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Abstract. On July 5, 1980 the Hard X-Ray Imaging Spectrometer on board the Solar Maximum Mission
observed a complex flare event starting at 22 : 32 UT from AR 2559 (Hale 16955), then at N 28 W 29, which
developed finally into a 2-ribbon flare. In this paper we compare the X-ray images with Ha photographs
taken at the Big Bear Solar Observatory and identify the site of the most energetic flare phenomena. During
the early phases of the event the hard X-rays (> 16 keV) came from a compact source located near one of
the two bright Hx kernels; we believe the latter are at the footpoints of a compact magnetic loop. The kernel
identified with the X-ray source is immediately adjacent to one of the principal sunspots and in fact appears
to ‘rotate’ around the sunspot over 90° in the early phase of the flare. Two intense X-ray bursts occur at
the site of the rotating kernel, and following each burst the loop fills with hot, X-ray emitting plasma. If the
first burst is interpreted as bremsstrahlung from a beam of electrons impinging on a collisionally dominated
medium, the energy in such electrons, >16keV, is ~5 x 10*® erg. The altitude of the looptop is
7-10 x 10° km. The temperature structure of the flare is extremely non-homogeneous, and the highest
temperatures are found in the top of the loop.

A few minutes after the hard X-ray bursts the configuration of the region changes; some of the flare energy
is transferred along a system of larger loops that now become the defining structure for a 2-ribbon flare,
which is how the flare develops as seen in Ha. In the late, cooling phase of the flare 15 min after maximum,
we find a significant component of the plasma at temperatures between 25 and 30 x 10° K.

1. Introduction

With the launch of the Hard X-Ray Imaging Spectrometer (HXIS) on the Solar
Maximum Mission (SMM) it became possible to study for the first time the spatial
development of a solar flare in hard X-rays, above 10 keV, and to relate such measure-
ments to Ho emission. One of the first results from HXIS was the identification of the
site of the impulsive hard X-ray bursts observed at the onset of major flares (Hoyng
et al., 1981; Duijveman et al., 1982). Frequently, in a large flare, the hot X-ray emitting
plasma generated during and following the impulsive phase expands and obliterates any
fine structure that might give a clue to the detailed development of the flare. We report
here results from the study of an intense, but compact, flare where the structure of the
X-ray emitting features has been identified throughout most of the event. It reveals a
wealth of detail that cannot be conceived from a study of spatially unresolved X-ray
data. Such studies alter significantly the picture we formerly held regarding the early
stages of flare development. In our analysis we have made detailed comparisons with
the Ha photographs from the Big Bear Solar Observatory.
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The active region, (Boulder 2550, Hale 16955) was first identified as a new region on
July 2, 1980 and from July 4 to July 8 it was the most active region on the visible solar
disc. On July 3 and 4 it grew in magnetic complexity and by July 5 it had a high
probability of flaring; from 13:00 UT on that day it was observed by HXIS. Between
13:06 and 24 : 00 UT HXIS recorded three events, of which the largest and best studied
was the class 1B flare at 22:32 UT; this flare reached M 8.9 in the GOES soft X-ray
classification and was monitored continuously by the Big Bear Solar Observatory in
various parts of the Ha line. It was selected by us for detailed analysis because of the
compact nature of X-ray emission over its entire history. The source of the X-ray
emission could be identified with a particular flaring loop, invisible in Ho except for two
bright kernels presumed to be the footpoints. Following each of the two main hard X-ray
bursts, the 3.5-5.5 keV X-ray emission gradually increased throughout the loop. In the
first burst, the footpoint opposing the site of the primary energy release became the
brightest within approximately 80 s; in the second burst, the brightest element remained
at the primary site for around 9 min. This timing is strongly energy dependent. Detailed
analysis of the temperature structure is the subject of Simnett and Harrison (1982).

The magnetic configuration of the flare region was a classic é with the following (/)
and preceding (p) sunspots within the same umbra (see Figure 2f). The magnetic
development has been discussed in detail by Zirin and Tanaka (1981) who describe
continual spot changes within the umbra resulting in what they interpret as sheared field
lines across the magnetic neutral line. As the flare evolved a very bright Ha kernel
appeared to rotate about one of the p spots, and coincident with the position of the
kernel a magnetic transient was observed (Zirin and Tanaka, 1981). It appeared as a
single magnetic pole, which peaked at the time of the first hard X-ray burst and lasted
for about 10 min; the data did not show a dipole but could not eliminate this possibility.
The main energy release occurred about the same time as the observed peak in the
magnetic transient. As the flare evolved further there was a sudden change in the Ha
emission which manifested itself by an apparent breaking of bright plage around the
sunspot, followed by re-connection on the opposite side of the spot; simultaneously a
bright Ha ribbon linked two of the p spots in this active region. We believe this event
signals a critical development in the expansion of the flare plasma within the complex
magnetic fields, and correlate this with a change in the decay rates of the hard and soft
X-rays.

In Sections 2 and 3 we outline the Ha and X-ray observations, respectively. In
Section 4 we develop a model of the flare region consistent with the observations.
Finally in Section 5 we derive quantitative physical parameters pertaining to the site of
the main energy release.

2. The Ha Observations

We start by discussing the Ha observations because traditionally the majority of detailed
analysis of flare morphology has been at this wavelength, and consequently such
observations are familiar to a broad section of the community. This should enable the
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reader to have a feeling for the nature of this flare before coming to the unfamiliar X-ray
data. However, the most energetic flare processes produce plasmas which, initially, are
too hot to be visible in Ha, and bremsstrahlung which has negligible power in the Ha
region. Therefore the Ha is likely to be an end product of faster, hotter and more
energetic processes (than those producing Ho directly) which can now be studied for
the first time at wavelengths equivalent to 3.5-30 keV X-rays. The novel X-ray imaging
data have characteristics which, because of their coarser spatial resolution make them
harder to assimilate than optical photographs, and lend themselves to a different
presentation. Therefore the discussion of the X-ray data in Section 3 attempts to
introduce the reader to the new medium in the context of an energetic flare study.

