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S OLAR FLARES 

I. INTRODUCTION 

When we look at a solar flare we observe at relatively 

close hand a sample of the most energetic phenomena in the 

universe. These dynamic eruptions can only truly be appre

ciated from time-lapse movies or spectra. They fill the 

interplanetary medium with cosmic rays and shock waves, and 

produce plasmas with temperatures of 50 million degrees. 

They are rewarding both from the astrophysical and 

aesthetic points of view. 

In the postwar years there was a great deal of 

interest in flares, primarily from the point of view of 

magnetohydrodynamicists trying to invent mechanisms for 

the great and violent energy release. Since then the 

universe has proved to be full of much more energetic 

phenomena, and the theoreticians have gone off to explain 

them. Meanwhile the solar physicists and particle 

physicists have kept plugging away and revealed a much 

more coherent picture of flares, which ten years ago 

were only fuzzy brightenings on low resolution pictures. 

High resolution cinematog raphy has revealed the structure, 
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time history and location of flares; X-ray observations 

have replaced spectroscopy in the visible in revealing 

the physical conditions in the energetic kernel of the 

flare plasma. High resolution magnetographs have revealed 

some of the magnetic configurations in which flares take 

place. And space probes revealed the plasmas and particles 

ejected from the sun by flares. Probably the theoreti

cians would do well to come back and look at what we have 

now. 

Fifteen years ago the high temperatures of flares 

could only be deduced by ionospheric effects; there were 

even some who thought they were cool places in the atmo

sphere. Now we have direct measurements of emission from 

ions up to Fe XXV in the flare, and detailed X-ray spectra 

showing power-law electron distributions up to and above 

100 kilovolts. The energy of the non-thermal component 

is in many cases a substantial fraction of that of the 

entire flare. By fitting the X-ray and radio observations 

we can form a fairly coherent picture of the high energy 

plasma. 

II. CINEMATOGRAPHIC OBSERVATIONS 

II.l. Ha Observations 

It is fortunate that the high conductivity in 

flares leads to almost simultaneous heating of the underlying 
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chromosphere. As a result Ha emission is produced which 

is beautifully correlated in time and space with X-ray 

emission, or at least with the intersection with the 

surface of the lines of force containing the flare 

particles. Thus we can complement the high energy picture 

with a 2 or 3 dimensional view of the flare. In addition, 

modern magnetographs reveal the magnetic field structure 

in which the flares occur. By synthesizing these various 

observations, we can arrive at a reasonable picture of a 

flare. But the truth - the basic process - still escapes 

us, even though we look directly at it. 

High resolution cinematography of solar flares was 

pionerred by McMath, and carried forward by Ramsey and 

Moreton at the Lockheed Observatory, taking advantage of 

the good seeing and clear skies of Southern California. 

New improvements in the Lyot-Ohman birefringent filters, 

modern films and guiders have enabled us to reach resolution 

of 0.5 arc seconds in Ha. The sun is one astronomical 

body that fights back at the astronomer trying to observe 

it; it heats the dome, telescope, surrounding ground and 

air. The greatest precautions must be taken to avoid such 

heating; at Sacramento Peak Observatory a vacuum tower 130 

feet high was built; at our Big Bear Solar Observatory the 
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observatory was situated in a lake* to avoid convection 

from the ground. One may take pretty pictures without 

such efforts, but not the extremely high resolution 

needed to solve the problems. 

Cinematographic observations of flares are best 

carried out in Ha. We have made films of flares in the 

K-line - they are similar to Ha but the higher parts of 

the flares are less visible, and K-line films are more 

difficult to make. Observations may be made in the line 

center, which is good for flares high in the atmosphere, 

or in the wings, where the pictures are not so saturated 

and only the energetic kernel is seen. 

Flares appear in a great variety of forms and shapes. 

If we define a flare as "any sudden brightening in Ha" 

we find most such brightenings are accompanied by one or 

more other flare signatures, such as radio or X-ray bursts. 

Large flares produce a whole range of observable emissions 

and effects; small flares produce smaller enhancements of 

the fluxes at these other wavelengths, so the correspon

dence can only be carried to the minimum detectable levels. 

On the other hand, the great frequency of small flares 

makes them very useful for general studies. 

* A method first employed at the San Fernando Observatory 

of the Aerospace Corporation. 
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Although flares are varied in form and size, the 

places they occur are most consistent. It was first 

recognized by Severny (1958) that flares tend to occur 

along magnetic "neutral lines", that is lines along which 

the longitudinal magnetic field changes sign. Such lines 

are not regions of zero field, but horizontal field regions 

where the lines of force are looping over. Study of a 

large number of flares photographed in high resolution at 

Big Bear shows that most are clearly bipolar, either showing 

two bright nuclei (fig. 1) at opposite ends of a line of 

force or a single large brightening across a region where 

two polarities are known to exist side by side. But re

flection shows that all lines of force that emerge from the 

surface must return somewhere (except for large scale, 

low density field lines that are swept outward by the solar 

wind). If energy is released anywhere in a tube of flux it 

will travel along the tube and heat the chromosphere at 

both ends of the tube. · In the Ha films we see cases of 

eruption at the top of flux loops followed by brightening 

at the other. There is also a class of flares studied by 

Smith (1967) in which flare energy propagates outward 

from an active region along the base of a filament. In 
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this case the filament channel is an elongated region of 

horizontal field along which energy can propagate. So the 

occurrence of flares near neutral lines is really a mor

phological feature of the lines of force. In this connec

tion we see that the locus of Ha brightening can no longer 

be regarded as the locus of energy release, despite close 

coincidence with the X-ray flux in time, but simply as the 

base of those lines of force involved. This is particularly 

true of large flares, which often develop into two elongated 

strands of opposite polarity in their maximum stages. In a 

case such as Figure 2 such a two strand flare follows the 

eruption of a prominence from which energy flows downward 

to the two sides; the actual energy release may occur high 

above the surface. 

But as we have already remarked that flares do occur 

in well-defined parts of active regions. A good example is 

shown in Figure 3 where we see a large active region with 

several field convolutions and extensive neutral lines where 

nothing happened. Most of the flares between August 19 and 

23 in this region occurred just where one occurs here - in 

a small region just in front of the leading spots where 

there are small inclusions of following polarity. The im

portance of satellite spots was first pointed out by Rust 

(1967) . A majority of solar flares occur in just such 

situations, where small satellite fields appear near large 

spots. Most pronounced are cases of polarity inversion, 
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where following polarity, normally evidenced by bright plage 

(Zirin, 1970) appears in front of the main p spot (as in 

Figure 3). As we shall show later, this is an important 

setting for magnetic field reconnection. 

The problem of just where flares take place is important 

for our understanding of the mechanism, for prediction, and 

for the simple mechanics of observation. Because the infor

mation stored on the film is limited, high resolution studies 

are limited to small fields on the sun, so the astronomer 

must have a good idea where flares are likely. Too often we 

followed large impressive groups with only modest results 

(although all large spot groups produce a certain number 

of flares). By far the most flare-productive active regions 

are those with large polarity inversion and steep field 

gradients; a statistical study (Feldman, Hoory, Vorpahl 

and Zirin, to be published) shows them 10 times as produc-

tive as the average group. In most cases, these inversions 

result from eruption of new flux very close to existing 

spots followed by reconnection and reordering of the field. 

Interestingly enough, newly emerging spot groups produce 

few flares, for they have simple dipole configurations 

and only produce reconnecting situations if they arise 

close to existing strong fields. 
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II.2. Shapes and forms of flares in Ha 

I have discussed this at great length in 

my book (Zirin, 1966) but now would completely revise 

that classification. The reader might be well-advised to 

extrapolate from that experience and assume that this 

classification will change , too. However, our recent data 

is far better than what we had in 1966. One may make a 

physical classification, which will help describe the 

energetics, or one may have a morphological list, which will 

enable us to use a single phrase to describe an oft-recurring 

type of flare. 

