
5.4.4 The Post-Flare Phase

A new phase of flare activity, namely a late, high-altitude,

coronal phase, was first identified in SMM data for May

21/22 by Svestka et al. (1982a). Other similar events from

SMM were reported by Lantos et al. (1982) and Svestka et

al. (1982b and c), and in retrospect some of the large-scale

structures observed by Webb and Kundu (1978) probably

fall in this category.

Based upon HXIS observations, Svestka (private com-

munication) has estimated that the total energy content of

the post-flare arch structures in the 21 May event was be-

tween 1.5 × 1029 and 4.7 × 1030 ergs; the total energy in the

analogous structure of the November 6 event was 1.2 × 10 at

ergs. In both cases, the estimated energies are comparable
to the energies of other major flare components. It is neces-

sary in a complete picture of flare energetics to understand
the relationship between these manifestations and those of

the more well-known flare phases. It is premature, based

upon the limited number of events -- not all of which may

be of the same type -- to draw general conclusions yet.

5.4.5 Phenomena in the Distant Corona

Coronal transients, coronal mass ejections, interplanetary

shock waves, and the like have an uncertain but important

place in flare energetics. These phenomena can be observed

by coronagraphs and by meter-wave radio telescopes, as well

as by in situ techniques at larger distances from the Sun. The

Skylab coronagraph observations provided the earliest com-

prehensive views of coronal transients (Rust et al., 1980),

and observations have continued both in space (SMM and

P78-1) and on the ground (notably with the Manna Loa
K-coronameter).

The relationship of these coronal phenomena with clas-

sical Hot "chromospheric flares," or with the high-energy
flare events, remains problematical. There is no doubt that

major flares often produce major coronal transients, but we

have to guard against inferring a causal relationship: the BFS

may confuse the picture (Kahler 1982). Indeed the suggested

existence of "forerunner" coronal transients (Jackson and

Hildner 1978) could imply that the coronal phenomena cause

the flare rather than the other way round, and this is con-

sistent with some theoretical views. The relationships are ob-

scured by two major factors: there are only limited

quantitative observations in the key inner corona, and in the

outer corona there is confusion and uncertainty in the as-
signment of a given event to a given flare because of over-

lapping in time. Finally, it is known that coronal transients,

especially with low speeds, may arise without the occurrence

of a flare (Wagner, 1984). These events tend to fall in the

"eruptive prominence" classification.

The energetics analysis of coronal phenomena has not ad-

vanced appreciably since the Skylab Workshop treatment

(Webb et al., 1980). Among the prime flares studied by the

energetics team in this chapter, only one (June 29) had C/P
observations. However, even this limb flare was not satis-

factory for quantitative energetics analysis because it could

not properly be compared with the disk flares in the re-
mainder of our list.

N87-19338
5.5 CHARACTERIZATION OF TOTAL

FLARE ENERGY

H.S. Hudson

5.5.1 Statement of the Problem

5.5.1.1 Introduction

The total energy released by a solar flare has a certain

distribution in form as well as a certain pattern of flow among

the several forms, as described above. As data have grown

more comprehensive, the definition of this distribution has

improved; classical assessments are found in the works of

Ellison (1963), Bruzek (1967), Smith and Smith (1963), and

Smith and Gottlieb (1975). Most recently the Skylab flare

workshop (Sturrock 1980) addressed this question in two sur-
veys of a single well-observed flare on 1973 September 5.

These surveys dealt with the radiant energy (Canfield et al.,

1980) and the mechanical energy (Webb et al., 1980), and
their results have become the definitive data on flare ener-

getics despite acknowledged gaps in coverage and in theo-
retical understanding.

This section aims at updating our knowledge of this funda-

mental matter. Unfortunately, there are still limitations in

data coverage, as described in detail below. In some areas,

notably the X-ray and gamma-ray ranges, there have been

striking improvements, as reported above. We summarize

the improvements here and take the further step of attempt-

ing to fill in the gaps in coverage to estimate the total radi-

ant energy. One purpose for doing this is to rr__--rmita

comparison of the observed or estimated total with the up-
per limits derived from the precise total-irradiance monitor

(the Active Cavity Radiometer Irradiance Monitor-ACRIM)
on SMM.

5.5.1.2 Availability of Data

What are the key limitations in the data set available to

us? The foregoing discussions have naturally emphasized the
observed forms and have relied on theoretical considerations

to bridge the gaps. Where are the largest gaps? We discuss

these items briefly here and present recommendations for
future observations in Section 5.6.

The most important omissions from the data set fall into

two major areas: the radiant energy in optical and EUV

wavelengths, and coronal observations of all types. The

brightness of the quiet Sun makes the optical wavelengths

5-41

https://ntrs.nasa.gov/search.jsp?R=19870009905 2020-03-20T11:14:27+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/42837749?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


particularlyimportant,sinceanundetectablysmalloptical

continuum (for example) could rival the energy in wavelength

ranges for which flares produce greater contrast. The

Sacramento Peak observations from the white-light flare

patrol show that continuum emission is not the rarity once

thought (Neidig and Cliver 1984), and the line emission spec-

trum may contain even more energy. Even where spectro-

graphic observations exist, these usually have covered only

a fraction of the flare area or time profile, so that no defini-

tive knowledge of the distributions even in a statistical sense
now exists.

At EUV and XUV wavelengths a similar lack of cover-

age is striking; even though SMM carried an EUV instru-
ment, its observations were extremely limited in coverage

by a lack of imaging _apaulmyt':_:..... ,,,u_ appropriate telemetry

bandwidth. SMM did not carry an XUV instrument, and so

this vital wavelength range was totally omitted from con-

sideration either from the diagnostic or the energetic point

of view. Finally, considerable flare energy could appear at

infrared wavelengths, but because of the simplicity of the

emission mechanisms (H and H-free-free and free-bound con-

tinua should dominate), the omission of direct observations

is less important than that of the optical and EUV-XUV

ranges.

The optical and EUV-XUV data provide us with our best

knowledge of the magnetic field distribution. Although

vector-magnetograph observations began in a systematic way

during the past solar maximum (Hagyard 1984), data that

are extensive, precise, and sensitive enough to characterize
the field adequately do not exist. As a result, we have only

rough knowledge of the system of currents flowing in and

around a flaring active region.
More serious omissions occurred in the area of coronal

observations. The existing coronal observations have neither
the sensitivity nor the diagnostic capability to contribute ef-

fectively to determining the key physical conditions in the

corona. This is an enormous loss, because the coronal aspects

of solar flares (at least in some cases, such as that of the well-

documented Skylab flare of 1973 September 5) may dominate

the total energy. In addition, the white-light coronagraph on

board the SMM provided observations of only one of the
well-observed prime flares chosen for detailed study here.

Because of these problems in availability of coronal data,

this report does not address the non-radiant energy of a solar

flare. This problem is reserved for a future solar maximum.

