.hapterv - The Sun and its Radio Emissions

The Cptical Sun

The Sun, despito its drilliance in the daytime skies
and the fact thx it i3 essential to our very existence, is a
niddle~aged and vory ordinary star by stellar standards:
there are undoubtedly mary millions or so which meke up our
Galaxy - although we have no means of knowing how many of
any of these enjoy & system of satellites 1like tiat to which
we and our eight sister planets belong. Its prominence
comes solely from the fact that it is the nearest star to us
by a long way, a mere 93 nillion miles distant (or about
eight 1light minutes if we use ths astronromer's yardstick,
the time its light takes to reach us). The next nearest
star is 4% light ycars away, abocut 2§ =illion million wmiles,
The Sua nevertheless rust be counted a3 the most important
of the heavenly bodies to us because it is tho only one we
can study in Jdetail, and it prasents us with a laboratory in
which conditions that canrot be recalized on éarth 3TO access-
ible to our telescopes. Iz brightness the radio Sun is not
23 prominent as the visible Sun, but it shews remarkable fluc-
tuations that are not paralleled at all in its visible light.

The Sun is a spherical ball of matter which 13 very
hot, highly ilomized and held together dy gravity, the weighkt
of ov:rlyingfgégiéfgbaing responsible, by compression, for

ey,

ralsing the tumperature near ths centre to some 20 million
At this temperaturec tho protons are synthesized into heliua
nuclei, the energy released finding its way to the surface
wherc it is radiated away. Altkough the Sun is emitting
energy at a rats equivalent to nearlv 100,000 millicn (1511)
megatons overy second (9 megaton being the energy released
from an explosion of one nillion tens of T.M.T.), it has

enough hydrogen to provide fuel for nuclear fusioa for

further thousands of millions of years - despite the fact
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that it has been doing this for at least the last 4000
million years, The equivalence of mass and energy means
that the Sun is losing mass as it disperses energy accord-
ing to this staggering programme; it is, in fact, becoming
lighter by some 4 million tons every second. Even at this
rate its mass will not decrease by more than one per cent
in the next 150 thousand millien years! :

There is a steady gradient of temperature from the
intensely hot core to the visible surface, which is known
as the photosphere, and is at a temperature of about 6000°%,
This translucent ocuter border to the incandescent ball of
gas which lies inside is remarkably thin, only a few hundred
kilometers thick, and so the Sun's limb always appears perfect-
ly sharp rather than fuzzy as might have been expected from
its gaseous naturs. The 1light emitted from the photosphere
is a close approximaticn tc that from a black body at a temp-
erature of 5750°%K. Above the visible surface, or photosphere,
lies the solar atmosphere which extends to Qery great heights
but is too tenuous to be visible except at times of total
solar eclipse. It is in this rarefied atmosphere that prac-
tically all the solar radio emission has its origin., The
lower part of this atmosphere, to a height of about 20,000 Km

from the visible surface, is known as the chromosphere: this

is seen at times of solar =xx eclipse as a thin red annulus
surrounding the white disk of the photosphere. Above this

and stretching to heights of millions.of miles (the Sun's-

radius is about 700,000 km) is the corona in which,
strangely enough, the temperature first rises gradually to a

value in excess of 1 million °K, before falling away to the
extreme cold of interstellar space. The existence of million-
degree-temperatures in parts of the corona had been deduced
from spectroscopic studies of absorption lines in the Sun's
visible spectrum, but such high values were by no means widely

accepted until unmistakable confirmation came from the early
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adio measurements of Pawsey and his colleagues at Dover Heights,
daey.

The Sun provides us with a remarkably steady supply of light
and heat, the only visible signs of changes being the dark patches
or "sunapots” which come and go on the Sun's surface. It i3
perhgps natural that a careful watch sheuld be maintained for
sunspots in an era when Egigiiggg on the face of the Amxx Sun
ware taken as dire portents, and naked oye records of major
apparitions date back as far as the fourth century 3.C. They
have been studied by means of telsscopes since 1610, and Galileo's
sbservations of apparent "imperfsctions” on the Sun's surface
were S0 contrary to orthedox bsliefs of the time 2s to hxwimy
bring him 4in serious conflict with the Inquisition. Sunspots
appear as dark areas on the disk because they are regions where
the tomperature is somewhat lowsr than in the surrounding
photosphere: they are often quite irrsgular in shape, and show
a dark central "umbra” surrounded by a lighter"penumbra”. Plate
1 shows a large group of spots on ths Sun on inset
i3 a close-up of ths spot group. Individual spots may endure
from 1 to 30 or more days, and sppear to move across the disk
because of the Sun's rvotation: by thiz means the sidersal period
of tho Sun is known to be about 25 days in symaxiunai equatorial
rogions increasing to about 27 1/2 days at 45° latitude, Spots
tend to appsar in groups, in association with other phenomena,
which indicate that they are manifestations of more general activity
within the Sun: they all have strong magnatic fields,

A remarkabls fsature of sunspot behaviour is that individual
spots sppear in an unpredictable manmer, but the number and area
of spots at any time follow a regular cycle, the sumspot cycle,
vhose period averages sbout 11 years. This cycle is well
established, particularly from 2 series of daily observations of
sunspot nusbar® which was instituted by Wulf in Zurich in 1849,

and has been continued according to %% this scheme at a mumber

®This 1is an arbitrary indication of sunspot activity adopted by Wulf,
based on both the number and area: it is defined as X(10z+f) where

g i3 the number of separats groups, f ths number of ' individual
spots, and X a factor which depends on the observer aand the
instrument he is using.
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of centres throughout ths world ever since - including Zurich
.sra Wulf’s original telsscope 13 still being used for this
purpose. At times of minima long spells can occur when no
spots are visible at all: at rmaxima, spots are largor and

more numeyous, but some maxima have much higher average sunspot
nunbar than others. The magnetic polarity of the leading sunspot
in a group reverses from one cycle to the next, suggesting that
the complete solar cycle takes 22 years, and the amplitude of
variation 13 more symmetrical if alternats cycles are plotted
with reversed sign. (See Fig., 1). Desplite many attompts t0
discover the origin of this regularity in solar behaviocur the
cause is still a mystory. The close correspondsance betwsen ths
sunspet period and that of the most massive of the planets,
Jupiter, is the basis for a mumber of thsories, but a recsnt one
due to E.X. Bigg (who has done much to clarify the ralationship
between radio emission from Jupiter and the position of one

of its sstellites) suggests that the combined tidal effacts

of all the planets on the solar atmosphers (Mercury having s
=ajor effect) is sufficient to account not only for the cyclic
variation, but also for the irregular smplitude from cycle to
cycle. It fails, however, to reproduce the 21 year cycle of
magnetic polarity.