Physical: the important criteria are 

1. rise time - fast or slow 

2. spatial extent - explosive or contained 

3. prominence eruptions, a separate class 

Fast rising flares have been shown by Vorpahl (1971) 

to be far more likely to produce non-thermal particles7 slow 

rising flares are thermal. A fast rise time to maximum 

* brightness is one or two minutes. Explosive flares move 

outward from a source, and tend to produce Type II and III 

radio bursts as their effects propaga t e outward. Contained 

flare s usually occur in closed field configurations and do 

not produce such bursts but may be very energetic because 

the particles are not lost. Prominence eruptions are slow, 

thermal, but may be very large. 

* For very large flares 10 minutes should be allowed. 



These classifications cover perhaps two thirds of 

flares of brightness class 1 or greater. The smaller 

flares are hard to resolve and may just appear as a 

single point, or, more often, two points. 

II.3. Homologous Flares 
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This term has been used to denote the recurrence 

of similar flares in the same region. Under higher spatial 

resolution than was available when this classification 

was first applied, this proves to be a very common 

phenomenon, but should be broken down into three quite 

distinct forms: 

1. Repeated flaring in the same small active source, 

marked by an extremely bright plage in a region. This 

source may be only a few thousand Km across, and typically 

last 24 hours. It is usually a magnetic anomaly of some 

sort, and the flares from it may not necessarily have the 

same morphology. 

2. Truly homologous flares, occurring in the same 

small source region and showing exactly the same character

istics of rise time, morphology, particle energy spectrum, 

etc. 

3. Consequently homologous flares, where the energy 

source may be slightly different, but where the energy 
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release follows the spatial pattern of long lived magnetic 

fields resulting in the same flare appearance. 

Fortunately for our study, class 1 is quite frequent; 

in a rapidly developing region almost all the big flares 

may be truly homologous. A beautiful example was the 

flares of July 9 and 11, 1968 in Mt. W/6878. Both these 

class 2 flares took place along the boundary of a preceding 

spot following a large f plage, and showed identical two 

strand development. The frequency of such events suggests 

that the flare mechanism is non-destructive of the magnetic 

field pattern that gives rise to it, and the spread of 

excitation follows existing magnetic patterns. 

We defer discussion of the physical significance of 

these until we have discussed flare observations in other 

wavelengths. 

II.4. Flare Lists 

Flares are normally classified by measured area, 

and researchers from other fields are regularly confused 

by the published flare data. This is because the areas 

bear little relation to the flare physics and because the 

measured areas are not much good anyhow. Regular lists of 

flares, with classification, appear in Solar Geophysical 

Data, published by NOAA, in Solnechnye Dannye, published 
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at Pulkova, and in the QuarterZy BuZZetin of SoZar Activity, 

published by Professor Waldmeier at Zurich. These people 

only do their best with the data submitted to them by the 

various observatories, and are not to be blamed for the 

quality of the observations. The observations are made on 

small, inadequate instruments which take pictures only once 

a minute or less often and are normally measured by the 

non-technical personnel . The importance of the 

flare is determined by the area, the flare being classed 

as importance 1, 2, 3 or 4 corresponding to areas greater 

than 2, 5, 12.5 or 24 square degrees of the solar disk 

respectively. A f, n orb is added according to the in

tensity (faint, normal, bright). In addition to the fact 

that this procedure ignores the dynamics of the flares, the 

data obtained are wildly varying. I picked at ran-

dom a flare March 25, 1970, listed in SoZar GeophysicaZ 

Data as observed by ten observatories with beginning times 

from 1200 to 1230, maxima from 1219 to 1230 and areas 

from 2.20 to 7.32 square degrees (measured to an "accuracy" 

of .01 deg). A somewhat better performance was turned in 

on the October 24, 1969, flare (Figure 8). Five observa

tories list it as beginning 2111 or 2112 with maxima at 

2113 to 2115; the true values are 211200 and 211630. The 

five stations measured areas ranging from 1.50 to 10.70 

square degrees. It is obviously foolish to make correla

tions based on such areas. Because the threshhold of the 
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instruments is low and the frame rate slow, the starting 

times are usually given too late. People that observe 

other phenomena take these lists and invariably reach the 

remarkable conclusion that the Ha flare is later than 

whatever they are observing. A related factor is the fact 

that energetic ef£ects such as X-ray and em bursts are 

usually greatest during the "flash" phase when the bright

ness and area are increasing impulsively. Statistics 

using the Ha importance of flares must be limited to 

homogeneous, well-filtered cinematograph observations 

from a single observatory, discarding all data marred by 

clouds or bad seeing and taking into account brightness 

and impulsiveness. It is essential to view the events in 

cinema; often a violent, dynamic event will cover a large 

area at different times, without the area at any given 

time reaching a high value; or, an event small in area 

may reach great brilliance. As a result even good area 

measurements show very poor correlation with X-ray or radio 

emission. 

The measurements of radio fluxes, particularly at 

ion wavelengths, are well calibrated, and different 

observatories will normally be within 10% in their measure-

ments. However, spectral indices in these wavelengths 
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are highly variable, and one cannot easily compare a 

large soft X-ray flux with a large hard X-ray flux, or 

decide which is more significant. Probably the best index 

would be to take the logarithm of the flux at frequencies 

above 2800 MHz; thus 10-100 solar flux units would be 

class 1, 100-1000 sfu, class 2, etc. The question of 

"importance" is obviously most complicated. Dodson and 

Hedeman (1971) have recently investigated the possibility 

of a weighted average of various indices. The best solu

tion might be to use a radio flux and spectrum index. 

II.4. Observations in Other Wavelengths 

In principle flares can be observed in the monochromatic 

light of any line which may be detected in their spectrum. 

In practice the data on observations in other wavelengths 

is limited by observational difficulties. Because Ha 

is the best wavelength for observation, the normal observa

tory buys a Lyot filter for that wavelength, and does not 

invest in one for some other wavelength with unknown 

possibilities. Observations in the K line were made 

for many years with spectroheliographs, particularly 

in the period before red sensitive films for Ha became 

available. The Lyot filter for the K line is more compli

cated than that for Ha because prism polarizers must be 

used instead of the normal polaroids, resulting in a 
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long filter as well as producing a second image which 

must be stopped out. As a result very few observatories 

carry out regular K line observations. Apparently the only 

high resolution K line observations are those we have been 

making at the Big Bear Solar Observatory since August 1971, 

using two refractors to simultaneously observe Ha and K. 

An example is shown in Figure 3b. No important difference 

has appeared between the appearance of flares in Ha and K; 

they are both bright in the kernel of the flare, but surges 

and other expelled material seem less visible in K than 

Ha, presumably because the calcium is all doubly ionized. 

The spectroheliograph can make observations in any 

wavelength, but it is slow and not suited to flare obser

vations. To my knowledge, only HS, D3 of helium and the Caii H 

line have been used. The scientific impact of these 

results has been so small that no record appears in the 

published literature. It is interesting to note, however, 

that D3 is usually in absorption and sometimes in emission. 

Two Universal Lyot filters are now under construction 

by the firm of Carl Zeiss for the Sacramento Peak and Big 

Bear Observatories, using a design by J. Beckers; it is 

expected that these will greatly increase the fund of 

observations in different wavelengths. 
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In addition to monochromatic observations, observations 

with broader filters are also possible in regions where the 

photosphere is relatively dark. Such observations have the 

advantage of showing moving material as well as stationary. 

However, the flare contrast is usually degraded, and the 

only successful observations I know of were made by Ramsey 
0 

with a 3 A filter at Ha. 

