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Abstract. We study the spatial and temporal characteristics of the 3.5 to 30.0 keV emission in a solar flare
on April 10, 1980. The data were obtained by the Hard X-ray Imaging Spectrometer aboard the Solar
Maximum Mission Satellite. It is complemented in our analysis with data from other instruments on the same
spacecraft, in particular that of the Hard X-ray Burst Spectrometer.

Key results of our investigation are: (a) Continuous energy release is needed to substain the increase of
the emission through the rising phase of the flare, before and after the impulsive phase in hard X-rays. The
energy release is characterized by the production ofhot (5 x 107 £ T £ 1.5 x 102 K) thermal regions within
the flare loop structures. (b) The observational parameters characterizing the impulsive burst show that it
is most likely associated with non-thermal processes (particle acceleration). (c) The continuous energy
release is associated with strong chromospheric evaporation, as evidenced in the spectral line behavior
determined from the Bent Crystal Spectrometer data. Both processes seem to stop just before flare maximum,
and the subsequent evolution is most likely governed by the radiative cooling of the flare plasma.

1. Introduction

We present in this paper an analysis of the temporal and spatial development of the 3.5
to 30.0 keV X-ray emission in a solar flare which occurred on 1980 April 10, in active
region NOAA 2372.

The X-ray images have been obtained by the Hard X-Ray Imaging Spectrometer
(HXIS) aboard the Solar Maximum Mission Satellite (SMM). The instrument capa-
bilities and description have been given by van Beek e al. (1980). For preliminary results
and details on the instrument performance we refer the reader to papers by Simnett ez al.
(1981), van Beek et al. (1981), and Hoyng et al. (1981a, b).

The April 10 event has been classified as M4 in the X-ray scale and as a 1N flare in
Ha. It occurred in the north—western hemisphere at N12 W42. The Ha event was
reported starting at 9"14™ UT reaching its maximum at 9"23™ UT. It was accompanied
by a microwave burst with a maximum flux of 180 sfu at 8.8 GHz at 9"21™. Hoyng et al.
(1981a) have given a preliminary analysis of the HXIS observations and show the spatial
distribution of the emission at the time of the impulsive hard X-ray burst.
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In Section 2 we give a brief description of the instrument capabilities and operational
modes, while in Section 3 to 6 we discuss the flare observations and their interpretation.
We alsorefer in our discussion to complementary data sets obtained by other instruments
on board of the SMM, in particular to those obtained by the Hard X-Ray Burst
Spectrometer (HXRBS, Orwig et al., 1980), the X-Ray Polychromator (XRP, Acton
et al., 1980) and the Ultraviolet Spectrometer and Polarimeter (UVSP, Woodgate et al.,
1980).

2. Instrument Capabilities

The Hard X-Ray Imaging Spectrometer (van Beek et al., 1980) is capable of imaging
solar flare X-rays in the energy range 3.5 to 30.0 keV. Its spatial resolution is 8” (FWHM)
in its fine field of view which covers an area of 2'40” by 240" on the Sun, and 32" in
its coarse field of view which sees a larger, 6'24” by 6'24" area. Hard X-ray emission
in the energy range 16.0 to 30.0 keV is also recorded, without spatial resolution, by the
HXIS high energy monitor (HEM) within a 10’ by 10’ (FWHM) area. The temporal
resolution varies from 1.5 s to 4.5 s according to the observational mode.

Neighboring pixels of both the coarse and fine fields of view spatially overlap. As a
result, a point source will in general cause a response in more than one pixel, unless it
is located exactly in the middle of the pixel.

The energy range observed by the HXIS is split up into six energy bands, referred to
as band 1 to band 6 (B1 to B6) in the following way, B1: 3.5to 5.5 keV, B2: 5.5to
8.0keV,B3:8.0to 11.5keV, B4: 11.5t0 16.0 keV, B5: 16.0 t0 22.0 keV and B6: 22.0 to
30.0 keV.

For further details consult van Beek et al. (1980).

3. Pre-Flare Observations

The HXIS observations started at 8"50™, at the beginning of the satellite day and about
24 min before the start of the X-ray event. Figure 1 (from Hoyng ez al., 1981a) shows
the time evolution of the X-ray emission as recorded in all six energy bands.

It can be clearly seen in these plots that the emission in the lower energy bands show
small amplitude long-lived intensity fluctuations prior to the impulsive burst observed
at high energies. The same type of fluctuations were detected by the Bent Crystal
Spectrometer (BCS, see reference to XRP) Ca xix data and in the N v transition zone
line recorded by the UVSP. A qualitative inspection (see also Section 5) of count ratios
in the low energy bands shows that the observed variations are most likely due to
temperature fluctuations in the region. Similar results are obtained from Ca XIX line
ratios which are sensitive to temperature changes (Antonucci, private communication).
Examination of the flare region within the HXIS fine field of view shows that the bulk
of the emission in these pre-flare brightenings comes from a fairly localized area towards
the west of what will subsequently be the main flare region, within and around an area
bright in N v which also shows up later during the impulsive phase as a footpoint, in the
higher energies (cf. Figure 3 and Section 4).
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Fig. 1. Intensity-time profiles (in counts per second) of the total flare emission in the HXIS energy bands
1 to 6.
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We have found other examples of pre-flare brightenings, and cases in which this type
of activity was not immediately followed by stronger flare activity. In all cases the events
look like small scale flares and seem to be associated with localized heating within the
active region. Their association with EUV brightenings as reported from Skylab
(Schmabhl et al., 1978 ; van Hoven et al., 1980) has yet to be confirmed, but considering
the association in the April 10 case with N v activity, it is likely that they both represent
different manifestations of the same phenomenon.