Since light and heat fream the Sun is absoluzely vital to
the continuance of 1ife hers on Earth, and sunspots suggest that the
Sun itself undergoes <yclic variations, many attempts have besn
made to discovery correlations betwsen the sunspot cycle and
virtually all natural pska phenomena, plossant or otherwise,
to which we are subjected. So far this has met with little
success. There is an undoubted association betwsen the pattern
of ring growth observed in long-lived species of trees (e.g.
the Californian redwoods) and the sumspot cycle, presumably in
seasonsl variations, but saxpi despite this no general or even
a usable correlation batween sunspots and weather has been

rovealed. The advent of radio, however, and particularly of
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the shorter wavelongths which have made possible round-thae-
.arld propagation using the reflecting properties of the
icnesphare® has brought evidence that very great variations
can occur within the ionosphere and that these are assoclated
with activity on the Sun as indicated by the presence of sunspots.
Regular measurements of the elsctron contsnt of the ionosphers
over extended periods made it clear that this varies by a factor
of about ten from xmxs sunspot maximum to minimum, and that,
in addition, sudden and catastrophic changes in the ionosphore
tond to follow almost jmmediately after the eruptions or
"flares" which optical observations have found to occur soae-
times on the Sun, invariably in the vicinity of a sunspot area.
The evidence thus provided from studies of the ionosphers that

disturbsd areas or centres of mctivity appear on the Sun from

tine to time has been anmply confirmed from studies of its radio
emission, because this toe originates for the most part ian the
same regions., The pressnce of a sunspot is a visidble but not
a necessary indication of their existences.

Centres of activity develop in sreas where - and almost
certainly as a comsequence of tx332°- intense magnetic flelds
are present, due to largs scale electric currsnt flowing in
the ionized gases below the photosphera, Tho fieid is bipolar,
f.2..has N and S poles, as though an snormous bar magnet ware
iying horizontally below the Sun's surface. The lines of
magnetic force extend in huge arches or loops high into the
solar atmospheres and provide invisible paths aleng which gas
clouds, eruptive prominsncss, are sometimes seen to move,
Heating of the solar plasma occurs whare the fleld penetrates
the photosphere, and produces brighter mettled patches known

as faculse or plages: sometimes =2s the magnetic field develops

aThe uppsr rsaches of the atmosphers from 90 km or so upwards,
ionized by ultra violet light frem the Sun,
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sunspots appear. Above ths centrs of activity (generally

.1J1catad by the spots) prominsacses nay also appear - bright clouds

rising high above ths photosphere and sometimes seen to be in
spectacular novement when viewed in the characteristic light
enitted by hydrogea or calcium. Finally, for reaszons not yet
fully undarstood, activity may build up to the stage where
dramatic explosions occur within an active area, resulting in
the emission of fantestic smounts of energy, particularly at
radio wavelsngths, Only very rarely are these explosions
vizible to the naked eye, Their appearance, however, in the
ted Ha line erxitted by ionized hydrogen, is of a sudden and
intense brighéening of the area; hence they are known as
“flares”, In very large flares the energy reloased from the
Sun nay asmount to many millions of times that of the largest
nuclear bomb man can yet produce. it is not surprising, thea,
that during such catestrophic events not only intense radiation
but huge chunks of the 3olar atmosphere should bte hurled out
into spaces - a potential danger to astronauts and the source
of major esvents in our own atmosphere when 1n_dun courss they
roach us. This occurs some 8 minutes after the flare for the
radiation components (which travel with the speed of 1light)

and up to 24-48 hours later for the particles constituting the

solar plasma,

The Radlio Sun

The radio emission from the Sun can be divided into three
rocognizably differsnt componsnts: that from the quiet Sum,
a steady background which 1s present at all times and is marely
thermal radiation from a hot body; a slewly varying component
which i3 associatsd with sunspots and has its origia in the
gctive arsas; and a series of intense but intermittsnt and
relatively short-lived emissions known as "burats” which ars
related to flares and other eruptive phenomena in the Sun's
atmosphere. Figure 2 shows how the brightness temperature

for these various components varies with wavelength,
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Tha Culet Sun

. We saw in Chapter 1 that tha first successful attempt to
roceive solar radio waves was mnade by Southworth in 1942: he

used 2 sonsitive centimetre-wavs recelver developed for radar
purposes, and his results indicated a temperaturs of some
thoussnds of degrees X, in agreement with the generally acceptad
idsa of & 6000° Sun, The current picture of the behaviour of

the Spn 2s & radio transmitter began to emerge from the work of
Pawsey and his associastes in Sydnay in 12435, and 1947, The
earlleat rscords showed that, although thare were fluctuations

in the lavel ffon day to day which soemed to bo associated with
suaspota (sae Fig. 3), thers was 2 general background intensity

at a wavslength of 1.5 motres below which the signals did not

fall - and this leovel was that which would be oxpected from a
black body at a temperature of adbout one millien (106)'K.
Massuremsnts nade at shorter wavelengths showed lower temparatures,
the treand with wavelenzth varying graduslily from 1 million degress X
at 1.5 notres to 10,000°K at a few centimetres. Figz, 4 shows