Chapman (1970) introduced the use of an interference 

filter about 15 A wide at 3835A to study chromospheric 

structures; the continuum in this region is deeply depressed 

by CN bands and Mg I lines. The emission of the chromo-

spheric network is clearly visible. But simultaneous 

observations of flares in Ha and 3835 by Pope and Zirin 

(Figure 10) at Big Bear show no brightening whatever of 

3835 in fairly large flares. Although we will see in the 

section on flare spectra that there is no important flare 

emission in these lines, this observation shows that there 

is no significant heating of the chromosphere at the 

height to which we see in these strong lines. Although 

we cannot state this temperature accurately, we do know 

from the pictures that this is the height at which the 

chromospheric network structure becomes important, and 

probably at densities around 10 16 particles/cm3 • 
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II.S. The Significance of Flare Morphology 

The observed morphological development of flares 

is our most useful clue to their nature, since it shows 

where they occur (particularly relative to the surface 

and the magnetic fields), when they occur, and how they 

occur. The comparison of the morphology with physical 

measurements of the conditions in the flares can give a 

sensible picture of this phenomenon and help sort out the 

multitude of theories. If a theory proposes that flares 

move outward, one can examine if they move outward; if 

another model proposes that they occur at neutral lines, 

one may see if flares occur at neutral lines. Better yet, 

careful examination of the circumstances of flare occurence 

will obviously help us understand this phenomenon. 

We have seen in this section that almost all flares 

are bipolar; this means that the flare energy may flow 

along field lines to produce Ha brightening at both 

feet. It says nothing about the mode of occurrence. We 

have seen that flares generally erupt outward, and violent 

downward motions are never seen. This means that the 

energy is released low in the atmosphere, but not neces

sarily lower than 3000 Km, since the sources of the 

energetic eruptions always appear at least that high. 

Furthermore, we have observed some cases where fibrils 

above the surface erupt and flare brightening is seen at 
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their feet. So it is possible for the energy to be released 

above the surface and carried down by conduction, and it is 

in fact probable that the observed Ha emission results 

from energy flowing downward along field lines. The role 

of flares preceeded by prominence eruptions has often been 

discussed. Actually, as the classification above indicates, 

only a small fraction of flares, predominantly large, are 

marked by such eruptions. So far as one can tell, the 

prominence eruption merely indicates serious changes in 

the magnetic field before the flare. Hyder's (1967) model in

volving flare production by subsequent downfall of material 

is untenable because the downflow velocities are too small 

to produce X-rays and the like. Furthermore, many 

observations of eruptive material hitting the surface on 

its way down show only minor, plage-like brightening. 

When the flares are seen in the highest resolution, 

we see that there is bipolar structure in even the smaller 

flares, and that even large outward eruptions stem from 

a bipolar flux loop. The May 22, 1970 flare (Figure 6) is 

a good example; the huge outward eruption comes from a 

region near the surface where new flux has erupted near 

an old spot and is reconnecting. The energy is released 

low, and the beautiful outward surge just tells us where 
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it goes. In great flares the behavior is different; the 

flare may begin at several points, and brightening spreads 

over a large region. Although we have no proof, it looks 

like the flare disturbance causes further energy release 

over a large area, rather than a simple spreading out of 

the energy first released. This is not always accompanied 

by mass motion, and it does not appear that mass motion is 

responsible for the spread of the flare . energy release 

from point to point. This is particularly true when several 

points brighten simultaenously. These are usually at 

opposite ends of the same lines of force, and no mass 

motion could excite them simultaneously, although Alfven 

velocities are sufficient to produce the observed effect 

(with the ten second time resolution typically employed, we 

cannot rule out a del~y of up to that amount). 

III. OPTICAL SPECTROSCOPY OF FLARES 

This subject once excited great interest, but has lost 

favor in recent years because we recognized that the basic 

flare emissions were in the XUV and X-ray regions. However 

there is still considerable information to be gained from 

such spectra, particularly in view of the development of 

slit jaw cameras which show the precise part of the flare 

under study. It is interesting that the first ten volumes 
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of the journal Solar Physics have no papers at all on flare 

spectra in the visible region . As a result the description 

by Smith and Smith (1963) unfortunately describes the state 

of flare spectroscopy today as well. 

In studying flare spectra we must bear in mind several 

caveats. First, the spectra usually represent only the 

radiation from a certain line along the sun described by 

the slit. If we believe that there are kernels of the 

flare process from which excitation spreads over a wider 

area, then we may assume that the spectra show us this 

wider area over which the emission process has spread. 

Further, the nature of flare spectroscopy is such that we 

usually do not have continuous spectra, but only spectra 

at certain times during the lifetime of the flare, most 

often the declining phase . Finally, it is difficult to 

disentangle the flare emission from that of the surrounding 

excited chromosphere. On the other hand, if we take spectra 

of limb flares we certainly get pure flare, but we may 

miss the source of the flare down below. 

Still, a considerable amount was learned from spectra 

of limb and disk flares. Extensive programs of echelle 

spectroscopy at Sacramento Peak, the Crimea and Ondrejov 

produced comprehensive line lists and some confusing data 
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on line widths. Stepanyan (1963) and Banin (1964) both 

found that the hydrogen and helium lines brightened before 

the metallic lines, and that metallic lines of high 

excitation brightened before those of low excitation. 

Smith (1963) found lines in a large limb flare to be single 

peaked, and the profiles to be broadened by Doppler effect. 

The dominant spectrum lines in the visible are those 

of H, He and Caii, with the Inetallic lines relatively weak 

(Zirin, 1964). On the other hand, disk flares (Jefferies, 

Smith and Smith, 1959) show, in addition to the extremely 

broad and bright H and He lines, many narrow metallic lines 

appear near the sources of the broad and undisplaced flare 

emission line. Ha filtergrams show similar behavior; there 

are extensive regions of flare brightening in Ha which are 

not bright in picture~ taken ~g from the line center. Thus 

the fundamental flare phenomenon can be considered to occur 

in the limited kernels which are bright in the wing of Ha , 

and those regions which are bright in the line center are 

probably secondary results of the heating of the chromosphere. 

When flare spectra are obtained at the limb we are 

certain that we are looking at the flare only, but not 

necessarily the most intense part of the flare. A great 

number of these spectra obtained at Climax were studied. 
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by the Boulder group (Zirin, 1964; Zirin and Tandberg-Hanssen 

1959). These spectra showed that besides the intense Hand 

Hei lines one observed lines of Heii, coronal lines such 

as CaXV, and strong continuum. The presence of the Heii 

lines suggested high temperatures, at least 30,000°; the 

presence of the coronal lines suggested even higher tempera

a tures, at least 4,000,000 • Since the coronal ultraviolet 

can ionize the material below, we can get spuriously high 

ionization which may not reflect the electron temperature. 

For example, Hirayama (unpubl.) has suggested that the 

helium lines are produced in this way and the optical 

flare temperature is only at 10000° or less. We have 

since found from the X-rays that these are only the 

cooler parts of the flare, and it is useless to try to 

find thS physical con4itions in the flare itself from the 

spectra, although they are useful in analyzing the decaying, 

non-energetic part. In this regard I should note that I 

have never seen a coronagraph spectrum of a limb flare 

that did not show CaXV emission, although it is not seen 

in surges or eruptions. 

One useful parameter that may be obtained from 

measurements of limb flare spectra is the integrated 

electron density along the line of sight. This emission is 

due to Thomson scattering of the photospheric emission, and 

comparison with the photosphere (Zirin 1964) easily yields 
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the electron density. This we found to be as high as 

10 11 in a great flare. It is probable that the material 

is filamented, so that the electron density in the signifi-

cant parts of the flare is higher. On the other hand, some 

of the emission from the flare may be due to free-free or 

bound-free emission rather than Thomson scattering; but 

these are not imp~rtant for densities below 5 x 10 12
• 

Another test of the electron density is to compare the 

observed ratio of coronal line intensity with that observed -

this procedure eliminates fine structure because it 

measures the local density. In this case the densities 

come out somewhat above 10 11 suggesting the presence of 

filamentation. 

