa) of the premaxima spﬁeﬁra of 4Ywo small flares.
These authers found that the electron demsitiecs derived
from a Stark interpretation could enly be reconciled
with the electron densities deriwved Trom tho line

intensities 1f the total emissilon depibk was as smoll as
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10 km. Wenitzel suggested, therofore, that the Joule
diselpation is contined to the boundary ldayers of the
turbulont eddies, The thickoess of these layers is
determined by the shinedepth through which the fileld
can diffuse wihlle the oddies ars in conbtact. - Prom
nrﬁar of magniﬁﬂdﬁ galoulations Wentzel concluded that
his intérp?étatidn of the optical flare as Jouln
disaipation in a turbulent reglon was im accoxd with
these obeervations. it must be vemombered, however,
that o thickness of 10 km is also congistent with the
release of the whole of tho magnetie onergy in the {flash
phase by the currant sheet mechanism,

Alth@ﬁgh there is some obsoervational Justiflcation,
therefore, for this important aspoot of Wenizol's theory,
3t im felt that the idomtifidcation of the magnetic
dissipation time«seale with tho total flare duratlon s
somewhat arbitrary. FMuxther, dospite the detailed
nature of his analysis of the collapse, Wenitzel could
only Jjustify the onaet of turbulence by a gualitative
argumend. The reoeguired turbulence Lls no more than
hypothetical. Finailly, as menitioned previously, the
initiel configurations thet arce siudied in the numerical

analvsis ave non-gquillbrivwm confilgurations.




Gonsoegurently both {the nature and the existence of the
fleld instability axre in this theory, unlike that of

Soverny, completely ignored.
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CHAPTE 9

PETOSCHRBK'S MODCHANIGM

The slowness oi the interpenetration rate in the
Parlter ourrent sheet mechanism prompted further attempts
to show how this mechanism might be speeded up. It was
suggested by Jaggi(lgg) that the type of resistive
instablility examined by Furth, Killeen and Rosenbluth(lgo)
might develop in & current sheet of the kind that has been
under discussion. This development would lead to a
shortening of the scale length L and a corresponding
enhancement of the interpenetration rate. The work of
Furth, Killeen and Rosenbluth, however, is not of direct
application to the solar flare problem, and Jaggl's
analysis fails to give‘a clear estimate of what the revised
interpenetration rate ought to be, A more satisfactory
approach has been developed by Petschek(lgl). who
examined the effects of wave propagation on the interw
penetration rate., Owing to the existence of a small
component of the magnetic fleld perpendicular to the sheet
current, it is possible that at a éertain distance from
the neutral point the veloecldty of propagation of Alfven
waves across the sheet may exceed the diffusion veloclty.
Wave propagation will then predominate ovexr the diffusion

mechanism, and the curreunt sheet can bifurcate, leading to




a significant shortening of its effective length. An
enhanced rate ¢f interpenctration can thus be obtained.
The diseﬁssien of flare mechanisms will be concluded
with a falrly detalled accounit of Pelschek's work,

The account mainly concerms his adaptation of Parkor's
incompressible mode.

Poitschek considered a two-dimensional system
iavelving the collision of two regioﬁs of comnstant but
oppositely directed magnetiec Tield. If these magnetic
flelds ave H = (0, & H» 0), one may assume a Tield of
flow given by v = (Tvy, 0, 0) %o apply outside the
transition rogion of high current density. Hera Vo
will be a constant. The assumed field of flow will be
consistent with the condition required for a steady
steate, namely curl E = O, These two filields are taken
aavthm mexreo ovder flelds, and perturbations will be
caused on them by the presence of an intevpenctration
region of finite dimensions, Potechek showed that in
addition teo the type of current sheet that has already
been conaidered, which lies wholly along the y-axis,
another rather different type 1s possible, at loast over
part of the range of v. This aprrengement consists of
two soparate sheet currents each inclined at & small

angle iB to the y-axis. Between the two sheets <the
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fleld is rereo in the y«direction, that is the £field is
effectively perpendicular to the sheets, This type of
field is shown in Pigure (9-1}.

it will be convenient to refer to the regilon
between the twe sheet currvents as region A, and to the
exterior region os region B, The regions have boen
appropriately labelled in Figure (9~1). Petschelk
derived & very neat solution for this configuration,
vhich is self-consistent for small B, and which in each
region is independent of x and vy. The magnetic flield
of this solution is illustrated in Pigure (9«1); the
details of the solution ave given in Table (9-1).
In this table the signs of the wvarious terms ave those
appropriate te the first qguadrant. Further, Irom the
Rankine~Hugoniet conditions at the shock faceg together
with the equation of continuiity in region A, it can be
shown vhat the angle of inclination P of the current

sheets to the y-axis is independent of y and is given by

(9-1)

F
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i -1} Flioeld due to two sheet currents ecach
making an angle P with the y-axis,.

Physical Veriable Reglon A Region B
Gas density ' : , o fo
Fluid velocity (x~comp.) 0 - v,
Fluid veloelty (y-comp.) vy 0
Magnetic field (x-comp.) v H /v, ~2vgﬂﬂ/vA
Magnetic field (y-comp.) 3 e I,
Gas prossure P, + Hod/ﬁﬂ P,

Tabie (9-1). Petschek's solution for regions A and B,
for a small imclination JB .
iitﬁ?b V‘@ < 'V'A‘)w,
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The magnetie configuration illustrated in Flgure
(9-1) is net physicelly reslistic as it ctands, I
involves a sheet curvent along the zx-axis, along which
there would be an undesired componont of the Lorents
force.. This sheodt current arises becaunse the region of
Wave pwapagé%ian has beoen assumed to extend xight te the
ovigln. AL an Xetype neuntral point, howvever, tho transe
verse fleld must go smoothly to =zero, In & nelghboure
hood of the neutral peoint, then, the two sheet currents
must coalesce to forik a sipgle sheet current of finite
lengtlia In this reglon intorpenetration is due to
resietive diffusion, while at & greater distance up the
y-txis the transverse fleld builds up and wvave
propogation becomes the dominant mechanism. At such
digtances the field will indecd be of the form SQan in
Pigure (9~1), while near the origin the field corresponds
to that of o single diffusion reglon with an Xntyge
noutral point, similor to that fillustrated Iin Pigure
(-1}, The complete magnetic configuration io

iliuvstrated in Piguve (9-2).
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Pier (9.2). Complete magnetic configuration for the
interpenetration vegion.