Figure la shows the appearance of AR2550 at 22:30:37 UT in the blue wing
(- 0.5 A) of Ho*, around 2 min prior to flare onset. Figure 1b identifies certain distinct
parts of the region which are referred to in our subsequent discussions, and indicates
the position of the magnetic polarity inversion line (shown dotted) between the main
group of sunspots. A sunspot picture, taken in 1 A off band Ha, is shown in Figure 2f.
The group of p spots is to the SE of the line, and the f spots to the NW.

Before the main flare under discussion here took place, there was some activity which
we have found useful for checking the alignment of the HXIS field of view with respect
to the active region. At 16:02 UT a small, SB flare developed as two bright ribbons on
either side of the neutral line with a strong enhancement to the south west, close to
sunspot F. This implies good communication between the main group of sunspots and
spot F, a distance of 2, or 160000 km at this latitude and longitude. After 18:36 UT,
a small bright Ha patch developed to the NW of sunspot 4. Both events produced X-ray
emission in the 3.5-5.5 keV energy range imaged by HXIS. A discussion of this
information for alignment purposes is given in the Appendix.

Around 19:30 UT a bright plage filament formed a bridge across sunspot 4 in an
EW direction. The filament is visible in Figure 1a where it starts in a complex twist north
of D, comes around between D and C, follows a path south to sunspot A4, twists over
A (the light bridge) and goes around between 4 and B before linking back to C. The
initial phases of the flare appear in Hu at the points of greater apparent curvature of
this filament both around 4 and to the north of D. The light bridge evolved from the
bright Ho patch seen at 18 : 36 UT. Following the initial trigger, the intense Ho emission
along the light bridge migrated to the south of 4 to form a bright Ho kernel.
Simultaneously a less intense kernel formed to the NE of B, and appeared to represent
one end of a diverging arcade of magnetic loops which extended to the NW of D. The
appearance of the region at 22 :35: 57 UT is illustrated in Figure 2a. Note that the loop
system is all to the north of the complicated bright filament discussed above.

By 22:39:46 UT (Figure 2b) the appearance of the bright kernel at A has completely
changed; it appears to have consolidated and rotated 90° so that instead of being to the
south of A4 it is now centered to the west of 4. Furthermore, the kernel to the NE of

* The majority of the Ha observations used for this paper were taken in the blue wing of the Ha line at
—0.5 A. Henceforth this will be assumed in the discussion and only the notation, He, will be used.
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B has strengthened, and the Ho emission from the loop system has both strengthened
and expanded. As we shall show in the next section, it is at this time that the first major
hard X-ray burst is observed. It also corresponds to the peak of the magnetic transient
observed by Zirin and Tanaka (1981). There is a bright ribbon of enhanced plage
extending from the northern locus of the primary loop footpoints around to G; and also
a similar ribbon extending south from A.

By 22:42:37 UT the flare appearance has changed once again (Figure 2¢). The main
kernel to the west of A has extended towards the NE and the kernel to the NE of B
has elongated in a direction towards D. Note that it is not extending along the northerly
locus of the primary loop footpoints, but more along the southerly locus. Only faint Ho
emission is visible from the looptops, probably indicating cooling. The site of the original
twisted filament near D is now quite bright. The flare, for the first time, is beginning to
look like a 2-ribbon flare.

Figure 2d shows the flare at 22:44:32 UT, by which time it is quite apparent that
the NW ribbon is extending towards D. The primary loop system now seems detached
from the rest of the flare, and as the loops fade the bright plage extending around to
G also fades. The other change is in the direction of expansion of the bright kernel
around A4, which had appeared to be moving towards D through the apparent point of
crossing of the preflare twisted filament; it now starts to separate from the NW ribbon.
At22:47:30 UT the kernel around A4 breaks from the bright plage extending south from
A; it moves eastwards across the northern edge of 4 and rejoins the plage to the eastern
edge of the spot. At the same time this ribbon links directly to sunspot C. The late stage
of the flare, showing these changes, is illustrated in Figure 2e, taken at 22:59:10 UT.
In this picture there is clearly a new system of (secondary) loops visible, spanning the
two ribbons, with the loop tops emitting quite strongly in Ho.

The conclusion we draw from the Ha pictures is that throughout the course of the
flare the region has changed. During the initial phases, there is not Ha associated with
sunspot C and the complex structure around and the ribbon moving around to G. Yet
by the end of the flare, there are simply two ribbons linking 4 to C, and B to D, with

~ bright post flare (secondary) loops across them. We now turn to the X-ray observations,

to identify the site of the main energy releases.

3. The Hard X-Ray Observations

A description of HXIS has been published elsewhere (Van Beek er al., 1980). The
current analysis uses images with a nominal 8” spatial resolution, accumulated
simultaneously over the six energy bands 3.5-5.5—-8.0-11.5—-16—22—-30 keV, and with
a time resolution of either 3.1 s or 9.2 s, depending on the phase of the flare. The duty
cycle of HXIS during this event was 509, so each image was accumulated over a time
equal to one half of the stated time resolution. The flare was in progress at orbit dawn
(22:37:4 UT), but the main phase of the hard X-ray activity (22—30 keV) took place
after 22 : 39 UT. The intensity-time history of the 22—30 keV X-ray intensity for the total
HXIS field of view, of 6'24” x 6'24”, including the High Energy Monitor (see Van
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Fig. 3. The intensity-time profile of the 22—30 keV X-ray intensity from the full HXIS field of view. The
typical statistical uncertainty at the height of the burst is indicated. Two features of the burst are identified,
A, B. Note the change in decay at 22:47 UT.

Beek et al., 1980) is shown in Figure 3. Two periods 4 and B, are identified where the
time structure and spectral evolution appear to reflect the impulsive release, or
deposition, of energy. In fact these are the more significant of a number of discrete bursts
with similar rise and fall times, consistent with the elementary flare bursts discussed by
de Jager and de Jonge (1978). Note that the decay rate changes around 22 :47 UT. The
X-ray spectrum at this time does not exhibit any sudden changes; therefore we rule out
any fresh impulsive energy release. More likely the flare plasma breaks out into a
different part of the flare region, and the high energy electrons producing the X-rays are
contained in a much larger volume at low density and consequently have a longer
lifetime. This is discussed in more detail in Section 4.

