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Abstract. Various authors have presented arguments for either the thermal or the nonthermal inter-
pretations of impulsive E >20 KeV X-ray bursts and slowly varying E <10 keV X-ray bursts. In this
review the arguments for and against the prevailing opinion that the impulsive bursts are nonthermal
and the slowly varying bursts are thermal are presented.

For the impulsive bursts we discuss the spectra, electron mean free paths, center-to-limb distribu-
tions of both the numbers of events and spectra of events, and polarization data as relevant criteria.
For the slowly varying events we discuss electron self collision times, distribution of X-ray temporal
parameters, associated gradual rise and fall radio bursts, spectral and time profiles of special events

" and center-to-limb distributions of numbers of events as the relevant criteria.

1. Introduction

The prime goal of solar flare observations is to deduce the physical mechanisms which
give rise to the release of a large quantity of energy in a short time. It is generally
assumed that the magnetic field of the active region in which the flare occurs is the
source of that energy and that the energy is released by some plasma process or pro-
cesses (Sturrock, 1973). As the flare evolves, we can expect that the released energy
will eventually manifest itself largely as heat. Observations late in the course of the
flare should then be predominémtly thermal in nature, but earlier in the event one may
hope to observe phenomena of a nonthermal nature which will reflect the processes
by which the energy conversion is carried out. In particular, the observations of cer-
tain kinds of X-ray events are thought by some to give good insights into the non-
thermal phases of flares. Others have disagreed, arguing that these events are usually
or always thermal in nature. In this paper we will discuss the different kinds of ob-
served flare X-ray events and their properties and review the various interpretations
given them in the literature. ‘

In the interpretation of the X-ray spectra one must decide whether the electrons
producing the emission are thermally relaxed or not. By thermally relaxed we under-
stand that the electron distribution at-any point in the X-ray source region has a Max-
wellian velocity distribution and a well defined temperature. The temperature may
vary from point to point and the ions may not have the same temperature due to the
longer relaxation times (Spitzer, 1962). From the point of view of studying the non-
thermal flare process the thermal interpretation is a pessimistic one since it says that
from observations we can only hope to calculate the amount of energy converted to
heat and the rate of that conversion. In the nonthermal point of view we are seeing
X-ray bursts from energetic electrons which are a direct product of the nonthermal
process. Because the differences between the two interpretations are so critical to our
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understanding of flare phenomena it is important that we understand the bases for
these two interpretations and their consequences.

II. X-Ray Event Morphology

The two kinds of X-ray events that we shall discuss have been described by Kane and
Anderson (1970). An example is shown in Figure 1 (Kane, 1975). At high energies
(E >20 keV) the X-ray event is impulsive, with a total time duration of about 1 min,
and has a relatively hard spectrum. The other component is seen best at low energies
(E <10 keV) and is characterized by a much longer time duration and a relatively soft
spectrum. It is also closely associated with the main phase of the optical flare and is
slowly varying in time. When it occurs, the impulsive event almost always takes place
during the rising phase of the slow event. These two kinds of events have been widely
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Fig. 1. The impulsive and low energy X-ray bursts observed with the OGO-5 scintillator (Kane,
1975). The impulsive burst is observed best at energies above 20 keV and is well correlated with the
impulsive microwave bursts, while the low energy component peaks later and has longer time constants.
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discussed in the literature, and various authors have argued thermal and nonthermal
origins for each. In addition to these two kinds of events, a third class is known which
is characterized by high energy events with relatively flat power law spectra out to
250 keV or more and decay times on the order of minutes or tens of minutes. They are
usually associated with type II or type IV radio bursts (Peterson er al., 1973; Frost
and Dennis, 1971). Since everyone seems to agree that the latter events are nonthermal
in nature, we shall consider thermal and nonthermal arguments only for the slowly-
varying and the impulsive events.

III. High Energy (E > 10 keV) Events

(a) NONTHERMAL ARGUMENTS

In their study of the properties of thirteen impulsive X-ray bursts Kane and Anderson
(1970) advanced several reasons for choosing a nonthermal interpretation for the
bursts. These were:

(1) The short rise time. For ~40 keV X-rays the e-folding rise times were 2-5s.
The decay times were slightly longer at 3-10 .