The solution in table (9-1) can be satisfied by
puy value of the interpenstvation velocity.vo; This
value depends essentially on the nature of the complete
system, dncluding the central diffusion sheet. To
ehtain this complete smlmtién, one must £it the solution
given in Table {9-1} to a region of normal resistive
difffasion of length L' say. ' From the analysis of the

incompressible mode, considered earliew, it follows that
i
=~ & 4
Yo o (Wn ?A}

{9~2)
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Here Ve is the common Interpenetration velocity of the
diffusion end of the wave dominated region. In equation
(p~2) vp' ds the diffusion velecity across a distance L',
vize

2

1
Uy az <
]
Lo L

(9-3)
I, as hafaf@, the diffuasion veloolty acyess thoe total
scalo-length L is den@tgd by‘vag then from quations
(9-2) and (9-3)

vo  ~ (v, u)* (i;)% - (9-4)

|
#quation (9-4) indicateos that ag v, le incresmsed the
length of the diffusion reglon is shortened In order to
accommodate this incresased rate of interpenetration,.

The next point cousidered by Petschek was the
ﬂeﬁarmimation of a minlmum value for Lt, and hence a
magimun Lnberpenetration rate. Now in the external
fleld of flow it is possible be write the £luild velocity

and the magnetic fleld as

x = =vy (i o+ on)
e T (9-5)
1= H, (i + B)

In oquations (9«5) i and Jj are respectively unilt vectors
in the x- and y-directions. The vecltows n and
repiresent the pertuvrbations on the fluid wvelocity and
the magnatic field due Yo the presence of o finite

intorpenetration region. Ag vo/vA-%rQ, the moduli of
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the vectors u and i wilil also tend to =mero. Petachek
used the sondition th&t~‘§| be of order unity as a
cirlterion to determine the maximum interpenctration
rate, Ve ©

Petachel assuned that the perturbation fleld h
vas of potential form in the exbornal regilon. Thongy
this assumption is cewritainly arbltrary, he showed that
with 4% dnternal consistency could be malntalned. Now
the thichkness of the whole of weglon A ils small conpared
with the extent of the external field of flow; so, in
discussing the exterior rogion, one may to a flrsh
approximation regard the analysis of region A as
providing boundary conditions on the y-axils. The
solution im Table (9~1) then provides the normpl component

of It on this line; this coumponent is given by

u \\/ ‘3, < L— ‘ﬁx = 2“""
. Vi
i . —_— 20}:
- >y >L ho = 7, (9-6)
\ \ < Ll "‘ﬁ = 2 vo

The last condition in {9-6) has boen taken simply as on
approximation for hx over the boundary of the diffusion
repdon. The precise value taken over thls reglon ig

probably not important.
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Yrom equations {(9-6) end the assumpiion of a
potontlal fleld, h is determined uniquely in the external
region; Petschek found that the modulus of h had its
greatest value at thoe point where the z-~oxis meets the

boundaxry of {the intewvpencivation region. At this point

Inl - 2 v (m}(h;) | | (9+7)

™ vy I
Taking || = O(1)} at this point, and using equations
{(9-2) and (9«7}, Vay M8y be detormined as followss

Voo~ v (g )T (9-8)
D

Petschok extended his analysils to the compressible
case. ‘The effects of compressiblility do mot significant-
ly alter the form of the magnetic field oy The general
configuration of the field of fluld wmotiom. Parthew,
the inteyperetratdon rate s unchanged to order of
magnltade. It is Important do note that a signlficant
differonce between the Petscholk and Parker compressible
modes, which both correspond bto the siltuation where
ﬂgg/an->> Pye 4o that ln Petechel's unalysis theve is no
great compresslon in rogion A, The effegts @fAcompression,
however, will probably still be fuportant in the diffusion
region of leangth LY.

While considerable refinement is still required in

the analysis, in particular, in the wrelatliounship and it
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between the rogions of wave prepagation asnd diffusion,
Potachaeks work does hear out the conelusion that the
Parker modes ave not defindtive, although it must bhe
realized that there is stldll no clear proof of
definltivenese even iu this mode. A considerable
enhancomnent of the dinterpenetration rate is, however,
clearly possible. Purthor, wno axrtificial assunpition
about the exact alignwment of the colliding magnetic
fields is required, since the result of equation (9-8)
is largely indopendent of compressibility. Moreover,
the reguli ls almost independent of the conductivity
wvhich appears only logavithmically, and so the result
cannpot be affected signliicantiy by any heating of the
gas.

One Tinal point should perhaps be made. The
scale length L used in the analysis of both Parker and
Petaschel is arbltrary, The dimportance of the work in
chapter 3 of the present treatment is that it relates
this parameter to the displacement of flux systems in a
pexiectly conducting medium.

In conclusion, the mechanism will be applied %o
the fiesre problem inm the same manner as the obther modes.
Assuming, therefore, a 500 gauss magnetlc fleld and a

[
scale~length of 10) em, the values given in equatilion
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(7-4) may be used Ffor v, and Vip® The minimum time-

A
seale for dnterpenctration is then given numerically by
Toniw ~ 2:1 . 107% K NY? (9-9)
where K = 103 + {(3/2) log T » {1/2) log W {9-10)

The values of the mindmum time=scale dervived
from the applilication of these two squations have been
plotted in Pigure {(9+3). Allen's valuaa(lga) have
again been used for the chromespherie tenperature and
ﬁansity distributions. The full delails of the
numerical values on which Piguve (9«3) is based are
tabulated in Appendix {9-1). Tho time-scales
appropriate to the total flere duvation {~ 2 houvs)
and the Fflash phese { ~ % minutes) have both been marked
in Pigure (9~3). Since the time~scale of interpenc-
tratlon depends mainly on the gas denslbty and is
virtually independent of temperature, there is a steady
decrease in its winimws value with dncressing chromo-
spheric helight. Prom Plgure (9-3) 1t 1s at once clear
that Petachek's mode can account Lox. the rapidity of
the xise to flave maxdmun for any chyromeospheric helght
above about 2000 km. In fact, the indterpenetration
time is of the same aorder as the flash phase duration,
or even shordoer, for particle densities less than

i2 3

) particlaes per om”.

. 10




Fig (9-3).

Total Flare Duration

Flash Phase

HEIGHT (103 KM)

2 ; 6 ) 10 12 14 16

Minimum time~scale of interpenetration in
Petschek's mode against chromospheric height.
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CHAPTER 10.

GENDRAL REQUIREMENTS OF A FLARE THEORY

The essential requirements of a complete theory-
of solay flares may bﬁ sumnarized undexr the following
four main headingssw

(1) Energy Storage Mechanism.

(2) Breakdown Mechaniam.

(3) singularx ﬁagnatia Configurations.

(4) Dissipation Mechanism,

The enexrgy storage mechanism must be capable of
storing up to 2 . 1032 ergs at chromospheric or coronal
heights in the solar atmosphere, This energy must be
stored in force~free perturbations of the potential
field of the assoclated active region, The energy of
the potential field itself is not available to supply
the flare.

