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ABSTRACT 

We report observations on the two-ribbon flare of 1980 May 21 by the Hard X-Ray Imaging 
Spectrometer, the Hard X-Ray Burst Spectrometer, and the UV Spectrometer and Polarimeter 
aboard the Solar Maximum Mission, as well as Ha and magnetic field data. Our conclusions are (1) 
the impulsive 16-30 keV X-ray spike bursts originated from separate locations of ~8" width, 
coinciding in position with Ha flare kernels. This hard X-ray emission was caused by beams of 
accelerated electrons. (2) The impulsive spike bursts came from the footpoints of loops arched over a 
30" region where new magnetic flux emerged, which caused eruption of a filament immediately 
before the flare. (3) Temperatures in excess of 7 X107 K were observed during the thermal phase. The 
hot plasma component cooled by anomalous heat conduction, requiring a continuous energy release 
of ~2X 1029 ergs s_1 initially, to ~4X 1028 ergs s_1 later on. 
Subject headings: Sun: flares — Sun: X-rays 

I. INTRODUCTION 

On 1980 May 21 a 2B/X1 two-ribbon flare occurred 
in AR 2456 at S13 W15, beginning around 20h50m UT. 
This flare was well observed by a number of SMM 
experiments. High-resolution magnetograms and Ha 
images are also available. In this Letter we describe and 
analyze the data from the Hard X-Ray Imaging Spec- 
trometer (HXIS), also using observations from the Hard 
X-Ray Burst Spectrometer (HXRBS), and the UV Spec- 
trometer Polarimeter (UVSP) aboard the SMM, as well 
as Kitt Peak magnetograms and Holloman and Boulder 
Ha filtergrams. For details on the HXIS instrument 
we refer to van Beek et al. (1980, 1981); for HXRBS 
see Orwig, Frost, and Dennis (1980), and for UVSP, 
Woodgate et al. (1981). 

II. OBSERVATIONS 

a) Chromospheric and Magnetic Development 

In Ha the flare developed around the breakup points 
of the dark filament seen in Figure \a (Plate L10) at 
19h06m. The filament broadened and became diffuse 
near point A at 20h45m. The filament parted at A at 
the time the 8-20 Á X-ray emission began, 20h48m. 
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By 20h50m38s the filament had broken into two dis- 
tinct sections, which started to rise at 20h52m, 4 min- 
utes before the hard X-ray burst. Four Ha patches 
(Fig. 2 [Plate Lll]) reached flare kernel brightness at 
20h54m50s. By this time, the central one-third of the 
filament had disappeared. At 20h56m (hard X-ray maxi- 
mum), the easternmost one-third of the filament was 
disappearing from the on-band images. Subsequent off- 
band frames showed material ejected upward and south- 
ward out of the flaring region. A type II radio burst was 
seen by Culgoora and Clark Lake starting at 20h57m. 
Bright postflare loops (Fig. 1c) appeared over the fila- 
ment channel shortly after Ha flare maximum, at 
21h00m. 

On- and off-band Ha images taken with 1" resolution 
at the Holloman Solar Observatory before and after the 
flare show clearly that a new sunspot appeared within 
5" of point A, where the filament began to break up. 
There are no spots within 10" of point A at 19h06m, but 
pictures after 22h00m clearly show a 5" diameter sun- 
spot in the filament channel at point A. We take this to 
be evidence for the emergence of new magnetic fields 
beneath the filament. This is confirmed by a sequence of 
magnetograms obtained with 1" resolution at the Kitt 
Peak National Observatory, Figures \b and \d. An 8" 
knot of negative field (black) appeared in the positive 
fields bordered by the filament. Comparison of the 
sunspot pictures with the magnetograms reveals that 
the new sunspot corresponds to a new positive feature in 
the magnetogram. The adjacent features, A and B, show 
that a bipolar flux region emerged below the filament. 
Around 20h53m, HXIS observed a 3.5-8 keV emission 
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that clearly outlined the filament and a brightening to 
~16 keV approximately at the location of new emerg- 
ing flux. 

