BOATAPCKAS AKALEMUA HAYK. BULGARIAN ACADEMY OF SCIENCES

ACTPO®H3INUECKHE HMCCJ/EIOBAHHSA, 5. ASTROPHYSICAL INVESTIGATIONS, 5
Codus . 1989 . Sofia

Magnetohydrodynamic model of the X-ray
elementary solar flare bursts

V. N. Dermendjiev

1. Introduction

Earth-based observations offer the possibility to investigate the Sun only in
the optical and radio range of the electromagnetic emission, the Earth atmos-
phere being non-transparent for a shorter wavelength emission. The introduc-
tion of special devices operating beyond the dense Earth atmosphere, at first
on baloons and rockets and l!ater on circumterrestrial orbital stations, mark-
ed the beginning of studies of the Sun in the far ultraviolet and X-ray spect-
ral ranges. In the course of the last two decadesa number of global discove-
ries have been made during experiments carried out at orbital solar observato-
ries (OSO) SKYLAB, Solar Maximum Mission (SMM), HINOTORI, etc., the
most important of which were those of the coronal bright points and the ele-
mentary solar bursts.

A huge quantity of observational material obtained by automatic X-ray
telescopes has indicated that a number of active formations of the Sun are sour-
ces of hard and soft X-ray emissions. The time and spatial resolution of the de-
tectors made it possible to determine both the dimensions and the duration of
the emitting regions, as well as the rather complicated correlation between the
elementary X-ray bursts, the small-scale magnetic fields and the microwave
radicemission.

The investigation of the structure and development of X-ray emitters
is important for the comprehension of the mechanism of the solar flare energy
release, as well as its transfer. Usually the process of initial release of energy
is supposed to raise high-energy electrons and sometimes relativistic electrons
and ions too. Hard X-ray and microwave emissions which are direct indica-
tors of high-energy electrons are originated by synchrotron and gyrosynchro-
tron emissions, respectively. The acceleration of these electrons is presumably
caused by the electric currents in the magnetic arch systems.

What is the nature of the initial release of energy ? This is obviously a
small-scale, short-lasting magnetohydrodynamic process, and consequently,
its manifestations should be searched for in the shortest time-scale active struc-
tural elements observable in the hard X-ray and microwave emissions. These
are actually the sub-bursts, having a duration only fractions of the second,

128



becurring within the framework of elementary solar bursts with a lifetime of
several seconds.

In this paper a magnetohydrodynamic (MHD) model of an elementary so-
lar burst is proposed. Section 2 presents contemporary observational results
related to flare bursts. Section 3 submits a description of the proposed MHD
model together with its general outlines, and Section 4 contains some conclu-
sions concerning the model.

2. Observational results

As far as the nature of solar flares is concerned, Giovanelli (1947,
1948) pointed out that they are essentially electromagnetic phenomena. La-
ter on Dungey (1958) indicated that the magnetic neutral points provi-
de suitable conditions for particle acceleration, and Sweet (1958) pointed
out that energy can be released in the entire current sheet formed in the mag-
netic structure and not only in a separate magnetic neutral point.

All attempts made in the development of a solar flare theory have shown
a strong tendency to focus the attention on the fact that energy is released du-
ring the impulsive phase referred to as a flash phase or an expansion phase by
earlier studies, initially based on H,-line observations. It was implicitly as-
sumed that the physics of the impulsive phase explains the complete flare process.

After the processing of the observational data from the solar experiment
carried out on SKYLAB (Sturrock, 1980) it became clear that most of
the flares release their energy during an onset phase which precedes the impul-
sive phase. Most clearly this process can be detected in the soft X-ray emis-
sion, and particularly in the initial phase of emission. :

The early analyses of the hard X-ray emission (Frost, 1969; Van
Beeketal,K6 1974; De Jager et al.,, 1976) have shown that the impul-
sive phase of a solar flare typically comprises a large number of events of a re-
latively short duration. The resemblance in shape of the individual spikes in
the X-ray flux led to the introduction of the term “elementary flare burst”
by Van Beeketal. (1974), in order to mark off the process responsible
for these phenomena. The time scale of such a burst is in the range of 5-20 s,
and their energy varies between 10%-10*® ergs.