(2) The power law energy spectrum. They showed that a power law of the form:

dJ/dE = K E”7 photons cm ™2 s ! keV ™!, (1)

where E is the photon energy and K and y constants is a good fit to the observed X-ray
spectrum at the peak of the event. They further showed that a bremsstrahlung inter-
pretation of the X-ray spectrum yielded an instantaneous electron spectrum of the
form:

dJ./dE, = A-E.° electrons cm ™2 s™! keV ™!, 2

where E, is the electron energy and 4 and ¢ are constants. They concluded that the
observations were not consistent with a thermal spectrum which can be represented
by a single temperature. This is shown in Figure 2.

(3) The occurrence of the burst before the Ha maximum of the flare. The time of the
X-ray maximum preceded the He maximum by 0.5 to 3 min.

These three arguments, especially the second one, have led most workers in the field
to accept the nonthermal interpretation. '

More recent work by Kane (1972) has tended to confirm this interpretation. He
found a very close association between some impulsive X-ray bursts and type 111 radio
bursts. Although only about one third of all impulsive X-ray bursts he observed are
associated with reported type III bursts, it was found that when the X-ray and type 111
bursts are associated, the time correlation between the two emissions is very good.
Figure 3 from Kane ( 1973b) shows an example of this close association. In general, not
only the times of maxima of the bursts but also the total durations of the bursts were
in close agreement. Since the type III radio bursts are produced by streams of non-
thermal electrons (Lin et al., 1973) this close association again argues for the nonther-
mal interpretation of the impulsive X-ray bursts. A close temporal association also
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Fig. 2. The comparison of an impulsive burst spectrum compared with the calculated values of the
spectra for plasmas with T==7 X 107K and T =108K. This shows the problem of trying to fit power
law spectra with a single temperature thermal model (Kane and Anderson, 1970).

exists between the impulsive X-ray bursts and impulsive microwave bursts (Kane,
1972) which are believed to be due to gyrosynchrotron emission from nonthermal
electrons (Ramaty, 1973). Kane (1973a) further found an approximate proportionality
between the peak microwave flux and the peak X-ray flux in the correlated cases.

Another basis for the nonthermal interpretation is the observation of multiple or
periodic impulsive X-ray bursts. One such burst was observed by Frost (1969) in 1969,
March 1 and another burst with a 16 s periodicity was reported by Parks and Winckler
(1969). In each case each individual burst was found to be correlated with impulsive
microwave emission.

https://doi.org/10.1017/50074180900071710 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900071710

THERMAL AND NONTHERMAL INTERPRETATIONS OF FLARE X-RAY BURSTS 215

JJ

i | | 1 | | | | I | | | | | | | | |

< 10} -
S 25} RADIO EMISSION .
g 50 |- (FORT DAVIS) -

100 |- -
& 180 i
D330 - —
3 580 ]

<

£ = N

Toal = SOLAR X-RAYS(0GO-5) _|
= B 19.2-32KeV (RATE x 1.0)
S 10 kb -
w =
wn =
>3 -
E - 32-48KeV (RATE x 0.2)
S 1k _|
o =
4 -
E - 48-80KeV (RATE x 0.02)
< 10" -
o T T N WO AN M T N N N TR TN N R N

2330 2335 2340 2345

I8 JUNE 1969

Fig. 3. An example of time correlated type 111 and impulsive X-ray bursts (Kane, 1973b).

(b) THERMAL ARGUMENTS

The general preference for the nonthermal interpretation is based largely on choosing
the simplest interpretation of the observed spectrum. Since most impulsive bursts can
be fitted by a simple power law energy spectrum but not a single temperature thermal
spectrum, the nonthermal power law distribution is preferred. Chubb (1970), how-
ever, has discussed impulsive bursts in terms of a multithermal interpretation. He
points out that X-ray flare measurements with crystal spectrometers have indicated
the multithermal character of cooler flare plasmas and that it is only reasonable
to expect this interpretation to be required at higher temperatures, i.e., shorter wave-
lengths. Chubb also points out that the impulsive bursts cannot be described by a
simple power law over the entire observable energy range but instead they show a
cutoff or steepening in the power law spectrum at ~ 100 keV which is characteristic of
thermal emission. The thermal interpretation of impulsive bursts typically requires
temperatures of 108 K or more and emission measures of some 10°~10* times smaller
than those characterizing cooler (~107 K) plasmas observed with crystal spectro-
meters. Figure 4 shows his thermal interpretation of the 1969, March 1 impulsive
event discussed by Frost (1969). The temporal behavior of the typical impulsive spec-
trum also is consistent with the thermal interpretation since it either first grows harder
during the rise phase and then softens during the decay phase or it continuously
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Fig. 4. The thermal interpretation by Chubb (1970) of an impulsive burst in 1969, March observed
by Frost (1969). Chubb interprets the impulsive data at 2141 UT as free-free emission
from a 3.7 ¥ 108K plasma.

softens throughout the burst (Datlowe et al., 1974) corresponding to a plasma which is
heated and subsequently cools. Milkey (1971) similarly has pointed out that the im-
pulsive X-ray bursts can be interpreted in terms of emission from a volume with a
strong temperature gradient. In some cases the temperature distribution of the emit-
ting region may result in a spectrum which mimics the power law non-thermal
spectrum.