b) Hard X-ray Flare 

The hard X-ray time profiles observed with the 
HXRBS, Figure 3, show a few spikes after which there is 
a featureless tail. The hard X-ray spectrum softened as 
time progressed. Figure 4 displays contour plots in two 
X-ray energy bands at the times indicated with arrows 
in Figure 3. At the time of peaks 1 and 2, the hard 
X-rays (16-30 keV) came from two spatially well sep- 
arated locations, while the softer X-rays (3.5-8 keV) 
emerged from a broader region in between. The 16-30 
keV emission at these two times had also a diffuse 
component which coincided with the 3.5-8 keV emis- 
sion patch. At present the true spatial extent of this 
diffuse 16-30 keV emission is not well known because 
of an enhanced background. For this reason only two 
high contours, those definitely unaffected by back- 
ground, are shown in both 16-30 keV images. The light 
curves of the two 16-30 keV emission patches around 
20h55m55s coincide in time to within 3 s. This accuracy 
is limited by count statistics. The same conclusion holds 
for both 16-30 keV patches around 20 h56 m25 s. 

The X-ray images at 20h57m30s and all later times 
show that the 16-30 keV source coincided spatially with 
the 3.5-8 keV source. The centroid of the 16-30 keV 
emission was displaced ~3" to the south with respect to 
the centroid of the 3.5-8 keV emission. We have also 
looked for the location of the hard X-ray source in our 
highest band, 22-30 keV, and find that it coincided with 
the 16-30 keV source at 20h57m 30s and later. Both the 
3.5-8 keV X-ray source and the 16-30 keV source 
moved southward together with an apparent velocity of 
~5 km s_1 around 21h10m, decreasing slowly as time 
progressed. 

c) Spatial Relation between Optical and X-ray Flare 

Figure 2 summarizes the position of the three relevant 
HXIS pixels in a Mg n spectroheliogram (X2795) by the 
UVSP around 20h56m. This Mg n line is formed in the 
chromosphere at a level comparable to Ha. The south- 
ern 16-30 keV emission around 20h56m involves three 
HXIS pixels of which the middle one, a, is the brightest 
at 20h55m55s as well as at 20h56m25s. The northern 
16-30 keV emission emerges from pixel b at 20h55m55s 

and from pixel c at 20h56m25s. Since the UVSP-HXIS 
coalignment is known with an accuracy of ~8" in both 
directions, and since the Mg n and Ha images are 
sufficiently similar to allow alignment to within ~5", 
we were able to overlay the HXIS field of view with a 
Ha frame at 20h54m50s (Fig. 2). We conclude that three 
of the Ha flare kernels were within —8" of a hard 

UT 

Fig. 3.—Hard X-ray time profiles as observed by HXRBS on 
1980 May 21. Sunrise for SMM was at 20h45m. 

X-ray emission patch. The association of Ha flare kernels 
and impulsive X-ray bursts has long been suspected and 
is hereby confirmed for the first time. 

III. INTERPRETATION 

Our data imply that the emergence of new flux caused 
the destabilization of the filament and the subsequent 
flare. We realize that the association could be accidental, 
but there is strong evidence for a causal relation. The 
eruption of the filament and gradual brightening of the 
Ha kernels preceded the hard X-ray and optical flare. In 
addition, the HXIS flare patches occurred where Ha 
brightened before the flare. The brightest X-ray flare 
patch occurred near A (Fig. 1), where the new magnetic 
flux emerged and the filament first broke up. This basic 
picture of a two-ribbon flare has been proposed by 
Heyvaerts, Priest, and Rust (1977) (flux emergence and 
preflare heating) and by Kuperus and Van Tend (1981) 
(energy release through filament eruption). In the latter 
theory, emergence of new flux can decrease the strength 
of the background magnetic field, thus disturbing the 
balance of forces acting on the filament leading eventu- 
ally to filament eruption. In the present case, the fila- 
ment moved also considerably southward as it rose. 
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Fig. 4.—X-ray contour plots at the times indicated by arrows in Fig. 3. The contours are at fractions of 3/4, 1 /2, 1 /4, 1 /8, and 1/16 of 
the maximum brightness. The latter is given at the top right in units of counts s ~1 per 8" X 8" pixel. Many single HXIS images were added 
before constructing each contour plot. The integration time in seconds is shown at the top left. The dashed line in the top left figure indicates 
the position of the filament. Both contour plots at 20h 56 m 25 s show the center (•) and the boundary (—) of the HXIS fine field of view. The 
marks on the axes are 8" apart. In the top right two frames, there is a diffuse emission between the bright points, see text. 
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The hard X-ray bright points observed around 20h56m 