5.5.2 Techniques for Estimating Radiant

Energy

5.5.2.1 Direct Observation

The radiant energy would ideally be determined from a

full knowledge of the specific intensity as a function of

wavelength, position, and time. Unfortunately, we must deal

with integrals or small samples of this abstract function. Since

our goal is to define the integral radiant energy in broad

wavelength bands, fully detailed spectral information is im-

portant only for diagnostic purposes. At the highest ener-

gies, the coverage from broad-band soft and hard X-ray and

gamma-ray detectors adequately describes the total flare radi-

ation. The very large contrast of flare radiation at these

wavelengths makes background subtraction, even for the

disk-integrated radiation, relatively simple.

5.5.2.2 Differential Emission Measure (DEM)

Although observations are rarely available for
wavelengths longer than about 20 _,, there is generally suffi-

cient diagnostic information to characterize a DEM, as
described in Section 5.3.2.1. With such a tool one can turn

to a tabulation of the characteristic radiations for a plasma

of the proper temperatures and, with assumptions about

plasma conditions (abundances and state of equilibrium), es-

timate the total theoretical luminosity. Cox and Tucker (1969)

provided one of the first systematic tabulations of charac-

teristic plasma radiations.

The DEM approach works well enough for the present

application at temperatures above a few million Kelvin, and

this technique provides a much better characterization of the

X-ray emission from flares than was previously possible. Un-

fortunately, the missing wavelength ranges contain emission

lines necessary to define the temperature domain from a few

million Kelvin down through the transition region, and so

this domain requires an extrapolation to obtain complete

coverage.

5.5.2.3 Scaling

For the lowest temperatures, including those responsi-

ble for the dominant optical-EUV-XUV radiations, the DEM

approach cannot work in principle because the fundamental

assumption of this techinique, i.e., that the strong resonance

lines (and possibly the continuum) are optically thin, is in-

correct. For these wavelengths, the only possible route to

obtaining energy estimates is through scaling from a well-

observed representative wavelength such as Ha. Unfortu-

nately, even the Ha line seldom is observed with simul-

taneous line profile and imaging data, so that it cannot be
used as a reference; furthermore, no detailed studies of the

errors induced by the scaling approach exist. Is the rest of
the Balmer series inferrable from the Hot line alone? Is the

line-to-continuum ratio approximately a constant from flare

to flare, or across the space or time profiles of a given flare?

Is the scaling approach adequate for regions of different mor-

phological class -- for example "broad line" and "narrow

line" regions -- separately? The answers to these questions
do not exist at present and will require the accumulation of

a more complete data base.
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5.5.3 Determination of Radiant Energies

5.5.3.1 Measured Energies of Different

Components

For each of the prime flares, Table 5.5.1 gives the total

radiant energies derived from the data in different energy

or wavelength ranges. These observations do not cover the

entire spectrum, as discussed in detail above. The table en-

tries cannot be simply summed because of overlap, for ex-

ample between the 0.5-4A and the 1-8/k GOES broad-band

soft X-ray entries. Suitable optical data were only available

for a single flare (1980 November 5). By "suitable" we mean

observations of Ha with sufficient spatial, temporal, and

spectral coverage to permit a rough estimate of the excess

radiation. Such data come either from the Multi-Slit Spec-

trograph (see Section 5.2) or else from Sacramento Peak
CCD observations (e.g., Gunkler et al., 1984), and unfor-

tunately such observations are presently available only in-

frequently.

The purpose of Table 5.5.1 is to enable us to make inter-

comparisons among these observable components for these

and other solar flares, and to allow us to make comparisons

with other, possibly related, phenomena such as stellar flares.

5.5.3.2 Estimates of Total Radiant Energy

With these component radiant energies and the methods
described above, we have made estimates of the broad com-

ponents of total flare energy. These are given in Table 5.5.2,

as measured by the three techniques: the direct estimations

give the energy above 25 keV; the DEM analysis gives the

soft X-ray energy, essentially 1 - 25 keV; and the scaling

method gives the optical-EUV-XUV component. The typi-
cal uncertainties of these components are, respectively, 50%,

20%, and a factor of 10. For the direct estimates, the uncer-

tainty comes from the photometric accuracy of the X-ray and

gamma-ray detectors at higher energies; for the integrated

energy above 25 keV this accuracy is dominated by the lack

of spectral resolution in the determination of steep spectral

distributions. In the soft X-ray region, we have a good check

on the accuracy of the DEM approach from the broad-band

soft X-ray photometry from GOES data. As noted in Sec-

tion 5.3, the DEM in the 106 to 25 x 106K range tends to

Table 5.5.1 Component Radiant Energies (in ergs)

Radiant Energy (ergs)

Date in 1980 Apr 8 May 21 Jun 29 Aug 31 Nov 5
SXR Peak Time (UT) 03:07 21:05 18:26 12:52 22:35

> 1 MeV* -- < 1x1023 -- <lx1023 <3x1022

> 300 keVt < 8 x 102t 3 x 1022 < 8 x 102t 2 x 1022 8 x 1022
> 25 keV 1.5 X 1024 1.1 X 1025 1.1 × 1024 1.2 X 1024 2.8 X 1024

0.5 -- 4,_ 1.7xl028 9X1028 -- -- 1.3X1028

1 - 8 A 1.9 x 1028 6 x 1029 1.0 x 1028 -- 8 x 1028

Ha .... 2.3 X 1029

*_)rr nnn_r llmltc h_c_d an nnol_=_r o_mm_-r_v lin_= t-nrnnnnent nnlv

"_'2a upper limits and values from positive detections based on power-law fits to the observed continuum between 300

keV and 1 MeV, integrated to infinity.

Table 5.5.2 Total Energies (in ergs) of Component Radiations

Date SXR Peak Soft X-ray Scaled Hard X-rays Ha
1980 Time (UT) T > 2 x 106K T > 5 x 10_K T > 107K T < 2 x 106K > 25keV

8 Apr 03:07 -- -- I. 1 x 1030 -- 1.5 X 1024

21 May 21:05 -- 5.8 x l03° 2.6×1030 -- 1.1xl025
29 Jun 18:04 -- -- -- 5.4x 1022

18:26 -- -- 3.8 X 10 3o -- 1.1 X 1024

31 Aug 12:49 7.4X 1028 -- 4.5X 1027 -- 6×1023
12:52 7.6 X 10 29 -- 5.6 X 1028 -- 6 X 1023

5 Nov 22:28 -- 1.3x1029 5.1 x1028 -- 3.3×1023

22:35 -- 4.0X 1029 2.9X1029 1.8X103° 2.5X 1024 2.3 x 1029
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showabimodaldistribution,withone"low-temperature"
peakinthevicinityofnormalactive-regiontemperaturesand
one"high-temperaturepeak"above107K.Sincetheseare
distinctlyresolved,wehavemadeseparateentriesforthem.
Intherestofthespectrum,thereareinsufficientdatatoes-
timatetheuncertainties,andtheresulthaslittlesignificance.