In the April 10 event the pre-flare brightenings do not seem to be associated with the
specific magnetic structure within which the main flare develops. Our results for this flare
therefore confirm the existence of a type of pre-flare event discussed by Webb (1980),
who found that in 9 out of 17 events pre-flare features did not exactly correspond to the
flare site. In a subsequent paper we shall present a detailed study of these type of
phenomena and their relation to magnetic structures.

4. Spatial and Temporal Evolution of the X-Ray Emission

In Figure 1 we have shown the temporal evolution of the integrated X-ray emission as
recorded by the HXIS. We can now look at the spatial distribution of the intensity as
a function of time within the flare region. Figure 2 shows an array of light curves of
individual 8” x 8” elements in the energy ranges 3.5 to 8.0 keV (Figure 2a) and 16.0 to
30.0 keV (Figure 2b).

To display in better detail the geometry of the region where the flare occurred, we show
in Figure 3a a superposition of the HXIS pixels array with a sketch of N v intensities
as recorded in a pre-flare raster made by the UVSP. The error in the alignment between
both pictures should be less than 5”.

We would now like to single out some characteristics of the X-ray emission shown
in Figure 2 and its relationship with transition zone brightenings and magnetic structures
(see Figure 3b):

(a) Significant differences appear in the temporal behavior of individual pixels, even
in the lower energy bands (Figure 2a). This shows that different magnetic features take
part in the flare development.

(b) Impulsive behavior in the high energies is very clear in pixels that overlay N v
enhanced regions (i.e., pixels 5, 14, and 17), indicating a preference for stronger impulsive
emission at the feet of coronal loops. Weaker emission in the 16 to 30 keV range is
however observed during the impulsive burst along pixels connecting these footpoints.

(c) After the impulsive burst, the bulk of the higher energy emission is concentrated
along these apparent loop structures.

(d) The post-impulsive burst intensities in the 16 to 30 keV range observed in ‘loop
pixels’ peak during the rise phase of the soft emission and have shorter decay times.

To substantiate these statements we now refer again to Figures 2 and 3. A careful
examination of the light curves and the actual images obtained by the HXIS shows that
pixels 4, 5, 6 and, in particular, 9 have different behavior than the rest. Pixel 9 shows an
earlier flare brightening, a sharper and brighter peak and a faster emission decay.

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


http://adsabs.harvard.edu/abs/1982SoPh...79...85M

F198280Ph. ~.7797 . 85M!

SPATIAL AND TEMPORAL EVOLUTION OF SOFT AND HARD X-RAYS 89

SMM-HXIS APRIL 10 1980

—

W
3.5-8.0 keV COUNTS/SEC 16.0-30.0 keV
— S 1 . 10—
1 2 3‘500 1 2 3
AT ¥ erareer Lrtrrrre— I Q) ou_.liimﬂh .Ikiluu N WTR
4 5 6 4 | 5/ 6

\,w.“\_ i \"*‘-ﬁ ;'\al_,_‘,,.,\_ . &lh h ﬂl’ ik ﬁl

7 sl 9 71 8 )
A
,l"/\ .I\\_I ,
. \ \'\ X '\\ . l ‘
_,./ \\" ; ey D ¥l ! N Mu..i .
10 1 12 1ol 1 12
."v\\ jh\ !
Ly \ M‘m | "5\
MJJ&N:'?":M 4’ \\'\,-. J\\« .,JM,. l|| ) “I..I TN
BT Y B 7Y 15 13 "‘”"”14' """ 15
et bﬂ
/‘“"-“ K e, !
..r.";...;"\'\. ,_X‘: I:\m a Y L'I#".LL l u_m..u..l.u_u_\_l.
T l 17| 18 ) I 17 18
L

Fig. 2. Array of individual pixels light curves in the HXIS energy bands 1 + 2 (a) and 5 + 6 (b). See text
for details. The vertical lines show the time of the hard X-ray peak.
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Considering the spatial overlap due to the instrumental response function (cf. Section 2)
one can estimate that bright emission is present mainly in pixels 9 and 5, while 4 and
6 intensities are partly due to the overlap. Examination of images and light curves of
pixels 9 and 12 shows that no overlap is clearly noticeable, meaning that the region of
faster intensity variations is spatially separated from that of pixels showing slower
rise-and-fall behavior.

The overlay of HXIS and UVSP images together with a magnetic field map from
Marshall Space Flight Center (Figure 3) helps to understand the dissimilar behavior in
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Fig. 3. Overlay of the HXIS pixel array of Figure 2 with a sketch of a pre-flare N v intensity map obtained

by the UVSP (a). We show (dashed lines) the regions of maximum intensity in the transition region and (b) the

corresponding magnetic field map obtained at the Marshall Space Flight Center. North is to the right and
west to the bottom.

different pixels. We see that 5, 14 and, partially, 9 overlay regions of enhanced N v
emission which map, as already shown by Skylab, transition zone areas located at the
feet of coronal loops. Considering the shape and location of the region in X-rays and
N v it seems appropriate to postulate that we observe two loop systems connecting the
N v bright areas underneath pixels 5 and 9 in one case and 5 and 14 in the other (note
also that projection effects due to the position of the flare on the Sun, W 43, should distort
the image somewhat). This physical separation shows that the flare process is not
constrained to a single loop geometry, even though the April 10 flare is not an extended
long-enduring event associated with a prominence eruption (like others discussed by
Svestka, 1976; Pallavicini and Vaiana, 1980; Hoyng et al., 1981b).