how temperature varies with waveleng:h in tha‘solar atmzosphare.
The oxplanation for this varying temparsture throughout the

corena was arrived at indspendemtiy by Martya in Australia and
Gingbery in ths U.5.5.R. in 1946, from comsidering the propagation
of thermal waves in an lonized medium whose electron demsity was
known (from optical observations) to vary with height. A bedy
can only ealt thermal radiation if it is capable of absorbing it,
the abserptien ccefficient of an ionized gas being proporticnal

to the square of the wavelength (see page Y. They showed
that conditions in the corona were such that it could absorb metre
ways radiztion and thersfore that it could emit it also, the
observed intensity at the carth indicating origln in & body at

a texperature of 1 million °X, i.e, this is the temperature at

the level in the corona at which =metre waves originate. The
corona {5 almost completely transparent to vsry short radlo
wevelengths, which, hevaver, are alaost completely shsorbed at

chromospheric levels, The observed intensity of solar radio
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waves of centimetrs wavelangths corresponds to origin in 8 source
‘ eguivalent temperaiurs 10,060%-20,000°K i.0, temperatures
which optical observations alse indicate for those regions. As
we obsorve at different radio wavelengths, therefors, we can
explore different levels in the solar atmosphere, from several
radii {1 million miles) to a hundred thousand miles above the
visible surfaco.

" A striking outcome of the theery of thermal on;sslon by
the Sun was the prediction that the Sun should appear to be brighter
around its vim at centinmetre and decizetre wavelengths. This
is a consequence of the fact that waves emerging obliquely have
a longer path through the atmosphere and so are esitted from a
highor lovel where the temperature is also hotter; 1imb bright-
ening is not evident at metre wavelengths, one reason for this
being that there is not a positive temperature gradient in the
outer corona whore they originate. Theorotical troatmentis of
the theory of thermal emission were, howsver, linited by incoam-
plete knowlsdge of physical conditions in the chromosphere:
optical observations of the chromospheric radiation at times of
aclipse gave information about tha rolationsﬁip batween slectron
density, and temperaturs but did not allow these guantities to
e determined separately. J.H. Piddingtom, in Australia,
showed that a second relationship between these quantities was
provided from a determination of the radio spectrzum from 1 to
50 ens; 3y combining the two he derived the density and tem-
perature indspendently and thus provided data which led to
a quantitatively mors satisfactery modal of the chrowmosphere,

5ome years elapsod befors the predicted 1limd brightening
effocts wers chserved, primarily because this called for 2
radio telescope of considerably better resolving powsr than
had ever baen used bafore. Attompts nmade to deteraine the
brightness distribution across the Sun by obsarvations taken as
the Sun was being eclipsad by the moon, but the most effective
peans of doriving this has beea provided by the seriss of

radio diffraction gratings developed by Christiansea at tha
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Padiophysics lLadoratory in Sydney. The first of these devices
..ﬁns!smd of 32 6 ft Jlameter parabololds erocted along the

edpe of o water supply reservolr on the outskirts of Sydney.

Later he combined the gzrating principle with that of the Milx

Mills Cross and the resultant crossed-prating Interferometer

(seo Plate I1) produced the first picture of the radio Sun by

scanning i¢s surfaco in successive strips with an effective pencil

boam- 3 minutes of arc in <Jdiameter,

Sevsral attempts to obtaln a brightness distriﬁution for
the Sun using sprced asrial interferometry had falled to con-
firm the predicted finitx licd brightening, and the first ovidence
of this came from one-dinensional brightness distribution deter-
mined by Christiansen by rmeens of his original grating in 1953:
his rmegsurements were rade et a wovelength of about 21 cms (but
not of the hydrogen line). rig. 5(a) shows the superposition
of # nunber of distributicns in which the individual curves
show the effects of localized dright areas (the slowly varying
cemponent) end the lower ervelope of the emission due to the
quiet Sua, If it is assumad that the brightness distribution
is circulsrly sy=zmetrical a xap of the guiet Sun derived frem
this data is shown im Fig, 4(b).

Yaps of the Sun derived from Christisnsen's crossed grating
intorfercometer irn 1058 spé 57 show the sawe oval shape with
iimb brightenieg in equatorial regicns sad limb Jdarkening et
the poles, &s in Fig. 4(b), which represents conditions at sumspot
ninimiua, ¥t but with asbout double the Srightnass. A somewhat
siniler result hos been c¢htained by other cobssrvers {.e, the
brightness of the quiet Sun varies by a factor of sbeut 2 froa

pexisus to minisum of the sumspot cycls,

The Slowly Varying Component

Deily plots of the intensity of sclar radio e=ission vary
parkedly in character cver the radio spectrum, as may be seen
frow Fig, 8, At mstrs wavelengths thoro i3 a relatively con-

stant base lavel, together with occasional intonse increases
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(the bursts, which are discussed later page ) but no marked
orrelation with sunspot area (lowest curve in Fig. 4) decimetrs
and c3ntimetre wavelengths, on the other hand, the outstanding
features i3 a marked incrsase in level with increase in sunspot
ares, asnd there are no signs of bursts, If the daily flux
density is plotted agsinst sunspot area a high correlation
batwean tham is seea to exist, and a substantial flux remains
whan‘tho curve 15 extrapolated to zero suaspot srea (see Fig. 7).
This is defined as the comtribution from the quiet Sun, the
axcess flux density oa any day being dues to the slowly varying
component,

Covington, in Canada was ths first to obtain direct con-
firnation of the esmission froa a sunspot area when he obsarved
during an ec¢lipse in November 1245 and found a temporary decrease
in intonsity when a larze spot group on the disk was obscured.
Sinllar results ware obtailn in Australia by Christiansen, Yabslay,
Milis and Plddington and ilindnan on 30 cas and 10 cms vespectively
during the eclipse of 1 November 1545, The former group obtained
vary cenvinciang rssults by observing st three widely separatsd
sites; the path taken by the Moon was different at each site
so emitting areas could be located at the iatersection of the Moon's
1i=b as jeen from each site., 35ee Fig., 8. They found that most
of sﬁo bright sreas were cliose to visible sunspets, or where spots
wers present on the previcus rotation, and that they accounted
for about 1/3 of the tetal radiation from the Sun en that day.