A breakdown mechanism must be provided to account
for the explosive onset of the flare. Two types of
instability have been considered in this connection,
namely a dynamical instability, and what we shall term
a macroscoplc resistive instabllity.

In the limit of infinite conductivity the magnetic

field must be capable of giving rise to singular
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configurations. The need for such configurations is
obvious in the current sheet mechanisms of Parker and
Petschek, but singular configurations are also required
in the alternative theories of Severny and Wentzel.

The easentlial differences between the two alterw
nativg types of theory that have been discussed lie in
their respective accounts of dissipation mechanism.
Here the main problem has been to find meahs by which
the magnetic energy can be converted into heat
sufficiently rapidly to account for the flare. There
is not, however, complete agreement as to whether the
dissipation time should be ldentified with the flash
phase or with the total flare duration.

In the course of the present chapter, it 1is
intended to discuss the extent to which specific
theories that have been put forward aueoeaafuliy

meet the above four requirements.
(i) ZIntroduction

Some of the requirements of a flare theory have

been described by Gold amd Hoyle(ug)

as follows:

v(a) magnetic field configurations must be found which
are usually stable and which can store energy with a
density a hundred times greater than in any other form;

(v) a rather rare situation must occasionally arise




that leads t§ an instabllity in the magnetic ficeld
configuratlon, and to the disaipation of this energy

as heat and mess motion." Up to this point the present
discussion has beén largely confined to mechanisms
concerned in the adtual dissipation process. To place
such mechaniesms in a context relevant to the flare
problem, it is necessary to supply both a storage and

a triggering mechanism, The firast of these require«
ments will receive a full discussion in the second and
third sections of this chapter; in the present section
it 1s'ihtended to say a brief word of introduction about
pussibie triggerlng mechanisms.

Gold and Hoyle have pointed out that the
instabllity responsible for asetting off the flare need
not require an axternal triggering mechanlsm, A break-
down might occur in the process of energy storege, and
a dynamical 1nstab111ty’ﬁight develop, when the stored
energy exceeded a certain coritical value. The authors,
however, could find no firm justification for this
conclusion, and, therefore, propaséd that the triggering
mechanism was in fact external and not directly connected
with the ptorage process. Nevertheless the idea of a
- dynamical instability ls certainly very attractive, and

could provide & satisfactory inlitiatory device for the




diseipative mechanisme that have been considered in
etrller chaptors.

Certainly to initieate the collapsé described in
the thoeories of Beverny and Wentzel, a dynaminal
instablility is requived. A complete theory would
involve an investigation into the possibilities of
sueh an instability and its development from stable
eguilibrium configurations, A dynamical instabiiity
is undoubtedly the most plausible suggestion to account
for the sudden onset of a flare; Ffurther, it wouid‘be
equally applicable to the initiation of the béeady
conditions of currentesheet mechanisme, No significant
work has been done, however, on the question of the
exiobence or development of @ dynamical instability in
connection with solar flares. While othex possibile
ities do exist that can lead to the steady conditions
of the current-sheet mechanism, it would seem that the
type of collapse envisaged by Severny and Wentzel can
only be started by a dynamical instability.

Bven Af a dynamical iastebility were te occur in
the chromospheric magnetic field, this would he followed
by & flare only if the field collapsed to a aingulaé
cuprvent-sheet configuration. Those conifigurations are

an essentlial featurce of all four dissipation mechanisms




tbat have been discussed (Parker, Severny, Wentzel and
Petachek). HMagneitie Llelds mast be found, therefore,
which, in the limit of infinite conduetivity, are

capable under displocement of glving rise to singular

configurations. It io in attempting to meet this

reguirenent that investigations of magnetic flelds
with neutral points hoave been important.
(ii) The Role of Neutral Poinis and the Acceloration

of Charged Parilclos.
(132

Sweet ) has examined the topology of an

idealised sunspot field at chiromospheric lovels, His

discussion ié based on the asgunpiilion that sunspots
arise when filux ﬁubeé that would normally lie at a
Jower level protrude through the photosphere and emerge
into phromuspheri@ roglons. The field cexamined was
that of a complex spot group, consisting of two simpler
hipolar groups. The boundary of the field may be
mapped on o & plane 2 , which is referred to as the
photosphere. The £ficld of dnterest then lies above
S, and the magnetice flux crosses 2 4in four reglons

A, B, C, D, as shown iﬁ Figure (10-1).
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Fig (10-1), Typlcal connectivity of a complex spot
grovup iv the soler surface, (132)

If vhere is any flux sharing betweenr the two
hipeioy groups, the commectivity of the field in Z
requivres the existence of two noutral p@imts'ml'and
N, in that plane. [From Pigure (10-«1) it is clear that
the lines of fowrcoe through these neutral podnts divide
the plane 2 inte fouxr distincet areas, In fact the
field above Z can bo divided into Pour distinoet

topological raglons, of whilch the four areas in X~ aro

o
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parts of the boundaries. Thesa four resgions are
refervad to as I, XX, IIL, and IV: the flux from AL
recrogsses Z ot BI, that entering at AII reerosses atb
DIX, eotc. The four zoegiong above £ are separated by
four surfaces which aroe gonerated by syastems of lines
- of foree through one of the neutral poainte. Fo
oxample, regicus I and YX¥ will be separated by the
lines of Force that go throuvgh the boundary curwe
séparabing AT and ATT; all these Yines of forvce gd
to tho neubtral point NQ. The four separating surfaces
8o dofined have o commpn intersectlion above L , whioch
is o 1line of fovece Jolning the neuﬁwal>painté Ni and Na.
Swept pointed out that the dopology just described
ls relevant whon any btwoe flux tubas, or, for that matter,
any two dlstinet sectlons of the same flux tube intersect.
It was assumed that the megnetie field above L
was Indtially of p@ﬁ@nﬁﬁa& Forn. The offect of moving
the photospheric reoots of the fleld was then considered.
When this occurs without magnotic reconnaction, the
field can, in general, no longer be potential, and
eleootric currents are induced. Sweet proved the
fuportant theerem that Af any current flows at &
deformation type neuntral point that is not on & neuiral

line, then hydrostatic eguilibrium is impossible at that
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point, In the proof of the theorem bthe effects of gas
presoure and gravity wewe includod, assuming an iso-
ﬁherm&l aﬁmowphere..