The behavior of the integrated flare emission in the 16 to 30 keV range is shown in
Figure 4. A sharp maximum (FWHM = 30 s) occurs at 9"18™37s, preceeded by an
increase over a period of about one minute and followed by a weaker tail lasting for
several minutes. A similar behavior is seen in the HXRBS data within the energy range
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Fig. 4. Intensity-time profile (in counts per second) of the integrated high energy (16 to 30 keV) flare
emission as recorded by the HXIS. Note the slow rise in the emission starting already at ~ 9"17™ and the
tail after the impulsive burst. A second, weaker, impulsive feature is superimposed over the tail.

25 to 50 keV, while at higher energies only the impulsive burst is seen. A second, much
weaker burst, is observed by the HXRBS at 9"20™50° which is also apparent in the HXIS
data and corresponds to the peak time in pixel 11 at the higher energies.

At high energies (Figure 2b) we find appreciable count rates in most of the pixels that
are also bright in the 3.5 to 8.0 keV range. The emission in pixels not associated with N v
bright regions (i.e., loop pixels) show a gradual rise and fall behavior in the emission,
peaking before the maximum in the soft channels and decaying faster than these. The
maximum high energy count rate in these pixels occurs between 30 and 60 s after the
impulsive burst at 9#18™37s,

Pixels that overlay N v bright regions (i.e., footpoint pixels) have a different behavior.
They show sharp maxima at the time of the impulsive burst, followed by a steep decay
and an emission tail weaker than that of other pixels. At the time of the impulsive burst,
the ratio between the count rates of footpoints to loop pixelsis =2 : 1in the 16 to 30 keV
range and ~ 1:1 in band 4 (11.5 to 16.0 keV). The spatial overlap tends to smooth
brightness contrasts and it is enhanced at high energies where the FWHM should be
larger than the nominal 8”. Therefore, impulsive brightenings seem to occur preferentially
at the feet of coronal loops, confirming the results of Hoyng et al. (1981a, b).

The UVSP also recorded high time resolution N V intensity variations within a small
(21" x 21") raster centered around the western footpoint (i.e., underneath pixels 14
and 17). Its light curve also shows an impulsive brightening co-temporal with that in the
hard X-rays, confirming the spatial relationship between chromospheric kernel enhance-
ments and hard X-ray brightenings (see Hoyng et al., 1981b).

It is interesting to note that no clear trace of impulsive burst behavior can be seen in
pixel 9 or its neighbors towards the north, although they also overlay a region of enhanced
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N v intensity. Following upon our conclusion that the emission in this pixel corresponds
to that of a discrete magnetic structure, we conclude that the impulsive burst phenomena
seem to be concentrated in a single magnetic structure connecting pixels 5 and 14. On
the other hand, considerable high energy emission is seen in pixels 5 and 9 prior to the
impulsive burst, significantly above the average level in the other pixels, showing that
much of the pre-burst enhancement of Figure 4 originates in this region.

It is also worth noticing that neighboring loop pixels like 8 and 11 show different
times of maxima in both the low and high energy bands. While during the impulsive phase
their intensities are about equal, pixel 8 peaks in the high energies at ~ 9"19™30° while
11 peaks at = 9"20™40°%. In the low energies the corresponding peak times are
~ 9"20™20° and 9721™40%, but they show fairly broad maxima that overlap in time.

5. Physical Parameters

At these early stages of data analysis it is still premature to perform a pixel by pixel
spectral analysis of the fine field of view data. Such an exercise should await a detailed
study of the instrument transmission characteristics. Therefore in the following analysis
we shall confine ourselves to the study of the emission in the coarse field of view elements
overlying the main flare region, i.e., integrating over all fine pixels shown in Figure 2 plus
12 more pixels not shown in that figure because of their low emission levels. In doing
so we can still work our way back and identify intensity features as corresponding to
individual pixels of the fine field of view.

The physical parameters are obtained from the results provided by a computer
program referred to as ‘the count rate prediction program’ (CRPP, see van Beek et al.,
1981). The CRPP folds an assumed flare spectrum through HXIS and predicts the count
rates in each of the six energy bands. Bot thermal and power-law type of spectra can
be handled. The thermal spectrum is computed for a plasma in ionization equilibrium
and the predicted count rates reflect the theoretical intensities of bremsstrahlung,
resonance and recombination line emission of a plasma at a given temperature, according
to the method of Mewe and Gronenschild (1981).