Figure 4 shows the intensity-time history for the energy interval 3.5—-5.5 keV. The fine
time structure seen at higher energies is completely lacking with maximum intensity
being reached several minutes after the intense hard X-ray features. This is exactly what
would be expected based on previous solar X-ray studies; however, when the full
imaging capability of HXIS is used, a rather complex picture emerges.

We will discuss the flare first using the 16—30 keV images, as these X-rays probably
originate from the electrons accelerated at the times of the primary energy releases.
Figure 5 is a 3-dimensional spatial-intensity-time map of the 16—30 keV X-rays. Each
of the numbered boxes represents the light curve for one 8” x 8” pixel and Figure 6

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1983SoPh...84..237H

oPh. Z. 847 TZ37H,

[19B3S

244 R. A. HARRISON ET AL.

SMM -HXIS

1010

35-55 keV

COUNTS / SECOND

Y T WY I TS I AT . N T T
254050 5300 6]

JULY 5 1980 MINUTES U.T.

Fig. 4. The intensity-time profile of the 3.5-5.5 keV X-ray intensity from the whole flare region. Note the
change in decay at 22:47 UT.

shows the projected locations of these pixels on a reproduction of the active region taken
from Figure la. The alignment is accurate to ~5” and details of the alignment
procedure are given in the Appendix. The pixels are assigned numbers which refer to
their position in the detector array; these numbers have no other significance. Note that
the pixels shown on Figure 5 represent only that part of the HXIS field of view
containing the flare; the remainder of the field of view is omitted to simplify the figure.
The activity is concentrated in the area shown (see Figure 6), as is demonstrated by the
intensity-time history for pixel No. 313, which represents an 8” x 8" area to the west
of No. 293. Pixel No.-313 has the highest intensity of all those surrounding the area
covered by Figure 5. Data from individual pixels before 22 :38:25 UT is not useful as
the SMM spacecraft underwent a minor corrective slew of ~2” to compensate for drift
during orbit night. The slew does not affect the total field of view light curves significantly.

It is immediately apparent from Figure 5 that the flare in hard X-rays is extremely
compact, and furthermore that the adjacent pixels with the highest rates do not have
similar light curves. The major part of the flare is contained within pixels No. 272,
No. 273, No. 292, and No. 293. Figure 7 shows an expanded and time-averaged plot
of the data from these pixels from which the following points can be established:

(1) During the first burst, 4, the emission is primarily from No. 272 with a significant
amount in No. 292, to the west. Reference to Figure 5 shows that at the onset of this
burst there is a high intensity also from No. 271 to the south.
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Fig. 5. A three-dimensional spatial-intensity-time map of the hard X-ray flare. Each numbered plot is an

individual intensity-time profile of one 8” x 8" pixel. The relative location of the pixels in the flare region

is shown in Figure 6. The intensity-time axes are the same for each individual plot. North is up and west
is right.

(2) During period B the emission is primarily from No. 273, although the emission
from No. 293 also reaches a maximum at this time.

(3) During period B the intensity in No. 272 increases, the increase being more
marked towards the end of the period. The intensity in No. 273 and No. 293, however,
rises to a maximum in the first half of period B, and subsequently falls. Thus we may
state with confidence that at least part of burst B is from these pixels. The decay of burst
A, however, is arrested in No. 272 prior to period B, so it is plausible that the profile
in No. 272 is the superposition of the true decay of 4 plus a similar burst to that seen
in No. 273 and No. 293. This hypothesis is supported by the fact that the energy
spectrum of No. 272 suddenly changes at the onset of B.

At this point we wish to introduce briefly the scenario we envisage to explain these
data, as it should aid the comprehension of the remainder of the data. The sequence
of events is as follows: a hard X-ray burst (4) appears in No. 272 (plus to a lesser degree
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Fig. 6. A map showing the position of the pixels in Figures 5 and 9 relative to the active region. The features
of the region are identified in Figure 1b. Pixel 291 is directly to the south of pixel 292.
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Fig. 7. An expanded and time averaged plot of the four brightest pixels in the hard X-ray flare. The times
of bursts 4 and B are indicated (see Figure 3).
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in No. 292) following which the hard X-ray emission in No. 292 and No. 273 gradually
rises, even after the burst in 4 has subsided. A second burst, B, appears simultaneously
(within the time resolution of Figure 7) over No. 272, No. 293, and No. 273, followed
immediately in No. 272 by a gradual increase in emission which lasts until 22:44 UT.
As this decays the intensity in No. 273 increases. We interpret the bursts as originating
as bremsstrahlung from non-thermal electrons and the gradual increases as thermal
emission from the high temperature plasma resulting from the impulsive process that
produced the bursts. There is a compact magnetic loop stretching from No. 272/292 to
No. 273, the top of which is seen via projection in No. 293. We discuss this fully in
Section 4.

We now demonstrate both the compact nature of the flare and the dramatic spatial
evolution as seen by hard X-ray images. Figure 8 shows contour maps separately for
the energy intervals 16—22 keV and 22-30 keV corrected for the triangular response of
the HXIS collimator, for three different time intervals: 22:38:27-22:39:50,
22:40:58-22:42:00, and 22:42:48-22:43:50 UT. Note that the first two intervals
cover the first part only of periods 4 and B (Figure 3). For the first period, at 16—22 keV,
the burst is concentrated on the southern boundary of row 3, in columns 3 and 4,
corresponding to No. 292 and No. 272. At 22-30 keV the core is in row 3 column 3

SMM -HXIS JULY 5 1980

16-22keV  22-30keV

é i;i;jq\ 1 (]LCJL 1 ~
223827~ | 3 /\@ C ] 0 -
4 N /_L ] |
223950UT| 5 3% /ﬂ_
12345 12345
P e
2 @ L RE ).
224058 - | 3 ﬁg@ B “@? -
226200UT | 5 “—télﬂlv“
12345 2345
224248 | 3 \\\[ “@ _
224350 UT | 5[1<0 ) q:
12345 12345

Fig. 8. Contour maps of the 16—22 keV and 22—-30 keV X-ray intensities at three different times in the flare.
The contour levels are at 98, 90, 80, 70, 55, 40, 26, 14, and 79, with the addition of a 3%, level in the
16—22 keV maps. The images are corrected for the triangular response of the collimator.
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(No. 272) while the southerly extension is quite noticeable. This is a result of the onset
of the burst appearing in No. 271. In the second period the core of the burst has shifted
to the southern part of row 2, column 3 where it has a FWHM of 6” in the 16—22 keV
contour. The extension to the SW towards the site of the first burst is clearly visible.
In the third period the core of the emission has moved back to the southern edge of
row 3, column 3, or No. 272, with some extension both northwards to the site of the core
in period 2 and to the west.