Brown (1974) has taken the next logical step in the multithermal analysis by deriving
an analytic expression for the thermal source of any observed hard X-ray spectrum.
For this he uses an emission measure (7)) per unit temperature such that:

u(T)dT = n? dv. (3)

His result then yields 4 (T) for any given observed X-ray spectrum.
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Kabhler (1971a, b) used a simplified model of a flare region with a peak temperature
of 108 K to argue against Chubb’s (1970) multithermal interpretation. Assuming
electron streaming losses with no heat sources or sinks along the path and taking a
range of emission measures given by Chubb, he calculated that the total energy
needed to sustain the plasma against heat losses is prohibitively large for n, 2 10° cm 3.
Lower electron densities require volumes larger than observational upper limits
(Takakura et al., 1971). In addition, the mean free path of the electrons averaged over
the T 2 108 K Maxwellian distribution is greater than the longest linear dimension of
the flare volume, so that electrons are more likely to escape or be reflected by mirroring
in a flux tube than to undergo binary collisions which will result in a Maxwellian
velocity distribution.

Brown (1974) has countered Kahler’s arguments by pointing out that his simple
model of a 108 K region is not valid. One must first unfold the actual distribution of
the emission measure u(7') per unit temperature and then, assuming constant pres-
sure, calculate the thermal gradient as a function of temperature in order to calculate
the conductive cooling at any point. Brown has used these calculations to obtain 7,
the characteristic time for the conductive temperature redistribution within the hot
plasma. If this time is long, say 50 s, then the entire decay of an impulsive burst can be
explained by the conductive relaxation and the required energy input is small. If the
time is short, say 2 s, a much larger amount of energy is needed to sustain the burst.
7, is inversely proportional to n3, 22 where n,, is the density of the surrounding plas-
ma in which T=10" K and X is the cross section of the flux tube. A small change in
either n,, or Z results in a large change in 1., and since these quantities are not well
-known, the values of 7, are therefore very tentative. Brown has not answered one of
the basic points raised by Kahler, that the mean free path of the electrons is exces-
sively long. Brown calculates that for one large observed burst the scale distance for
change in T is comparable to the mean free path. This calculation was done only to
decide whether the dominant cooling mechanism is conduction or electron streaming,
but one must still consider whether the plasma can be thermally relaxed in the first
place. Using Equation (8).of Takakura and Kai (1966) for the electron deflection time:

2.4 x 10" %2
=" ——s, ‘ @
ny .
where ¢ is the ratio of the electron kinetic energy to its rest mass and n, the ambient
density, we find a mean free path of

1 =0ty ~5x 10%cm 5

for a 50 keV electron in a density of ny=10'° cm 3. This is on the order of one solar
radius and more than an order of magnitude larger than the upper limit for an im-
pulsive burst deduced by Takakura ef al. (1971). Therefore, it still appears unlikely that
the electrons will be thermally relaxed at densities of 10'° cm ™3 or less. Avoiding this
problem by assuming high densities then leads to the new problem of excessively high
energy requirements in the treatments of both Kahler and Brown. Brown has pointed
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out that all the preceding arguments assume that the classical formulas for conductive
cooling or electron streaming apply. If we have plasma turbulence then wave-particle
interactions will constrict the heat loss and the thermal interpretation may then be
valid.

(C) ANISOTROPY AND POLARIZATION RESULTS

If the impulsive bursts are produced by bremsstrahlung from nonthermal electrons, it
is reasonable to expect that the bursts will be anisotropic in their distribution of emis-
sion and polarized due to the anisotropic nature of the electron velocity distribution.
Pinter (1969) and Ohki (1969) each used the forty-six hard X-ray events listed by
Arnoldy et al. (1968) to study the distribution of the events as a function of solar
longitude. In each case the listed X-ray event was associated with an Ha flare which
gave the position of the X-ray source on the disk. Ohki found a sharp limb darkening
which could not be explained by the center-to-limb variation of Ha flares while Pinter
found a peak in the longitude distribution at 40-50°. Pinter interpreted his results in
terms of the model of Takakura and Kai(1966) in which electrons are trapped in and
travel along a magnetic flux tube which is essentially parallel to the solar surface. The
angular distribution function for bremsstrahlung (Sommerfeld, 1951) is