5.1. TEMPERATURE AND EMISSION MEASURE OF THE SOFTER X-RAY PLASMA

In Figure 5 we show the temperature (7') and emission measure (EM) of the soft X-ray
emitting plasma as derived from the intensities of the HXIS low energy bands 1 and 3.
We have included a point in the graph which corresponds to a determination from the
combination of the observed count rates ratios in bands 1, 2, and 3 from a long
integration period (380 s) over the crest of one of the pre-flare brightenings. Although
the T'and EM values at this time have large statistical uncertainties, the T-values obtained
are significantly larger than those derived in typical non-flaring conditions as recorded
in other data sets. It therefore shows that the brightenings are due to localized (cf.,
Section 3) temperature enhancements within the active region.

The temperature and emission measure values of Figure 5 show the classical behavior
of soft X-ray plasmas, a temperature peak followed by a maximum in EM and a slow
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Fig. 5. Variation of temperature (in millions of degrees) and emission measure of the soft plasma as function
of time deduced from the HXIS low energy bands.

decay in both during the late phases of the flare. Both 7 and EM represent spatial
averages of the actual physical conditions in the inhomogeneous flare structure and are
just appropriate parameters that approximately describe the shape of the observed
spectrum. Ca XIX data give lower temperatures and higher emission measures during the
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Fig. 6. Observed count rates compared with CRPP predictions for a plasma with soft X-ray parameters
as derived from the HXIS low energy bands 1 and 3.
(a) t=9"18m01%5; T=22x 10K, EM =22 x 10® cm~3
(b) t=9"18"m37%; T=22x 107K, EM = 3.7 x 10¥ cm~3.
(c) t=9"19m35%; T=22x 10"K, EM =54 x 10 cm~3,
(d) t=9"26"43%; T=12x 10K, EM = 1.5 x 10 cm~3.

peak period (919™ to 9824™, Antonucci et al., 1981) integrated over the 6’ by 6’ field
of view of the BCS, pointing out the existence of large amounts of plasma at low
temperatures.

Figure 6 shows a comparison between observed count rates and CRPP predictions
at four relevant times. Considering that some discrepancies in band 2 can be qualitatively
understood as due to the influence of emission lines from low-T plasmas, such as seen
in BCS Ca x1x data, the agreement between observed and predicted rates is reasonably
good in the low energy bands.

Significant discrepancies do however appear in the high energies, where the observed
number of counts is much larger than predicted.

The discrepancy in band 2 can be qualitatively understood considering the influence
of emission lines from low temperature plasmas as seen by the BCS Ca xi1x data. At
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temperatures between 1.0 x 107 to 1.6 x 107 K the relative contribution of line emission
in B2 is very important compared to that of the continuum, producing a counting rate
larger than in B1, as shown in Figure 6d where we have plotted the prediction for a
1.25 x 107 K plasma and where the discrepancy in B2 is now reversed (predicted values
larger than observed), probably due, again, to the multithermal character of the region
and the presence of even lower temperature plasmas within the field of view (at T < 107 K
B1 counting rates are larger than in B2). A similar effect has been observed in the BCS
data, where lower temperatures are generally inferred from Ca Xix than from Fe xxv.
The HXIS temperatures are generally in good agreement with those derived from
Fe xxv.

The possibility of having lower temperature plasmas within the flare region does not
alter the fact that strong discrepancies are found in the predicted and observed count
rates at high energies.

5.2. ANALYSIS OF THE HARD X-RAay EMISSION

The high counting ratios observed by the HXIS at energies above 11.5 keV, together with
those recorded by the HXRBS, can be due to bremsstrahlung emission from thermal
plasmas at high temperatures or from a thick target process due to accelerated particles
(Peterson and Winkler, 1959; Brown, 1971, 1972; Lin and Hudson, 1976; Crannell et al.,
1978; Elcan, 1978). It is generally accepted that the shape of the spectrum does not give
unequivocal evidence to distinguish between these two different types of processes (see
e.g., Emslie and Brown, 1980, Brown et al., 1980).

Looking now at the HXIS observations, we find that the excess brightness observed
above 11.5keV can be explained, as usual, by thermal contribution from a high-T,
low-EM plasma or by postulating a power-law tail extension of the low temperature softer
spectrum. In Table I we give the best fit parameters for both the two-temperature and
power-law assumptions at various stages through the evolution of the hard X-ray
emission. Integrations over ~ 26 s were made in all cases, to increase the count statistics
in the high energy bands. We also show the temperatures derived from similar thermal

TABLEI
Physical parameters and spectral indices derived from the HXIS and HXRBS data

HXIS HXRBS
Time (UT) Low-T (K)®* EM (cm~3)*> High-T EM (cm~3)>°y High-T(K) EM (cm™3) 9y
(K)b-e
9h17m40s 2.1 x 107 15x 10% (24 x 105) (1.2 x 10%) (~3) 1.0 x 108 60 x 10 63
918 01 2.2 x 107 2.2 x 1048 1.6 x 108 5.0 x 104 3.5 1.2 x 108 1.0 x 1046 6.2
918 37 2.4 % 107 3.7 x 1048 9.0 x 107 1.7 x 1046 5.0 1.8 x 108 5.8 x 10%° 54
919 35 2.3 x 107 5.3 x 10%® 56 x 107 46 x10*% >70 (< 10%) (6.4 x 10*) 7.2

2 Best-fit parameters for the low-temperature component.
® Best-fit parameters for the high-temperature component.
¢ Numbers between parentheses are uncertain (see text). -
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Fig. 7. Two-temperature fit to the HXIS observations at 9"19™35%. The physical parameters are: low-

temperature (dashed line) T=2.2 x 10’ K, EM =53 x 10*® cm~3; high-temperature (dotted-dashed)

component 7 =6 X 10" K, EM = 4 x 10* cm~3. These parameters also fit the HXRBS data at energies
E 590 keV. The solid line is the sum of both contributions.
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fits to the HXRBS data. The high temperatures obtained from the analysis of the HXIS
data before the impulsive peak have large errors, due to low count rates and the fact that
the ratio between bands 5 and 6 is rather insensitive to T at these high temperatures. Still,
the agreement between HXIS and HXRBS data is reasonably good.