We now turn to the soft X-ray images, in the 3.5-5.5 keV energy interval. Figure 9
shows a similar three dimensional map to Figure 5. Some pixels are plotted at a reduced
intensity scale and pixels No. 252 and No. 271 include a correction for space-charge
effects. They are most pronounced when there is high contrast between adjacent pixels

SMM - HXIS
35-55keV.

234 ] 254 7% T 294
e R
233 | 253 | 273 | 293 |

2
%*F:‘F*T“T*r:‘.:&-::t: SO
N 2321 252 | 292 |
E X2
5
o) 1 ]
O

OSSO 722 = orminra= =SS UM //w\\'
2000¢ N3 | 251 1 271 291 |
1000} {

P E— M
JULY 5 1980

Time - Minutes

Fig. 9. A three-dimensional spatial-intensity-time map of the soft X-ray flare. Each numbered plot is an

individual intensity-time profile of one 8” x 8" pixel. The relative location of the pixels in the flare region

is shown in Figure 6. The intensity and time axes are the same for each individual plot, except for a two-fold

magnification in intensity for pixels identified ( x 2). Pixels 252 and 271 include a correction (upper line)
between 22 :42 and 22:46 UT to allow for space charge effects in the detector.
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and affect primarily the lowest energies (Boelee, 1983). The remaining pixels are not
believed to need any correction.

The soft X-ray core of the flare, prior to the hard X-ray burst, is in No. 272, No. 292,
No. 271, and No. 291 such that the centroid is virtually at their point of intersection.
Note the weak emission from No. 252 and No. 233, extending to the NE. The soft X-ray
emission gradually rises in No. 272 and No. 292, approximately doubling by 22:40 UT
when the level is 650 counts s~ ! in No. 272 and 375 counts s~ in No. 292. However,
whereas the intensity in these pixels levels off, that in No. 273 continues to rise to a
maximum of 1000 counts s~! by 22:41 UT. The behaviour of No. 293 is virtually
identical except at a lower intensity, this only reaching 330 counts s~ ' at maximum. For
the next few minutes, these bright pixels behave in opposite senses; while those to the
south increase, those to the north decrease, and vice-versa. It is significant that the two
dominant soft X-ray peaks, namely at 22:41 UT in No. 273 and 22:43:20 UT in
No. 272, coincide with the hard X-ray maximum in these pixels, supporting our hypo-
thesis (see above and Section 4) that the X-ray emission at these times is predominantly
from a high temperature plasma.

A weak maximum is seen late in the event in some surrounding pixels. For example,
the maximum in No. 254 is at 22:55:00 UT +30s; in No. 274 it is at 22:57:30 UT
+30s; No.252itis at 22:52:30 UT +30s; in No. 234 it is at 22:48:50 UT +20s;
whereas in No. 253 there are two maxima, the latest being at 22:53:00 UT +30 s. We
leave the discussion of this to the next section.

4. The Model of the Flare Region

In this section we discuss the flare at well identified phases of its development when
we can observe the results of significant changes in the physical conditions governing
its evolution. During the various stages we describe the features of the region which are
most appropriate to fit the observations.

4.1. THE PERIOD BEFORE 22:38:30 UT

Comparison of the hard X-ray data with the Ha data shows that before any substantial
fraction of the 22—30 keV X-rays was produced the flare had already developed in two
places. The more intense region was coincident with the location of the bright filament
which previously formed the light bridge across sunspot A4 ; whereas the more extensive
region started in a small kernel to the NE of B, expanding into a magnetic loop system
reaching to the north of D (see Figure 1b). During this early phase, the X-ray spectrum
from the core of the flare, pixels 271, 272, 291, and 292 covering sunspots 4 and B,
shows a substantial nonthermal tail, consistent with thick target bremsstrahlung from
fast electrons with a power-law spectrum dJ/dE ~ E ~? with y between 6 and 6.5, J is
the electron intensity at energy E. Such a spectrum must have a low energy cut-off at
around 8 keV as the ratio of X-ray counts in the (3.5-5.5)/5.5-8.0) keV channels is
incompatible with an extension to lower energies.
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The 3.5-5.5 keV emission from the two pixels to the south of No. 271 and No. 291
1s approximately 259 of the intensity of the latter. The HXIS subcollimators have a
triangular response with maximum transmission at the geometric centre of a pixel,
decreasing linearly to zero at the centre of adjacent pixels. A uniformly bright source
exactly covering 1 pixel would have counts in the adjacent pixels of 69, (corner) and
199, (edge) of the counts in the source pixel*. This result from the early phase of the
flare must therefore mean that only a small part, at most, of the X-ray emitting volume
projects onto these pixels to the south, leading to the conclusion that the X-ray emission
is coincident with the bright Ha kernel forming around sunspot 4.

4.2. THE PERIOD 22:38:30-22:39:30 UT

During this period, which is immediately prior to the first hard X-ray burst identified
as 4 in Figure 3, the 3.5-5.5 keV intensity in No. 291 decreases, while it increases slowly
in No. 292 and strongly in No. 272. The increase in No. 253, No. 273, and No. 293 is
still quite low; by 22:39:30 UT the flux in No. 273 is only ~ 259% of that in No. 272,
easily accounted for by the collimator response to a source in No. 272. Therefore the
Ho kernel to the north of B is not, at this time, the site of a significant fraction of the
X-ray output of the flare; neither is the arcade of loops stretching towards D. This is
not surprising, as they are seen strongly in emission in Ha and therefore must be too
cool to be seen in X-rays. The brightest point in this arcade, in X-rays, is No. 233, close
to the NE end of the twisted pre-flare filament.