must have been connected by loops, one connecting the 
areas near pixels a and b, and one connecting those near 
a and c; see Figure 2 (cf. the Ha loops that were visible 
shortly after 21h00m). These loops either stretched over 
the rising filament and were activated by it (e.g., internal 
reconnection—Spicer 1977), or they were formed by 
violent reconnection under the filament. The thermal 
phase of the flare set in around 21h00m and the subse- 
quent development followed the scenario presented by 
Moore et al (1980) and was first modeled by Kopp and 
Pneumann (1976). Ongoing reconnection below the fila- 
ment created progressively larger loops with hot plasma. 
In this flare, this was observed as an apparent southerly 
motion of the X-ray source located at the tops of the 
loops. 

a) Origin of Hard X-ray Footpoints and Ha 
Kernels 

In this section, we concentrate on the two hard X-ray 
bright points observed during peak 1 at 20h55m55s (the 
story for peak 2 is quahtatively the same). The length of 
the loop connecting pixels a and b is estimated at 45,000 
km. We recall that the light curves of pixel a and b are 
cotemporal to within 3 s. Requiring an Alfvén wave 
travel time from a io b along the loop of less than 3 s, 
we find nxo <0.02Æ2

2, where density and magnetic field 
in the loop are expressed in units of 1010 cm-3 and 
102 G. It appears difficult to satisfy the inequahty with 
a plausible combination of h10 and B2.

e Thus we may 
ignore the theoretical possibility that there are two sep- 
arate primary energy release sites, one at a and one at b: 
As no MHD connection could have caused their 
cotemporahty, the latter would be accidental, and the 
probability of such a coincidence is small. The X-ray 
emission at a and b must rather be due to one single 
primary energy release site located somewhere in the 
loop. A thermal X-ray source as proposed by Brown, 
Melrose, and Spicer (1979) and Smith and Lilhequist 
(1979) can be ruled out: The travel time of a thermal 
conduction front from the top to a footpoint will be 
about 10 s or larger (Brown et al). With its time 
resolution of 1.5 s, HXIS should have observed a bright 
(expanding) source between a and b, but none was seen. 

These results imply that the two hard X-ray bright 
points were caused by thick target bremsstrahlung from 
fast electrons accelerated somewhere in the loop. These 
electrons may also generate Ha kernels as first 
elaborated by Brown (1973). Applying standard brems- 
strahlung calculations, we derive a beam strength of 
electrons above 16 keV of jF16~3X 1035 s-1 and a 
corresponding power of P16 ~ 10 28 ergs s-1. These (pre- 

6 Since from our data the temperature at that time was about 
2 X 107 K, the inequahty implies a plasma ß as small as ~ 10 ~3 or 
less. 

liminary) figures are totals of both beams. The beams 
persisted for ~30 s. Assuming that the acceleration 
region is not in a footpoint, the ratio of its brightness 
(7ac) to that of a footpoint (/fp) was observed to satisfy 
4c/ 4P

<0.3 at ~20 keV. A thermal source with a 
continuously regenerated and escaping electron tail as 
proposed by Vlahos and Papadopoulos (1979) and 
Emslie (1981) is possible in principle, but its efficiency is 
found to be no larger than that of a thick target beam 
model (Brown 1971). Moreover, continuous regenera- 
tion of the tail at the required speed by Coulomb 
interactions is very difficult. It appears therefore that in 
this flare genuine acceleration occurred during peaks 1 
and 2 down to about 16 keV. The nature of the accelera- 
tion mechanism and the consequences of the stability 
requirement on the reverse current will be analyzed 
later. The former is now restricted by the observed 
upper limit on /ac//fp. It is difficult to accept Smith’s 
(1980) conclusion that only a fraction 10“3 of the flare 
energy can be deposited into accelerated electrons, as it 
would imply that at least a total of 5X 1032 ergs was 
already dissipated during the 60s comprising peaks 1 
and 2. 