J(0) =sin?0(1 — B cosf)™*, (6)

where 0 is the angle between the direction of motion of the electron and the direction
of radiation and fc is the electron velocity. Since higher energy bremsstrahlung peaks
at smaller angles, the Takakura-Kai model and an east-west orientation for the mag-
netic field predicts that low energy bremsstrahlung will peak near central meridian
and higher energy bremsstrahlung will peak closer to the limb, in accord with Pinter’s
findings. Pinter’s calculations were improved by Elwert and Haug (1971) who used a
power law distribution for electron energies and considered different pitch angles for
the electrons. Their results were in qualitative agreement with Pinter’s. Subsequently,
Brown (1972) considered a model (de Jager and Kundu, 1963) in which electrons with
a power-law distribution are continuously injected into a vertical magnetic field where
they travel down into the chromosphere and rapidly decay in a thick target situation.
Limb brightening is predicted, but the electron scattering in the thick target diminishes
the center-to-limb effect, particularly for low energies. Phillips (1973) reanalyzed
Ohki’s data in terms of the de Jager-Kundu vertical field model by considering the
distribution with respect to the Sun’s apparent center and found the results to be con-
sistent with a probability of occurrence which is independent of the distance from the
Sun’s center.

Kane (1973b) has analyzed the distribution of over 300 impulsive X-ray events ob-
served on OGO 5 and finds that there is no significant center-to-limb variation in the
frequency of occurrence of X-ray bursts associated with small solar flares. His data
are shown in Figure 5. Datlowe et al. (1974) found a similar result using a smaller
sample of events from their scintillation detector on OSO 7. These results probably
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present no difficulty to nonthermal electron models since non-vertical magnetic fields
and various pitch angle distributions at the injection point of the de Jager-Kundu
model (Brown, 1972) or departures from the east-west direction for the magnetic field
of the Takakura-Kai model (Shaw, 1972) may substantially reduce any expected
nonuniform distribution of events. For our purposes, however, it is important to note
that Kane’s result may not be consistent with a thermal origin of the impulsive bursts.
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Fig. 5. The center-to-limb distribution of ~ 300 impulsive X-ray bursts measured by Kane (1973b).
With the Hn visibility function taken into account, the data are consistent with an isotropic source
for the X-rays.

With an isotropic electron velocity distribution, no anisotropy in the X-ray emission
is expected, but Santangelo et al. (1973) have shown the Compton ‘backscattering
from the solar surface can modify the intensity and spectral shape of the burst as ob-
served at the Earth. Qualitatively, one expects some limb darkening, but the quantita-
tive value depends on the energy spectrum and the effective passband of the X-ray
detector.

In a recent result Datlowe et al. (1974) found an asymmetric distribution of X-ray
burst spectral indices with solar longitude. Figure 6 shows how the average spectral
index of a burst, 7, becomes larger for limb and over-the-limb events. According to the
authors, this result is statistically significant at the 999, confidence level and is too
large to be explained by the center-to-limb variation of spectral hardening by Comp-
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Ha flares or subflares while events in the bottom panel are from unreported events believed to be
from over the limb.

ton back-scattering as discussed by Santangelo e al. (1973). They attribute the varia-
tion to directivity of the electron pitch angle distribution in the solar magnetic fields.
Their result certainly appears to conflict with the thermal interpretation.

The polarization observations of flares reported by Tindo and his colleagues
(Tindo et al., 1972a, b; 1973) have provided one of the strongest arguments for the
nonthermal interpretation of hard X-ray bursts. Polarimeters consisting of beryllium
scattering blocks and three pairs of counters were flown on the Intercosmos 1, 4 and 7
satellites to measure the polarization and polarization angles of flare X-rays. The
Intercosmos 4 instrument was used to determine these parameters for two flares in
1970, October 24 and November 5 (Tindo et al., 1972b). The maximum polarization
of the two events was 0.16 and 0.21 respectively and in each case the plane of polariza-
tion is found to be near the plane of the projected radius vector of the flare on the
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solar disk. Tindo et al. (1972b) compared the flux profile of their broad band counters
with a scintillation counter on board and found the closest correlation with the 15 keV
energy channel. The fact that a significant polarization has been measured for a num-
ber of hard X-ray bursts is not a conclusive argument against the thermal interpreta-
tion since some polarization will be produced by the albedo X-rays from flares
(Santangelo et al., 1973). The reflected radiation will be linearly polarized along a line
perpendicular to the projected radius vector of the flare on the disk rather than paral-
lel to it as found by Tindo et al. Brown et al. (1974) have criticized the method of
calibrating the polarization data by assuming a zero polarization late in the event on
the grounds that some residual polarization will always be present in the albedo flux.
Further polarization measurements of flares, especially those near sun center where
the reflected radiation should be unpolarized and those near the limb where the plane
of the reflected radiation should be parallel to the limb, could determine the validity
of the thermal interpretation.