There is evidence (Kaufman et al.,, 1980) of quasiquantization of
energy release in a solar flare. The rapid variations in the millimeter-wave
radio flux are interpreted as aneifect of the successive superposition of individual
“sub-bursts” having time scales of the order of 50 ms. The fluctuations of the
hard X-ray flux measured during the experiments on SMM exibit a comparab-
le time scale (Kiplinger etal., 1983). A good correlation is observed al-
so on subsecond time scales between the microwave emissions of different fre-
quencies, as well as between microwaves and hard X-rays (Takakura et
al., 1983). Kaufman etal. (1984) reported a spikelike burst observed in
microwaves and hard X-rays with a duration of about 5 s, consisting of “slow”
components with a duration of 1 s. At its peak intensity the burst displayed
a recurrent microwave subsecond structure with a time scale of about 30 to
60 ms.

Recently Sturrock et al. (1984) distinguished in the energy relea-
se in solar flares four phases of different duration for which the action of dii-
ferent processes is proposed. The release of free energy of an elementary mag-
netic tube may produce an “elementary burst” lasting several seconds. The for-
mation of magnetic “islands” during this process may be considered to be the
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feason for the generation of sub-bursts lasting parts of the second. The impul-
sive phase lasting few minutes may be viewed merely as a composite effect of ma-
ny elementary bursts. The gradual phase lasting tens-of-minutes or longer includes
the onset phase and the later phase of energy release. It is analogous to the “gra-
dual phase” introduced by K a ne (1974) to denote the soft X-ray emission
phase which follows the impulsive phase of solar bursts. As for the physical
processes, Sturrock et al. (1984) suppose that the gradual phase invol-
ves a steady process of reconnection of magnetic field lines, while the impul-
sive phase involves a very fast stochastic process of reconnection.

3. Magnetohydrodynamic and hydrodynamic consideration

As it was pointed out under Section 2, the hard X-ray emission exibits a fine
structure of time scales of about 3 ms, while elementary hard X-ray bursts
last 5t0 20 s (Van Beek et al., 1974). According to Sturrock et
al. (1984) the fine structure may be explained in terms of this reconnection of
discrete small-scale magnetic field structures. In this process fluctuations du-
ring the reconnections can be expected to play an important role. The same
authors note the general importance of studying the possibility of formation
of a cell-like structure of the magnetic field in active regions which could lead
to the generation of pulse-like phenomena during the process of energy release.

Obviously to evolve a physical model of an elementary burst it will be
necessary to study the possibility of generation of pulse-like plasma turbulent
structures. This problem is relatively new in solar physics. Besides, it is too
complicated as a theoretical problem, so that in order to work out at least
some semi-quantitative physical model, it has to be solidly based upon the
results of the respective lab plasma and hydrodynamics experiments.

Laboratory experiments show that in different plasma configurations
are formed comparatively stable plasma structures, coaxilly surrounded by
plasma named dynamical stable current filaments (DSCF) (Komelkov
ebaliy 1060 Vi A ilRe Gl e B e I e T et al., 1962). In
the general case they are formed when sharp non-uniformity in the distribu-
tion of currents and magnetic pressure arises. In particular they are observed
when the plasma cluster is extracted through an axial gap. More stable DSCF
are formed by applying an external longitudinal magnetic field (Coltage
gl ainee958 SRl hRanivcoll eyl k for ol 1958).

In the most general case a plasma current filament and a coaxial plasma
are formed in a thoroidal eddy structure. In such plasmoids proper longitu-
dinal and azimuthal magnetic fields can be observed usually of the same va-
lue of the order of 10*-10* G. In both polarities the longitudinal magnetic field
can be detected 2-3 ms after the discharge formation in the chamber. It is sup-
posed that the source of this field is the dynamically stable current filament
with an internal helix along its axis known fo be the source of hard X-ray emis-
sion up to 200-250 KeV as well.

Such current filaments remain stable over long time intervals (5-200 ms)
at large pressure range (10%-10° dina/cm?) and different plasma density (10- 10
-10-? g/cm?®). On these grounds one may suppose that similar dynamic struc-
tures could be expected to appear in nature wherever a sudden strong non-
homogeneity in the distribution of currents and magnetic pressure arises.