5.5.4 Comparison with Total-lrradiance

Upper Limits

The radiant energies estimated in Table 5.5.2 could in

principle be observed by using ACRIM. A preliminary
search for flare effects in the ACRIM data was carried out

by Hudson and Willson (1983), with the result that only up-

per limits could be established. Similar limits appear in Table

5.5.3 for the prime flares discussed above. These limits con-

sist of comparisons between the SMM orbit containing the

soft X-ray flare maximum and adjacent orbits; the data them-

selves appear in Figure 5.5.1. In no case was a significant
excess detected. The table expresses the results in terms of

5a upper limits on total radiant power and energy over the

one-orbit interval indicated. Hudson and Willson (1983) give
further details on the treatment of data.

Table 5.5.3 Comparison of ACRIM Upper Limits

with Total Radiant Energy

Estimates for Prime Flares

Date Time interval Power limit Energy limit

1980 (UT) (10 z9 ergs S -1) (1032 ergs)

Apr 8 02:29 - 03:24 3.2 5.0

May 21 20:48 - 21:47 2.7 4.4
Jun 29 18:04 - 19:03 2.1 3.4

Aug 31 12:34 - 13:31 1.8 3.0
Nov 11 22:06 -- 23:03 2.1 3.4

5.5.5 Conclusions

The estimates of total radiant energy in the prime flares

lie well below the ACRIM upper limits. This is consistent

with our knowledge of the energy distribution in solar flares.

Insufficient data exist for us to be very firm about this con-

clusion, however, and major energetic components could

exist undetected, especially in the EUV-XUV and optical

bands. In addition, the radiant energy cannot quantitatively

be compared at this time with non-radiant terms because of

even larger uncertainties in the latter.
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Figure 5.5.1 Radiant energy measured with ACRIM for 2 hours before
and 6 hours after the prime flares listed in Table 5.5.3.
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5.6 CONCLUSIONS

H.S. Hudson

5.6.1 Introduction

In this chapter we have tried to carry out a detailed

accounting of the energy of a solar flare, intending that a
clear view of the sources, sinks, and conditions for trans-

port of energy would allow us to obtain a unique insight into

the physics of flares. This tool was applied to several "key

questions" stated in the introduction to this chapter, and in

this section we give the responses to these questions as they

appeared to follow from the energetics analysis. Unfortu-

nately, the tool was generally not sharp enough -- there are

many key data missing from the observations -- and the

responses to the key questions are in some cases not defini-

tive. As a result we have added a further section below, giv-
ing our suggestions for further observations needed to fill

in the gaps and to give authoritative answers to the questions
at some time in the future.

5.6.2 Responses to Key Questions

5.6.2.1 How Do We Characterize the Impulsive
and Gradual Phases?

The classical definition of the impulsive phase depends

on the presence of spiky (timescales of < 10 s) hard X-ray

bursts (Kane 1969). The presence of this emission correlates

well with the occurrence of microwave bursts whose spiky

time profile, high polarization, and spectral maximum es-

tablish gyrosynchrotron radiation from energetic electrons
as the emission mechanism. The microwaves thus serve as

an effective substitute for the hard X-rays in defining the time

of the impulsive burst.

The microwave spectrum also has an equivalent to the

gradual phase, namely the "post-burst increase. "The source

of the post-burst increase is identified with the thermal soft

X-ray source (Hudson and Ohki 1972). It is clear that this

definitely "thermal" region -- thermal in the sense of a Max-

wellian, although optically thin, plasma -- must coexist with

the energetic electrons of the impulsive phase. A physically

meaningful definition of the gradual phase therefore requires

that the two phases overlap. We have therefore adopted this

convention in describing flare energetics.

5.6.2.2 Do all Flares Have an Impulsive Phase?

The answer to this question is a qualified "yes," as

judged from the correlation established between hard and soft

X-ray occurrence shown in Figure 5.4.1 and 5.4.2. All of
the flares considered fall near the correlation line with a scat-

ter of -0.5 (rms) in the logarithm. At the faint end, flares

for which we have only upper limits on hard X-rays may

appear to be purely thermal or gradual, but the absence of

hard X-rays appears to be no more than a threshold effect
within the bounds of the observed correlation.

One should note that a full answer to this question de-

pends on knowing what defines a solar flare. Many flare-

like effects appear in different environments, ranging from

the photosphere to the middle corona, and extreme cases may
exist that have not been selected as data for the correlation

plot. It is quite clear that the Hinotori "B" and "C" flare

classifications (see Section 5.1.5) represent distinctly

different physical phenomena, for which there are different
values for the hard/soft ratio.

5.6.2.3 What is the Total Energy Content of the

Flare in the Impulsive Phase?

This question is discussed in detail in Section 5.2 and 5B.

5.6.2.4 What is the Relative Importance of the

Thermal and Non-thermal Components of

the Impulsive Phase of the Flare?

The thermal components of a flare often display a distri-
bution of temperatures. In the later gradual phase, this dis-

tribution usually has relaxed into the bimodal

emission-measure distribution described above, with peaks

at about 3 x 106 and 15 x 106K. At earlier times, higher

temperatures are best seen in data with high spectral resolu-

tion (Linet al., 1981). During the impulsive phase itself,
the hard X-ray spectrum in the 20 to 100 keV range is often

well represented by an isothermal, free-free emission spec-

trum. The same data may be equally well represented by a

power law or by a broken power law. The distinction be-
tween thermal and non-thermal radiations therefore becomes

quite fuzzy if based on the spectrum alone. The inclusion

of the microwave data does not help very much, since the

key low-frequency emission (i.e., the microwaves produced

by the same electron population responsible for the hard

X-rays) is optically thick to self-absorption and cannot yield

physical parameters reside the source in a model-independent

manner. On this basis, the present data alone are not suffi-

cient to provide an unambiguous answer to this question.

One may go beyond the hard X-ray and microwave spec-

tra to clarify the distinction between thermal and non-thermal
distributions. Additional evidence from observations include

time correlations with other emission such as EUV or white

light, correlation with definitely non-thermal processes such

as ion acceleration as represented by gamma-radiation; to

this we may add insight gained from theoretical knowledge.

This need to resort to secondary characteristics has histori-

cally resulted in enormous confusion and controversy, and

it would be fair to state that at present this controversy con-
tinues unabated. The SMM observations and data obtained

from other sources do not permit us to present a clear con-

census answer to this question. The most likely scenario,

however, is given in Section 5.5 of this chapter. The chief
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resultofthisscenarioisananswertothekeyquestionunder
consideration,namelythatnon-thermalelectronsaccelerated
duringtheimpulsivephasehaveadominantenergeticrole
andthatthethermalsourcesofsoftX-raysareonlyoneof
severalsubordinateeffectsproducedbythisinherentlynon-
thermalenergyrelease.

5.6.2.5 How does the Gradual-Phase Energy

Compare with the Impulsive-Phase

Energy?

The answer to this question is model-dependent because

of the ambiguity of the thermal/non-thermal question. We

therefore give two answers in Table 5.6.1 based on the ther-

mal [Eth( > 108K)] and non-thermal [W(> 25keV)] impulsive

energies and the gradual thermal energies [Eth(> 107K)]

given in Table 5.2.7.
From Table 5.6.1 one can see that in the thermal case,

the impulsive phase tends to be relatively unimportant and

the main flare energy release occurs gradually throughout
the duration of the flare. In the non-thermal case, it is possi-

ble that the impulsive phase contains a large fraction of the

total flare energy.