An additional problem from the point of view of Chubb’s (1970) interpretation is
whether the large X-ray flares observed by Tindo et al. correspond to a larger scale of
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Fig. 7. The measurement of linear polarization by Tindo er al. (1972a) of a flare in 1970, November 5.
(a) is the flux of the E~ 15 keV X-rays: (b) is the degree of polarization; and
(c) is the angle of polarization.
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the impulsive bursts of Kane and Anderson (1970) and Frost (1969) with a character-
istic spectral cutoff at ~ 100keV or whether they are more like the second phase of the
two phase events reported by Frost and Dennis (1971). The event of 1970, November
5, is shown in Figure 7. The facts that the flares observed on Intercosmos 4 were large
Ho events, with polarization persisting for 5-10 min, and that the existence of a
spectral cutoff around 100 keV is in question, suggest the possibility that these may
not be the impulsive events which Chubb interpreted as thermal.

IV. Low Energy Events
(a) THERMAL ARGUMENTS

In contrast to the impulsive X-ray bursts, the low energy (E <10 KeV) X-ray events
are almost always treated as thermal in origin. This is due in large part to the analysis
of data from Bragg crystal spectrometers in which flare spectra can be observed with
high wavelength resolution from ~0.6 to ~20 A (Doschek ef al., 1972). Temperatures
may be estimated by (1) comparing the ratios of resonance lines of hydrogenic ions
to helium-like ions of the same element; (2) measurement of the slope of the contin-
uum; and (3) measuring the ratio of satellite lines due to dielectronic recombination
to resonance lines due to collisional excitation. The temperatures obtained by these
methods range from <107 K to 3.4 x 107 K. The various methods used generally give
varying temperatures for the same event, indicating that a multithermal origin exists
for the flare plasma.

Kabhler ez al. (1970) discussed two X-ray flares observed with a proportional counter
on OGO 5 and argued that the E < 10 keV radiation was thermal in origin because (1)
the flux-time profiles of their detector were slowly varying and not impulsive as would
be expected from a comparison with the high energy impulsive events; and (2) for a flare
density of n,~ 10° — 10'° cm ™3 the self collision time, i.e., the time for binary collisions
to relax any deviation from a Maxwellian velocity distribution, is on the order of 107!
to 10%s. These arguments are not conclusive for the following reasons. First, the time
scales of low energy nonthermal bursts, if they exist, do not have to be similar to those
of the high energy bursts. Kane and Anderson (1970) found that the rise times of the
impulsive events were longer for lower energies. In addition, there are numerous low
energy bursts that have much shorter time scales than the two events presented by
Kahler et al. (1970). For example, Culhane and Phillips (1970) discussed an event ob-
served in 1968, January 23 that lasted only 4 min. The problem with Kahler et al.’s
second argument involving self collision times is that it is model dependent; it assumes
a volume of energetic electrons which interact among themselves and have lifetimes
much greater than the self collision time for relaxation. One could postulate a thick
target model of continuous injection similar to that suggested for impulsive bursts
(Brown, 1972). In such a case the electrons are nonthermal with lifetimes much shorter
than the X-ray burst duration and comparable to or less than the self collision
time.