On the other hand, hydrodynamics provides some interesting results as-
sociated with the buoyant vortex structures.
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Vortex rings and Hill’s spherical vortexes in an ideal fluid are knowr
to be structures where the impulse depends only on the full vorticity and on
the radivs (Lamb, 1932, Turner, 1957), although the energy depends
essentially on the vorticity distribution in the moving region. The late is ring-
shaped when the ratio R/A>86 (where R is the radius of the region in which
the vorticity arises, and A is the radius of the circular cross-section of the re-
gion of vorticity distribution) and it has a depression in the centre for 14<C
<<R/A<86. For small values of R/A the shape is like an oblate spheroid and
the vorticity is concentrated in the core of the vorticity structure. When such
a buoyant vortex ring is rising through a stratified fluid, a part of the heavy
fluid is drawn behind the ring and does not actually enter the moving region.
Afterwards it falls back and below the ring and a “column” of retrieved fluid
is formed. The regularities mentioned above are not explicitly dependent on
the physical properties of the medium. They are equally valid for gas and fluid
media, but depend essentially both on the way in which the ring has been pro-
duced and on the resulting vorticity distribution.

Nowadays it is generally accepted that a magnetic convection leads to the
concentration of the magnetic flux on the periphery of the convective cells in
the form of magnetic flux tubes (c. . Weiss, 1966). Theoretical studies of
the three-dimensional turbulent convection (K no b1l och, 1981) have shown
that contrary to the prediction of the theory of the emergence of large-scale
magnetic fields and their subsequent fragmentation, small-scale magnetic
flux tubes would be the first to form in an incipient active region. In such a
cluster of small-scale magnetic tubes it is more probably for a stochastic pro-
cess of local magnetic line reconnection to occur.

Such a process runs quickly accompanied by a pulse-like release of ener-
gy and as a result plasma structures similar to hydrodynamic starting vortex
rings or spherical Hill vortexes may form (Fig. la). When the ratio R/A is
sufficiently small, vorticity will be concentrated in the core of the structure.
One possible development of such a vortex is presented in Fig. 1 b, ¢, d.

Vorticity concentration creates conditions for curving the current lines
and as a result an internal helix could form along the axis of the plasma struc-
ture. This is of great importance to the further evolution of the vortex. The

t=t,

Fig. 1 a, b, ¢, d

centrifugal force is not in the direction of the magnetic field and, therefore
it changes the velocity of the plasma particles V,, thus causing a drift motion

with instantaneous velocity U=fx ﬁ/mmH, where o=V, /r=eH/mc is the
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ahgular frequeticy of the circular fiovement. @ has a different sign for elect-
rons and ions so that the electrons will drift in an opposite direction to that
of the ions, i. e. an electric current will flow.

&y

Fig. 2 a, b, ¢

As a result inside the plasma spheroid a current cord is formed in which
it is possible for the electrons to be accelerated to high energies. The synchro-
tron and gyrosynchrotron emission of the accelerated electrons may provide
a burst-like event.

However, it is interesting to note another cosequence of the current cord
formation. Initially, as a result of the vorticity movement in the ring, a tho-
roidal electric current arises, inducing an azimuthal magnetic field H, (Fig.
2a). Later on, as a result of the axial helix formation, a longitudinal magne-
tic field H, appears. Thus a relatively stable plasma structure forms “tighten-
ed” between these two magnetic fields (Fig. 2b) and embedded in the elemen-
tary magnetic flux tube (Fig. 20). :

Due to the high electric conductivity of the solar atmosphere, the field
lines of the elementary magnetic tube cannot diffuse appreciably into the struc-
ture, but will be pushed aside instead when the structure moves upward. In
the magnetic tube field a restoring force arises which tends to eject the struc-
ture outwardly in the diverging field of the elementary magnetic tube.

The dynamics and energetics of small diamagnetic elements in solar at-
mosphere was studied by many authors who employed the integral forms of
the MHD equations (Parker, 1957; Gargill, Pneuman, 1984).

The gas pressure and the Lorentz forces per unit volume can be written
in a differential form as

Fy=—vP+Y,n(v+B)B,
where P is the gas pressure and B is the magnetic field vector. If that expres
sion is integrated over the entire volume of the structure, the resulting force

acting on the mass centre can be expressed in the form of a surface integral,
e

(1) B f f [1/4 7 (B. . ds)Be — (Pe+B2/8 n)ds].
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"brhe corresponding equation of motion for the mass centre then will be given
Dy

@ M= Mot [ (142, . d9Bt- (Pt-BYE WS,

where M is the total mass of the structure, r is the radial distance to the mass
centre, Mg and G are the solar mass and gravitational constant respectively,
and P. and B, are the gas pressure and magnetic field intensity of the elemen-
tary magnetic flux outside the structure.