Strikingly, we find that at 9"18™37¢, that is during the hard X-ray peak, the temperature
obtained from the HXIS data decreases, while that of the HXRBS increases. This fact
reflects a change in the spectral shape from a thermal to an approximate power-law
distribution, with index y = 5 as derived from HXIS, or y = 5.4 as obtained from the
HXRBS data. Such a high value in the spectral index implies a softening in the spectrum
as seen by HXIS (i.e., a temperature decrease) and a hardening at higher energies of the
HXRBS data (i.e., an increase in the effective T).

Later, about one minute after the peak in the hard X-rays, both the HXIS and HXRBS
data can be fitted with a high temperature component with 7 = 6 x 10”7 K and emission
measure EM = 4 x 10* cm 3. The actual two-temperature fit to the HXIS data within
this time interval is shown in Figure 7. It should be noted, however, that a better fit to
the HXRBS data could be obtained through a power-law with y = 6.5.

A multithermal character of the flare emission is implied by the data throughout the
flare, well into the decay phase. However, the existence of very hot sources is not. At
9"21™ UT the 16 to 30 keV count rates in the coarse field of view are too low to enable
us to make a statisticaly significant analysis. Still, from the more efficient HEM we infer
the presence of a high temperature component with Tx4 x 10K and
EM =~ 2.5 x 10*” cm~3. At later times even this component seems to disappear, coinci-
dent with the drop in the high energy count rates of the fine field of view plots of Figure 2b.
At 9"23™ just after the soft X-ray maximum, there is no clear evidence of the existence
of a high-T component. It is most likely that discrepancies with single temperature fits
are, from this time on, due to the superposition of individual loop structures at different
cooling stages (see Antiochos, 1980, for a detailed analysis of flare radiative cooling and
emission measure distributions).

6. Energy Dissipation and Cooling

As mentioned before, spectral fits are not very powerful in terms of discriminating
between models of hard X-ray emission. What is clearly needed is a set of clear-cut
predictions by theoretical models on observable quantities, so that these can be used as
discriminators. Attempts along these lines have recently been made by Brown et al.
(1980), Brown and Hayward (1981), and Emslie (1981) for comparison between the
dissipative thermal model (DTM, Brown et al., 1979; Smith and Lilliequist, 1979; Emslie
and Brown, 1980; Smith and Auer, 1980) and the nowadays classical non-thermal (NT)
thick-target model in which true acceleration takes place (Brown, 1971 ; Lin and Hudson,
1976; Kane et al., 1980, and references therein).

We now turn to the spatial distribution of the hard X-ray emission which was
qualitatively described in Section 4. We can summarize the properties of the 16 to 30 keV
emission as follows:
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(a) Pre-burst phase : It seems to originate mainly from the location of pixels 4, 5, and 9
(cf., Figure 2) with only a minor contribution from the others. This implies that most
photons are produced within the small loop structure that was inferred from the overlay
of HXIS and UVSP images and magnetic field data.

(b) Hard X-ray burst: As shown before, the emission of footpoints exceeds the loop
emission by a factor =2 in the 16 to 30 keV range, and is ~ 1 in the 11.5 to 16.0 keV
interval (B4). This latter value is also a lower limit, since the contribution from the soft
X-ray plasma within the loop has not been subtracted.

(c) Post-burst phase: The emission is concentrated in loop pixels, with very little
contribution from the footpoints. The location of maximum brightness shifts from pixel 8
to 11 (i.e., westwards) as time progresses.

In phases (a) and (c) one can most likely postulate that the observed emission is
thermal, with temperatures and emission measures approximately characterized by the
values given in Table I. Phase (b), however, the most important for discrimination
between the DTM and NT models, seems to support the latter, as shown below.

6.1. IMPULSIVE BURST

We note, first of all, that the duration of the footpoint brightenings is of the order of 20 s
(FWHM), implying a continuous injection of high energy electrons into the target for a
comparable length of time. In terms of the DTM, this implies a continuous regeneration
of the high energy tail of electrons which escapes through the ion-acoustic turbulent
fronts, or conversely, the successive creation of a large number of thermal regions, as
envisioned by Brown et al. (1980) and Brown and Hayward (1981). In both cases the
DTM encounters serious difficulties, since processes capable of regenerating the tail
within a fraction of a second, and even creating it in the first place, have not been worked
out in detail (see, e.g., Vlahos and Papadopoulos, 1979).