The average brightness temperature of these active areas was
about 5 million °K,

The most direct evidsnce for the existence of & slowly
varying component, and that its origim lies im localized active
greas which are oftes associuted with sunspots, csmd from
observations with Christiansen's cressed grating iaterfsrometer
(ses pago ) A Figz. ¢, shows a picture of the radio sun
obtained by scaaning strip by strip with an effective 3' pencil

beam, together with a sketch showing the locatiom of visible sunspot
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groups on that day: the correspondence 1s cbviously very close.
. aven hirher correlation is {ound, however, bhetween ths cmitting
regions - which are scometismes called radio plages - and ereas of
hot gas which appear brighter than their surroundings when viewed
in calciun light zund are consequently knowa as calciua plages.
Inveatigations made at centiretre wavelength with longe basellns
interferometers giving high resolution, in particular by Kuadu,
indicote that the radle plage has a concentrated nucleus com-
parable in size with the umderlying sunspot, and the radio eaission
from it is stromgly cireularly polarized: in addition there s
enission from a wider area, correspending to the calciuam plage.
The fact that the temperatures nmeasured in the actlve areas
responsible for the slowly varying ES¥BEB3R%x are not greatly
higher than those known to exist in the solar atmosphere, end
that no sudden or rapid variations in the emission ave ever
observed suggest that it originates as thermal radiation in hotter
regions which can occur in tha viclnity of sunspots, COptical
observations show that regions of very high electron dansit?.

tnown as ceronal condensations, tend to occur over active areas,

reaching perhaps to heights of 100,008 kn, and it seoems virtually
coertain that free-Ffree transitions within this over dense reglion
are responsible for the emission. The spectrum of the radiation
fs goperzlly in zecord with a thermal &x origin, although
evidence was obtained dJuring the International Geophysical Year
(I.0.Y.) that there iz z peak in the spectrum for strong radlio
plages below 10 cm wavelemgth which &3 inconslstent with a2 thermal
origin. Thiz has been interproted as due to sn edditional coa-
ponent arising frem the processing of elactrons around the lines
of force of the magnetic field of the sunspot, resulting in the
enission of low har=monics of ths gyro frequency.

The radio plages are espacially iaportant as the seat of
occasional extrezely intense disturbances, of dJdurations varying

from seconds to days, whlch are Xaown as bursts,
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Bursts

. Tho third component of sclar wadlo fraguency anisslion con-
sists of a series of rapldly verving bursts of which at loast five
distinct types can ba recognized at metre wavalenzths. They occur
ovor a wlds range of wavelengths, from less than 1 ¢n to adbout
30 metres, are always assoclated with active roglions, and appoar
at ths time of a flare, At short wavelangths they are of short
duration, of lower inteasity aad simpla structurs, dut daco=ne
increasingly complex as tho xawmiasx wavelaagth lacroases, aad
somatinas continus for many hours a3t matre wavaleagths. Figuras 10
11lustrates thoir typical appaaranca at 21ffarent wavalanzths.
Microwava bSuzrsts havse their orizia ia ths upper levels of tha
chromosphera, or bdase of the corons, belew the flara rspion but
the ma2tra wave bursts, on tha othar haad, are conerated high
in the corona, somatiamss as much as savarsl sclar radii above
the surface, Thelr high hrightnass tasperatarss, up to 1912'!
sxz and repid variations la Iatensity prscluds orlgian in thermal
processes and doth syachrotron and plas=zas mechaniszs are involved.,
ilay, ia the course ¢f studying records of the severe inter-
farance to 3British radar sats which occurrsd in February 1942,
was tho first to point out that these powerful emissions froz
the Sun at petre wavelengths wers sssociasted with the central
maridisn passage of a large active spot group, snd with the
occurrence of a large sclar flare, RExx Fecause of their
transient naturs and varisty of fors early observations proved
difficult to interpret, slthouzh there was an undoubted correlation
with flare sctivity. A ¢lassical observation of a2 large ocutburst
in Harch 1947 by Payme Scott, Yabsley snd Polton at Sydney kikx
highlighted an izportant feature {{llustrated in Pig.
page ), namely that the tirze of arrival was progressively
later at longer wvavelengths, The need for g different type of
radio tslescope to study pheromena which varias with both froquency
gnd time iafszlad to the dovelopement by the Oydney group, under
J.P, 11d and his colleagues of a series af "dynamlc" radlo

spoctrographs, In this device a receiver is tuned rapldly over
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8 range o0f wavelengths, and the output modulates the brightness
06 spot of light on 2 cathode ray tube whose face is photographad
on moving fllm, Fig., 11 show ciagrasmatically an ideallzed record
producad by differsnt types of burst, Tas principle of Wild's
spoctrograph has been followsd in a2ay other couatries, particularly
a8t several centres for solar studies in the U.5.A. Jur current
plcture of these complex phonomena is based almost entirely on
information derived froa them, and irom swept-frequeacy later-
forometers whlch allow ths location of the source in the solar
ataospasre to Do detérained. The receat completion by #ild of his
radiohsliograpa by moans Xn of which zaxaaia second-by-second
pictures are obtalnad of the centras of 83 Miiz emlssion 1s howaver,
adding a now dimension.