Drake (1971) has statistically analyzed over 4000 solar X-ray bursts using data
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from the 2 to 12 A Geiger counter experiments on Explorers 33 and 35. He plotted
the differential distributions of the X-ray bursts with respect to rise time, decay time,
total duration, ratio of rise time to total duration, and ratio of rise time to decay time.
Figure 8 from his paper shows the distribution of the ratios of the rise time to the
decay time. In this distribution, as in the others, there is no evidence for the existence
of more than one class of X-ray burst in the 2-12 A (1-6 keV) range. More classes
may exist but cannot occur for a substantial number of bursts. For the great majority

L0t U N N s S B A S B N N BN B ) NN N B N NN LN BN B B
r N=325exp (-231 To/Tp) 7
102— -
v e 3
= r m
z - -
w - -
e -
o L
w = -
o
a4 - -
w
[a4]
:
210 = —__-:
- -
- -1
100 0 v v b b e b e L]
0o 05 10 15 20 25

RISE TIME/DECAY TIME

Fig. 8. The differential distribution of 2-12 A X-ray bursts with respect to the ratio of the rise time
to the decay time (Drake, 1971). The straight line is a least-squares fit.

of soft X-ray bursts then we can conclude that (1) they are all thermal or ((2) they are
all nonthermal or (3) some are thermal and some are nonthermal but the time con-
stants characteristic of each are similar. '_ ‘

Hudson and Ohki (1972) used the temperatures and emission measures derived
from sixteen X-ray flare events observed with broad band detectors on the Solrad and
Vela satellites to calculate the intensity of the associated 16 or 17 GHz microwave
event assuming an isothermal plasma. The measured intensity of the ‘gradual rise and
fall’ or ‘post burst increase’ radio event near the time of the maximum X-ray emission
measure was compared to the calculated value and good agreement was found.
Hudson and Ohki concluded that the correlation confirms the thermal model of these
phenomena.

We can show, however, that their data are also consistent with a nonthermal model.
If we observe free-free bremsstrahlung from an isothermal plasma with a temperature
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T then the ratio of the X-ray flux Fx to the radio flux Fy measured in the same units is:

Fx_ . [Ea Ex (5 -
— =exp{———trexp—|—=],
Fo OPVTkT P=\kr

where Ey and Ey are the X-ray and radio energies and Egx < Ey. For Ex~2 keV and
kT ~2 keV this yields a value of Fyx/Fg=0.4. Suppose on the other hand one were ob-
serving thin target bremsstrahlung given by the Bethe-Heitler formula (Jackson, 1962)

(E'? 4+ (E — hw)"'?)?
hw ’

F () ot m[ ®)

where E is taken to be 4 keV and w is the observed frequency. Then Fy/Fg is ~0.1,
within a factor of 4 of the value given above for the thermal case. We have assumed
the radio region is optically thin and have neglected free-bound emission. Thin target
bremsstrahlung from a monoenergetic electron distribution would not give a thermal
X-ray spectrum but one could choose an incident electron spectrum which would
result in an X-ray spectrum that would be consistent with a thermal spectrum as
observed in broad band detectors. The point is that while the data of Hudson and
Ohki are consistent with a thermal source for flares, they cannot be used to exclude
possible nonthermal models.

(b) NONTHERMAL ARGUMENTS

Since the thermal interpretation for low energy X-ray events is so widely accepted, the
only arguments for nonthermal emission have come from authors who have presented
specific events which they felt warranted a nonthermal interpretation. We shall now
discuss several such examples.

Blake and House (1971) analyzed iron line emission from a rocket crystal spectro-
meter flown in 1966, October 4. Their analysis of the intensity of the iron line complex
at 1.9 A due to Ka line emission and the intensity of the optical (2p— 31) transitions
of iron from 10 to 17 A yielded values of the ratio Fo/Fy of less than 50. They com-
puted the expected ratio as a function of the electron temperature and found that an
electron temperature of 200 x 10° K or a monoenergetic electron distribution peaked
at EX 15 keV was required to account for the observation. The emission measure of
these electrons was calculated to be ~3x 10*” cm™3. If we take a density of n,=
=10° cm™3, then the total energy of the quasithermal or nonthermal electrons is
~7x 10%° erg, substantially larger than the energy of a small flare, estimated at 10%°
erg (Lin, 1971). In view of the fact that there were no Ha flares, radio bursts or iono-
spheric disturbances reported at the time of the observations, their deductions would
appear questionable.

Another event was analyzed by Landini et al. (1972). Their work with a small event
in 1969, January 7 observed with the 0.5 to 3 A and 1-8 A detectors on Solrad indicated
that if the event were thermal the temperature first decreased early in the event and
then increased late in the event, opposite to the results obtained by Horan and others.
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The authors interpreted this behavior as indicative of nonthermal emission. As in the
event analyzed by Blake and House, there was no accompanying sign of nonthermal
activity ; however, because it was a small event none might be expected. The January 7
event occurred during the decay phase of an earlier, larger X-ray burst which may have
presented problems for the data analysis. If such events do take place on the sun, one
would like to see several more examples in order to define them as a class. Their
existence constitutes proof of low energy nonthermal events only as long as one as-
sumes that the cooling time is substantially longer than the heating time. If this is not
the case, then the temperature and emission measure profiles may simply reflect the
time variation of the heating mechanism.