Table 5.6.1 Ratio of Impulsive to Gradual Energies

Date Time Thermal Non-thermal

1980 (UT) Ratio Ratio

Apr 8 03:07 0.25 3.4

May 21 21:05 0.13 1.5

Jun 19 18:04 -- 2.9

18:26 1.6 1.1

Aug 31 12:49 3.0 1.5
12:52 -- 2.5

Nov 5 22:28 0.080.5 -4

22.35 0.46 1.2

The "Thermal Ratio" is given by Eth( > 10SK)/Eth( > 107K)
from Table 5.2.7.

The "Non-Thermal Ratio" is given by W(>25keV)/Eth

(> 107K) from Table 5.2.7.

5.6.2.6 What are the Dominant Cooling

Mechanisms at Different Stages of the
Gradual Phase?

The answer to this question depends crucially on the

presence of unresolved fine structure in the soft X-ray

sources. Decreasing the fluxtube diameter while holding the

length and emission measure fixed requires higher densities,

thus enhancing the radiative cooling rate. SMM has provided

diagnostic evidence for small filling factors, but the obser-

vations are not comprehensive enough, nor at high enough

spatial resolution, to permit this question to be answered in

a model-independent fashion.

5.6.2.7 Do all the Post-Flare Loops Need

Continual Energy Input?

In large, two-ribbon flares such as the 1980 May 21 flare,
the reduction of the radiative cooling time due to filametary

fine structure would worsen the discrepancy between the ob-

served long cooling time and the predicted shorter time. Thus
the SMM data confirm the need for continued energy input

in the late phases of such flares, as reported in the Skylab

workshop for the classical loop-prominence systems of the

gradual phases of such flares. For compact flares, the ob-

servational situation is still vague.
The post-gradual phase phenomena found high in the co-

rona after some major flares have an uncertain energetic link

with the flare proper. At the other extreme, the "forerunner"

of a coronal mass ejection sometimes appears to precede the
associated flare. In both of these cases, there are simply insuf-

ficient data to understand the direction of energy transport

or the forms of energy storage. These phenomena are ener-

getically significant, however, and since they are remote from
the flare it would be reasonable to assume that their energy
sources are different.

5.6.2.8 Are There Extended, Late, Flare-
Associated Sources in the Corona?

Yes, but there is no systematic knowledge of their rela-

tionship to the flares because of the lack of observations.

They are energetically important.

5.6.3 Worthwhile Observations in the Future

The key questions addressed above are not sophisticated

ones, and yet the present data have not proven capable of

answering them all unambiguously. We can identify several

reasons for this: first, the diagnostic capability of the avail-

able techniques is neither great enough nor fully executed
in data of moderate resolution, such as those provided by

the SMM observations. Second, the emphasis on diagnostic

data has resulted in a lack of attention to basic data designed

to define the energetics. Third, coronal observations have

made insufficient technical progress and certainly have not

provided an adequate data base. As a result, our knowledge

of the physics of the lower corona above active regions is

inadequate to define a correct conceptual model of flare evo-
lution. Finally, the ground-based observatories have only be-

gun to provide data that are sufficiently comprehensive to
define morphology and energetics quantitatively. There is
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much room for improvement in ground-based observations

at optical wavelengths.
As is evident from the ambivalent answers to some of

the key questions, the information presently available does

not distinguish between thermal and/or non-thermal models

of solar flares. To address that fundamental issue, observa-

tions are required with sufficient spatial and temporal reso-

lution to distinguish between large thermal plasma volumes,
on the one-hand, and beams of energetic electrons which

stream through comparably large volumes at speeds of one

third or more times the speed of light, on the other. These

observations must be obtained in the appropriate spectral

range to characterize mildly relativistic electrons, from sev-
eral tens to several hundreds of keV.

Part of the resolution of these problems will come from

the high resolution facilities planned for space in the future:

the Solar Optical Telescope, the Pinhole/Occulter Facility,

and other instruments leading up to the full-fledged Advanced

Solar Observatory. However, it is a strong recommendation

of this group that there be, in the next solar maximum, a

renewed effort to obtain substantially improved ground-based

observations at both optical and radio wavelengths.

5.6.4 Final Statement

This chapter has described our approach to understand-

ing flare physics through analysis of the energy transport and

storage in flares. Such an approach can only succeed if ac-

curate, comprehensive data exist and can be understood in

the context of a correct model for the flare phenomenon.

Neither of these requirements has been met, and so the ex-
ercise has to be considered a failure. The introduction to this

chapter describes the energy storage and flow in terms of

the diagrams shown in Figure 5.1.1 and Figure 5.1.2. It
would be safe to bet that not one single entry in these dia-

grams is presently known to better than an order of magni-

tude. Nevertheless, we feel that the attempt has been worth

the effort, since by failing at this basic level to understand

solar flares, we bring into question all more sophisticated

channels of analysis.

Despite pessimism about our present state of knowledge,
there is little doubt that remarkable progress has been made.

We expect that a future exercise along these lines, hopefully

during the forthcoming solar maximum, will be consider-

ably more successful.

APPENDIX 5A. FLARES CHOSEN FOR

THE ENERGETICS

STUDY

G.M. Simnett, R.D. Bentley, P.L. Bornmann, M. Bruner,
and B.R. Dennis

5A.0 Introduction

In this appendix we present brief descriptions of the flares

which were chosen for the energetics study. A listing of the
dates, times, locations, and classifications of these flares is

given in Section 5.1 with the rationale for choosing this par-

ticular group of flares. More detailed discussions of these
flares can be found in Sections 5.2 and 5.3.

5A.1 1980

Bibliography:

April 8 at 03:04 UT

Antonucci, E. et al., 1984, Ap.J., 287, 917.

Cheng, C.C. et al., 1982, Ap.J., 253, 353.

Doschek G. et al., 1981, Ap.J., 249, 372.

Krall, K.R. et al., 1983, Solar Phys., 79, 59.

Machado, M.E. et al., 1983, Solar Phys.,
85, 157.

Machado, M.E. and Somov, B.V., 1983,

Adv. in Space Sci., 2, 101.

Strong, K.T. et al., 1984, Proc. of 25th

COSPAR meeting, Graz, Austria.

This flare occurred in Hale region 16747 (Boulder no.

2372), which had been very active in the preceding days.

The region was characterized by two large sunspots of op-

posite polarity, separated by a small, isolated bipolar area

in a delta configuration. The longitudinal magnetic field is

shown in Figure 5A. 1, which also illustrates how the region

changed during the preceding days. The isolated pole moved

quite rapidly toward the leading sunspot in the days before

April 8, leaving the magnetic neutral line highly deformed,

with the transverse component of the field showing high mag-
netic shear.