Jefferies and Orrall (1961) tried to measure these 

quantities in prominences by taking the ratio of the in-

tensity on either side of the Balmer limit. Unfortunately 

in that case the scattering comes from electrons at all 

temperatures, while the bound-free continuum comes only 

from atoms at the appropriate temperature to emit that 

radiation. In one case wh~re they obtained 

spectra of a great proton flare (July 20, 1961) just at 

the moment of explosion< Orrall (unpublished - reported by 

Zirin and Acto~l967) found N e T e 
4 = 2.3 x 10 degrees. 

However, if the electron scattering is due to very hot 

electrons not producing Balmer continuum, a density of 

3 x 10 12 is obtained. Of course the temperature must be 

far higher than the 23000 deg+ees mentioned. 
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An important piece of information that has come from 

spectra of flares is the motions of the material involved, 

or at least of the cooler associated material. In quite 

a few cases rotation is observed. Many cases are illustrated 

by Ohman et al (1969). Another facet of the Doppler shifts 

is the red shift of emission in some flares. Ramsey 

(unpublished) asserts, and shows evidence to confirm, that 

the first emission from flares occurs on the red wing. 

This would be in accord with the fact that flares occur 

just above the photosphere, and the first emission is 

excited when the explosion impinges on the photosphere. 

However I (also unpublished) have carefully examined a 

number of cases where flares were observed simultaneously 

in both wings of Ha at Big Bear and found no difference 

in the starting times. 

Finally, we can gain information on the density of 

flares from some of the optically thin spectrum lines 

that are seen in emission and hence the atmospheric height. 

This comes from the fact that almost all optically thin 

lines are excited by photospheric emission, so the popula-

tion of the levels corresponds to a Boltzmann distribution 

0 with temperature 6000 and dilution factor ~ . This kind 

of excitation produces a dark line, due to pure scattering, 

or no line at all in the case of He, where the absorbing 

atoms are few. The flare radiation is inadequate to alter 
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this distribution, but collisional excitation by flare 

electrons will tend to establish a Boltzmann distribution 

at the flare kinetic temperature. This will occur when 

the rate of collisional excitation exceeds the rate of 

photospheric excitation. The photoexcitation rate 

(Firor and Zirin, 1962) is: 

(1) Fl2 = ~ c uv 

~ 

The collisional excitation rate is (Zirin, 1966): 

(3) cl2 = Ne 3kTe 1/2 -x/ 
<-m---) e kTeanm 

where N and T are the electron density and the cross e e 
section can be related roughly to f b y (AlleriJ 1961): 

(4) 0 = 1.28 X 10- 15 ~Rhe)
2 

b f 

Where E is the incident electron energy, - kT, and b is 

variable, kT for our case. Then 
20hv 

{5) c12 = 1.28 x 10- 15 Ne(- 3:Te)~ Ryd 2 e-x/kTe f 

20(hv) 2 

Note that themmperature in (1) and (5) are different, 

representing the radiation temperature Tr of the photo

sphere and the electron temperature Te of the flare. If 



we divide (1) by (5) we eliminate f and get, for the 

ratio of radiative to collisional radiation: 

(6) = 6.3 X 10 25 

N (3kTe)~ 
e m 

1 

(912)4 -xr ( ~ -A.- e r 

1 
T) 

e 
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For a case of Te = 20000° and a line in the yellow, such 

as D3, 

(7) = 

So the line will appear in emission for densities of the 

order of 2 x 10 13 . This will be seen to be in good agree-

ment with other data. 

For most Fraunhofer lines the foregoing is difficult 
0 

to apply. Instead of. a uniform 6000 continuum, 

excitation is by an absorption line and we are of course 

seeing the line against this background. Furthermore, most 

of the ordinary Fraunhofer lines come from ions that are 

most likely ionized in the. flare. The lines of helium, 

on the other hand, come from the flare itself, because 

they do not appear in the Fraunhofer spectrum: various 

observers have found the D3 and 10830 lines to appear in 

absorption in small flares and in emission in larger ones. 

Regardless of the excitation of helium, we can safely say 

that these lines will riot appear in emission at densities 
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below 5 x 10 12 • Note that if the flare temperature were 

low (say 6000°) this limit would be increased by a factor 

25. 

IV. RADIO EMISSION FROM FLARES 

From the first day s of radio astronomy, the bewildering 

variety of emission produced by flares at all wave lengths 

has been studied. Attention was first paid to the com

plicated phenomena at meter wave length, and it was dis

covered by Wild that bursts in this range could be classified 

in three types: type I, continuous bursts from an active 

region, not depending on flaresi type II (or slow drift) 

bursts, with a slow frequency decrease in time which cor

responds to a source moving slowly outward through the 

corona at 1000 to 3000 kil.ometers per second i and type III 

( or fast drift) dursts, with a fast frequency drift 

which corresponds to a source moving through the corona 

at a speed of about one third the velocity of light. 

Later work by Wi ld and coworkers as we ll as Boischot in 

France and Maxwell in the United States uncovere d type IV 

bursts, long lasting broad-banded continuum usually fol

lowing flaresi and type V bursts, a continuum following 

type III bursts . Finally, "U-bursts" .were found, showing 
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an inverted U shaped pattern on the frequency-time diagram 

which presumably is due to a source which rises and then 

returns to the surface. The Culgoora radio heliograph 

(Wild,l970) has now showed that the bursts really do move 

outward as expected, but the details are very complicated, 

with sources appearing sometimes simultaneously at opposite 

sides of the sun in different polarization . Most of these 

meter wave events are coronal phenomena and serve more to 

testify to the magnetoionic phenomena in the corona than 

to tell us much about the generating flare. However they 

tell us exactly how things travel out to the earth. It is 

clear that many relatively small £lares can produce type 

III bursts, by sending streams of fast electrons or perhaps 

waves outward through the corona at speeds of 100,000 

kilometers per second or more. The type II bursts usually 

accompany only large flares. Type IV bursts and type V 

bursts typically occur after type II and type III bursts 

represent electrons trapped for long periods in the 

coronal fields. The Culgoora observations give a marvelous 

picture of the interaction of high energy electrons with 

magnetic fields that will delight astronomers for a long 

time. Most type II bursts are associated with outward 

eruption seen in the Ha flare. But type III bursts seem 

to be produced by all kinds of flares. Obviously outward 

motions of a few hundred km/sec don't play a role in the 

escape of near-relativistic electrons; the controlling 



factors are whether the flare is sufficiently energetic 

(most small flares are), and whether the electrons can 

escape. 
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The development of observations at higher frequencies 

above the coronal plasma frequencies has enabled us to 

observe radio emission coming directly from the flare. 

Large flux was observed at all frequencies down to three 

millimeters, the shortest at which such · observations have 

been made. These bursts are almost invariably impulsive 

in nature, with spectrum varying according to the type and 

height of the flare. The maximum flux is approximately the 

same as the peak of the meter wave type II bursts. 

Meter wave bursts of types II and III are 

thought to be produced by plasma oscillations excited in 

the corona as the disturbance moves outward. Conversely~ all 

broad banded emissions, including type IV and V bursts 

and the microwave bursts, appear due to s y nchrotron 

radiation from relativistic electrons moving in magnetic 

fields. Evidence for these electrons exists both in 

direct measurement of energetic electrons from spacecraft 

and hard X-rays produced at the sun. 

The observed microwave spectrum gives us interesting 

evidence on the physical conditions in the flares because 
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the microwave emission comes directly from the flare. 

The theory of synchrotron emission from flares has been 

worked out by a number of authors. Takakura and Kai (1966), 

and Takakura and Scalise (1970) argue that the electrons 

producing the burst are different and fewer (by 10 3 ) than 

those producing the X-ray burst. Holt and Ramaty (1969) 

believe they are the same. Since the total number of 

electrons in each case is not well-established, the 

problem is insoluble at the moment. Certainly all the 

electrons must be produced simultaneously. 