T T
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Fig. 9. The power-law spectrum at the peak of a hard X-ray burst observed on OSO 7 (Peterson
et al., 1973). The power law fit extends from 5 to 100 keV.
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Peterson et al. (1973) have classified over 200 events observed on OSO-7 into four
general categories. One of their categories, which consisted of only one event, has a
single power law fit over both the hard and soft X-ray spectrum early in the event, fol-
lowed by a steeper low energy spectrum. This event observed in 1972, March 3 could
be fitted by a single power law from 5 keV to ~ 100 keV with an exponent of y=3.7,
as shown in Figure 9. If we accept the nonthermal interpretation of the hard X-ray
burst, then this event may indeed constitute evidence for the existence of low energy
nonthermal bursts. The nature of the bremsstrahlung spectrum is such that it will

104

b

o
w

(72
o
4
o
o
w
(7]
”
N a2
Yo
w
a
(2]
=
4
2
[e]
(8]

10!

7
APRIL 16,1968 MAY 10,1968
R U R N WU R | i |
2248 2249 2250 2251 2252 1905 1904 1905 1806 1907
TIME UT TIME UT

Fig. 10. Counting rate profiles of two impulsive events from the NRL detector on OGO 5 (Kahler
and Kreplin, 1971). The dashed lines represent the estimated profiles of the thermal components
during the impulsive bursts.

extend down to the lowest measurable energy for any electron spectrum. The rarity of
the March 3 event may simply be due to the requirement that the development of the
low energy thermal event be sufficiently retarded in time relative to the impulsive burst
for the low energy end of the impulsive burst to dominate the spectrum. Kahler and
Kreplin (1971) found that on only two out of twelve impulsive hard X-ray events
could the impulsive component be traced down to 3 keV. In the other ten cases the
slowly varying component dominated the low energy spectrum. In their analysis they
assumed that they could accurately estimate the intensity-time profile of the E <10keV
slowly varying fluxes and subtract those profiles from the profiles of the total emission
to yield the profiles of the impulsive component alone. Figure 10 shows the flux
profiles of these two events. The fact that Peterson ef al. and Kahler and Kreplin both
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Fig. 11. Two low energy impulsive events which were accompanied by impulsive events in the
E >>20 keV range and were closely correlated with microwave bursts (Kahler, 1973).

were able to trace the low energy end of the impulsive bursts down to 5 keV using
different analytical methods seems strong evidence that in at least some cases the low
energy emission is dominated by a nonthermal component. This statement, of course,
assumes a nonthermal interpretation for the impulsive burst.

Kahler (1973) has used the method of tracing the intensity-time profiles down to
low energies to argue that three events he observed on OGO 5 in 1968 might be purely
nonthermal in nature down to 3 keV. In each case an impulsive hard X-ray burst with
an accompanying microwave burst could be traced down to 3 keV where only a single
simple rise and fall profile was seen, as shown in Figure 11. He pointed out, however,
that the low energy profiles were quite consistent with the behavior usually seen in
slowly varying bursts which are almost always treated as thermal.

(c) SPECTRAL INTERPRETATIONS

Kahler and Kreplin (1971) have discussed the ambiguity involved in the inter-
pretation of low energy continuum spectra. One can measure the slope of the con-
tinuum at some energy E and interpret it either as a power law spectrum of exponent
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y or as a thermal spectrum of temperature 7. The two are related by the equation
kT=E/(y—1). 9

Using reasonable values of y such as those obtained by Kane (1971)and 2 S E <8keV,
the corresponding temperatures range from 7 to 55x 10® K, in agreement with the
temperatures one usually obtains from various broadband and spectrometer measure-
ments. The time behavior of the slope of the continuum also provides no help in dis-
tinguishing between power law and thermal interpretations since the spectra typically
first get harder and then near the peak begin to get softer again.