Until comparatlvely recently it was considered taat ceatres ‘
of activity behaved quite ladspendently, the only linkags betweea
then bodng within the Sun 1ltself, and presuaadly ia the magnetic
fields that interlace the photcaphars. The first clue that
distant centres might Da connacted by other asans caas froa tae
suspiclon that flares occurred 1a differsat centres at sisilar {
tizes too often to b2 accounted for by chance. ' In the early |
1953's evideace bogan 2c accuaulate of solar flares triggering
©ff other actlvity, the triggsring ageat moving with a velocity
of zhs order 2300 ka/ssc. Tho Radioheliograph is now beginning
to provids detalled instances of iatoraction of this kiad: Plats IV pE
shows a sories of radiochsliograms in whica shock waves froa a flare {
{with assoclated type II bursi) trigger otier ceantres 20Te than
106 X2 away several minutes later. Cne way in which this could
happen is illustrated schaematically ias Fig. 12, In tals case it
is clear that the initial shock wave is a travelling disturbance
which serves to release anergy in the sulsequent eruptions. The
tizme dalays which ars iavolved ave usually of the order of minutass,
i.e. consistent with the velocities deduced from the movemant
as Type Il bursts (sce bslow).

Since the sdvent of the Radicheliograph & new kind of
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phenoaenon has been revealed in which romote sources are inter-
-.:x.'sc’_'ed on a time scale of ssconds: Flg. 13 shows pictures
taken at 2 second intervals, showing the rapid alteraation of
brizht points at the extremities of a large diffuse source which
occurred on 23 February 1583, This iaplies comauaication betwsen
the positions of activity at a speed which is an appreciable
fraction of that of light, probably by means of fast particlses,
which travel slong arched paths guided by the weak magnetic

ields which link active centres, dur undarstanding'of the
deteiled mechanisms involved 1s still {ar {rom coupleta but there
is a growing impression that correlated burst activity eof this
xind is sssociated with and a foreTunner of major flare activity.

Tho chief characteristics of the five different classifica-

tions into which metrs-wave dursts are <ivided ere as follows:
Ths designations were assizned roughly in the order in which -
they were recoynized all of them DLeiag nawed by wWild and his
group with tho exception of Type IV which iIs Jus to the Freach
group at N

Type 1 - Hoise Storms

Long sories of short-lived narrow bsad bhrsts. soustimes =
superimposed on a siowly fluctuating continuus Lackground, are
the most prominent of the varialle coaponents of solar eamission:
these are known as Type I. They may occur at the rate of
hundreds per Lour curing periods of intenss activiiy, end some-
tiznes continus for days: they rarely occur at wavelengths below
gtout 1 metre, but around sunspot mzaximua Type 1 bursts are
prescnt for about one tenth of ths tise.

Inc¢ividual bursts last for ons tenth to ten secoands, and
wany of thom show a irsquoncy drift which aay be positive or
nagative at rapld rates, somstimes approaching that of Type III,
The radiation ireu storm centres is strongly circulariy polarized
and comes from regions sbove certain sunspots, the probability
0f a particular spet being responsible for a Type I noise storm
increasing with its size. The onission often appears only when

ths spot is near the contre of the disk inplying that it takes
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place radially being confined tc a narrow cone. A minority of
.0“.’?‘..“, follow fleres, but not nocessarily large Tlarea, The
storm areas uwauslly eccuny relatively stable positions abeve,
but net necessarily radially shove, the assoclated visidle
sunspot and sre located at heirhts between pbout 9.3 and 1.0
solar rndii shove the photesvhere.,

The flux density of the dursts would Indicate impossibly
hirh.texzporetures at thelr source of up %o lﬁlo'r 1f the source
were ther=al, so non-thermal precosses must he iavolved,  Apart
fro» the tewperaturss the charscteristics to hs oxplained are the
occurrence of bursts and conmtinuua, both circularly polarlzed;
end emlssion fa 2 relativaly nsrrow cone, These can Ye satise
factorily accountad for in termz of either synchrotren rzdlation
or radlation resnlting from the scattering of longitudinal
nlasma weyes by irrasulsrities ia ths xaxx coronaj insuflficlent
$3 %Yaowa 3hout nalse starms st this stage to ha shla to declds
hatweaa these alzernativas, although there Is sone preference
for the formsr., Tha pclarizatioa of dursts aald the continuum
is waually the szwe, sugzesting that the caatinuua =may arisa
frox the superposition of a very large nunbar of bursts, but
diffarances are sccasisnally odservad and bursts_ani continuua
may wall be ssparate Snt closely raloted phenozena.

Tynz 1] Zursis

Typs T1 bursts are outstanding disturbancas whose principal
charactaristic is a drift of 2ha aala spectral featares froa
hiash to law froqusaciss at ratas up to 1 Wiz, In aldition they
havs shayp featuras snd narrow Sandwildth which, &3 often as not,
ars cloasly duplicated =22 Jdouble the frequency, 1.e. the znission
sccurs at both fondanantal and harmenic frequencles. Type II
bursts have a duratlon of about 13 =inutes and are associated
with larpa flaras, ahout 30 par cant of flares of importance 3
beiny ncecompaniad by Type 1I dursts, agalnst only ahout 2 par
eent 3f flares of lanartance 1 “alnz accoapaniad hy Type 11
bursts. Thay usnally 49 not colncids aithor with the coasancae-

ment or the maximum phaso of flares but have thelr begianing
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from 5 to 2% minutes aiter that of the flare., A distinctive
‘;rn:teristlc of the omlssions is that the polarizatiom is
randon,