If the electron energy distribution is represented 

by 

(8) 

where y is typically about 3, then the peak of microwave 

emission (according to Holt and Ramaty) will occur around 

10 or 15 times the gyro frequency (2.8 MHz per gauss). 

Thus in a field of 200 gauss, the peak frequency will be 

around 9000 MHz. Above this peak, the emission will 

decrease according to 

(9) 

Below the peak the flux will decrease according to the 

physical circumstances. If the flare is low in the atmosphere, 

it will be cut off at the plasma frequency of the overlying 
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material, or if the magnetic field is sufficient 

it will be cut off by the Razin effect which occurs if the 

gyrofrequency (fH = 2.8 MHz/gauss) is not greater than 
. +1,2 

the plasma frequency (fp = 9 x 10- 3 Ne MHz). In any 

event every burst will show some falloff at longer 

wavelengths due to increased self-absorption. These 

varying absorption mechanisms can be compared with the 

spectrum of the bursts to determine the height in the 

solar atmosphere and the other energy parameters of the 

energetic electrons. Clearly bursts cut off at low 

frequencies must lie low in the atmosphere, and those 

with strong high-frequency emission must have energetic 

electrons with non-thermal power low spectrum. When 

combined with observations of the X-rays emitted by the 

same electrons, this data gives a powerful tool for 

evaluation of the physical conditions in flares. 

The differing microwave flare spectra have been 

summarized by Castelli and Aarons (1968). In general, 

low lying flares show a sharp cutoff at frequencies 

below 3000 MHz. Thi s corresponds to emission at heights 

below where the density is 10 1 1
; such behavior is par-

ticularly observed in the case of impulsive flares accom-

panied by hard X-ray bursts. Castelli and Aarons assign 

a class of "U-shaped" spectra to bursts of this type 
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which also show an increase to lower wave lengths. 

Presumably these are intense microwave bursts cutoff by 

plasma absorption, but accompanied by type II bursts which 

move outward through the atmosphere and produce large 

flux at longer wavelengths. However there are also some 

hard X-ray bursts with no cutoff at lower frequencies at 

all, and we may assume that these occur higher in the 

atmosphere. 

Two interesting examples may be noted. In a flare (Fig

ures 8-9) October 24, 1969, Zirin et al . (1971) found 

two radio bursts (observed by Castelli). The first spike 

had a definite low frequency cutoff, and was coincident 

with the first Ha pulse, which displayed no outward 

motion; the second extended to lower frequencies and 

coincided with outward motion of the flare plasma. 

The great burst of March 30, 1969 (Smerd, 1970) 

occurred in a region which had transited the limb two 

days before, yet strong emission was observed at 30,000 

MHz; this requires that a field of hundreds of gauss be 

carried 30,000 Km up and more. In fact, Smerd gives 

several arguments on the meter wave emission to suggest 

that field strength was even increasing upwards, so we may 

accept these data as proof that large fields were carried 

up into the corona by this event. 
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One can see from these data that the radio spectrum 

gives useful information on the location in the atmosphere 

of the energetic electrons, as well as some idea of the 

magnetic fields. In addition, the radio data give us 

excellent information on the time dependence and flux of 

the hard X-rays. It was first shown by Anderson and 

Winkler (1962), in their first detection of hard X-rays 

from the sun, that the radio burst at 3 em gave excellent 

correlation with the hard X-ray burst, while the sharp 

burst was not seen at lower frequencies. This was con

firmed by many authors and is nicely illustrated by the 

October 24, 1969, flare (Zirin et al. 1971). Since 

hard X-ray data is hard to come by, the single frequency 

records at 5000 MHz and above can be relied on as an 

accurate measure of the time dependence of the number 

of energetic electrons and of hard X-rays. Although 

there is some discrepancy between the em fluxes and 

X-ray fluxes, Vorpahl (submitted to Solar Physics) 

showed that a good correlation existed between the number 

of electrons above 100 KeV and the flux at 8800 MHz (The electron 

spectrum was derived from the X-ray data) . Polarization 

measurements would be more useful still, but these 

studies are just getting underway. 
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V. SHORT WAVE LENGTH EMISSION FROM FLARES 

The clearest testimony to the great energy of flares 

is their radiation ranging from the extreme ultraviolet 

spectrum to hardest gamma rays. These have been observed 

both directly from satellites and rockets and inferren

tially by their effects on the ionosphere. Two different 

types of behavior have been noted. In the soft X-ray 

region between two and ten angstroms there is a moderately 

steep increase in emission with almost every flare. The 

rise time of this radiation is a few minutes and it may last 

as long as an hour. Typically the soft X-ray peak comes 

about the time of the observed maximum area of the flare 

and somewhat after the time of the most rapid expansion. 

It appears to be connected to the production of a hot 

coronal cloud at temperatures of between four to ten 

million degrees. Simi lar enhancements are observed in the 

various coronal lines in the XUV, such as the iron lines 

below 300A. Intense r adiation by highly stripped ions is 

observed all the way down to Fe XXV and with comparable 

rise times, more or less. There has been considerable 

study of the relative intensities of these lines as a 

tool in determining both the electron density and the 
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temperature in the x-ray source. At the moment~ however~ 

these measurements are inconclusive. However the observa

tion of Fe XXV lines from flares show clearly that very 

high ionization temperatures are present. 

By contrast~ hard x-rays and the XUV chromospheric 

lines show abrupt increase coincident with the sharpest 

rise in Ha and the impulsive microwave burst. The 

typical impulsive hard X-ray event such as was first dis

covered by Anderson and Winckler (1962)~ may last only a 

minute overall~ with rise times of 10 to 15 seconds. This 

impulsive event has been shown by Kane and Donnelly {1971) 

to be synchronous with ionospheric effects produced by the 

much longer wavelength XUV emission above 150 angstroms 

and confirmed by direct observation by Hall (1971). All 

impulsive hard X-ray bursts occur at the time of the most 

rapid rise in Ha emission . The XUV emission would appear 

to be due to the dumping of the energy in the chromosphere~ 

leading to a heating up of the atmosphere which shows up 

a little later as the thermal x-rays. 

There are great difficulties in observing the hard 

x-ray spectrum~ because most of the detectors used until 

this time do not have a sufficiently short time constant 
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or adequate filters. If there are many photons at lower 

energies, they "pile-up" to produce apparent counts in the 

higher energy channels. It was shown by Kane and Hudson 

(1970) that only events with a very hard spectrum could 

be uniquely identified as due to X-rays with energies 

above 10 kilovolts. In the observed records, these are 

easily recognized by their impulsive nature. 

The OS0-7 experiment of Peterson's group eliminates 

pileup and enables one to study hard X-rays in cases where 

the spectrum is steeper and the burst less impulsive. The 

data from this experiment is only just coming in, but it 

is clear that x-rays above 20 Kev are also observed in 

non-impulsive events . 

The X-ray spectrum is extremely useful because the 

interpretation is particularly simple. There are no 

absorption effects, since the solar atmosphere is totally 

transparent to X-rays. The emission mechanism of brems

strahlung is unique and simple, and the only problem is 

the evaluation of where the bremsstrahlung takes place. 

In the models of Kane and Anderson (1970) the emission 

is considered to occur in a dilute medium where the 

bremsstrahlung losses are small and the electrons long-

lived. In this case the bremsstrahlung is proportional 

to 1/E, and if the electron energy distribution is 
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N(E) -o = KE , then the photon distribution will be the order 

of 

J (hv) = K (hv)-y 
1 

where o:y-1. Kane found empirically o = y-1.25 for y < 5 

and energies between 10 and 70 Kev. 