The light curve for this flare is shown in Figure 5A.2,

which illustrates the behavior of X-rays at 26-53 keV
(HXRBS) and at 3.9 keV (BCS Ca XIX). Note that the hard

X-ray flux observed before 03:03 UT is believed to originate
from a different active region on the west limb, since no in-

their restricted fields of view. The relatively simple time pro-

files mask an extremely complex flare with a hierarchy of

extended magnetic loop structures which became energized

at different times and which had substantial temperature

structure. Within the loops there appears to be a continuous

evolution of the volumes confining the plasma, coupled with

significant mass motions during the first few minutes of the

impulsive phase. In fact, the maximum upflow of 310 km

s-_ was observed around 03:04 UT, before the sharp in-

crease in hard X-rays. The peak turbulent velocity was 120

km s -_. One question we need to address is whether it is

important to the flare energetics to consider the detailed mor-
phology or whether it is adequate to analyze simply the full-

flare light curves.

The spatial evolution of the flare as imaged in 11.5 to

16 keV X-rays is presented in Figure 5A.3 from the onset
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Figure 5A.2 Time profiles of the soft X-ray count rate in the BCS Ca XIX channel and

the HXRBS channels 1 and 2 for the 1 980 April 8 flare. Note that the hard X-ray flux

peaking at 03:00:20 UT is not seen with BCS or HXIS and is believed to originate from
a different active region on the west limb.

of the hard X-ray burst at 03:04:06 UT to late in the decay

at 03:21:19 UT. The pre-flare brightening in fact starts as

early as 02:45 UT and is followed by a second brightening
from the same position at 02:59 UT, which leads into the

impulsive phase. The position of the magnetic neutral line

is drawn on Figure 5A.3(a); the pre-flare brightening is from
uic legion of maximunl shear in the transverse field.

However, Figure 5A.3(c), which spans the peak in the hard
X-ray burst, shows that the X-rays at that time came

predominantly from two regions, with a secondary bright-

ening to the east (left). This suggests a small, weak bipolar

region that developed to the east of the neutral line near the

large, trailing sunspot. The same two bright regions were

resolved at 3.5-5.5 keV, before the peak in the hard X-ray
burst. In the following minutes, the peak emission at all

wavelengths shifted to an area between these two regions,
and the hard X-ray emission entered a period of slow, mono-

tonic decay. It was during this period that a region to the

east brightened, and Figure 5A.3(h) shows the image ac-
cumulated between 03:12:20 and 03:13:57 UT, when this

region had reached maximum intensity. There are three other

resolved bright points in this image which are either persistent

or visible at other wavelengths, or both.

5A.2 1980 May 21 at 20:53 UT

Bibliography: Antonucci, E. and Dennis, B.R. 1983, Solar

Phys, 86, 67.

Antonucci, E., Dennis, B.R., Gabriel, A.H.,

and Simnett, G.M., 1985, Solar Phys., in

press.
Antonucci, E., Gabriel, A.H., and Dennis,

B.R., 1984, Ap.J., 287, 917.
Bely-Dubau et al., 1983, MNRAS, 201, 1135

Duijveman et al., 1982, Solar Phys., 81, 137.

Duijveman, A. 1983, Solar Phys., 84, 189.

Harvey, J.W., 1983, Adv. in Space Res., 2,
31.

Hoyng, P. et al., 1981, Ap.J., 246, L155

Svestka, Z. et al., 1982, Solar Phys., 75,
305.

Svestka, Z. et al., 1982, Solar Phys., 78,
271.

This event was a classical two-ribbon flare, starting with

f'flament activity above the magnetic neutral line that led into
the impulsive phase as the filament started to rise. It was
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Figure 5A.3 Contour maps of the 11.5 to 16 keY X-ray flux for the 1980 April 8 flare at the following times:

(a) 03:04:06 - 03:04:22, (b) 03:04:24 - 03:04:44, (c) 03:04:46 - 03:05:05, (d) 03:05:07 - 03:06:16,

(e) 03:06:21 - 03:08:34, (f) 03:08:39 - 03:10:25, (g) 03:10:30 - 03:12:15, (h) 03:12:20 - 03:13:57,

(i) 03:14:03 - 03:15:47, (j) 03:15:52 - 03:17:39, (k) 03:17:43 - 03:19:29, (I) 03:19:34 - 03:21:19 UT.

These maps were obtained from the HXlS data by deconvolving the collimator response using the iterative tech-

nique described by Svestka et aL (1983).

from Hale region 16850, which had produced only subflares

with very weak X-ray emission during the previous 100 h;

similarly, it was followed by small, weak flares. This was

therefore an example of an isolated large flare. The inten-

sity time profile is shown in Figure 5A.4 for 27 to 54 keV

X-rays (HXRBS) and the Ca XIX channel (BCS). Once the
thermal phase of the flare began, the plasma had an extremely

hot component, exceeding 30 × 106K, until late in the decay

phase.

5-50

Figures 5A.5(a) and (c) show the appearance of the flare

region in Ha both before and during the main phase of the

flare, and Figures 5A.5(b) and (d) show magnetograms for
two times before the flare. The bulk of the 16 to 30 keV

X-rays during the main impulsive hard X-ray spike appear

at position A, with a significant second bright point at B about

27000 km away on the other side of the filament. The 16

to 30 keV X-ray features are superimposed on Figure 5A.5(a)
to illustrate this. The X-ray images have been interpreted
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Same as Figure 5A.2 for the 1980 May 21 flare.

as providing the first observational evidence of footpoint

brightening from the chromospheric base of a magnetic loop

caused by deposition of non-thermal particles (Hoyng et al.,
1981).

In addition to the hard X-ray features, HXIS studied the

morphology of the soft X-ray emission above 3.5 keV, both

along and across the filament, as the flare evolved. By 20:48

UT, the soft X-ray flux was enhanced along the filament,

which had begun to separate at that time. In this pre-flare

period there was already soft X-ray emission from A (Figure

5A.5), which appeared as a barely resolved magnetic loop
at the site of the newly emerged magnetic flux. There were

many resolved X-ray bright points early in the flare, sug-

gesting a variety of magnetic loops. These disappeared at
the onset of the impulsive phase just after the filament be-

gan to rise.

The Ca XIX line profile began to exhibit the signature
of mass motion during this period, and a series of line scans

is presented in Figure 5A.6. At 20:53 UT the entire soft

X-ray source is observed to be moving upwards at 80 km

s -1. By 20:57 UT the motion of the bulk plasma flow
diminished to the lowest detectable value of 30 km s-1.

However, at the start of the first hard X-ray burst, addition-

al material was injected at a velocity of 370 km s-t, and

this is observed as a separate feature in the blue wing of the

resonance line in Figure 5A.6(b). This high velocity upflow

coincided with a spectral hardening of the X-ray emission

to the power law index of -4, a value maintained until 21:04
UT. The detection of blue-shifted material continues to 21:05

UT. Therefore, the energy driving the upflow appears to be

deposited in the chromosphere for as long as the spectral

index remained around -4, but no longer.
A type II radio burst starts at 20:57 UT, and the flare

generated a prompt, energetic (> 40 MeV) proton event at
1 AU plus a traveling interplanetary shock which acceler-

ated low energy protons as it moved outward. A type I radio

noise storm was seen during the early hours of this motion,

accompanied by weak soft X-ray emission from a large
(> 105 km radius) coronal arch located above the flare site.