b) Temperature Structure and Energy Balance in 
the Thermal Phase 

Most of the radiation observed from about 21h00m 

onward can be explained by a hot, multitemperature 
plasma which is continuously heated. Table 1 gives an 
example of a (provisional) two-temperature fit to the 
spectrum observed by HXIS (integrated over the flare 
area). A temperature of 7X107 K is larger than ever 
found before during the thermal phase, and spectra 
from individual pixels indicate that possibly higher tem- 
peratures occurred. This two-temperature model fits the 
HXIS spectrum rather well, and it also accounts for the 
flux observed by HXRBS in the 26-52 keV channel. It 
predicts a Fe xxvi line flux consistent with what is 
observed by the Bent Crystal Spectrometer aboard SMM 
(R. Mewe and E. Antonucci 1980, private communica- 
tion). We locate the hot plasma region at the top of 
those loops which are just being heated in the reconnec- 
tion process; the cool component refers to lower-lying 
loops which had previously been heated, but have since 
cooled somewhat. This interpretation is supported by 
the ~3" displacement between the 3.5-8 keV and 16- 
30 keV emission (§ 116): A natural explanation is that 
the 16-30 keV emission emerges from a region ~6000 
km higher in the atmosphere than the 3.5-8 keV emis- 
sion. 

TABLE 1 
Two-Temperature Analysis at 21h00m 

Region 7;(K) 7 (cm 3) 

Cool .... 2X107 5X1049 

Hot  7X107 1.3 X1047 
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For a preliminary analysis of the energy balance, we 
shall assume that the hot region is homogeneous. From 
the observed 16-30 keV source size, we infer a volume 
for the hot component of ~ 1027 cm3 (within a factor 4); 
its density is then 1010 cm-3. The energy loss of the 
hot component is dominated by conduction; radiative 
losses are completely negligible. Using a length scale 
L~ 109 cm (cf. Fig. 4), the classical conductive heat flux 
density turns out to be much larger than the saturated 
heat flux density, nmv?/4. Assuming a saturated heat 
flux, the total energy loss rate from the hot component 
is ~2X1029 ergs s_1, which implies a cooling time of 
~2 s. As the observed decay time is much larger, it 
follows that this power was liberated in the hot source, 
presumably by ongoing reconnection. Note that the 
X-rays above 50 keV observed by HXRBS at 21h00m 

and later indicate that yet some electron acceleration 
took place besides heating. Likewise, the diffuse 16-30 
keV X-ray patch observed during peaks 1 and 2 indi- 
cates that some heating was already going on then. 

A similar two-temperature analysis (including the 26- 

L159 

52 keV channel of HXRBS) yields rcool ~ 1.6X 107 K 
und Fhot ~4X 107 K at 21h16m. The hot component was 
still dominated by saturated conductive losses, and the 
dissipation rate at that time was —4X1028 ergs s-1. 
Whether the dissipation rates quoted equal the actual 
net dissipation rate going on in the flare will be analyzed 
in a later study. Factors to consider are (1) wave excita- 
tion, which may reduce the heat flux to a value below 
saturation, and (2) energy release in the cool compo- 
nent. 

Finally, we note that an indication for the occurrence 
of very high temperatures and electron beams was found 
earlier in the flare of 1980 April 10, 09h18m (Hoyng 
et al 1981). 

It is a pleasure to thank Dr. J. Harvey for putting the 
KPNO magnetograms at our disposition and Dr. J. C. 
Brown for a critical reading of the manuscript. We are 
grateful to the US Air Weather Service Solar Observing 
Optical Network (SOON) and to Mr. J. Hirman at 
Boulder for making Ha filtergrams available to us. 

TWO-RIBBON FLARE 
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