The relative behaviour of the X-ray intensity over the flaring pixels matches the
motion of the bright Ho kernel around 4. As the total emission is still rising without
a corresponding drop in temperature, this motion must involve continuous energy
release. However, in the next period the first large impulsive hard X-ray burst occurs,
from which we deduce the detailed structure of the flare.

4.3. THE PERIOD 22:39:30-22:41:00UT

The first hard X-ray burst starts at the southern boundary of No. 272 and No. 292, as
shown in Figure 8. This point is at the ‘leading’ edge of the Ha kernel as it rotates around
A; in fact if our alignment is accurate to ~2” it is just ahead of the advancing kernel.
For the remainder of this time period we believe the development in X-rays is consistent
with the expansion of the bulk of the energy released in this burst into a compact
magnetic loop which may well be part of an arcade, linking the leading edge of the Ha
kernel around A to the less intense kernel to the NW of B. In HXIS co-ordinates one
of the loop footpoints lies at the south side of No. 272 and No. 292, approximately at
the N—S boundary between them, and the other footpoint lies in the southern half of
No. 273. The latter position is shown by the contour map between 22:40:58 UT and
22:42:00 UT in Figure 8. The loop footpoints are calculated to be ~ 14000 km apart,

* In principal the image can be corrected for this effect. The correction is straightforward if the source can
be assumed to be pointlike, but for more complex structures the procedure becomes rather subjective; in
general our images are not corrected for the collimator response unless stated.
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allowing for foreshortening, which for semicircular geometry makes the top of the loop
~ 7000 km and the loop length ~ 22000 km. For the remainder of our discussion we
will assume this physical picture is correct and interpret the observations accordingly.

The X-ray burst reached maximum intensity in No. 272 at around 22:39:45 UT
(Figures 5 and 7), which compares with the local maximum of the total 22—30 keV
intensity at 22:39:55 UT +5 s. The microwave burst at 17 GHz for the entire event
reached a maximum intensity of 248 solar flux units at 22 : 39 : 54 UT (Solar Geophysical
Data, 1981). Following the energy release at the southerly footpoint, the loop began to
fill with hot, X-ray emitting plasma which produced increased emission in No. 273 and
No. 293 until around 22:41 UT. The general increase in X-ray emission occurs at all
energies imaged in HXIS, but in both these pixels the energy spectrum gradually softens,
or cools, during the whole time period. However, the spectrum is always harder, or
hotter, than that in No. 272. The loop clearly did not suddenly fill with fast electrons,
otherwise there would be a similar impulsive hard X-ray burst from No. 273, the other
footpoint.

The hard X-ray ‘burst’ in No. 273 is merely the high energy component of the thermal
emission from the plasma in this region, which has been gradually heated by energy from
the primary source in No. 272. The time between the onset of the hard X-ray burst in
No. 272 to the maximum intensity in No. 273 is ~ 100 s. At a constant velocity, this
would be 7R/100 km s~ ! with R = 7000 km, or ~200 km s~ .

It 1s during this period that the peak in the magnetic transient occurs (Zirin and
Tanaka, 1981), so it is appropriate to introduce our concept of the fields in the flare
neighbourhood. Figures 10, a, b, ¢ are a schematic representation of the magnetic fields
at three stages of the flare, with Figure 10a describing this period. The magnetic transient
is shown dotted and is attributed to an emerging bipolar region. Zirin and Tanaka detect
a (conventionally) positive transient in a region of negative field but admit to the
possibility that the transient is a dipole. The transient and compact flare loop are within
a larger scale overlying magnetic field which plays no significant role at this stage. The
instability that caused the initial energy release in the flare kernel which ‘rotated’ around
sunspot A4 could either be the interaction of the emerging transient with the compact loop
(e.g., model of Heyvaerts et al., 1977) or it could result from changes in the degree of
twist in the compact loop (e.g., model of Hood and Priest, 1980) driven by the forces
which produce the transient. We interpret the disappearance of the transient as evidence
for re-connection with some of the field lines of the compact flare loop, which then
reinforce the overlying field.

Zirin and Tanaka (1981) refer to the substantial degree of left hand circular polariza-
tion of the 10.7 GHz radio burst, considerably higher than the polarization of the
pre-flare emission. This sense of polarization arises from electrons moving in con-
ventionally positive fields (Kai and Sheridan, 1974), which on our model would be from
towards the other end of the compact loop. The radio data are not spatially resolved,
and interpretation is difficult. However, the polarized radio emission is more probable
from regions where the electron density is low, the mean free path is large, and the
magnetic field strength high, whereas X-ray production necessarily requires the mean
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Fig. 10. A model showing our concept of the magnetic fields at different phases of the flare. (a) Around
the time of the first hard X-ray burst. The emerging flux and the pre-existing flare loop start to interact. The
overlying field is present as an arcade, but the smaller scale fields are envisaged as less extensive. The heavy
cross hatching indicates the flux tube confining the bulk if the flare plasma. (b) After some reconnection,
and energy release, has occurred. The higher altitude field lines of the flare loop have become part of the
overlying field, but the bulk of the hot flare plasma is still confined to the cross hatched region. (c) The
situation around 22:47 UT. The emerging flux has disappeared leaving a much simpler structure, where
the volume available to the lighter cross hatched region has increased considerably. It is envisaged that the
flare particules are diffusing into the single hatched regions, the base of which form the 2-ribbons observed
in Ho.

free path to be small. Thus the X-rays are from the high density region near the
reconnection area, while the radio emission is from less dense parts of the same magnetic
loop. Polarization of radio sources in asymmetrical bipolar fields has been discussed
by Kundu and Vlahos (1979), whose conclusions support our interpretation.
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4.4. THE PERIOD 22:41:00-22:42:30UT

The second hard X-ray burst (B in Figures 3 and 7) occurs at 22:41:25 UT. The X-ray
emission resulting from the first burst, at the lower energies imaged by HXIS, had
started to fall in No. 273 and No. 293 when the second burst occurred. This burst
appeared throughout the loop, indicating that, contrary to the first burst, the non-thermal
electrons had rapid access to all parts of the loop. The bulk of the soft X-ray emission,
containing the majority of the energy in the X-ray spectrum, remained at pixel No. 272.