The arch was visible in soft X-rays for over 10 h.

5A.3 1980 June 29 at 18:03 and 18:22 UT

Bibliography: Bentley, R.D. et al., 1984, Solar Phys., in

preparation.

Harrison, R.A. et al., 1985, Solar Phys.,
submitted.

Poland, A.I. et al., 1982, Solar Phys., 78,
201.

Schmahl, E.J., 1983, Adv. in Space Sci., 2,
73.

Sinmett, G.M. and Harrison, R.A., 1984,

Proc. 25th COSPAR meeting, Graz,
Austria.

Simnett, G.M. and Harrison, R.A., 1984,

Solar Phys., (submitted).

Wu, S.T. etal., 1983, Solar Phys., 85, 351.

These two flares are discussed together, since they are

related by the coronal disturbances seen both in whitelight

and at X-ray and radio wavelengths. After the first flare at

18:03 UT, a coronal X-ray source was observed by HXIS

to move slowly outwards. A coronal mass ejection was de-
tected by C/P until 20:03 UT, and the onset of the event was
observed with the Mark-3 K-Coronometer on Mauna Loa

from around 18:18 UT, several minutes before the onset of

the second (main) flare at 18:22 UT. However, a type U radio
burst was only observed for a few minutes from 18:33 to

18:36 UT, and from the observed drift rates it appeared to
be associated primarily with the second flare. The velocity

measured by the K-Coronameter is 500 km s -1 and the

velocity derived from the type II burst is 1100 km s-h The

observations are summarized in Figure 5A.7, which shows
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Figure 5A.5 Ha images and magnetograms for the 1980May 21 flare from Hoyngeta/. 1981). (a) The Ha

image at 19:06 UT with the contours of the 16 to 30 keV X-ray bright patches superimposed. The X-ray bright

patches were observed with HXIS during the two main hard X-ray peaks at 20:56 UT. The frame around the

X-ray contours measures 96 x 96 arcsec. (b) Line-of-sight component of the underlying magnetic field at 16:26

UT. (c) The Ha flare at 21:07 UT. (d) The magnetic fields at 20:20 UT. 'A' marks the location of the new sun-

spot (positive flux), and B gives the location of new negative flux.

the intensity-time profiles for 28 to 55 keV X-rays (HXRBS)

and the Ca XIX channel (BCS).

Although both flares occurred on the west limb, they were

not from precisely the same location. The first flare was cen-

tered approximately 16 arc sec south of the main flare and

occurred in coincidence with a subflare from S ll W36,

which reached a maximum in Hce at 18:06 UT. The first flare

was still visible in soft X-rays when the second flare started.

For many hours previously, a large system of loops stretch-

ing high into the corona was visible with both HXIS and FCS.

Figure 5A.8 shows the development of the flares as ob-

served in various wavelengths ranging from Ha to Mg XI.

Figure 5A.8(a) is an FCS image in Mg XI taken from

18:08:08 to 18:13:07 UT; the dotted line marks the position

of the limb as seen by the FCS white-light sensor. The actual

limb would be the best-fit smooth curve through these points.

The position of the UVSP field of view is outlined in the

NW corner. Figure 5A.8(b) shows a smaller FCS raster,

again in Mg XI taken from 18:26:27 to 18:30:54 UT, cover-

ing the initial decay of the second flare. The enhanced coronal
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Figure 5A.6 Sequence of soft X-ray spectra obtained at four times during

the impulsive phase of the 1980 May 21 flare in the BCS channel covering

the Ca XIX spectral region from 3.165 to 3.231 ,_. The smooth curve in

each figure represents the synthesized spectrum computed for given values

of the electron temperature T e and the Doppler temperature T D. In (b) and
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trum is the mean time of the observation interval, and the accumulation

period is given below this time.
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Figure 5A.8 Images of the 1980 June 29 flares in different wavelength ranges at the UT times indicated. (a) FCS

image in Mg XI during the first flare. The dotted line marks the position of the limb as seen by the FCS white

light sensor. The UVSP field of view is shown in the NW corner of the image. (b) Similar to (a) for the second

flare. (c) Hot picture taken at the Ramey Observatory at 18:20 UT during the second flare. (d) Sketch of the

solar limb and lower corona summarizing the imaging observations of the two flares. (e) UVSP images in OV

and Fe XXI during the second flare.
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X-rayemissionis clearlyvisiblein bothimages.Figure
5A.8(c)showsanHapicturetakenattheRameyObserva-
toryat 18:26UT.Thisfollowsasmallbrightlimbsurg_
at 18:20UT,afterwhichamassof ejectedmaterial,sub-
tending3arcminattheEarth,becamevisible.Theorigin
of thesecondflareisjustbeyondthewestlimb.Figure
5A.8(d)isasketchofthesolarlimbandlowercorona,sum-
marizingtheseobservations.

Figure5A.8(e)showsUVSPimagesinOV andFeXXI
duringtheriseanddecayof the second flare. There is clearly

a path into the corona to the northwest during the initial stage

of the flare, which became less prominent following flare

maximum. This is consistent with the southerly swing seen
in Hot.

The hard X-ray burst shown in Figure 5A.7 consists of

a series of spikes, followed by a smooth, slow decay from

18:25:30 UT. The X-ray spectrum is hardest during the ini-

tial rise. The microwave emission shows similar multiple

spike structure, and the burst was strongly right-circularly

polarized with a peak frequency of 2.2 GHz. At the onset

of the second flare, a series of type III and V radio bursts
was observed in coincidence with a blue-shifted feature seen

in the Fe XXV line profile. This is coincident with the

southerly swing in the Hot spray, suggesting that the motion

_UAL,'I'I'

of the spray: had a significant longitudinal component in the
solar reference frame.

5A.4 1980 August 31 at 12:48 and 12:52 UT

Bibliography: Strong, K.T. et al., 1984, Solar Phys., 91,
325.

These flares involved two distinctive and separate energy

releases in a compact flare region which produced quite

different responses in the radiated emissions and mechani-

cal mass motions. The longitudinal magnetic field structure

of the region is shown in Figure 5A.9(a), in which a nega-

tive intrusion is visible between the two leading positive sun-

spots. Figure 5A.9(b) shows the magnetic neutral line and

the positions of maximum shear in the longitudinal field. It

is from one of these highly sheared regions that the bright

flare points A, B, and C occurred, whereas a weak bright-

ening at D shows that there was some interaction with more

distant parts of the region.