Hudson (1972 - in press), however, has considered the 

possibility that the stream of energetic electrons is 

dumped in the chromosphere, and the energy of each electron 

lost almost instantaneously. In this case we use a "thick 

target" approximation where the energy loss is primarily 

by ionization (with ejection of thermal energy electrons), 

and therefore the important quantity is the fraction of 

the electron energy emitted in bremsstrahlung. This 

fraction is independent of energy and hence the energy 

at any frequency is proportional to the original electron 

energy. Thus the cross section is effectively proportional 

to E and we get 

0 - y+l 

with an electron spectrum softer than the photon spectrum. 

We see that the exact energy spectrum of the hard electrons 

is somewhat in doubt, and awaits resolution of the question 

of where the X-ray emission comes from. We can only hope 



*38* 

that enough deoccultation events occur so that we can sort 

out the heights. If the electrons are trapped in a flux 

loop of constant H, then it is possible that the radio 

emission is produced through the whole loop and the X-rays 

preferably at the bottom. The problem of where the X-rays 

are produced plays an important role in those flare models 

in which the electron energy is a dominant factor. Typical 

calculations for class I flares give 10 28 or 10 29 ergs for 

the hard electrons in a thin foil model, but if the 

electrons are dumped in the photosphere, they are lost in 

less than 1 second, and this number could be increased by 

a factor 100 in a burst which lasts 100 seconds or so . 

There is at the moment considerable support for such a 

model . 

A typical flare (September 11, 1968) combining hard 

and soft X-rays was analyzed by Vorpahl and Zirin (1970). 

In this case the flare began with a moderately impulsive 

increase in hard X-rays accompanied by rapid brightening. 

A brillant kernel formed at one point accompanied by an 

even steeper rise in the X-ray energy in the higher 

channels. From the brilliant kernel a great surge of 

material flew out; obviously a great deal of energy was 

released at that point, and the pressure resulted in the 

expulsion of material. The total energy of electrons 

>10 KeV was about 10 28 ergs at any moment, but if the loss 

time was short ( a fact supported by the rapid decay of some 
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of the spikes) the energy of all electrons accelerated 

could be as high as 10 3 1
• The electron fluxes obtained 

also predicted quite well the em emission, using the Holt 

and Ramaty theory. The rise to maximum in the low energy 

channel (10 to 20 kilovolts) occurred over a longer 

period and was not reached until the maximum extension 

of brightness across the surface. Of course this gradual 

maximum was probably not caused by 10 to 20 kilovolt 

X-rays at all, but by softer X-rays which were so numerous 

that they produced spurious counts in the higher channels. 

This behavior shows that the time of maximum area of the 

flare is not necessarily the time of greatest energy 

release but more likely the time when this energy is 

dissipated in the greatest area on the solar surface 

and has produced a coronal cloud. This is confirmed by 

the fact that the soft X-ray flux always peaks after the 

hard X-rays and the Ha flash. One thus has the picture 

of the flare as an e x tremely energetic impulsive phenomenon 

which is later degraded at the maximum. However attractive 

this picture is, it does not alway s work; in the famous 

event of September 28, 1961, a large, complex f lare in 

which Anderson and Winckler (1962) first observe d hard 

X-rays, the hard spi ke occurred quite late in the flare. 
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So the impulsive acceleration is not necessarily the source 

of the flare energy, but may simply occur when the magnetic 

conditions are suitable £or a rapid acceleration of 

electrons. 

A particularly intriguing observation is that o£ 

quasi-periodic behavior in some bursts (Frost, 1969, and 

Parks and Winckler, 1969) with periods around 35 seconds. 

Similar behavior is seen in the radio flux. This is 

reminiscent of the "ringing " of electrical discharges. 

We see from the foregoing that the comparison of 

X-ray and radio emission is a powerful tool for the analysis 

of flare physics, and it is for this reason that interest 

in spectra in the visual has waned. However, we see also 

that there is some doubt as to the exact place of the 

X-ray production, which leads to uncertainty in the source 

spectrum and total flux of hard electrons. This will 

probably only be resolved by detailed comparison with Ha 

events, particularly near the limb, where low sources 

might be occulted by the disk. But we do get the exact 

radiation produced by the sun, undisturbed by radiation 

transfer effects. The radio emission is also extremely 

useful, despite disagreements on the electrons producing 

the emission. The low frequency cutoffs are unambiguously 
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due to the Razin effect or plasma cutoff; analysis of 

center-limb variations may shed light on this question. 

We should remember, too, that each flare is different. 

Hard X-rays and high frequency radio emission have 

already been observed numerous times in events over the 

limb; in these cases enough matter and magnetic field 

is blown up into the flare region to make emission quite 

efficient. But this does not mean that Hudson is 

wrong in ascribing the typical X-radiation to lower 

layers. It is particularly useful that the bremsstrahlung 

is proportional to N! and the synchrotron emission, to 

N H, so we do have a chance to determine these quantities e 

if the source is the same. 

The source of the softer X-rays is clear, but analysis 

is complicated by presence of strong emission lines. The 

relative magnitude of line and continuum emission in soft 

flare X-rays is not yet establisheo. The problem of 

interpretation is increased by the fact that the soft 

X-ray source probably is larger than that of the hard 

X-rays; furthermore the filters used have rather peculiar 

wavelength dependence which makes the observed flux highly 

dependent on the frequency distribution of the radiation 

(a discrepancy removed by spectrometers). Because of the 

larger volume, the lines, and the exponential factor in 

the spectrum, the soft X-ray flux is very large compared 

to the hard X-ray flux. Typically the number of electrons 



*42* 

with energies above 10 kilovolts seems to be about 10-3 

of the ambient electron density, with the rest of the 

electrons at the five or ten million degree temperature 

(one kilovolt) characteristic of the soft X-rays. The 

energy spectrum of the hard electrons appears to go as 

-3 E . If the hard electrons have a lifetime of only 

seconds, however, the number and total energy of hard 

electrons may be comparable. We must remember that the 

flare does not occur in a vacuum. If we heat a volume 

of gas to any temperature, conduction and radiation will 

result in rapid heating of the surrounding medium. There 

will not be a single constant temperature (so convenient 

for calculations), but a range of temperatures. 

There is considerable observational evidence on the 

connection between the spatial distribution of X-ray emis-

sion and observed Ha emission (Vorpahl, 1971) • Studies 

of the time correlation of these show they are very close 

indeed; almost every bright Ha flare shows an accompanying 

X-ray burst at essentially the same rise time. Moreover, 

impulsive and brilliant Ha flares produce hard X-rays, 

while slow flares produce only thermal X-rays. Careful 

comparison of x-ray observations with good time resolution 

and high resolution Ha pictures show good agreement for most 

events between Ha brighteni ng, X-ray emission and microwave 
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With the development of grazing incidents X-ray 
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telescopes pioneered by American Science and Engineering~ 

as well as Tousey's slitless spectrograph method in 

the suv~ it has become possible to observe flares directly 

in the X-ray region with resolution approaching five arc 

seconds. Two good observations are available of such 

flares~ on June 9~ 1968~ and on November 4~ 1969. Although 

we do not have top quality Ha observations for the June 9th 

event~ the X-ray distribution appears quite close to the 

Ha emission. On November 4~ 1969~ AS&E (Krieger et al~ 

1970) succeeded in observing a limb flare in soft X-rays 

(Figure ll) while the Naval Research Laboratory (Tousey~ R. 

unpubl.) observed the same flare in XUV radiation. At the 

same time~ the flare was observed on-band at Big Bear Solar 

Observatory and off-band at Caltech. The on-band observa-

tions show an extended limb flare~ which corresponds 

closely in distribution to the NRL XUV observations. The 

off-band observations show a small hot kernel near the 

beginning point of the flare~ which corresponds exactly 

to the AS&E X-ray picture. This tends to confirm the 

* It is most interesting that the agreement is with Ha 
emission~ and not with the eruption or begirining of 
strong motion and turbulence. 
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It is interesting that the hot, high pressure kernel 

in which the impulsive X-ray burst is produced does not 

always produce an outward surge or expulsion of material. 