Schematically, we believe the situation has evolved to that of Figure 10b, where the
transient has weakened, the field strength or topology in the reconnection region has
changed to allow the accelerated electrons free access to the whole of the compact loop,
and the overlying field has become enhanced. The field strength of the compact loop
has not diminished significantly and it can still contain the bulk of the flare plasma. We
believe in this phase that chromospheric material expands into the compact loop,
increasing the matter density and putting pressure on the magnetic field.

4.5. THE PERIOD 22:42:30-22:45:00 UT

In this period we witness the gradual expansion of the hot plasma throughout the
compact flare loop. The soft X-ray peak in No. 272 (Figure 9) occurs 10—15 s after the
intensity in No. 273 and No. 293 have reached a minimum. For the next few minutes
it appears that the X-ray emitting plasma merely becomes re-distributed throughout the
loop. We do not believe there is any substantial fresh energy release, as examination of
the spectrum in all four main pixels shows a monotonic cooling; also, the overall
intensity in No. 273, No. 293, or No. 292 comes mainly at the expense of a decrease in
No. 272. There is a slight altitude gain during this period, and the arguments advanced
above regarding projection effects are equally true here to explain the behaviour of
No. 293 relative to No. 273 and No. 272.

We may compute, as before, the time between the onset of the hard X-ray burst (B)
and the second maximum in No. 273, at around 22:44:50 UT. This time is ~ 205 s,
over double the time for the first burst; also, as the temperature in No. 273 is cooling
throughout this period, maximum emission measure, which we correlate in this phase
of the event with density, is still increasing. Therefore the time to maximum density is
somewhat greater than this figure. If we interpret the re-distribution of plasma using
diffusion theory, the density in the loop must have increased significantly to account for
the relative slowness of the second event. This is discussed quantitatively by Simnett
and Harrison (1983). Although we do observe a small altitude gain, it seems to be
insufficient to imply that the delay could be purely due to a volume increase.

4.6. THE PERIOD 22:45:00-22:50:00UT

It is apparent from Figure 9 that although by ~22:45UT the 3.5-5.5 keV X-ray
intensity from No. 273 has also started to decline, emission from No. 293 is still rising
to a broad maximum lasting until ~ 22 :50 UT. We interpret this as clear evidence that
the hot, X-ray emitting plasma is actually rising in altitude. As the plasma is cooling
throughout this period the increased intensity in No. 293 can only be achieved through
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a significant increase in emission measure. We show in Section 5 that the data suggest
an expansion of material through the loop, which would account for the increase in
emission measure. During this period, and the majority of the decay phase, the tempera-
ture derived for No. 293 for the higher temperature plasma (see Section 5) is consistently
higher than that at the loop footpoints. This has been noted by de Jager et al. (1983)
for a limb flare. Part of the increased emission measure could also represent an altitude
increase of the loop, causing a larger fraction of it to project into pixel No. 293.

The altitude increase could be the result of diffusion of the plasma across field lines,
or it could represent an expansion, or weakening, of the magnetic field in the compact
loop. The latter could be brought about by progressive reconnection of field lines and/or
increase in the plasma pressure. The former is more consistent with the model we are
developing in Figure 10.

The most interesting event in this time period took place at ~22:47 UT, when, as
we noted in Section 2, a distinct change in the Ha pictures occurred. In terms of the
overall X-ray intensity, this event certainly did not contribute any extra flux (Figure 4).
More significantly, the decay rates of both the low energy (e.g., 3.5-5.5 keV) and high
energy (e.g., 22—30 keV) X-ray intensities change in opposite senses. The decay of the
soft X-rays becomes more rapid, while the decay of the hard X-rays becomes slower;
remember that the flare developed as a 2-ribbon flare from this point. The change in
the Ha picture was most apparent around sunspot A, where the kernel appeared to break
with the bright plage ribbon extending southwards; it then ‘crossed’ over the sunspot
and re-joined the plage ribbon. This event clearly signals a critical stage in the flare
evolution and we interpret it in the following way:

(1) For the duration of the main phase of the flare, all the flare energy has been
confined to a relatively compact loop structure whose footpoints are in No. 272 and
No. 273. Cooling times are a function of the physical parameters of this loop, which is
not stationary, but is gradually expanding upwards.

(2) The presence of the emerging flux (the transient) causes continuous reconnection
which weakens the magnetic field in the compact loop until it can no longer contain the
flare plasma.

(3) The plasma expands into the larger volume defined by the overlying field
(Figure 10c) whose footpoints are rooted at the location of the bright Ha ribbons. The
flare energy now manifests itself at photospheric level via the ribbons, rather than the
more compact kernels seen up to this point. This expansion leads to an increase in the
decay rate of the softer (3.5-5.5 keV) X-ray emission.

(4) The simultaneous change in decay rates of the low and high energy X-rays, but
in opposite senses, is intriguing. If the emissions are thermal, this behaviour would
indicate a multithermal plasma where the high temperature components had the slowest
decays. This would suggest an environment where the cooling was radiation-dominated.
As the relative cooling times between a conduction-dominated and radiation-dominated
plasma at temperature 7, contained in a magnetic loop of length L and electron density
n, vary as L>n2T~"/2 (Moore et al., 1980), the observations would be consistent with
an expansion to a lower density state.
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An alternative explanation is that the X-rays > 22 keV are partly bremsstrahlung from
a non-thermal distribution of electrons. It is possible to interpret the X-ray time profile
in Figure 3 as the superposition of impulsive, fast decaying bursts (the last being at
22:46 UT) on top of a slowly varying base-level, and a slowly varying increase starting
around 22 : 45 UT, reaching maximum at 22 : 50 UT. Microwave radio activity occurred
predominantly at the times of the impulsive bursts, while a metric type II burst was
observed by Culgoora (22:44-22:55 UT) and Harvard (22:48-22:55 UT) (Solar
Geophysical Data, 1980). We would therefore interpret the slowly varying burst,
predominant after 22 : 47 UT, as arising from electrons accelerated by the disturbance
responsible for the type II burst and contained in the overlying magnetic structure.