The brightness ratio between footpoint and loop structures should also, in principle,
be a good discriminator. Emslie (1981) has computed the height distribution of hard
X-rays in thick-target and thermal models. For acceptable DTM parameters
(n=10"cm™3, T, = 22.2 keV) and assuming that electrons with velocities v > 3v, can
escape through the turbulent ion-acoustic fronts of the DTM (see Brown et al., 1979;
Smith and Lilliequist, 1979), v, being the electron thermal velocity, he finds that at 40 keV
a HXIS-like pixel observing the thermal region should be a factor between 1.5 to 2 times
brighter than a footpoint pixel. At lower energies, of more relevance to HXIS, this factor
increases, being > 10 at 10 keV. These expected ratios are in contradiction to the
observations of the April 10 flare.

It should be mentioned that accurate model discrimination is hampered by several
limitations. From the observational point of view, a more detailed knowledge of the
HXIS fine field of view transmission properties is needed (cf. remarks in Section 5) to be
able to obtain accurate spectral properties of localized flare regions. From the theoretical
viewpoint, the energy distribution of the tail electrons as well as their low energy cutoff
are uncertain. Both Maxwellian and power-law tails have been assumed (Brown et al.,
1980; Brown and Hayward, 1981; Emslie, 1981) and the parameter §, where v = fu, is
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the escape velocity of electrons through the fronts, is largely unknown. All these factors
render the analysis in terms of the DTM rather uncertain.

The NT model assumption does not seem to encounter any serious difficulty. It always
predicts high brightness contrasts in favor of the footpoints, although the total X-ray yield
as function of height is dependent on the atmospheric structure (cf., results by Emslie
(1981), who used flare model atmospheres compared to those of Brown and McClymont
(1975), who assumed a quiet Sun target).

Bearing in mind the uncertainties in the DTM, we can make a simplified analysis in
terms of this and the NT model.

For aDTM, theratio between thick target and thermal emission is (Emslie and Vlahos,
1980; Emslie, 1981)

11 2
6.6 x 10 ﬁ4 e_'82/2 eg/kT(kT)Z In (M) for e< Emin ’
nL 4(0-2) é
n(e) = (1a)
oo for e=E_,,, (1b)

where ¢is the photon energy, dis the power-law index in the particle spectrum for v = fu,,
which we assume = 6 following the HXRBS and HXIS results, n (cm™3), T (K), and
L (km) are the density, electron temperature, and length of the thermal source. We
assume, following Emslie (1981), B = 3, and E_,, = 18?kT is the threshold energy of
escaping electrons.

Following our results we assume # (20 keV) = 2 and # (12 keV) = 1 as lower limits.
Simple calculations show that the best fit parameters are T~ 1.2 x 108 K and
nL ~ 3 x 10'3 (cm ™3 km) with large uncertainties. We should bear in mind that these
are the most favorable parameters in terms of the DTM. Still, for these values the ratio
of the thermal region length to the collisional mean free path of a thermal electron, the
parameter 4 of Brown et al. (1980), is 4~ 3 x 10~3. For these low values of T and 4
the DTM looses its advantage in terms of efficiency compared to the NT case. Actually,
considering the fact that a high energy tail has to be continuously generated, the model
has no substantial difference with one which involves acceleration.

In terms of a thick-target (NT) process, the photon flux at 1 AU is given by (Hoyng
et al., 1976, with a minor numerical correction)

F(e)
2.62 x 1033 (y—~ 12 B(y—1,1)

L(e) = phem™2s 'keV™!, ()

where F(¢) is the number of electrons with energies greater than ¢ that precipitate into
the target, B is the beta function, and y the photon spectral index. Both the HXIS and
HXRBS observations show that 7 (20 keV) = 20 to 30 ph cm ™2 s~ ! keV~! at the peak
of the event. Assuming 7 (20) = 25 ph cm ™2 s~ ! keV~! we find that the peak value for
both footpoints summed is ~ 16.7 ph cm~2 s~! keV~! (where we have subtracted 3 of
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the emission coming from loop pixels). Replacing in (2) we find, for y = 5.5, that
F(20) = 7.2 x 10*3 57! (3)
and the power in accelerated electrons is
P(20) = 2.8 x 108 ergs™! . “4)
Taking a peak FWHM = 20 s we find

Jp(zo) dr = 5.6 x 10%° erg (5)

as the energy deposited by the beam. This value is an upper limit, since we have taken
peak values for the flux and a constant index. As we shall see below, this is only a fraction
of the total flare energy.

6.2. GRADUAL PHASE

Both in the soft and harder X-rays we can define gradual phases in their light curves.
In the soft X-rays this has been described as the thermal phase of the flare, in which the
emission measure reaches a maximum and slowly decays together with the temperature
of the emitting plasma.

The total thermal energy of the flare X-ray plasma at a given instant is

3EMKT
E, = . (6)

At the peak in the softer X-rays, assuming an electron density n = 10! cm ™3, which is
consistent with the observed emission measure and a volume V= 6 x 10?6 cm?
(3 x 1 x 1 HXIS pixels) we obtain E,;, ~ 2 X 10%°. This is a lower limit, since we know
from BCS data that there is a large amount of material at lower temperatures than those
shown in Figure 5 (Antonucci et al., 1982). Including BCS estimates the energy rises to
E,, 2 3 x 103 erg (note the strong dependence on the density assumed).

The radiative output of the flare is obtained from

Erad = J‘ Q(D EM(t) ds ’ (7)

where @(T) is the radiative loss function (Raymond et al., 1976). From the values of
Figure 5 we obtained E,,4 = 3 x 10?° erg. The BCS resultsindicate E, .4 = 2 x 10°° erg.
A comparable amount of radiative power should be provided by EUV radiation in lower
temperature lines and strong visible lines, mainly Ha. Therefore the total E_ 4 should be
>2 x 103 erg.