The thoorcm would Imply that hydwostbtatic
equilibrium muaﬁ brealk down as soon as any dlsplacement
is madeo of the componont flux systemns of the nodeal,
since such displasements must induce currents. It was
not proved, however, that those ourveonts must flow at
the neutpral points; only e qualidative argument eould
be given to juatify this assumpition, If the intore
probation is correct, then any motlon of ithe cémpoﬂent
spobts will lead to an immedlaie breakdown of hydrnaﬁatiﬁ
equllibrium, and evopgy canunt bo gradually stored for a
sudden reloase, at least in bthis typo of magnetic |
configuration. Interponetration will proceed as soon
as thevre ds aay relativo motion of the component spots.

Sweet next showed that the voltage drop along the
Line of force Jjoluning tho twoe meutral points ml axnd N2 ’
is equal to ~ (L/e) times the wate of reaennecéion of
magnetic flux. Xg the recommecitlon rate cam'ba nade
sufficlontly wapid te allew the $ield to mainitein nearly
potential fLform, then to order of megnitude the voltege,
vV say, will be given by

vV ~ v L H € el {(10-1)
C
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where H and L are respectively a typical magnetic
intensity and scale~lengbth of the fleld, and v is the
rolative velocity qf‘the sunspot components. Now this
voltage will be availlable to accslerate particles, since
it e ﬂeﬁarmina& from the electric ficld as measuroed by
an obseyxver movinmg with the fiunild. Prom the worl of

Moyer, Parker, and Simpsoc L L1o0)

y particles up: to 10 BeV
were accolerated in the flaroe of Pebruary 23, L9856,

To account Lor such exceptlonal particlos, wveloalties of
the sungpot components of thoe gbaup‘wanld have to be of
the ordex ol 106 ém/se& on any roeasonable astimate fox
the values off H and L. om the other hand, it must be
pointed out that direct accaleration by the large scale
eloctric field is not the only conceilvable woy in which
partlclos could be accelerated,  Tho alternative
theories of Parkerqg&} and Soveray aad Shabanskii{lca)‘
have alroady boen mentioned.

Veloeities as large as 10 kw/see could not bo
expecited Liom the gonexally observed mations of sunspots.
Gopa@uk(lﬁﬂ) has ¢lbted an oxample, however, in whichi the
displacements of the coumponents off a spot group, s
measured bofore and after a solar flave, redquired a
velocity of at lcuast lﬁﬁ em/seec fox their exnplanation.

On this interpyretation, large veltages counld wesult
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from sunepot notions,

Pawkar‘sg}_haaargued that this induced veliage
camiot accelevate cosmdo ray partilcies, siace the
acceleration roquires thot the parblcies achleve runaway
enevgles. By a crude argument, he estimates that
ranawiy pavticles camnot ccour,. since by his computatlons
the elettrons have drifi woloeibiles that are considerably
deps than thelr thermal wvelocities, These computations,
however, apply te Pavker's compressible mode of Intore
ponabration, This wmode has been ahéwn not to be
definitive, and if the 1mtuwpametwmklwn takes nlace with
a rate Lhat is appropriate to ﬂetscnek'm onalysis, the
electric fileld will be sigalflcantly enbauced, Farther,
1 the twe solliding flelde arse not exmectly antiparallel,
the wesidual Fleld luhibits the compression, and the
lowor gas densldy in the dlnbérpenciration vogion reduces
the critical field requiwred for runaway electrons. K
the optivuwn condlilons of Pebschel's mode are taken, not
only the electrons bub also the protons will be able to
achleve ronaway enorglos.

Sﬁ@et's topology of the sunspot fleldd, and vhe

suggestion that suuspot wmotions ape responsible for the
magnetic reconnegiion would seem to be unable to occount

for novmal Llares. Por the conclusions about The




brealkidown of hydrostatic equilibrium at the neut?al
peimﬁ rule out a gradual storage of energy in
preparation for a catastrophic release. The suddenw
ness oi Flare onset cannot, therefore, e explained.
However, such a model could well account without
medification for the more gradual plage brightenings,
of which.flaras are probably extieme exomples

distinguished by the violence of their onset.

(141) The Gold and Hovle Storage Mechanism.

A sepavate topology of a chromospheric magnetic

field has been consddered by Gold and Heyle(ko).

Though it differs considerably in ite externals from
Sweet's model, in its topological essentials it is
almost identical. The Gold and Heyle model la,
howovor, more general in that the numbexr of neutral

points is not restricted to two.
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Pig {10-2). A twisted £lux tube of the ty?e
considered by Gold and Hoyle. ko)

Gold and Hovle erxamined in considerable detall
tho field of a twilsbted fluwm tubce of dhe kind iliustrated
in Pigave {(10-2). At ghronmospheric heldghts the field

in the tube must be forde«froe. They fdentified such

Cbundles of dwilsted 1inas of forge wlth cohrowospherie

filamenis, eclaluming that flavres are Trequently alligned
with pre-oxistlag filanentory struacbures. Thirs Gold
and Hoyle's theory is concerncd wlth smallescale fields

rather than with tho compleite sunspodt magnotie gonfilgpg-

uration,




The tubes of force may emerge twisted from the
rhotosphere, or, alternatively, they may become twisted
into their force~free configurationa in the chramﬁsphore
due to phetospheric twisting motions at thelr vroots,

In either event, such tubes of force prowvide isnlated
magnetic systems that, unlike a potential field, can

store emergy at chromospheric levels,

P

oo g s oy
ISR

i 10~73}, Cruss~seobioa of the colliding fiolda
prior to any recuincction.

Iin their theory. Gold and Hoyle considered two

such flux systems, Sinee the systoms are isolated,




initially they will exzert no forces on each other.

The authors supposed thot twe such systems come into
contact by chance along part of thelr length at
chromoaphoric lovels, Vhon they first come into
contact a crosp=section of the colliding flelds will
oppear fs shown in Figure (10~3), end nermal diffusion
willl tﬁke prlace across the boundary of conbact, Due to
this diffusion, the outer lines of forece ore reconnected
and, after a short while, the cross~section of the field
wlll appear as in Pigure (10-4)., Now, due to the
initial reconnection, ithe systeme are no longer isolated.
The limnes oi force enclosing the two systems wil) exert
foreces that draw the twe systems closer tegether.
Nonw-singular hydrostatic equilibrium will cease to be
possible and a naryvow collision layer will be set up.
The interpenetration will proceed at an ever inecreasing
rate in this collision layor in which the =teady
conditions of the current shest mechanism, as analysed
by Parkexr, Petschek and others, will apply. The
intorpenetration rate will be detormined by the veloclty
at which the two flux systemn are being drawn togother.
This rate will ultimately be limited to the maximum rate
of interpenetration posalble in Petschek's mode.