4.7. THE PERIOD 22:50:00-23:08:00UT

This is the last period we discuss here. The previously dominant pixels No. 272 and
No. 273 continue to decay and remain the site of the majority of the X-ray emission.
There is now increasing flux from No. 254 and No. 274. We interpret this as emission
from the top of the new loop system linking the two Ha ribbons. These lie in the NE-SW
direction, and following the reconfiguration at 22:47 UT the intensity in No. 234
quickly rose to a maximum. As the pixels along the axis of the arcade of loops at
photospheric level decay, those to the NW, namely No. 254, No. 274, No. 293, and
No. 292 show enhanced emission with respect to the ‘axis’ pixels. This is consistent with
an altitude increase, as discussed above. The loops are apparently still growing at the
end of the time period, as the emission in No.292 and No. 293 increases at
~23:05 UT.

The soft X-ray results from Skylab (Vorpahl ez al., 1975) showed that flares were most
commonly observed at several loops in an arcade. The event here is not inconsistent
with this observation; however, our good time resolution shows that the initial release,
plus the development for minutes afterwards, is in one loop and only in the later stages
of the flare are X-rays observed throughout the whole arcade.

5. Derivation of the Physical Parameters

We have measured the X-ray intensity as a function of time, energy and position in a
compact flare. Comparison of the Ha and X-ray data has allowed us to suggest a spatial
structure for the core of the event which is consistent with the observations. With this
information, we can apply standard modelling results to calculate the X-ray emission
measure as a function of temperature, the electron density and the number of non-thermal
electrons in the hard X-ray burst.

A critical part of the interpretation is that the hard X-ray emissions at the times shown
in Figure 6 are concentrated at different ends of a compact magnetic loop. Furthermore,
the compact nature of the source suggests an upper limit to the diameter of the flux tube
of 6000 km, with the best value at 4500 km. From considerations of projection due to
the location at N29 W 29, the inferred altitude is in the range 7000—10000 km and the
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loop footpoints are separated by ~ 14000 km. From these data the volume of the loop
is in the range 3.5 x 10%¢ cm3-5.5 x 10%® cm®.

The temperature structure, and the time evolution of the temperature and density of
the loop, are discussed in depth by Simnett and Harrison (1983). It is not within the
scope of the current paper to discuss their results in detail, but it is nevertheless useful
to indicate how such analysis can support the model proposed here. TableI gives
preliminary results for three time periods in this flare: (a) the peak of the first hard X-ray
burst; (b) the peak of the soft X-ray intensity in pixel No. 272; and (c) a point on the
decay. We now outline the analysis technique.

HXIS measures the X-ray luminosity of the flaring pixels simultaneously in six energy
bands. In this flare, over integration times of around half a minute statistically significant
counting rates (around 109, counting statistics, or better) are obtained in the lowest four
energy bands. The HXIS counting rate prediction program (see Boelee (1983), based
on theoretical predictions of Gronenschild and Mewe (1978)) is used to predict the
distribution of counts in each energy band for each pixel as a function of the temperature
and emission measure of the plasma imaged by that pixel. In principle a differential
emission measure analysis can be performed, although in practice we are limited by the
finite number of energy channels with statistically significant counting rates. There is
significant emission in this flare at temperatures in the 25-30 x 10° K region, with a
substantial residual component at lower temperatures. The data presented in Table I are
from a two temperature analysis wherever the counts have statistical significance. The
high temperature component is derived from the relative counting rates in the
(8.0—11.5keV)/(11.5—16 keV) channels (although in the detailed analysis all 6 energy
bands are used), and the predicted counts from this component in the 3.5-5.5 keV and
5.5-8.0 keV channels (1 and 2) are subtracted from the low temperature component,
with a second iteration if the low temperature component predicts significant counts in
the 8.0—11.5 keV interval. Where the low temperature component is absent this indicates
that the residual counts in channels 1 or 2 after subtraction of the ‘best fit’ high
temperature component were less than the 1o uncertainty in the original count.

The preliminary results are supportive of the model outlined above to account for the
flare development. For the purpose of deriving the electron density, 7., in Table I the
volume of the loop is taken as 3.5 x 10?° cm?, imaged by the four pixels in the following
proportions: No. 272 — 309 ; No. 292 —20% ; No. 293 — 159 ; No. 273 — 359,. During
the first hard X-ray burst, the density at the flaring footpoint is enhanced with respect
to the density at the other footpoint, indicating that some chromospheric material may
have expanded into the loop. Following the second burst, the density appears to be
considerably enhanced at the flaring footpoint and in the decay phase the density at this
footpoint decreases while it increases at the other footpoint. This would be consistent
with the transfer of hot material around the loop. In all periods and at all points the
emission measure at the higher temperature is less than that at the lower temperature
by ~ two orders of magnitude.

We may also estimate the number of energetic electrons needed to account for the
first hard X-ray burst on the assumption of thick target emission. Using the results of
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thick target bremsstrahlung calculations (e.g., Brown, 1971; Petrosian, 1973; Langer
and Petrosian, 1977) we calculate the number of electrons, above 16 keV, required as
~ 3 x 10%¢ s ! at the peak of the burst. If we require such a beam to persist for ~ 60 s,
this results in ~ 5 x 10°° erg total kinetic energy in such electrons. As pointed out by
Lin and Hudson (1971) some years ago, this energy may well represent the major
fraction of the total flare energy budget, with the thermal phase of the flare deriving its
energy from the electrons.

6. Conclusions

The results of this study have focussed on the identification of a compact loop within
the flare region as the site of the main energy release. During the periods of impulsive
hard X-ray emission the flare, in Ha, appeared principally as two bright kernels, one
of which was dominant. These merely represent the footpoints of the magnetic flux tube
delineating the prime flare activity and do not themselves indicate the site of the energy
release. In the second hard X-ray burst we observe non-thermal emission from both
footpoints, simultaneously, within the coarse* time resolution of the measurements. This
behaviour has been noted from earlier HXIS results on different flares (Hoyng et al.,
1981; Duijveman et al., 1982). The significant results from this study are the following:

(1) The primary exothermic reaction occurs near one of the loop footpoints. We
believe, for this flare, that this answers the question posed recently by Moore et al. (1980)
as to the point at which the flare plasma is heated.