Figure 5A. 10 presents the time profiles for 28 to 500 keV
X-rays, the Ca XIX resonance line (3.176,_), and the micro-

wave intensity at 15.4 GHz. The gross differences between

these curves have proved valuable in interpreting the vari-

Figure 5A.9 The magnetic structure of NOAA Active Region 2646. (a) A magnetogram showing the longitudi-

nal fields; note the location of the three sunspots, and the small negative intrusion between the two leading

positive spots. Positive and negative polarities are indicated by solid and broken lines, respectively. The mag-

netogram is approximately 4 arc min square. (b) A schematic diagram of the flare site showing the location

of the spot umbrae (shaded area), the neutral line (solid line), and the areas of maximum shear in the transverse
field component (dashed lines). The main sites that are discussed in the text are labeled A-D.
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Figure 5A. 10 Light curves of the two flares on 1980

August 31. (a) Microwave flux at 1 5.4 GHz. (b) Hard

X-ray (>28 keV) count rate. (c) Soft X-ray (Ca XIX
resonance line at 3.176A) light curve. Note the vari-

ation in the relative brightness of the two flares at var-

ious wavelengths.

ous modes of energy release and energy transport. In the first

flare, the impulsive emissions show two main spikes, one
at 12:48:42 UT and the other at 12:48:51 UT. The Ca XIX

emission was delayed significantly; the peak intensity oc-

curred at 12:49:06 UT, by which time the impulsive emis-

sions had decayed by an order of magnitude from their peak.

In contrast, the onset of the second flare was more notice-

able in Ca XIX than in hard X-rays or microwaves, and there

was a precursor rise, which by 12:51:25 UT had reached

a level equal to the maximum of the first flare (see Figure

5A. 10). It was accompanied by a weak increase in hard

X-rays but no discernable change in the microwave flux. At

12:51:35 UT the main Ca XIX increase started, this time

accompanied by hard X-ray emission but a relatively weak
microwave event. The unusual features of the second flare

were the close temporal correspondence of the peaks of the

Ca XIX and hard X-ray emission and the rapid decay of the

Ca XIX emission. There was also a large variation in the

brightness of the second flare compared with that of the first

at different wave-lengths. In hard X-rays (> 28 keV) and

in 15.4 GHz microwaves, the second flare was weaker by

a factor of 2 and 33+6, respectively. In soft X-rays, the

second flare was brighter by a factor of 5.8 in the Ca XIX

resonance line, 3 in O VIII, and 8 in Fe XXV. The flares

occurred at slightly different locations within the active

region, as can be seen from the X-ray images in Figure

5A.11. The first flare, shown in an 8 to 16 keV image in

Figure 5A. 1 l(a), had two bright points aligned approximately
E-W and on either side of the neutral line. The 16 to 30 keV

image confirmed this. There was a blue shift in Ca XIX cor-

responding to a velocity of 60-t-20 km s-] and a line

broadening corresponding to a turbulent velocity of 190 +40

km s- _. A blue shift, corresponding to a velocity of around
180 kn-i s-1 was also seen with UVSP in the Fe XXI line

at 1354 A, whereas the line broadenings were equivalent to

turbulent velocities in the range 66-150 km s -_.

The hard X-rays at the onset of the second flare shown

in Figure 5A. 1 l(b) were from an area to the north near point

A of Figure 5A.9(b). They subsequently appeared at a point

about 6 arcsec to the south [Figure 5A. 1 l(c)] very close to
the eastern bright point shown in Figure 5A. 1 l(a). There

were no indications of significant blue shifts from the second

flare. In fact, to the contrary, the blend of O I and C I at

1355.8A observed with UVSP had the red wing enhanced,

suggesting downflows of material at chromospheric temper-
atures. On account of the different locations and the very
distinct characteristics of the two flares, it seems that heated

plasma from the first flare broke out of the flare loop into

an adjacent structure to the north, where it triggered the

release of a larger amount of energy to produce the second

flare. However, the evolution of the first flare resulted in

a completely different set of starting parameters, such as den-

sities and temperatures, governing the development of the
second flare.
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Figure 5A.11 HXIS contour plots showing the location of the hard X-rays at the times indicated during the

two flares on 1980 August 31. The contours were obtained by deconvolving the collimator response with the

iterative technique described by Svestka et al. (1983). The dotted line in (a) shows the location of the magnetic
neutral line.

The X-ray spectrum is very similar in shape at the hard

X-ray peaks in both flares. The principal difference lies in

the region below 15 keV, which is considerably enhanced

at the peak of the second flare. In this region the emission

is dominated by thermal radiation at (20 + 5) x 106 K.

5A.5 1980 November 5 at 22:26 and 22:33

UT

Bibliography: Bornmann, P.L., 1985a, Ap.J., in press.

Bornmann, P.L., 1985b, Solar Phys.,
submitted.

Dennis, B.R. et a/., !984, Pr_o¢ 2qd lndn-

US Workshop on Solar Terrestrial

Physics, New Delhi, India.

Duijveman, A. et al., 1982, Solar Phys. 81,
137.

Duivjeman, A. et al., 1983, Solar Phys. 88,
257.

Hoyng, P. et al., 1983, Ap.J. 268, 865.

Martens, P.C.H. et al., 1985, Solar Phys.,

96, 253.

Phillips, K.J.H. et al., 1982, Ap.J. 256, 774.

Rust, D.M. et al., 1985, Ap.J., 288, 401.

Rust, D.M. and Somov, 1984, Solar Phys.,
93, 95.

Wolfson, C.J. et al., 1982, Ap.J. 269, 319.

These two flares occurred in Hale region 17244 (Boulder

no. 2776), which included a group of sunspots in a delta con-

figuration (opposite polarity umbra within a single penum-
bra). For at least 20 min before the onset of the first flare,

there was 3.5 to 5.5 keV X-ray emission from the pho-

tospheric magnetic neutral line, with occasional bright points

at places which subsequently featured prominently in the

main flare. The intensity-time profiles are shown in Figure
5A. 12 for 29 to 57 keV X-rays (HXRBS) and 3.5 to 5.5 keV

X-rays (HXIS).

These two flares are included in our study because of the

complete data coverage available. Ground-based optical,

magnetogram, and radio data augment the satellite data from

SMM and GOES. The entire flaring region was observed

with HXiS, HXRBS, and ground-based stations. Although
BCS was turned off during the decay of the second flare,
data were available at all other times. This flare was also

chosen because density diagnostics are available from the

FCS data. The FCS was pointed at the brightest point in the

flare, covering a 14 × 14 arcsec (FWHM) portion of the

entire flaring region. The UVSP observed another portion
of the flare, which did not overlap with the region seen by

FCS. The VLA observed all of the first flare but only the
decay of the second flare.

The flares were well observed with the Hot Mulitslit Spec-

trograph at Big Bear Solar Observatory and consequently are
illustrated by these observations in somewhat greater detail

than is available for the other flares. Figures 5A. 13(a) and

(b) show a sequence of images of the two flares in both cen-
terline Hot and HeI D3 at 5876]k. Both flares were classi-

fied as two-ribbon flares, although the ribbons remained
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Figure 5A.12 Time profiles of the soft X-ray counting rate in HXlS band 1
(3.5 - 5.5 keY) and in HXRBS channels 1 and 2 (29 - 57 keY) for the two

flares on 1980 November 5. The HXIS counts were from selected coarse-

field pixels and the rate was corrected for the instrumental dead time.

stationary and did not separate during either flare. The flares

were nearly cospatial and can be regarded as homologous;
the main difference between them lies in their overall

brightness.