Two important features are found, therefore, in the

theery propesed by Gold and Hoyle. Pirst they have




indicated a method by which the flare energy may be
stoved at ehromospherde levels, and secondly they have
provided o triggering mechanlism. The first twoe of the
reguirements stated at the beglinning of the presont
chapter are, therefore, successfully met in this theory.
Further, in thelr triggeiing mechanism, Gold and Hoyle
hove indicated anothewr type of field imetability which -
ﬁight be appropriate in place of a dynamical instability.
This will be referred to here as a macrescoplc resistive

instabllity. Tt may be defined as follows.

Pig (10-4). Cross-secition of the colliding fields
‘ followling some yeconnection.

ES
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Sappose that an initially stable eguilibyiuvm
configuration is gradually albered, possibly due bo the
gradual storage of additional magretic enovgy, untlil a
eritical stege is reached, at which under s further
poerturbation a non~singular equilibyiom confipuraibioen
ceanot be found wilithout some vecornnection of the lines
of force. . In the limlit of perfect conductiviiy a
curvent sheet iz then induced. If finlte conduetivity
is allowed, however, hydrestatic egulliibriuwn bresks dowvn,
and a thin regienr of high current denasity is set up in
which wesistive diffusion is operative. The resulting
interpenetration intreduces new magnetic forces that
dacrease the stabllity of the configuration. The
length of the eurrent sheet required for eguilibrium is
incroased, thereby increasing the oxtent of the diffusion.
Az o resull, interpenetration will take place at on
increasing rate until & new non-singular sguililibrium
configuration becomes possible. This ls a slight
generalization of Gold and Hoyile's type of instability;
their's is the pardicular case where the dnitial cone
figuration is not one of stable but one of neutral

equilibzium,




CHAPTER 11.

SUMMARY AND CONCLUSLONS

rarly magnetic theories of solar flares were

criticised by Gowling(llo)

on the grounds that if the
fiare heating is due to Joule dissipation of magnétic
energy, then the thickness of the current cannot exceed
a fow metres. This eonclusion follows directly fiom
energy considerations and a simple application of
Ampere's law. ‘This criticism has been satisfactorily

met in all later theories. Dungey(115)

pointed out

- that, since under solar conditions the current density
is determined primarily by the magnetic field con-
figuration, a solar discharge must be very thin in one
direction.

It is possible to state this requirement of the
extreme narrowness of the curreat region in a more
elegant manner, in any flare theory, the assumed
magnetic fleld must be capable of glving rise under
displacement to singular configurations, when the
resistivity of the gas 1s neglected. This requirement
has led to the close investigation of flelds with

(115) o oest132)

neutral points by Dungey and others.
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Given such a megnetic configuration, a complete
flare theory must provide an instabllity to account forx
the sudden onset of a solar flare. The most attractive
suggestion would be a dynamical instability in which an
initial nomesingulayr steble equilibrium configuration
becomes unstable., If no other non-singular confige-
uration of stable equilibrium exists into which the
system can move without reconnection of the lines of
forece, the system must collapse to a singular equi-
librium confipuration. The collapse would then be
accompanied by the formation ef a sheet current,

Though the idea of a dynamical instability is cleaxly
tempting, no significant work has been done to date on
the oxistence of such an instabiliity appropriate to the
force~fred condlitions of chromospheric fields.

Two separate approaches are possible in the treat-
ment of singular fields which might be caused by the
collapse, and in dealing with the resulting dissipation
of magnetic energy. On the one haﬂd, Severny(sl) and
Wentzel(lag) have treated the problem in a time~dependoent,
but unidimensional, mamner, They argue that a steady
state 18 not reached as a result of the collapse.
According to Severny, shock phenomena dissipate the

energy of the fleld, leading to an impulsive heating
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of the gas to a temperature of several miliion degrees.
This provides o thermal eonergy store which the fiare
diesipates over ithe pericd of a few hours. Ventzel ,
however, considers that the eonergy of the collapse goes
inte turbulent motions. This turbulence then provides
& glore of enewvgy that is gradually dissipated over the
whole duration of the Tlare by Joule heating taklng place
at the boundaries of {the turbulent eddles.

The altornative approach has bheen to assume that
steady conditions ave set up in a singular @quilibrium

configuration, Work along these lines has beon

s(126) {117,59) (131)

published by Swee PFarke: and Petbtscholr
When allowance is nmade for Finite waéistivity,‘uonditions
of hydreostatic equilibrium cannot held within the cunrrent
sheet, which is now replaced by & filaite rogion of high
current demnsity. The colliding fields collapse at a
rate determlned by the rate of wmagunetic diffuslon in the
pinch,. Four modes of Interpeneciration have beon
considered in the present treatment. In general, tho
interpenetration rate determined im these modes falls far
short of what Lls required in the solar flavre problem.
Undor optimum conditions, the 'fast' mode of chapter 6

can account, however, for the deoay phase of o flare.

But the rate of interpemetration derived inr this wode
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depends critically on some aprtificisl) features of the
two-dimensional model thet was assumed, since L£ the
collliding flelds are not oxaectly antiperallel, the
interpenstration rate ls mich raeduced,

The most welevant application of the curront-sheet
mechanism bo the flare pweblem is provided by Petachek's
analysis, This wmode of lnterpeneotiration is sufificiently
rapld to account fowr, nob only thé decay phases, but also
the flash phase of o large Tlare under a variety of
chromospheiic and coronal conditions. Further, no
artificial assumptilon about the alignment of the colliding
fields is necessary, since compressibiliby is nebk an
fmportont feature of this theory, Potschok's work is,
without doubt, the most sueocessful albtempi, té date, atb
& solar flare interpencetration mechanism. It is
paeesible that other medes of fnterpencitrasion may have
relevance in rathery difforent solar contexts.

“The current sheelt mechanlsm gould arise from @
varioety of causes. Pilrstly, 1t could be set off by a
dynanical dnstebllity resulting from the %wisting ot
chromosphexic fielkds by photospheric m@tians.%l Secondly,
it could arise,; although not for flares, Ffrom continuous
novemants of the photaspheric rooits of the chromospheric

field, as for oxample in the relatlve motions within a




complox spot group. Thirdly, and this is the least
specnlative alternative, ﬁﬁa mochandism could follow
from a macroscopice resistive iunstablilby of the type
examined by Gold and Hayle(uqy, and possibly of an even
more general bvpe.

In the case of the dynamical instabiliby it is
likely that, when the sibeady counditions arise, the
interpenebtration will proceed at the wvrabte appropriate
to Peitschek's mode. This corvesponds to a ¢ollapse of
the colliding fiolds a2t mear the Alfven veloelby.

On the other hend, i the intevpenctration is cauvsed by
continuons phoetospheric motions, then i the absence of
a gstorvage mechanism, the rate and mode of this intere
penetration will he detexmined by the velocities involved
in the phoetospheric metions themselves. Finally, 4f the
process avises from @ macroscopic resisbtive instability,
then the wate of interpenetration wlli be continucusly
accelerated, The mode of reconnecition will procesed
from the slow wmode, through the faster» mode analysed in
chapteor 6, ultimately reaching the Pebschel mode im which
an uppesr Limit is finally oncountered.

