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SOLAR FLARE DYNAMICS OBTAINED BY
X-RAY OBSERVATIONS
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Moscow 119992, Russia
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The dynamic properties of solar flares are considered on the basis of the spectral observations of soft X-rays of more
than 180 flares obtained during the last two decades. The random non-thermal velocities are in the range from 60
to 580kms~* but mainly change from 110 to 190kms~. The mean value of the ¢ calculated for flares being
mainly of C1-M5 X-ray classes are equal to 160.8 +4.7 kms™2. The directed velocities in flares are from several
dozen to several hundred kilometres per second. The relationships between ¢ and other flare characteristics are
discussed. Investigations of flare dynamics help us to understand the nature of energy transport in them.
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1 INTRODUCTION

Flares are highly dynamic processes on the Sun. The hot plasma of the flare moves along the
magnetic flux tubes with velocities of several dozen to several hundred of kilometres per
second. High-resolution X-ray spectra from the Japanese Yohkoh spacecraft were obtained
with a higher sensitivity and time resolution in comparison with previous cosmic flare
investigations. Simultaneous spectral and spatial observations from Yohkoh permitted us to
analyse the morphology and dynamics of solar flares in more detail. Preflare phase spectra
were recorded with a 24s integration time and flare spectra had a 3-9s time resolution.
The SXT telescope operated with 2.45” spatial resolution. In this paper, data on the velocities
of directed and chaotic motions in the corona during flares are considered and the relations
between the velocities, electron temperature T, and X-ray emission are analysed. Literature
data have been used.

2 OBSERVATIONS

The velocities and temperature of the flare plasma are derived from spectral line parameters.
On the Yohkoh, narrow wavelength ranges around the X-ray lines of the S XV (5.04 A), Ca
XIX (3.18 A) and Fe XXV (1.85A) ions were recorded. The Yohkoh BCS (Bragg Crystal
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Spectrometer) spectrometer was uncollimated and therefore the entire flare was observed
without spatial resolution. The line profiles were the profiles integrated through the region
occupied by the flare. For time moments near the flare onset the line profiles are noticeably
wider and displaced compared with the decay phase profiles. The Doppler shifts from the
standard line wavelength give the line-of-sight velocities Vs of the flare plasma. The addi-
tional linewidth, in comparison with the thermal linewidth, is considered as a result of
non-thermal chaotic motions. A flare line profile can be represented by a Gaussian (or
\Voigt) profile or a sum of Gaussian profiles. After correcting for instrumental broadening
the Doppler half-width AZp of an optically thin line is related to the temperature T by the
equation

Mo _ (T o\
A Mi

where c is the speed of the light, 4 is the standard wavelength of the emission line, M; is the
mass of the ion producing the line and k is the Boltzmann constant. The non-thermal velocity
¢ is the excess amount of the observed linewidth over the thermal contribution
Vi = (2kT;/M;)Y/? and it is often considered as a turbulent velocity. The electron temperature
T, of the flare was derived from the ratios of the satellite to resonance lines intensities of the
corresponding ions (Feldman et al., 1980) and represented an average over all the flare region.

During the flare onset the line profiles have complex shapes. In Figure 1, soft X-ray (SXR)
images of the flares with different morphologies are shown. The upward chromospheric eva-
poration is believed to fill with plasma magnetic tubes and to be responsible for line shifts. As
was discussed by Nitta et al. (1999) and Porfir’eva et al. (2001), knowledge of the spatial
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FIGURE 1 Schematic drawing of the flares with different morphologies (a) on August 22, 1992, obtained by
Porfir'eva et al. (2001), (b) on November 9, 1991, obtained by Doschek et al. (1994) and (c) on January 5, 1992,
obtained by Doschek et al. (1993), together with the corresponding profiles of (d), (e) Ca X1X and (f) Fe XXV lines.
The red- (dotted) and blue-shifted (solid) lines together with non-shifted (dashed) lines and their times of the
observation are shown. In their peaks the line profiles are normalized to 1.
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flare loop geometry is important for line profile interpretation. If the morphology of the flare
is simple and we see a single flare loop situated in a plane, then we can evaluate the plasma
velocity in space, knowing the loop geometry and Vis. The blue or red shift of the line
depends on the inclination of the loop plane to or from the observer. As was discussed by
Sterling et al. (1996) an upward evaporation flow can appear to be apparently moving
away as projected on the line of sight. If the morphology of the flare is complex, it is
very difficult to analyse the line profiles properly.