One feature of the low energy spectrum which might be used for nonthermal
criteria is the line emission observed with crystal spectrometers. Landini ez al. (1973)
have performed calculations of the ratios of H-like to He-like ions for a plasma with
a power law electron spectrum. They assumed a quasi-steady state situation in which
the electrons were able to maintain a power law distribution in time and calculated the
line ratios for various power law spectral exponents and low energy cutoffs in the
electron distributions. It was their conclusion that there was no possibility of distin-
guishing between the thermal and nonthermal interpretation by using this method.
Figure 12 shows a comparison of published data with their calculations for the case
with a cutoff of E; =1 keV. Since lower values of the cutoff imply lower values of y

+2
A Meekins et al. (1968)
* Neupert (1971)
0 Doschek et al.(1971)
+1F
O .
LL; u
(o)}
0
a4 4k
-2+
-3+

1
5 7
Fig. 12. Computed flux ratios between the resonance lines of H-like and He-like ions as a function

of the electron power law spectral index y (Landini er al., 1973). A low energy cutoff of 1 keV was
used. Some experimental values are shown for comparison.
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than those derived by Kane (1971) for higher energies, Landini et al. (1973) suggest
that a higher energy cutoff with associated larger values of y represent a more reason-
able interpretation of the data.

A more obvious method is to look for enhanced Ku line emission either during the
impulsive burst or during the slowly-varying component. Phillips and Neupert (1973)
have calculated the Ko line emission expected from S, Ar, Ca, and Fe for both the
thermal and nonthermal cases. The electron spectra deduced by Kane and Anderson
(1970) for impulsive bursts were used for the nonthermal case, but it was found that
in most cases the expected line emission was relatively weak. Phillips and Neupert did
their nonthermal calculations for an assumed ion temperature of 2x 10° K. They
point out that the proportions of S, Ar, and Ca atoms ionized to the B-like stage or
lower, which are necessary for Ka line emission in the solar atmosphere, are very small
at temperatures above 10x 10® K, hence no significant Ka line emission would be
expected. It would appear, then, that the requirement of low ion temperatures and
energetic electrons for Ko line emission would imply a possible nonthermal event
whenever the electron temperatures deduced from the continuum measurements were
high but.yet Ka line emission was simultaneously detected. This procedure would be
more useful in working with the hard impulsive bursts than with low energy events.

(d) ANISOTROPY AND POLARIZATION RESULTS

As discussed in Section II, one expects to see a heliographic longitude dependence
of the number of observed soft X-ray bursts for certain nonthermal models. The
2-12 A X-ray bursts observed with the University of Iowa Geiger counter experi-
ments on Explorers 33 and 35 were used by Pinter (1969) and Ohki (1969) to obtain
the longitude dependence of the bursts. Ohki found no longitude dependence of a set
of 232 such bursts, but Pinter found a peak at 30-40° longitude using a larger sample
of 490 bursts. Neither author took into account the Ha flare longitude distribution.

Drake (1971) plotted the longitude distribution of a total of 2698 2-12 A bursts
and took into account the Ha flare distribution for the period he studied. His result
is shown in Figure 13. No statistically significant directivity is indicated with the
possible exception of the 70° to 90° region. The results in this region are due to the fact
that the Ha distribution during the time of X-ray coverage had a sharp drop inthe 70°-
80° longitude region followed by a peak in the 80° to 90° region. The 2-12 A data
should not be subject to substantial modification through the Compton backscattering
process (Tomblin, 1972) because of the dominance of photoelectric absorption over
Compton scattering. The lack of directivity can be taken as evidence for a thermal
interpretation of the bulk of soft X-ray events.

Unfortunately, there do not appear to be any polarization measurements made on
the low energy X-ray events probably due partly to the assumed thermal nature of
these events. Brown (1974) has pointed out that Compton scattering will introduce a
small amount of polarization in the detected signal even if the source is thermal.
Wolff (1973) has calculated the minimum polarization measurable over a 100 s period
with a lithium scattering block experiment as a function of energy for a flare spectrum.
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Fig. 13. The relative probability for the occurrence of 2-12 A solar X-ray bursts as a function of
solar longitude (Drake, 1971). Data are from Explorers 33 and 35 from July 1966 to September 1968.

The detectable polarization is very low (<1%) in the lowest energy range (5-9 keV)
and increases with energy due to the poorer statistics at high energy. Polarization
measurements in the low energy X-ray range are facilitated by higher fluxes and longer
characteristic time scales than occur with the high energy impulsive bursts. Two
polarization experiments are planned for the Solrad 11 satellite to be launched in
1975, a Bragg crystal mounted to observe a region of the continuum at 2.8 Aand a
Compton scattering experiment with two energy channels at about 8 to 15 and 15 to
50 keV. The experiments also have the advantage that they are mounted around the
spin axis of the spacecraft which points at the Sun. This experiment should provide
measurements very useful in establishing the thermal or nonthermal nature of low

energy X-ray events.
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