The Petschelk mode can account, therefore, Loxr the
rapidity of the solsr Tlare Tlash. Further, it is

likely that 8 wider class of plage brightenings can also

2hn
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be explained by the currvent sheet wmechanisom. The

] - * 8
eriticiaom has boen made by W@nﬁz@l‘lg )ﬁ

14

however, thab
auch & theory is in conflliet wiith the observation of
homwologous flares, since the reguired reconnectlen of
the linea of fTorce wounld significantly alter the magnetic
configuratlion, and presumably, therefore, the appearance
of subsequent flares of the homologous group. Model s
could be suggesited, no doubit, in which this criticlem
would not applv. For oxample, the iden of a dynamical
instabllity ecourring in a single flux tube is tempting.
A single inltially untwisted flux tube could become
twisted by photospheric mobtilong as in the Gold and Hoyle
modal; should, then, a dynamical ilnstabllity develop,
the tube will bueclile and the resuliing dnterpenctyation
will leave the bube again in an wntwisted sbtate similar
to ite Andtial configuratlion, The prpeess could,
thorefore, bo repoated in 1is espentiala, However, at
present, such models are only speculative.

This erlitleism by Ventzel has usually heen yegardoed
as vather soriouns; bul it should be pointed out that
oniy o fow cases of homologons Tlaxres have Leen aba&fved,
and that the inteorpretatlion of some of these is opom to
doulbb ., The most sirikiling example of & homologous group

. =
of flaves, that observed by Honpen tand Gawa@n(Jg), HIEY
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in fact, have been wrather a homologous group of
phenémena agssociated with a series of flares that were
unobacrved due to their proximity te the solar limb.
Pox it is difficuld to disbinguisiy limbd flares, such as
those Hansen and Gordon weve aﬁtémpting to observe, Irom
gurges and other larve-like phenomenas, PThere is no
doubt, however, that homologous activity of some luind
was observed in bhis case, But 1t should be péintmdvmut
thet the field anuihilation required for a flare will
0ol ipao facto preclude such activiity, provided the
reconnection is confined to émall scale features, as
Gold and Hoyle have suggested. For there is then no
weason to exapect that the geoeneral aunspdt configuration
would be albered by the flarae. And it is the mors
’gemaral foatures of the field that determine thie forim of
flave~agsoeliaterd phenocmnena. finally, if the groess
features of the sunmspot fleld are aliered, this nmst
ccour in only quite exceptional 37 events., VWhile such
flaves are kunown te ocour in groups in ﬁartiﬁuiar active
regiows, individual flares of the groups show consider-
able dissimilaxities, and ave certainly not homologous.
Most theories of sclay flaves have attempted to
explain the opllcal event. This is probably the best

procedure, since the optical activity is uswally the
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wost obvicus and probably the mest energetlic feabture,,
Soeme anthors have suggested, howvevewr, that the optical
floye I8 0 seoiglacy poenomenoin. w@ntmel{lgs) has put
forward the interosting suggestion that the type of
event consequent on the collapss of the magnetic fleld
depends on the helght of this collapse in the solar
atmosphere, and on the corresponding electron density.
If the collapse oceurs at lower chromospherdae levels,
the wate of emission, which depends oa the eledtron
density, ds sufficlent to wradliate away the enorgy of
the Joule dissipation. If, however, the collapse
@écnrﬁ at hizghewr itevels and, therefore, in wregions of
lowor electweon density, the enewvgy of the magaoetic
disaipation caunnot be radiated off with sufficient
papidity, and heating develops. Wonbtsel supgests
that the event does noet then heocome viasible, bul that
gssocinted phenomens such as radio bursgits avd particle
acceleratlion may coour.

While Wenbtzel's suggestion s of ilnterest, the
aptical event ils, nonctheless, the most Lroguent,
generally the wost conspilcuous, and probably ﬁha mosth
energetic Feature of the complete solayr Tlare event.
There i uo clear evidence for deublting its fundamental

nA LIRS Certainly, on cccaslons, assoociated events,
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particularly PType TEL radio bursts, do occur withoub
eclear evidence of an opileal Dlare, but such excepticnal
cages could well e due Ho obseyvatlonal selection,
Radio burshs at wmetre wavelengths can bs muaeh more
waambignoeusly vecorded dhan the optical filarve. Marshor,
Type EIT bursts, dn paviédcular, oro found to saecur evan
wlth very minor flaves snd sub-Lilores, Xt would be
rash, therefore, bo concelude shat sueh events can
definitely ocecur without any optical countarpoxs,

For the demarcatlon between small flores and unclagie
ified minor plage brightenings is not cleaw, The
optical counterpart could welld be unidontified, In
view of these remarks, the ldentification of the optical
flare with the primawy event is quilte xeasonable, and any
suggestion that it 1s & secondayry pheromenon ils at vevy
best conjecturali.

To conclude, the obscvvaitienally recardsd feoatures
of solar flaves provide a very detailed backgrowad fov
flarve theorios. To date, o theory has atbempted to
account for mere than a Lew of these observed features.
By comtrast with the observational posiﬁiun,_little
progress has beoen made dun deoveloping a sastialfacbory
theory of solay Tloves. Y6 can be said, bhowever, thatb

current sheot mechanisms in the form first proposed by




247

Sweet can be applied, pariticoularly in view of reacent
daevelopmenta by Pe%sahek, in & maoaner to account for
some salient Ffeatures, in particular, the onergy supply,
and the beief time~scale. Purther, the mechandsm can
daseirlbe, though ot present only cqualitatively, the
aceeloration of cosmic-~ray partiecles, amd the pyroeduction
of runaway. electrons, necossary ﬁ@? mary aasuaiaﬁeé
radio @henam@na., Finally, thoe mechanlem may be appliled
in particular to systems with the Gold aund Hovyle
tepology, vhich can provide a satisfactory aﬁaraga
mechaniom and triggering device. To this extent, at

loant, some progress has been made,
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APPENDIX Sel soLurIoN ror g( § ).

For convenience, the differential equation (5=5)
and its two boundary conditions, (5-8) and (5=-9), are

restated hereo as follows

(1 - 5")(9'7‘ ~j}”) - 2?;}}' = (1-9) (5-1-1),
g(0) = O (5-1-2),
?fu< N = O (5-1-3).

These three equations completely defiﬂe the problem,
and determine a unlque solution for g § ) which must be
evaluated by numerical methods.