(2) The energy source is consistent with interaction of emerging flux, seen as a
magnetic transient by Zirin and Tanaka (1981) with the preexisting compact magnetic
loop in the manner outlined by Heyvaerts et al. (1977). (On account of the ‘rotation’ of
the principal Ha kernel, it might be practical to consider the twisted loop model of Hood
and Priest (1979, 1981) as an alternative.) Whether the emerging flux manifests itself as
a transient or a new sunspot (as in the May 21 flare; see Hoyng et al., 1981) is merely
a question of the relative strengths of the emerging and existing magnetic loops.

(3) The principal energy release at one end of the loop causes expansion of chromo-
spheric material into the loop, leading to an increase in density. There is evidence,
following the second major energy release, that hot plasma expanded throughout the
loop, causing an increasing in density at the other footpoint. This is consistent with ideas
first expressed by Neupert (1968).

(4) The subsequent development of the flare, as seen in Ha, as a 2-ribbon flare is a
function of the topology of the overlying magnetic field which appears to play no role
in the evolution of the early, impulsive stages of the flare. We believe this event shows
that the development of the Ha flare as 2 ribbons is entirely a secondary process,
powered by the energy liberated in the impulsive phase. It has been noted (Svestka,
1976) that the ribbons in a 2-ribbon flare generally separate. This is entirely consistent
with the model presented in Figure 10, where the hot material gradually expands into

* Coarse when compared with the transit time of 30 keV electrons around the loop.
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higher parts of the overlying magnetic arcade, whose footpoints are consequently further
and further apart.

(5) Thefirstimpulsive hard X-ray burst is consistent with nonthermal bremsstrahlung
from an electron population of 3 x 10%® electrons s~' above 16 keV. The total energy
in these electrons is ~ 5 x 10°° erg. The second burst is smaller but of comparable
magnitude.

(6) The hottest temperatures are generally seen at the top of the compact loop. This
is especially true during the relatively long delay phase of the event. This is consistent
with HXIS results on other flares (e.g., de Jager et al., 1983). Possible contributions to
this effect from non-thermal emission cannot be eliminated. Skylab results in the soft
X-ray region (Pallavicini and Vaiana, 1976, Pallavicini et al., 1975) quite definitively
showed that the looptops were the hottest part of the post-flare structure.

(7) The altitude of the top of the flaring loop is between 7000 and 10000 km, and
appears to increase as the flare proceeds. Expansion of flare structures has been known
for many years from ground based observations of limb flares (Severny and Shaposhni-
kova, 1960). In the July 5 event, we have been able not only to investigate the develop-
ment of the flare in Ha but also to follow the position of the more energetic phenomena
as seen in X-rays. A somewhat similar study, made on June 25, 1980 with the same
objectives, has recently been reported by Kundu et al. (1982) in which the Ha data are
compared with microwave observations with the Very Large Array of the National
Radio Astronomy Observatory. It is believed that the microwave data originates from
electrons ~ 100 keV; consequently, if the same event were studied with Ha, HXIS, and
the VLA we would have imaging capability representative of the electron distribution
in three different electron energy regimes, each representing a fundamentally different
viewpoint of the flare.
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Appendix: The HXIS/Ha Alignment

Prior to the large flare of 22:30 UT, HXIS observed two smaller events; one at
16:14 UT and one at 18:35 UT. We will use the data from these two events to make
the alignment. '

In Ha at 16: 02 UT, two patches of emission were clearly visible from Active Region
2550. The more intense patch was along the north—western edge of sunspot A Figure 1b,
and weaker emission was observed to the south of area F. From the first minute of Sun,
at 16: 14 UT, HXIS observed two patches of emission as well. Once again, one was
more intense. In the HXIS field of view, their distance of separation was similar to the
separation of the two Ha patches. By 16: 14 UT, the more intense patch had formed
into a two-ribbon system.

The 18:35 UT event was of minor importance, but it was very compact in Ha, being
immediately to the north—west of sunspot A. No other emission was observed from the
region. This was a subflare; it did not develop into a two-ribbon system and was short
lived. At this time, HXIS also saw one compact patch of low intensity emission.

Since the latter event was so compact, we will assume that the Ha and soft X-rays
originated from the same point. The location of this emission appears to be very low
in the atmosphere. No loop system or large structure of any kind is inferred from the
Hodata. Inthe 16 : 14 UT event, the X-rays probably originated higher in the atmosphere
since the Ho clearly defines a series of large loops.

In Figure Ala, the HXIS and Ha data have been aligned, with the above assumption
for the 18:35 UT subflare event. In the NE—SW direction, the accuracy is probably to

Fig. A1. (a) A contour map of the 18: 35 UT subflare event as observed by HXIS overlayed onto the active

region, assuming the Ha and soft X-ray emission to be colocated. The contour levels are at 98, 90, 80, 70,

55, 40, 26, 14, and 79,. The image is corrected for the triangular response of the collimator. (b) An overlay

for the 16 : 18 UT flare assuming the Figure Ala alignment to be correct. The contours are at the same levels
as Figure Ala and the image is again corrected.
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better than 4", since the patches in Ha and as seen by HXIS, are so compact. For the
NW-SE direction, since the region is in the north—west solar quadrant, the error can
only be to the NW due to a height difference, but because of the nature of this event,
this can only be small, probably less then a few arc sec.

Assuming Figure Alato be correct, Figure A1b shows the 16: 14 UT flare alignment.
In this case, the central patch implies a height offset of less than 8", giving a flare altitude
of ~10% km. This is consistent with height calculations for the 22: 30 UT flare event,
which had a similar structure in the later stages.

The south—western patch, as seen in Figure A1lb, is also consistent with the Ho data
if the source has a lower altitude than the main patch, as no offset is observed. This
seems likely since no loop structures are seen in Ha, merely plage brightenings. The
observation of these two patches also confirms the spacecraft roll angle as being zero.
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