Tho existence of narrow buad features that duplicated at
too harnonifally—rolatsd frequonclos which themsselvas drift in
frequency at a regular rate is clear evidsnce of alsctrons
oscillating at a characteristic frequeancy, and one that is capable
of contlnuous variation. The only mechanisss in the solar
atmesphere weetinyg this requirszeat are plasnma os:illﬁtions. and
¢lectreons spirally in a magnetic field. The lattor is ruled out
since it 1s impossible for the fundamental gyro frequency to
escape {rom thd corona because of attenuation in the ovarlying
rezlons, and it is generally uccepted tihat Type II bursts indicats
plasxza oscillations In progross. Tie regular drift is toward
lover wavalengths 1s interpreted as tae rasult of a ixstazxde dis-

urhance moving outwards in tho corona, exciting plasma oscillations

8s it goes: the slectron density decraases steadily with helght
in the corona and so the f{requoacy excited by the disturbonce
2130 dacreases. A closr consequence of an origin in this way is
that the source of the bursts should be located progressively
higher in ths atnospiers as the wavelength gets longer. This
has been adequately verified, im particular by Wild and his
tassociates. in Sydney using swept frequency directiom finders,
An apparent anomaly is that the harmonic ezissicn from Type Il
bursts sometizes appears to come from much lower heights in the
solar atzosphera, This could La accounted for if the harmonie
radiation were generated mostly in a backwards dirsction, when
it would ba reflacted at a lower level in the coroma whers the
slectron density was high enough so that it would appear to come
from the Ixmags of its sourco in the coroma., This backwards
enisslion 1s, in fact, predicted by a theory of burst generation
devalopad by Ginzburg and Zheleoznyakov in the U.5.5.R.

The observatlioas iadicate that the disturbance exciting

the plasaa oscillaticas moves radially cutwards at a speed of
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1000-2000 km/sec, which is roughly ten times the velocity of
.'umd in the corona, A sunersonic valocity of this magnitude
suggests that the disturbance 1s & shock wave, probably originating
from the same explosion within the Sun which is responsible for
a stream of high speed electrons that is known to precode a
type II burst, These fast electrons similarly excite plasaa
oscillations which are our Type III bursts, It has been known
for many years that magnetic storms on the Earth's surface and
auroral displays are clossly associated with active areas on

the 5un, and that theso manifestations sometimes appear 38 hours
or so after a major flare, This time interval suggests that
the origin of the particles whose entry into the Earth's atmos-
phere is responsible for the magnetic and auroral effects is
almost cortainly plasma ejected from the Sun,

Iype III

Type III bursts, the most common of the metrs wave bursts,
wore first recognized in 1949 on records taken in Sydney by Wild
and his co-workers: at sunspot maximum the average rate of
occurrence is about 3 per hour, duration of individual bursts
being about 190 soconds, There is a stronz tendency for these
emissions to occur in groups of 19 or so, the individuval members
of the group often being regularly spaced: that they have a
common origin is indicated by the fact that they have similar
spectral features and originate from the same source area in
the corona. = They are very clossly assoclated with flares - of
any size - and usually occur near its start,

A distinctive feature of Type III bursts is their spectra
which shows a rapid fraquency drift from high to low frequencies,
the rate increasing with increasing frequency. Harmonic
structure is present but the instantaneous bandwidths are fairly
broad (10-100 MHz )} and so fundamental and harmonic emissions tend
to merge on the records. The bursts are in gensral randomly
polarized but a proportion of them show partial circular polar-
izatien.

The presence of both fundamental and harmonic emissions
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together with a progressive drift in frequency pointed again to
.origin in plasma oscillations triggered by a moving disturbance
in the solar atmosphere. The velocity is obviously much greater
than that of the Type 1l disturbances; the value derived from a
knowledge of the slectron densities and hence plasaa frequencies
at various heights in the corona is of the order 0.4 the velocity
of 1ight, Wild and his collaborators also followed the movement
of the source with a swept frequency interferometer apd found

a systematic variation of height with frequency as is predicted
from an origin in plasma oscillations, The speed derived in

this way confines the high value arrived st from electron densities
mentioned abov;. Sea Figure 12. This is believed to be a
stream of eloctrons ejected in the flare process which initiates
Cerenkov radiation in the solar plasma, at heights of the order

of one solar radius above the photosphere. The characteristics
of the electron stroams are not well known at tho present time

but it seems that thoy are associated with most, if not all, flares
and that thelr ejection coincides with the commencement of the
eruption In the flare reglon which is responsible for the surges
seen optically. ‘They are almost certainly ro§ponsibla as well
for a sinple burst ofteon observed at centizetre wavelengths
simultaneously with the Zxhy Type III burst, and for the bursts

of X-rays which balloon observations indicate are emitted from

the Sun at & the same tims, Both are probably generated as the

electrons sheot through the chromosphere.

Type IV

This is the classification given to continuum type emission,
i.e. telatively featureless emission covering a wide range of
wavelengths, which follows a major solar flare. It was originally
considered as part of the intense emission or Type I noise storm
which is known to follow solar outbursts but was first recognized
as 2 distinct phenomenon, and labelled as Type IV by Demisse and
Boischot, of the French radio astronomy group at MNancay, It is

distinguished by origin in a source of considerable angular extent
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(7-12 minutes of erc) which is essoclated with large flares, starts
‘:_a in the 1lifetime of the flare and continuas for extended periods,
from hours to days. Type IV bursts ars almost invariably preceded
by a2 Type II burst, =nd occur 8% adout 20 per cent of the latter
evants. They fall into two distinct categories which appear to

be distinct phenomena, with differing characteristics: thase are
referred to as "moving"” and "stationary". The source of the

moving Type IV burst initially moves outward from the assoclated
flare with spseds of the order 1000 ka/sec and nmay somatimes reach a
height of 5 solar radil or more above the photosphere - the

groatsst heights from which radio emissions have been datacted,
Unlike Types II and III, howsver, the Type IV emissions 6ccur

over a wide band (down to centimetrs wxxmimmxits wavelengths) and

at any one tims, come from the same position in the atmosphere.