Indeed, many surges show no X-rays at all unless there is 

an intense brightening at their base. The cases with no 

expulsion must be explained on the basis of a magnetic 

field stronger than the gas pressure. If we take the well 

observed flare of October 24, 1969 (Zirin, et al.) we 

have 

n E e mean = 5 X 10 8 
X 10 keV 

= 5 x 10 8 x 1.6 x 10- 8
- 8 ergs/ cm3 

which is equal in energy to a 10 gauss field; the observed 

field was 200 gauss, which could easily contain the material. 

The first part of that flare occurred in a closed dipole 

configuration, so there was no escape of material; the 

second, along a filament, so that a surge occurred. The 

total energy, 3 x 10 28 ergs (much more in the thick foil 

case) , was sufficient to accelerate a surge of equal volume, 

and density 10 11
, to 100 Krn/sec velocity. Expulsion occurs 

if the magnetic configuration is correct and suitable. 

The subject of the decay of X-ray emission has been 

thoroughly investigated by a number of authors with the 

hope of gaining information on the physical conditions. 
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However the plasma physics is not well understood and the 

conclusions are still indefinite. The slowing down of 

fast electrons by coulomb interaction with field particles 

is of the order of seconds, so that the observed X-ray 

spectrum is very close to the actual rate of production of 

energetic electrons. One difficulty lies in the fact that 

coulomb braking acts more effectively on the slower 

electrons and one would therefore expect a hardening of the 

spectrum with time. This effect is not observed, although 

the spectral dependence with time is imperfectly known. 

It would appear that the principal decay mechanism is 

excape of electrons from the X-ray emitting region, as 

well as losses from reflection points in neighboring 

cooler regions. 

VI. PRODUCTION OF ENERGETIC FLARE PARTICLES 

The fact that cosmic rays are produced in large 

flares was established by the great flare of February 23, 

1956. Subsequently a wide range of investigations has 

been carried out with many spacecraft. Recently reviews 

of this subject have been published by McCracken et al. 

(1971) and by Fichtel and McDonald (1967). Energetic 

particles are observed to come predominantly from flares 

near the west limb of the sun, due to the propagation 
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properties of the interstellar magnetic field. But 

particles from E limb flares often reach the access channel, 

and appear at the earth on trajectories coming from the west. 

The arrival time of the particles depends on their path 

in the interplanetary magnetic field, so one cannot make a 

close connection between the cosmic rays and the flare. 

It would would appear that the energetic ions are accelerated 

and injected into the interplanetary field within a few 

minutes after the beginning of the flare. Many of the 

cosmic rays from smaller flares are lost in a general 

background of low energy cosmic rays coming from most 

regions. These cosmic rays appear to be stored for long 

periods of time after their generation in the more energetic 

flares. There is now strong evidence for recurrent events 

associated with energetic ions stored either in the 

interplanetary plasma or in the active region. In fact 

McDonald has suggested that the process of flare cosmic ray 

acceleration consists of simply increasing about ten-fold 

the energy of all the particles stored in the active 

region. Since the energy dependence of the cosmic rays 

is E-sr a ten-fold increase in energy will result in 

an increase in the number of particles at any energy by 10 5
• 

There are some cases where recurrent storms from a region 

are observed each time the magnetic field lines connected 

to that region rotate past the earth. There is some divi

sion of opinion as to whether these particles are actually 
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stored near the sun or in the interplanetary medium; 

however it would appear from the continual sweeping out 

by the solar wind that the primary storage area is a few 

radii out from the sun. The fact that type IV radio 

bursts are observed to last for days suggests that such 

storage is possible. 

Observations of heavy nuclei in the solar wind cosmic 

ray events afford a chance to sample directly the chemical 

constitution of the sun. Although this is still a new 

field, the principal result is that there is an enhancement 

of the proportion of heavier nuclei, particularly helium 

in flares as compared with the normal solar wind. One 

possibility is that there is a separation of light atoms 

in the normal corona, and the flare spews up a great amount 

of normal photospheric material into the corona. 

Abundances in flare cosmic rays are quite 

variable and will eventually give important clues to the 

flare process. 

In addition to the higher energy particles, the flare 

produces a great blast wave full of all kinds of energy 

and also MeV protons. This is marked by the type II burst 

and also by the Moreton wave (Figure 12). These large 

disturbances travel out through the interplanetary medium 

and bring clouds of low energy protons to the earth. The 
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phenomena are so big and complex that it is hard to do 

much analysis at present, but their energy must be included 

in our picture of the total flare energy. Meyer (1968) 

has shown that the Moreton waves (Athay and Moreton 1961) 

can be explained as fast mode Alfven waves propagating 

through the lower corona. The means by which this wave is 

excited should be an important part of our analysis of 

flares as our model improves. 

VII. WHY DO FLARES OCCUR? 

This question has fascinated astronomers and theoreticians. 

It is most remarkable that such high energies can be produced 

in the relatively low temperature environment of the sunspot. 

The only energy source adequate for this is the magnetic 

field, which can focus the energy of great numbers of 

atoms on a few. Conversion and utilization of magnetic 

energy depends on simplification and reconnection of complex 

magnetic fields, with transition to lower energy states. 

The possibility of this process was first investigated 

by Gold and Hoyle (1960) and subsequently by a string of 

other authors; the latest summary of the models is by 

Tomozov (1971) . A long review might be written of all 

the mechanisms - but first we discuss the observational 

data. 
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If magnetic energy is fed into the flare process, 

a change in the magnetic field should be observed. There 

is conflicting evidence in the literature, most of it ob

tained with old magnetographs totally inadequate to record 

field changes. Modern magnetographs make magnetic movies 

possible; unpublished results from such instruments at 

Kitt Peak, Aerospace Corporation and Big Bear show no 

evidence of short term changes in the longitudinal field. The 

observations are limited and big flares seem to avoid 

periods of observation. Anyway, the energy in the magnetic 

field is so large that only a small change would suffice 

to give the flare energy. Furthermore, reconne ction of 

field lines between various spots implies changes in the 

transverse field, which is hard to observe wi th magneto

graphs. 

The Ha observations give an excellent chance to 

resolve this question, because they enable one to deduce 

the direction of transverse fields from the fibril struc

ture (Zirin 1972) and because there is a vast collection 

of observations. With a few exceptions to be discussed 

below, no significant changes have been seen. However, 

the flares all appear to take place in places where field 

reconnection ought to be taking place. In our first survey 

of this question (Zirin, 1970) we decided that flares 
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occurred preferentially where the magnetic field was inverted, 

i.e. where following polarity led preceding polarity. 

Further study (Zirin, 1972 in press) showed that the reason 

the polarity inversion occurred was that new bipolar flux 

emerged near the leading spot, and flux lines from the f 

spot reconnected from its sibling to the large p spot, while 

the p spot merged with the main spot. We have observed 

this phenomenon in many cases. Note that there is no 

large change in the longitudinal field in such a process, 

only the transverse field lines connecting the main poles. 

In other cases we have observed flares to occur when 

fibrils cross (Figure 1) • In the case illustrated, the 

flare occurs just after the dark fibril appears crossing 

the other structure. After the flare all the fibrils 

are parallel again. In these cases the flare energy re-

lease appears to occur at the top of the arch, producing 

brightening at the feet of the magnetic arch. We have 

sketched the model of these flares in Figure 13 . 

Many workers have discussed the mechanism of field 

reconnection; a good discussion is given by Tomozov (1971). 