In Figure 1 we see an example of a simple flare structure and simple line profile and two other
examples of complex flares. For convenience of the comparison the line profiles in their peak
intensity are normalized to 1. The flare of August 22, 1992, had a loop shape (Fig. 1(a)). The
flare of November 9, 1991, looked like a ring with bright emission spots situated along the ring
(Fig. 1(b)), which changed their locations and brightness very quickly (Doschek et al., 1994).
The character of the change differed for the different flare spots. The line profile had a winding
shape and was highly blue shifted (Fig. 1(e)) at the onset of the flare. The flare of January 5,
1992, had two main loops A and B and several details of minor importance (Fig. 1(c)).
Loop A flared first and had a sigmoid shape (S-shaped loop) and loop B flared later. The
line profiles were blue shifted (Fig. 1(f)) during the onset of the flare, then the blue shift
decreased but, some minutes later, when loop B brightened, the blue shift increased again.

The complex line profiles are decomposed into moving and stationary components (see for
example Doschek et al. (1993; 1994)). Different physical features may be assumed when
flare line profiles are decomposed. The main assumption is that the temperatures of the mov-
ing and stationary plasma are the same. More often the moving component is considered to
consist of a single component (Doschek et al., 1993; 1996), but sometimes it is decomposed
into more than one component (Doschek et al., 1994). The spectral width of the moving com-
ponent is assumed to be the same as the stationary component width or different from it
(Doschek et al., 1994), or to be proportional to the Doppler shift from the standard wave-
length (Fludra et al., 1989; Nitta et al., 1999). If the spectral widths of the moving and sta-
tionary components are supposed to be not equal, the widths are determined by decomposing
the observed line profiles, and as a rule the moving components appear to be wider than the
stationary components. The moving flare plasma is likely to have more random motions than
the stationary plasma does.

3 RESULTS AND THEIR DISCUSSION

For the flare of November 9, 1991, during the first 18s, T, was in the range from 14 x 10° to
17 x 108 K, the upward flow velocity Vs changed from 200 to 400 kms™*, the non-thermal
velocities were in the range from 310 to 580kms™* and in the range from 70 to 130 kms™*
for the moving (&,,,) and stationary (£s) components respectively, depending on the wavelength.
At the onset of the flare the ratios of the emission measure of the moving component to that of the
stationary component were from 4 to 25 for the different ions. In this flare the moving component
was dominated by the stationary component in many times. At the onset of the M1.9 flare, which
occurred on January 5, 1992, 12 x 106 K < T, <18 x 106K, 210kms™* < Vs <250kms™?,
330kms < &, <480kms, 110kms™ < & < 140kms™* and the ratios of the intensity
of the moving component to that of the stationary component changed from 0.75 to 0.9; that
is, in this case the stationary component was very strong relative to the moving component.
Other parameters of the flares of January 5, 1992, and November 9, 1991, were comparable.
The ¢ value changes noticeably during the flare. It was revealed that & begins to increase
before the onset of the flare, reaches its peak and then decreases to the usual level in the
active region (AR) (of about 20-40kms™) when there is no flare in it (Sterling, 1997;
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Harra et al., 2001). Different lines show different electron temperatures T, flow velocities Vg
and non-thermal velocities £. Because we have integrated line profiles, it is difficult to under-
stand such a result. However, it is possible that the flare plasma is not homogeneous in its
temperature and motions and consists of tiny volumes or threads differing in their
characteristics. Also, different volumes of the flare can give different contributions to the
line profile. To understand the flares better, we need spectra with a better space resolution.

We compiled results of different investigations and believe that the flare non-thermal
velocity is described by its peak &nax. In Figure 2 the histograms for the non-thermal
velocities &nax are shown. All flares were divided into two groups, with T, > 10’ K and
Te < 107 K. For the first group the &max values are in the range from 110 to 190 km s,
and the average &nax = 161.143.0kms™t. For weaker flares included in the second
group, Emax ranged from 100 to 150kms™, and the mean &n. = 146.4 +8.4kms™1.
The hotter flares (the first group) have higher non-thermal velocities. About 200 values
were used in the first case and 40 values in the second case. The mean random velocity
Emax for all flares without dividing them into two temperature groups is equal to
160.8 + 4.7kms™.

Each flare is characterized by a set of & according to measurements on different X-ray
lines. We obtained the results for a definite flare in only one investigation. If any flare
was analysed in different papers, we had to choose only one result or took the mean value
of the two results. The non-thermal velocities for both the moving and the stationary
components were included. In all papers used, the flares of weak and mean X-ray classes
were used, because for very strong flares some difficulties are possible in the interpretation
of the line profiles owing to intensity saturation effects.