The problem is complicated by the fact thalt the
differential ogquation has two alngular points, which are
the points § = 1 and $ = 0, the points at which the
" boundary conditions are imposed. In view of the
difficulties of Ffitting munerical solutions to the
series expansions that are necessary in the neighbourhood
of these singular points. it was decided mot to use é
purely iterative moetheod. Instead, & seguence of
solutions is obtained, all of which satisfy the condition
of equation (5-1~2). A single infinity of such
solutions exists, each solution bheing specified by a
value of the parameter K, to be introduced below. The

numerical integration invelved in determining these
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solutiong can then prooeed on a step-by-step basis,
and the Runge-Kutie method of iuntegration is used.
For each of these solutlons, the value of g%{l) cau be
obtained, and by coumparing two oy more such solutions,
e bettor value of the starting parameter K can be
determined., In this way, the required solution fowr
which g"(1) = O can be successively (uand rapidly)
approached.

Toe apply the Runge-~Kutta method of integration,
the differential equation (5~lel) must firat be
expressed as two firsit ovder ordinary differential

equations. Write, thevrefore,
h(g) = ¢ () g'(5) (5i=l).

Bquation (5=-1-l) can then be expressed as

4 h

(5=1=5),

1}

h &

Further, it is readily seen that the boundary conditions,

k2
TOIRE T

(5=1=2) and (5=-1=3), now become

g(O) = 0,

(5=1=6).
ht(1) o= 0,

Since $ = O is a singular point, it is
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imposgaible to start the numerical integration from
this point, A seriecs expansion must, therefore, be
obtained for g( § ) and h( { ) for a neighbourbood of
this point., From equationas {(5=1«5), the required

series expansjions are found to be

S N I T A

+[ ?lg(‘m)oi)z + (——é—-K + zii:)

2 -
+ ( 3 K- S22y o o
0 75 375

og, §
)| 5

33075

+ [-— e b8« (k- L) ()

+(__ 2 e, 3098 . 6523 ) Lo, §

70 [lo2yg 231§ 250
> ‘ 7
70 3675 771750 64827000

v oo (87) (5~-1-7),




b
R
o

h(§)= § . [ m_@u? 4.gkl}§3
+[~%(L¢}§)1 N Q- A+ BL) by

¥ <>-lF 352 ‘lQE—.) :] ¢s

5 75 125
LS (g (g - B (g
’ [ 630 ((”}Q) + (70" 33075 “3

_ 96 2, 68072 ¢ 871422 ) §
* ( EYY K toZs A 11657625 u?

6 3 34036 > _ 87122 . 10342153 ) 7
i ( 35 " 3675 ‘ 285875 16206750 g

+ o (ig) (5--3,--8).

Hore XK i ithe parameter menitloned above,

To exmamine the genoral nature of the solutions
of oguations (5=1~5), several solutions were obbtained
using tho sewvies (5=1=7) and (5«1-8) to initiate ococh
golution, and thus avtomatically satlsfying the first
of the boundary conditions given by equation (5=1«6).
>861utian9 were obtained for three values of K, namely
K = « 1, 0, and + 2, and these three soclutions are

illustrated in Figuve (Geiw=i).
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05 10

Figure (5-iwl) Graph of three solutions g{f )
satisfying the condition g(0) = 0.

Up to the point § = 0.1, the solutions were
obtained directly from equations (5=1=-7) and (5-1-8),
Beyond this point the solutions were determined by
numnerical integration on a hand-calculator, The method
used was two-stage Runge~Kutta, with an interval
8¢ = 0.02, The integration formula was as follows =

if the equations
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g!

g

p{ §, 8 n),
(5=1=9)
ht = QQ S &y h)s
are used to represent the two differential equaitions

of {(5=1=«%}, then the two=-stage iluntegration formuia is
]

?(EO"ng) = 4o * 5§‘|°(i‘+%5§, 3'01\%;%32’, hc+‘,z((05f)
h($o+88) = he o+ 85 ¢ (§4535 9o v dpedf her kg 85)
(5=-1-10),

where the suffix zZevo has been used to indicate that the
relevant funcition is ovaluated at the point § = §, .

In deriving the solutions, the effect of the
singular point, ¢ = 1, was igunoved. This is a feasible
approximation, since no great accuracy is reguired from
these golutions, and the Runge-Kutta integration can bhe
extended up to the singular point, buit, of courae, not
bevond Lt. The dominant erwvors in the solutions arxe
due to wounding orrors which build up till the accuracy
of the solution at § = 1 is ounly about 1 in the second
decimal place. Nonetheless, the results are sufficient
to indicate the general behaviour of solutions with
variation in the initial parameter K (Figuve (5-1-1)).

The solubtion of equation (S5=le5) that is
ultimately reguired must, in addition, satisfy the

condition h'(l) = O. Denote by K  the value of K




coryesponding to this required solwvtion, Then
inspection of the rosults of the preliminary integration

indicates that, to a first erude approximation,

Ko == - 0.7§ (5=-1-11),

As the next stage of approximation, two further
solutions were obtained corresponding to K = « 0,75,
and ¥ = -« 0,70, These solutions were calculated on
the "Deouce' electronic computer of the Glasgow
University Computing Laboratnéy. The method used in
this computation was e¢ssentially the same as ﬁhat“'
outlined above, except that the more uswal fourwatagoe
Runge-Kutta method of integration was used (al). In
this way, an aecuracy of one part in lﬁh was obtained
in these two maechined solutlons,

Due teo the improved accuracy of these solutions,
the difficulties involved in determining the sclutions
near the singular poinv § = 1 by the Runge-futts method
become significant. it is neeessary.-therefowe, to
oxamine more closely the nature of solutions of the
differeniiel equations (5~l-5) in the neighbourhood of
this poinv, Seleciting the nonegingular solution, this
can be expauded in a Taylor series abouit the point I = 1.

The expansions can be written as
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%(I 1‘55) — A + _&_(Bs:)?- N _L“'__",‘_,l“_(gff + M(E‘})q
7\ 6\ 81\.3
2 a5 (56 (59)°
" Thon e~ O(60°) (5-1-12),
h(1+8%) = T +(2+ﬁ_5(5§’)1+([+ 4»_@_)(5?)3
2 N

- (_3.)&_ N i;w_) G6) + O(9)7)  (5-1-13),
I 6)

vhere ) ; (Gei=ilt),
e = h (1)

To use these series effectively, terms are
roequired which axre owders ol magnitude higher than
these included in equations (Sei-i2) and (5-1=13).