In any case we may assume that some sort of magnetogydro

dynamic instability or discharge occurs whenever the magnetic 

field. has reached a metastable energy state from which it 

may jump to a lower one. The real energy source would then 
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be the forces that twist and turn the field lines, and the 

forces that push up new flux near existing sunspots. 

VIII. SUMMARY 

There are many who think the flare process is a small 

scale version of some of the great energetic phenomena of 

the universe, and by studying this phenomenon close at hand 

we have a chance to unlock fundamental secrets of nature. 

The vast array of data we have certainly sheds light on the 

way in which high energy plasmas are produced, but the key 

to understanding is still needed. 

We see where flares occur - in regions of high field 

gradients and reconnecting metastable fields; we see, 

possibly, why they occur -the fields can jump to lower 

energy states. We see acceleration taking place a few 

thousand km above the surface and traveling down the field 

lines to produce bipolar flares. There is excellent cor

relation between the Ha appearance of flares and the hard 

X-ray bursts as well as the XUV emission, and even the 

thermal soft X-ray burst is well-understood as due to the 

po'st-flare coronal cloud. Of course the spatial distribu

tion of the hard X-ray source is not well understood; some 

believe it occurs at the feet of the lines of force, but 
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the Japanese balloon observations suggest it comes from 

the acceleration region . Radio emission from flares also 

fits the general picture; an energetic X-ray spectrum is 

usually accompanied by intense high frequency microwave 

emission, while thermal flares show a high frequency cut

off; large eruptive flares almost always show type II 

bursts. The existence of magnetic changes is shown by 

spiral motions in the flare fibrils and the changes in 

field direction in the flare region. 

Despite all this fine information, we still do not 

really understand the flare. We look at it roaring out 

of the surface, we resolve much of the structure, yet we 

do not understand the physics of the instabil i ty involved, 

of the particle acceleration or of the heating . We can 

roughly predict where flares will occur in perhaps one

third to one-half the cases, but certainly not when they 

will occur. And for a sizable fraction there is not a 

clue to what happened. In many cases the flare comes out 

of a region too small for us to resolve optically (such 

as Figure 3). In other cases, such as Figure 1, the flare 

region is high enough to be transparent; we could only 

expect to see the energy release in the XUV. We urgently 
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need more high resolution optical hard X-ray, microwave 

and XUV observations. Most of these will be provided by 

experiments planned for the near future, although it is 

to be lamented that existing microwave interferometers 

have not been applied to the flare problem, and hard 

X-ray modulation collimators have had but limited applica

tion. 

It is impossible at present to say whether the energy 

is first input to a thermal plasma or to hard electrons or 

whatever; clearly various surges and shock waves must arise 

from high pressure plasmas, yet the energy in the hard 

electrons may be comparable to the total flare energy. 

The nuclei wander through this all like ghosts, with no 

radiation to mark their passage. We must recognize that 

hard electrons and hot plasmas are produced in every case, 

that sometimes they . escape in type III bursts and sometimes 

not, but always the phenomenon is a product of 

changing, dynamic magnetic fields. Usually the changes are 

the result of emergence of new flux or of sunspot proper 

motions. Therefore the ultimate cause lies in the forces 

that push up flux into metastable states or give rise to 

translation and rotation of spots. 

This work was supported by NASA under grant 

NGR OS 002 034 and NSF under grant Ga. 24015. 
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FIGURE CAPTIONS 

Figure 1. Four frames in the development of a flare 

July 24, 1971. In the first frame (a) 17:43:25 

we see the crossing of a dark fibril to the 

right of the spot, p polarity (1) and f polarity 

(2). Underneath it we see the long fibril (3) 

connecting the front of the main p spot with 

other f polarity. This fibril only appeared 

a few minutes before, but 1 and 2 were connected 

the day before - the principal motion seems to 

have been in the underlying field. (b) 17:44:05 

the fibril breaks up violently and the radio 

burst begins. (c) 17:54:32 the fibril has 

gone and the Ha flare has developed at both 

ends of the fibril. The fibril structure is 

now parallel. (d) at 18:02 a dark print shows 

the flare structure. This was the peak of the 

radio burst. Note that the fibrils are now 

parallel. Perhaps the new material in the 

fibril increased the resistivity to where the 

reconnection may take place. 

Figure 2. Filament eruption September 27, 1970. The 

filament erupts as a result of changing magnetic 



patterns, and produces two bright strands 

across the p (right) and f parts of two spot 

groups. The radio burst peaked at 2135, after 

the eruption, but just as the Ha rose sharply. 

Figure 3a. Surge flare photographed in Ha light August 20, 

1971. 

3b. Same flare photographed simultaneously in K 

line, band width 1.2~. The wide bandpass is 

used to reduce the contrast. There were re

peated flares from the small bright region 

preceding the main spot; the principal agent 

may have been rapid proper motion of the spot. 

Figure 4. Proton flare January 24, 1971. This flare 

seems to have occurred as a result of field 

distortions resulting when the pair of sunspots 

p3, f3 in the lower half overtook the spots 

pl, p2 in the upper half. Particularly in the 

23:31:32 exposure we see the two strand structure, 

the upper (west) strand in the p polarity, and 

the lower strand in the f polarity of the leading 

group; the flare was almost entirely confined to 



Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

the leading group and occurred on both sides 

of a large filament curling around the second 

p (p2) spot of the group. 

Explosive flare September 17, 1971. There was 

a tremendous outward explosion from a little 

bipolar structure on the edge of a large group 

(the return of the group in Figure 3); the 

surge traveled 500,000 Km (W top, N right). 

Collimated flare surge May 22, 1970. The bright 

area above (W) of the sunspot is new flux which 

emerged on this day and gave rise to a number 

of flares, dying out the next day. Note that 

there are two surges, a dark one in front and 

a bright one behind, and the material comes 

out of a bipolar bright region. 

Confined flare July 2, 1971. Nothing came out 

of this flare, there was no type III burst, but 

there was an energetic X-ray and microwave burst. 

Development of a flare October 24, 1969; the 

first phase is at left, and the second, at 

right. The flare occurred in rapidly changing 



satellite fields that have been studied by 

Rust (unpublished) . 

Figure 9a. Radio and 9b . X-ray records of the flare 

from the Sagamore Hill Radio Observatory and 

the Space Science Lab, Berkeley. The first 

spike at 2113 is not observed at low frequencies, 

showing that this low-lying initial phase did 

not reach higher in the atmosphere than the 

level at which N = 10 11 The second burst, e • 

which occurs as the bright surge moves outward, 

is observed at all wavelengths. The X-ray 

record shows a hard burst with time dependence 

identical to the 8800 MHz, and a thermal burst 

peaking at the end of the flare . 

Figure 10. Flare observed simultaneously in 3835 and Ha: 

a. Ha; b . 3835. The Chapman filter covers a 

band 15 ~wide centered at 3835, covering a 

range of Mgl lines and CN bands. 

Figure 11. Flare observed in Ha and soft x-rays. Top to 

bottom:Red wing Ha , center line Ha , blue wing 

Ha, 3-12A x-rays photographed by American 

Science and Engineering. 



Figure 12. Moreton wave from the August 28, 1966 flare, 

photographed at Sacramento Peak Observatory, 

blue wing. The leading edge of the wave is 

bright; on the red wing it is dark. Thus the 

surface is pushed down and rises up. The 

wavelength is around 200,000 Km; since the 

speed is 1000 Km/sec, the period of recovery 

of the chromosphere is approximately the 

normal quiet chromosphere period, 180 seconds. 

Figure 13. Sketch of field reconnection in satellite 

spots and fibril crossings. 



a b 

BI
G

 B
EA

R
 S

O
LA

R
 O

BS
ER

VA
TO

R
Y 

FI
B

R
IL

 C
R

O
SS

IN
G

 F
LA

R
E

 
24

 J
U

LY
 1

97
1 

c d 



21: 16 :26 

BIG BEAR SOLAR OBSERVATORY 
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