Several important features are apparent from the Ha and
HeI D3 observations:

• The HeI D3 emission points began at the same time

as the > 28 keV X-rays and continued for approx-

imately the same duration in both flares (see Figure
5A. 14).

• The temporal fine structure seen in hard X-rays is also

a property of the HeI D3 emission; each emission point

was relatively short lived, usually lasting no more than
1 min.

• Both flares were a succession of many rapidly form-

ing and decaying bright points extending on both sides
of the flare kernels. The last of the bright points to de-

velop were those most distant from the kernels, and

they were the least bright. The exception was the bright

point to the northeast, which peaked in intensity around
22:33:09 UT, slightly later than the hard X-ray peak
from this location as discussed below.

• The flare sites which had bright HeI D3 emission also

had Ha line profiles typically more than 3A wide

(FWHM).

• After the initial brightening of the Ha kernels in the
second flare, a rebrightening occurred coincident with

the secondary hard X-ray maximum at about 22:34:20

UT (Figure 5A.12).

The first flare at 22:26 UT has been studied by Hoyng

et al. (1983) with optical, hard X-ray (HXIS), and micro-

wave (VLA) images. Figures 5A. 15 (a) and (b) are sketches

of the center of the active region showing the locations of

the various flare components in Ha and HeI D3 relative to
the neutral line. The 15-GHz source and the boundaries of

the prominent HXIS pixels are also indicated. The region

appears to consist of a set of low-lying loops, probably highly

sheared, whose footpoints lie in the Ha strands S1 and $2.

Above these loops is an overlying loop whose footpoints ap-

pear to be in the Ha kernels labeled a and e in Figure

5A.15(b). The VLA images show a bright area that lies

across the neutral line at the center of the flaring region. This

15-GHz source had a circular polarization of up to 80 % dur-

ing the first flare with a brightness temperature of > 109K.

The sense of polarization reversed at the magnetic neutral

line. The evolution of the hard X-ray images during the first

flare is shown in Figures 5A. 16(a), (b), and (c). At the on-

set of the first flare [Figure 5A. 16(a)], the majority of the

16 to 30 keV photons came from the position labeled B in

Figure 5A. 16(b), which is coincident with the location of

the bright He ID3 kernels. By the time of the narrow intense

spike at 22:26:30 UT (Figure 5A. 12), the hard X-rays were

coming from the position labeled T in Figure 5A. 16(b), coin-
cident with the location of the microwave source. The 22

to 30 keV image from 22:26:12 to 22:26:38 UT [Figure

5A. 16(b)] shows emission from points A, B, and T. It is pre-

sumed that T is at the top of the magnetic loop with foot-

points at A and B. This loop was situated over the smaller

loops which presumably linked the bright Hc_ strands S 1 and

$2. Hoyng et al. (1983) estimated that the magnetic field

at the neutral line was 700+ 160 and 480+ 110 G during the

first two hard X-ray peaks, respectively. The loop AB is in-
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Figure 5A.13 (a) lmagesof first of the two 1980 November 5 flares in Ha and in Hel D3taken at the times

indicated. The first and third rows of photographs are Hcx center-line images, and the second and fourth rows

are Hel D3 images. (b) As for Figure 5A.13(a) for the second flare on 1980 November 5. Note that this flare

began during the decay of the earlier flare and followed the same pattern of development.
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Figure 5A. 14 The hard X-ray time profiles of the two

flares on 1980 November 5 on a logarithmic scale
with the times of the Hel Da observations also indi-

cated. The short, evenly spaced, vertical lines just

above the horizontal axis indicate when Da images

were taken every 5 s on film at the Big Bear Solar Ob-

servatory. The longer vertical lines indicate the images

which show obvious new or enhanced flare points in

D3. The entire impulsive phase is characterized by the

presence of D3 although not all new flare points are

spatially resolved. The detection of these resolvable

new points, however, is confirming evidence that

energy is continuously released throughout the impul-

sive phase, not just during the rise.

terpreted as a small, low-lying loop with a strong horizontal

field. From the optical data, Hoyng et al. concluded that the

magnetic field rearranged itself over a small area in the center

of the active region during the first flare and that a major

rearrangement of the magnetic field took place during the
second flare on a much larger spatial scale. During the final

hard X-ray spike at 22:27:20 UT and on the decay of the

first flare [Figure 5A.16(c)], the hard X-rays came almost

exclusively from position T, although there is still a resolved

bright point at lower energies from B.
At the onset of the second flare [Figure 5A. 16(d)], the

16 to 22 keV X-rays came initially from region A and from

a point to the south of B, at the position of the end of the

bright Ha strand S1 seen in the first flare [Figure 5A. 15(b)].

After the onset, the hard X-ray intensity continued the rapid

rise and the bright points switched to position B and to a re-

mote point at the eastern end of the filament [Figure

5A. 17(a)]. Within 10 to 15 s, this remote emission had died

away leaving a bright point at A [Figure 5A. 16(e)]. During
the final hard X-ray peak at 22:34:30 UT (Figure 5A. 12),

the hard X-rays were once more concentrated near T [Figure

5A. 16(f)]. The appearance of the sequential hard X-ray

brightenings from a number of distinct, and in one case

widely separated, points suggests that there is a hierarchy

of magnetic loops involved. The distant emission shown in

Figure 5A. 17(a), over 7 × 104 km away from the main flare
_u ucture whlc,, be_:omc_site, is from ...............................u1__nu ut a _.omp,_t_,yl_*_*-"

filled with hot, X-ray emitting plasma during the decay of

the flare [Figure 5A. 17(b]. Bright points corresponding to

A, T, and the initial hard X-ray bright point south of B are

clearly resolved.
An estimate of the density of the soft-X-ray-emitting

plasma is available during the decay of the second flare when

FCS was operating in a spectral scanning mode. The meas-
ured Ne IX intercombination-to-forbidden-line ratio is den-

sity sensitive and indicates a maximum density of

1.5 x 1012 cm -3 at the time of the peak in the soft X-ray
emission.

The Ca XIX and Fe XXV resonance line profiles ob-

served with BCS during the impulsive phase of the second

flare show broadening and extended blue wings visible for

30 s, beginning at the time of the peak hard X-ray flux. The

blue shifts correspond to velocities between 200 and 500 km

s-_, and the line widths indicate that the turbulent velocities

reached values of 100-2_ k_ s_". -19339
APPENDIX 5B. A REVIEW OF

IMPULSIVE PHASE

PHENOMENA

C. de Jager

5B.0 Introduction

In this appendix we present a brief review of impulsive

phase phenomena in support of the models used in this chap-

ter to compute the energies of the different components of
the flares under study. A more complete review is given in

Chapter 2 of this Workshop proceedings.

We begin with the observational characteristics of the

impulsive phase, followed by the evidence for multi-thermal
or non-thermal phenomena. The significance of time delays

between hard X-rays and microwaves is discussed in terms

of electron beams and AlDen waves, two-step acceleration,

and secondary bursts at large distances from the primary

source. Observations indicating the occurrence of chromo-
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