Comparing radiative and conductive cooling times, we find

=£=4x103s, (8)
n®d(T)

Trad
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3nkL? 3 X 10710 L2

y e =67s, 9

Tcond =

where we have again assumed T = 2 x 107 K, n = 10" ¢cm ™3, and estimated the loop
length L = 2 x 10° cm.

Even when these estimates are quite crude, it is clear that the conductive time scale
is too short compared to the lifetime of the flare. If conduction was the main cooling
mechanism the results would imply a continuous energy release throughout the lifetime
of the flare, increasing its energy budget by about two orders of magnitude. This is very
unlikely, both on theoretical grounds and from the fact that eventually the conductive
flux should be radiated away by the low temperature plasma. No such evidence exists
from chromospheric and transition line observations (see, e.g., Svestka, 1976; Krieger,
1979; Canfield et al., 1980).

Cheng and Widing (1975) suggested that conduction might be inhibited by anomalous
processes as those arising in DTM (cf. references in Section 6.1), i.e., by increased
plasma turbulence due to the excitation of waves. Krieger (1979) checked this possibility
for a variety of flares and found that when soft X-ray parameters were assumed the flare
loops were well within the range of stability for classical processes.

The classical heat flux can be expressed as

kK2 T2 kT
a =~ 0.96 — — 10
Qu Jm et InA L (10)
and the saturated
1 1 3/2
Q. ¥ — M2 = — (kT) . (11)
4 4 /m,
After some algebra, we obtain
2
La 6ox10t L. (12)
sat h
Assuming again that n = 10" ¢cm ™3 and L = 2 x 10° cm, we find that Q_,/Q,,, = 0.14

so that the flare loop is within the range of classical heat conduction.

In the harder X-rays, at energies above 16 keV, we can also define a gradual phase
of the flare emission. Both before and after the impulsive burst we observe a considerable
number of counts in the HXIS energy bands 5 and 6 and in the HXRBS records. These
photons could be produced by a thick-target process or by thermal emission from a hot
plasma. Two reasons lead us to believe in the second possiblity.

First of all, a continuous thick-target process would imply a large increase in the flare
energy budget, leading to the same problem as with the conductive cooling. Second, and
more relevant to the observational evidences given by HXIS, we see different structural
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details in the pre- and post-burst phases. The emission at these times is spatially related
to loop structures, with a minimal fraction originating at the footpoints.

A thin-target type of a process can also be discarded. At high densities the relaxation
times for high energy electrons are too short, and lower densities would imply a large
magnetic bottle in contradiction to the discrete source appearance in the HXIS images
(cf. shift in the location of brightness maxima from pixel 8 to 11). Continuous
reacceleration is also unlikely, for energetic reasons and, again, localized appearance in
the HXIS images. ’

Assuming then that real, hot, thermal sources exist within the flare loops, we can
examine their properties.

We define two particular times for our analysis (see Table I):

(a) Pre-burst phase, ¢ — 1, with characteristic parameters EM = 5 x 10*° ¢m ™3 and
T=12x10K.

(b) Post-burst phase, -2, with parameters EM =4 x 10**cm™3 and T=
=6 x 10’ K.

The characteristic length of these regions is unknown, but since we have seen before
that neighboring loop pixels show different temporal characteristics in the high energy
bands we assume L = 6 x 108 cm (a HXIS pixel). We assume # = 10'! cm ™3, noting
that if the region was in pressure equilibrium with its surroundings the most likely value
would ben = 10'° cm~3. In terms of the length L, we could either have a small hot region
or a conglomerate of hot threads within the area of one pixel. Our observations do not
allow us to discriminate between these two possibilities.

Radiative cooling processes are unimportant in these hot regions, since 7,,4 2 10*s.

As for conductive processes we find that:

r= 1: ch/Qsat ~ 166 ’
r= 2: ch/Qsat ~ 42 y

Both these values represent lower limits, as can be seen from Equation (12) and the
physical parameters assumed.
In the case of a saturated heat flux, the conductive times are:

t-1: 1 ,qGat)yx1.1s,
t-2: T ,q(sat)x2s.

Anomalous processes could further limit the conductive flux. These have been estimated
for the DTM under the condition of T.,/T,> 1 (see, e.g., Smith and Lilliequist (1979);
when electron and ion temperatures are comparable the anomalous processes may have
a different threshold).

The anomalous heat flux is given by

Qo = 3nm, 020y, (13)

where v,is the speed of the conduction front which at the limit when T,/T,— co becomes
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the ion-sound speed v,. A maximum value of 7,4 can then be obtained from

1 ML
Teond (an) = E ; ;)_ (14)

which gives <3 s and <4.3 s for the two times considered.
It is thus clear that continuous energy release is needed to sustain the hot thermal
regions. Their energy content can be calculated from (6) to be:

t-1: E; =25x10"erg,
=2 Eg =108 erg.

These values could be underestimated by about one order of magnitude, and keeping in
mind that we find evidences for the existence of these regions for a period of = 4 min,
we find that > 103° erg are released throughout their lifetime.