Their duration may be up to several hours during which time partial
circular polarization is abserved, These characteristics favour
a synchrotron origia rather than in plasma oacillations, as
proposed by Deaisss, The “moving” phase of the Type IV dis-
surbanca i3 followed by ths "stationary" phase during which the
source iz located in a fixed position above the original active
centro and the caission may hacome strongly clrcularly polarized
aad continne for many hours or even days., In this phase the
source is snmaller in size (3-3 zminutes of arc) and has a narrow
cone of emission, indicated by the = fact that stationary Type IV
disturhances do not often occur from flares which are near the
Sun's limb. Their characteristics indeed, are very like those
of tha continuum in Type I noise storms, and the two may in fact
be identical, As for Type I storms it is not possible to decide
between an origin in synchrotron or plasma oscillations, but
the latter appear to ba the more likely.
Tyve ¥

These are the most recent of the various variable componrents
to be distinguished. The Typs V burst is a broad bend continuum whk
which sometizes follows a type III burst, much as Type IV follows

Type II outbursts, Maximum intensity occurs at wavelengths
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above 2 matras, They occur in association with only about 10

;. cent of Type III bursts and tend to occur naar the limb of

the radio sun. Occasionally the emission from thew drifts with
frequency, corresponding to a soufca moving at a speed of around
1000 kn/sec, but this is not coesmon, nor has radiation at harmonic
frequencles been observed. Intensities are too high for a thermal
origin, and the lack of features peculiar to plasma oscillations
points to an origia in synchrotron radiation. This has not yat
bson estsblished, however, and the origin of Type V bﬁrsts is still

uncertain,

Microwave Bursts
The occuérencu and characteristics of bursts at microwave

frequencies have not besen studied as intensively nor systematically
as at metre wavelengths, and no unified system for classifying them
has bsen adopted. An outstanding charactaristic of the short-
period variable enissions which ars observed in this rangs, however,
{s the simplicity of their structure compared with that found at
long wavelengths. On the basis of thair appearance on records
: of total flux at a single fraquency microwave bursts can be
divided into three main types, namely the gra&ual burst, the
impulsive burst and the microwave version of the Type IV burst.
Examples of these are illustrated in Pig. 13.

" The duration of gradual bursts iz a few tens of minutes,
commencing closely with the start of the optical flare and
reaching a maximum at or after the flare reaches its maximum
phase. The source size is small, from 1 to 2.5 minutes of arc
at 3 cm, and the emission is usually partially circularly polarized:
brightness tempsraturss are of the order 1o°'x. The origin of
the gradual bursts is believed to be thermal emission from a
dense hot region at the top of the chromosphere which probably
plays & significant part in the generation of the flare.

The majority of bursts at microwave frequenciss are

impulsive (90 per cent at a wavelength of 10 cas), but even at
sunspot maximum it is not often that more than 3 per day are

observed, so they must be counted ss a relatively rare occurrence.
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They are, however, assoclated with flares, net necessarily large
.u'es: appeaTr nsar the beginning of the optical flare; and

ars fairly uniformly distributed over the Sun's disk, Their
spectrum is a broad-band continuuam at microwave frequencies which
does not extend to metrewaves, and tham thelr duration a few
minutes, during which brightness toapearatures in the range
107-109°K are attained, Synchrotron processes are almost
cartainly involvaed in producing microwave impulsive bursts, but
there 15 not enough information at the present time to determine

details of its origin.

A microwave Type IV burst is the name given to the emission

of a continuua for an extsended period (5-40 minutes) at micro-
wave frequencios in clese assoclation with a flare: it is often
praceded Dy an impulsive burst. Radiation is emitted over a
very wide band which has besn obsarved to wavelengths as low as

3 few millimetres and extends strongly to metre wavelsngths for the
more intense bursts which accompany large flares: on the other
hand i€ a Type IV metrs-wave burst occurs it is almost invariadly
associated with a amicrowave counterpart. Its spectral character-
istics are complex, howevar, snd sugzest that two or more distinct
components may be involved. Brightness temperatures are in the
range 107-109°x or higher and the emission is often partially
circuiarly polarized, although sometimes = composite source is
observed which includes a large reglon shewing no polarization.
The mxx origiﬁ of the radiation is certainly a non-thermal
process, probably distinct from those which preduce the Type IV
matre wave bursts, but insufficient data is avallable to £ill in
the details,

Use of radio spectrographs more recently has also revealed
soveral distinctive types of burst which zve peculiar to decimetre
wavaleagths, in the 400-3800 Miz range. They show a drift with
frequancy at fast and intermediate rates, which may be forward
or revarse: sometimess both occur tozether, giving the typical

record a "herrinz-bone" appsarance. They may cccur at the same
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ting as Type III bursts, but are not high frequancy sxtensions
Q thenm, The orizin appears to bs outward-moving disturbances

wiich excite plasaa xux waves,

Radio Emisazloan and Solar Flares

A convenient way to summarize the characteristics of the
various types of burst radiation esitted by the Sun is to consider
tho §art they play in solar flares,

All bursts sre dirsctly related to some aspect of a flare,
tho only possiblo exception beilng some Type I activity during
noise storms, Conversely, all flares are accompanied by at
loast a Type III burst: the series of short sharp puffs of
Ligh speed electrons emitted at that time coincides with the
beginning of the eruption in the flare region, and an irpulsive
microwave burst may occur also at that time. I£f the eruption
is only a mninor ons - of not more than importance 1 on the scala
of 1 to 3 used to classify flares - the mstre wave activity,
declines after the bursts have subsided. larger flares com-

mence in the same way, i.e, with a gradual onset, accompanied by

puffs of high speed Type III electrons followed by 2 relatively
quiet phase of several minutes duration, Then.comes a flash
phase: more Type III bursts with microwave accoapaniments, and
sonetimos an associatsd Type V continuum, the optical explosive
phase of the flero in He light coinciding in time with this
activity. The most characteristic faature of the flash phase
howsver is the appearance of Type IT burst, with its sharp outlines
and harmonic structure that drifts slowly towards lower frequencies
as shock waves genevatad at the initial explosion trigger plasma
oscillations on their way out through the solar atmosphere. In
the largest flares dacay of the Typs II activity is followed
by the cnset of continuum esission over a very bread band, the
Type IV burst, which may continue on for many hours.