The complexity of the algebra invelved in deriving the
coefTicicents of theseo tervins, however, makes their
inelusion impracticable. Stdll thelr effect may be
ostimated as follows. It can be seen from eguatiscns
(5«1«6) and (5-1=1%) that for the solution ultimately
reguired M = O, Noting this simplification, 1t is
possible to derive series expansions that would apply

to this particular solutlon, Further, it is possible

to obtain these series to considerably higher powers
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of 3§ than those appearing in equations (5=-1-12) and
(5=1-13) without recourse to excessively complicated

algebra. The resulting serles are

(1+3¢) = A 2 (8¢ . (9 . A (69°
B ' sx(g) ax( QN
: .5%13(5@*)“' + O(69)?) (5-1-15),
h(1e58) = 2 069 + 0¢) + 2607 L9
\? S\

P 20697« O(6DY)

X

(5-1-16).

The last two equations cannot be applied directly,
since the solutions that have been obtained numerically
are determined by their starting conditions at ¢ = 0,
(i.e. the value of K). In general, it is not expected
that h'() will be zero in these solutions. Moreover,
although these solutions are good approximations to the
required solution, and, therefore.;m will be small, it
is, nonétheleas, essential that the actual value of
(M be taken into account, S5till it is reasonable to
neglect the effect of the non-zero value of j in the
higher oxrder terms and to extend the aseries expansions
of equations (5-1-12) and (5-1=13) with higher order
terms derived from equations (5-1-15) and (5-1=16). In

this way, composite series are derived, viz

— ——
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g +38) = N o o (55)7 4 Lorpe (59)° + 2N pi(sg)s
2\ 64 B

2 £Sp (56)% L 9)¢ 1 11 (S
6O\ 9y 2t0)? (5-1-17)

W(ts88) = rAgg +(f+€?)®§f+ U +ﬁ$)®iﬁ +(%&+_?g

)@s)*

2 s 6
< (08) + G 2 (8%)7
\* ¢ " s’x( ¥ 5}3( ) (5~1-18).

| Consider again the two machined solutions
obtained for K = - 0,70, and K = ~ 0,75, As already
indicated, the integration near ¢ = 1 is unsatisfactory.
The Runge~Kutta solution: is, therefore, rejected in the
neighbourhood of § = 1, and instead, the machined
solution and the series solutlion given in equations
(5«1~17) and (5-1-18) are matched at the point §{ = 0,90,
It is then possible to obtain the values of )\ and p by
an iterative process. Clearly, for a particular
golution, these values depend only on K, Write therefore,

)\ = AN(K)

LK) (5-1~19).
poooo= PAR

When the matching process has been carwvled out the

following remsults are obhitained :




A= 0.70) = 0. 5640
M= 0.75) = 0. 5494,

(§n1-20) .
f.L("' Oh70) L “"0.03261

pl~ 0.75) =  +0.,0k27

The resulte of equations (5-1-20) indicate that
the two solutions obtained on Deuce successfully
straddle the required solution, Now let <)o be the
vaiue of g(l1) corresponding to this required solution,

then, from the definition of Ka’ it follows that

}\(KO) &2 4

p(x,) = 0, (5=2-21)

Pinally, one can obtain a more accurate approximation to
KO by an inverse linear interpolation for p&(K) based on
the results of equations (5-1-20); in this way a second

appiroximation is obtained, viz

K, = - 0,7214 (5=1-22),

A final approximation to the required solution

wag obtained using more elaborate programmne technigues,
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This solution was obtained on the IBM 'Stretcht' elcecctronice

computer of the U,K,A,E.A, at Aldermaston, The essence

of the programme is as follows : using the result of




equation (H=1~22), it was declded to determine two
solutions of equations (5=-1~5) based on the values

K= - 0,720, K = - 0,723, The method of integration
was once again four~stag9 Runge=-Kutta, but this time
with an 1ntérVa1 of 0.005, Those two solutions were
matched to the series solutions of equations (5=1-17)
and (5~1-18) at the point $ = 0,90, thus providing two
new values of M (K), Then an inverge interpolation
for M yilelds a fresh value K, » which was printed out,

and found to be

K = - 0.721032 (5=-1-23),

This value of X, is sufficiently exact to make
further approximations wmecessary. A final solution
was, therefore, conputed for this value of K. The
complete solution for both g( ¢ ) and h(§ ) is given in
tabular form in Appendix (5-2), for § = O up to

$ = 1.1, In the interval § = O to 0,1, the solution
is obtained from the geries in equations (5-1~7) and
(5~1=8); for the intervals J = 0,1 to 0.9 the solutions
wore determined by the Runge~Kutta process; and for the
interval § = 0.9 to 1.1, the series solutions in
equations (5-1=17) and (5-1-18) were used, the values

of N\ and [ being obtained from the matching process.

A check on the precision of the wvalue of Kﬁ chosen is
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provided by the value of M determined in this way; it
is found that M = a 5 . iO’G), indlcating a very high
depgiree of precilsion,

From this last result it is possible to estimate
the accuracy of this final approximation as of the
order of 1 in the sixth decimal place. Such an accuracy
is more than sufficient for the lmmediate purpose of
determining a2 lower bound for [o The solutions of
g(g ) end B($ ) must, however, be the basis of any
attempt at a complete solution of the partial differential
equation (5~1), and for this purpose the additional
accuracy could be useful, For the present, the complete
solution of g(3 ) and h( 3 ) is not required, only the
value of g(1), which has been represented by the symbol
jﬁo. From the solutions in Appendix (5-2) one obtains
the important numerical result that

o 0.557753 (5-1-284).

fi

Reference
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LEC

10
i5

m N

20

APPENDIY =1,

3.65

3.67 .

3.69
3.72
2377
3.80
3,87
b.10
48
k.88

DATA FOR FIGURE (7-1),

log N

15.9
15.3
ih.5
13,6
12,6
11,9
1i.3
10.7
i0.2
9.8
9.4
8.9
8.5
8.4

log ™

€.80
6.67
6.48
G.20
6.08
5.92
5,82
5484
6.00
6420
6.34
6,52
6.2
6.69

6.73
6.45
6407

5665

5420
L.38
k.65
.58
71
.91
5403
5.18
5438
533
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log s

6.65
6,22
5.65
5.01
.32
3.84
347
3.31
Feld
Be61
3.71
3.84
.0k
3.96




APPENDIE 9=l

oI S - N -]

10
15

Jog T

3468
3.67

3,69

3,72
377
3.80
3.87
%410
k.48
L4.88
5.20
5460
6.00

DATA FOR PIGURE (9-3).

log N

15.9
15+.3
1.5
13.6
12.6
11,9
11.3
i0.7
10.2
9.8
9.4
8.9
8.5

log K

089
0. 91
0.93
0.96
0.98
1400
i.02
1.0k
1.07
1.10
1.13
1.15
1.18
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log T

L,16
3.88
F4 50
3.08 ¢
2,60
2.27
1.99
171
L. b9
1.32
1.15
0.92
Q.75