The non-thermal velocity correlates best of all with the hard-X-ray (HXR) emission. The
peak ¢ values coincide in time approximately with the peak in HXRs. As shown by Ranns
et al. (2001), systematic differences are observed in the non-thermal velocity £ behaviour in
flares with different characters of time increase in the HXR brightness. The non-thermal
velocity has a tendency to peak before the HXR emission peak, if the flare brightness
increases gradually and, after that, if there is an impulsive increase in the HXR emission.
An analysis of 59 flares of classes C2.8 and M6.1, 35 of which were flares that increased
gradually and 24 were flares that increased in an impulsive manner, revealed that the time
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FIGURE 2 Histograms of maximum non-thermal velocities & for (a) hot flares with T, > 107 K and (b) weak flares
with Te < 107 K, with their peaks normalized to 1. The data on the observations used in (a) are from Antonucci et al.
(1984), Fludra et al. (1989), Doschek et al. (1994; 1996), Antonucci and Podero (1995), Khan et al. (1995), Mariska
et al. (1996), Harra-Murnion et al. (1997), Sterling (1997), Alexander et al. (1998), Mariska and McTiernan (1999),
Nitta et al. (1999), Ranns et al. (2000; 2001) and Harra et al. (2001); those in (b) are from Antonucci and Dodero
(1995) and Harra-Murnion et al. (1997).
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delay between the peaks of the non-thermal velocity ¢ and HXR emission is about 10-30s
for the impulsively increasing flares and about 50-100s for the gradually increasing flares
(Ranns et al., 2001). It is likely that there is a clear tendency for the impulsively increasing
flares to manifest a shorter delay time than the gradually increasing flares. There are exam-
ples when, the longer the HXR burst lasts after its maximum, the longer the enhanced level of
the non-thermal velocity is preserved. In some flares, & has secondary peaks associated with
secondary HXR peaks. Also the & time behaviour can show some fluctuations with an ampli-
tude of the order of 10-20 kms ™2, that is greater than the average error in ¢ of several kilo-
metres per second, as discussed by Harra et al. (2001) for the events on October 3, 1993.

The &-HXR relation is likely to occur not by chance and indicates a close connection of
the physical processes, causing the increase in the non-thermal velocity, with the processes
triggering the flare. In the paper by Harra et al. (2001), observations of two solar flares
occurred in AR 7590 on October 3, 1993, within an 18 min interval are presented. The
increase in ¢ above the usual background level in the AR began 11 min before the start of
the second flare. For these 11 min, ¢ increased gradually by a factor of 2. As indicated by
Harra et al. (2001), the initial increase in & before the flare onset shows that there is preflare
turbulence, associated with the process that eventually leads to the flare. It is possible that
reconnection of magnetic field lines is such a process.

Fludra et al. (1989) studied the relationship between the directed velocity Vs and the
chaotic velocity & In some flares with intense upward plasma flows a correlation of the
random and directed motions has been found. The larger & correspond to the larger Vi,
although generally they are weakly correlated.

The line-of-sight velocities V|5 observed during the flares are in the range from several
dozen to several hundred kilometres per second but we must remember that Vs is only a
part of the full directed velocity because of projection effects. The non-thermal velocities
¢ are also in the range from several dozen to several hundred kilometres per second. For
the moving component the ¢ values are often greater than V\s. The random velocity in the
moving component (£,,) is always greater than in the stationary component (). Probably
the moving and stationary plasma components occupy different regions in the flare body.

Analysis of the flares with different heliographic coordinates show no dependence of the
non-thermal velocity ¢ on the flare location on the solar disc. The non-thermal plasma
motions are likely to be isotropic in space (Mariska, 1994). The SXR emission, temperature
and emission measure increase more slowly than HXR emission does and reach their peak
later than the non-thermal velocity does.

Until now the physical nature of non-thermal line broadening has not been clear. The
most perspective mechanism explaining the additional broadening of flare lines is magneto-
hydrodynamic turbulence although other explanations are possible. So Antonucci et al.
(1996) discussed an approximation of reconnecting current sheets in the flare region. The
outflows that originate during the reconnection process can result in non-thermal broadening
in the flare SXR lines.

The creation of models allowing for real processes in solar flares is a difficult task. Modern
spectral X-ray observations do not give answers to many questions. Observation of X-ray
spectra with a better space resolution would help us to understand better the flare nature
on the Sun.
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