7. Discussion

We have shown the characteristics of the 3.5 to 30.0 keV emission in a solar flare. Our
results can easily be compared with those reported by Hoyng ef al. (1981b) for a large
two-ribbon event of May 21, 1980 and, in qualitative terms, are similar to several others
recorded by the HXIS.

In agreement with the Hoynget al. (1981b)results we find that the hard X-ray emission
can be decomposed in two clearly defined components. The impulsive short-lived
component showing up at high energies in the HXRBS data and footpoint structure in
the HXIS images. A ‘gradual’ component, lasting for a period of few minutes in the
April 10 flare, and longer in the May 21 two-ribbon type, which is spatially localized
within loop structures embedded in the bright soft X-ray region. Prior to the impulsive
burst we also see evidences for localized high energy emission within loop structures.

As in the discussion by Hoyng ez al. (1981b), we find that a dissipative thermal model
assumption for the hard X-ray burst does not give the appropriate parameters to make
it an efficient alternative to the non-thermal model. Therefore, particle acceleration does
seem to take place during the impulsive phase.

In the gradual phase in hard X-rays, before and after the impulsive burst, we conclude
that most of the hard X-ray emission is of thermal origin. A crude analysis was made
showing that the energy dissipated during the lifetime of the hot regions is of the same
order of magnitude as the total flare energy release. In this respect we can compare our
results with those of Antonucciet al. (1981). They showed that, for a period that overlaps
with that in which hot regions exist, there is a continuous energy input in the soft plasma
and strong evaporation, as evidenced by blue shifted components in the emission lines
(see also results by Doschek ef al., 1979). Antonucci et al. find that the enthalpy and
kinetic energy of the blue-shifted plasma, which is introduced into the loop structures,
is of the order of 3.7 x 10%° erg, accounting for the total energy estimated at flare
maximum, just after the evaporation stops. Therefore, the energy and mass input is found
to be able to account for the flare parameters at maximum and decay phases if the latter
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is dominated by radiative cooling. The driver of this process may be the energy dissipated
from the hot regions.

The following qualitative flare picture emerges from these observations:

(a) Pre-heating phase: short-lived and localized, preceeding the impulsive phase.
High-temperature plasmas are produced and the emission measure in the softer, low-
temperature, component begins to rise.

(b) Impulsive phase: associated with particle acceleration and occurring only within
particular magnetic structures.

(¢) Gradual phase in the hard X-rays : continuous energy release for a period of minutes
and production of high-temperature region whose cooling is dominated by saturated heat
flux, possibly limited by anomalous processes. The energy is transferred to the soft
plasma which evaporates from the chromosphere as long as the energy release continues.

(d) Gradual phase in the soft X-rays : after phase (c) when the energy release and strong
evaporation ceases.

The subsequent cooling seems to be dominated by radiative processes, as discussed
by Antiochos (1980).

Phases (a) and (c) are probably manifestations of the same phenomenon, over which
phase (b) is superimposed. The energetic importance of phase (b) is not clear. The
numbers quoted in Section 6.1 are substantially lower than the total flare energy budget
but, if the lower energy cutoff of the accelerated electron population was = 10 keV, the
two numbers could become comparable. It is in any case evident that long-lasting energy
release is needed, with characteristics that do not support a continuous thick-target
model. The Hoyng et al. (1981b) results are more clear in this respect, since even taking
a lower energy cutoff the energy budget in accelerated electrons is much less than
the total flare energy release. The main difference between these two flares lies in that
the large two-ribbon case of May 21 shows evidences of continuous energy release over
a much longer period. This difference may be related to the fact that in such a case we
see (as suggested by Hoyng et al.) continuous reconnection of open field lines, while in
the more compact April 10 event the release is confined within discrete, closed, magnetic
structures.

Several subjects remain open for further research and for confirmation of our results.
Of these, the existence and origin (production) of the hot regions is crucial. It should be
noted that similar results were obtained by Sylwester et al. (1980), in their differential
emission measure analysis of a large flare observed by the INTER-COSMOS-4 satellite
without spatial resolution. Continuous production of hot regions is needed, a way to
investigate their production rate would be through high time resolution observations
during the gradual phase (c) in the hard X-rays.

We have completely neglected in our analysis the study of the characteristics of the
second, hard, burst at 9"20™50° (Figure 4). Such a feature is fairly common in our
records. Two better cases, in terms of count statistics, were obtained from flares on
May 9 and November 5, 1980 and in both cases the second burst seems to be located
within loop structures, as it is the case in the April 10 flare (cf. Section 4).

The spatially resolved hard X-ray records should be carefully studied in connection
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with magnetic field measurements. As we have seen, only one of the apparent structures
participating in the flare showed impulsive burst behavior. The characteristics of such
a structure should be determined to gain insight into the conditions under which
acceleration may take place.

The HXRBS records often show in phase (c) that a high energy tail appears added
to the softening spectrum at lower energies (Dennis et al., 1981). The April 10 flare is
no exception and the excess is evidenced by the better fit of a power-law at high energies
during the gradual phase, as mentioned in Section 5.2. This high energy tail may be due
to second stage acceleration or to the evolution of the electron distribution in a large trap.
In support to this second possibility we note that during the late decay phases of this
and other events observed in the same region, the HXIS observed a high altitude soft
X-ray feature extending throughout the whole active region, from the leader to trailer
spots.
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