The most prominent feature of solar radio frequency smissions
at metre wavelengths. The Type I noise storms, have their

origin in regions above certaim sunspots, but do not appear
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to be so intimately connaected with explosive flare activity
.1 the other burst types. This nay be due to the fact that
they ars emitted radially in a mnaxm narrow cone-shaped boanm
and hence only sppsar 2o be associated with [lares when thsese

gceur near the centre of the Sun,

Burst and Solar Terrestrial Ralatlonships

In the study of the Sun, as in other branches qf astyonomy,
radio snd optical methods are besutifully complementary, ths
special attribute of radio astronoay being that it is concerned
with electrons in action under conditions which oftem preduce no
visible radinéion at 2ll. The imvisible processes may often be
the mors fundamental, perticularly in a completely ionized mass
of gas, like the solar atmosphere.

The first indication of new 1ight oa the origin of those
disturbances came with the discovery of Type II bursts as an
indication of a disturdance moving outwards in the solar atmos-
phere. It had been known for some tima that graat magnetic
storms and aureral displays on tho Earth followed the appearance
of major flares on ths Sun by a tine dalay of ahout 36 hours.

The velocity of their source (1000-1300 ¥m/3) was just about

right to explain this time delay and suggestad that the tarrostrial

affocts were caused by particles frea the Sun itself, expalied
by the disturbance from the outer reaaches of the solar corona,
iAs further evidence became availablo howevar it has becoae clear
that the Type IV burst which some times accompanies the Type II
is the more fundamental event: The probability of a torrestrial
magnetic storm fellowing a Type II burst is high only when 2

Type IV burst 1s also present. Observaticns of Type II-Type IV

associations cen thus provide advance informetion of the pos-
sibility of major magnetic storms.

The radio em=isslons from the Sun are produced solely by
electrons, but suggest that conditlons capable of accelerating

the much heavier protons may soretimes be present also. That
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this is, in fact, the case was establishsed when Boischot and
Yenisse ia 1957 found that tho rare cosmic ray increases
observed at ground level, and due to the srrival of high-spsed
solar protons, were associated with Type IV radlo ermissions.

Finally, microwave bursts have been found to bs intinmately
assoclated with bursts of X-~rays from the2 Sun, both high snargy
K-rgys which are recorded directly by balloons and rackets
(bafore they are absorbsd in the Yarth's atmosphere), and the
lower energy X-rays which ars responsible for the sudden dis-
turbances in the lonosphere, nﬁd the conssquent radio fade outs,
The ionospheric disturbzance takes the form of increased ionization
at the D-regicn level (~ 20 k=), which rvosults in grtntly increasad
absorptica of waves that normall} reflacted from the higher
ionospheric layars, Leng distance short wave radio communication
is thus wiped out during fade-outs.

The ssquence of events in the solar stmosphere which result
in the eamission of radio bursts appsars to Le generally sas
follows, First, in the initisl stages of a flzre some heating
cccurs in & localized region of the chrexosphere, perhaps to &
temperature of 105'x: this produces the visible brightening,
which first led to the discovery ¢f flares, There is also
an incresse in the centimetre wave emissicn - @ graduel micro-
¥ave burst - and perhaps some low-snergy X-rays a5 well, Some
flsres de net develep any further bet for those that do the
next stage, the flash shese is a much more dramatic one, in
which there is an explosive release of enerzy, probsbly =23 a
rasult eof the collapse of a magnatic field.

The initial explosion releases, firstly, sharp bursts of
fast electrous (Type I) which race through ths solar atzosphere
at half the spaeed of light, exciting plasma oscillatiens
(Type III) at succossive levels as they go., Other electrons
bacore caught up in the strong spot-group magnetic fields in

%2 caroaosphors and follow halical paths around the linss
of force with consequent emission of synchrotron radiation

(Type V). A second consequonce of the initial explesion
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(which is almost certainly a nuclear “bomb”) i3 the sjection

. 3 vast cloud of lonized gas, the turbulant shock-{froant at
its lesding edgs exciting plasma oscillations (Type II) at
successive levels in the corona a3 the whole zas cloud movos
rapidly outwards. Ths gas carries within itself a magnetic
field in which high-snergy electrons snd protons are trapped:
the ¢lactrons remain held by the fiald and radiate by the
syacurotron process (Type IV) until thelr energy is gradually
dissipated by collisions. The protons, however, na§ finally
nanage to escaps when the cloud reachss great helights in the
solar atmesphers and are sometimes detected on earth by the
cosnle ray incranses they produce at ground level.

The still-moving cloud of gas, if large enough, is firnally
ejected froa the Sun and travels cout into space, When it
raaches the vicinity of the Zsrth the ahock front plays havoc
with the Farth's sagnetic field and storns of varying severity
ars racordad, The plasma particles, deflacted towards the
nolar regions because of their electric charges, signal their
arrival by temporarily jolting electrans out of their usual
orbits ian air molecules high in our atmosphofo, and so initiate
spectacular auroral displays. They have a dovastating effact
to0 on tho upper roaches of the ionesphere, and communication
cireults can be adversely affoctad for periods of up to several
days.,

It is -somewhat anonmalous that we have a hetter fundamental
understanding of what goss on in the interlor of stars, and of
the Sun in particular, than of the complex happenings on its
suyrfacs. Despitz the fact that the Sum has boen observed
visually for centuries it was the advent of radio methods in
tha late 1940's which brought new perspectives and nsw lines
of attack, The beginnings were promising but the frults have
been disappeintingly =zeagr2 in their contridbution to our
undarstanding of the baslc procssses producing the varying
‘radio anissions. The most significant event in recont years

has probably been the completion of the Radiohellograph; its
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second-by-sacond panorama of activity across the wholae disk

but the wealth of new and dotailed information which it is

has already revealad features that were totally unsxpscted

providing will undoubtedly contribute in a major way to a

solution of some at least of the problems of solar activity.
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