Since the structure is embedded and completely detached from the mag-

: - —
netic flux tube, Beds is identically zero everywhere and the tension forces gi-
ve no net contribution to the motion of the centre of masses and equation (2)
can be written as

(3) ‘ M—j% ot ‘GMO-%--i- f f (P+B2/8 m)ds .

s

There are only few theoretical and observational considerations which
indirectly support the hypothesis of formation- of such small-scale plasma
structures. According to Orszag and T ang (1979), small-scale eddies
can be produced through a MHD flow as an enhanced cascade process on top
of -a large convective eddy by local reconnections of lines of forces of adjacent,
tight magnetic ropes. In the solar atmosphere it is known that local recon-
nections could occur when a new magnetic flux emerges next to a prelimina-
rily existing magnetic arch system. The observation of chromospheric bright
points and initial phase of solar flares show that small-scale kernel-like fea-
tures are preceded by the small-scale magnetic flux emergence. ]

Would such a short-living structure be destroyed by resistive diffusion
of the magnetic field of the flux tube before the formation of current helix in
it? Some regularities and estimates based on the analysis of laboratory plas-
ma experiment data (Komel kov et al.,, 1960, 1962) may be obtained.

Thus, for example, the life time of DSCF is approximately equal to the

time that the current needs to travel the distance S=2n—%r, where [ is

the length of the helix, & is the helix. loop spacing and r is the loop radius.
This means that the DSCF life time is equal to the time necessary for their
formation. The helix velocity and the distance between the loops depend on
the pressure as follows:

) V=1,5V,(Ig P,~lg P), 8=1,58,G/(lg P,—lg P),

where V,, P, and §, are the velocity, pressure and loop distance respectively
obtained in a laboratory experiment, and G; is the geometric factor.

Assuming that the fortex has a characteristic dimension L=10° km, the
radius of the helix structure then will be r=1/4 L=2,5.102 km, and the cor-
responding geometric factor Gy;=L/R=10 (R=10 cm is the radius of the la-
boratory chamber). With experi mental values P,=10% dyna/cm?, V,=59 km.s-'1,
and ;=1 cm (Ko mel kovet al., 1960), and the pressure P=10-3 dyna/cm?
which is characteristic for the upper part of the chromosphere-corona transient
region, we obtain according to (4) V=458 km.s~! and §=750 km respectively.
Then for the time of DSCF formation t=8/V we obtain the value 4,3s.

It would be interesting to compare this time to the characteristic time of
the resistive diffusion 1=4 noL? i. e, the time for which the Joule dissipa-
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tion would destroy this structure. Electric conductivity for turbulent plasma
is expressed by the formula 6=5,0.10"%n'2 (Priest, 1982), where n is
the electron concentration, For the base of the corona and the adopted dimen-
sions of the plasma vortex structure we get t=6.10* s. Consequently, a vor-
tex of a characteristic dimension =10 km might form a dynamically stable
current filament,

4. Discussion and conclusions

In this work we make an attempt to treat the most essential issues of the ge-
neration and development of the small-scale dynamic plasma structure. We
propose a physical picture of the elementary flare burst formation based upon
results obtained by other authors at laboratory plasma experiments for stable
pinch creation and also in hydrodynamics.

In elementary magnetic tubes in the solar atmosphere similar conditions
may arise. It is possible for the local reconnection of their force lines to run
as a stochastic process. Instantaneous energy release during this process could
lead to the generation of vortex structures similar to those studied by hydro-
dynamics both theoretically and experimentally in various gas and fluid me-
dia. In the cases when the vorticity concentrates in the core of the structure
a longitudinal magnetic field (except the azimuthal) arises and the whole struc-
ture can be considered as a small-scale diamagnetic element in the diverging
field of the elementary magnetic tube.

One of the most essential conditions necessary for the generation of elec-
tric currents is the formation of the so-called current cord along the longitu-
dinal axis of the structure. A number of hydrodynamic and plasma laboratory
experiments show the presence of helix-like traces. By means of probe, photo-
graphic and spectral measurements some results concerning helix loop dimen-
sions, loop spacing, plasma velocity, magnetic fields and X-ray energy have
been obtained (K omel k ov et al., 1960).

Our investigation of the stability of such structures in the solar atmosphe-
re by comparing the time necessary for the DSTF formation and the resistive
diffusion characteristic time of the external field. gives optimistic results.
Helix-like structures form comparatively quickly and their duration (f=4,3s)
is significantly shorter than the characteristic time (1=6.11%s) needed for Joule
dissipation to destroy the structure,

References

Bezbatchenko, AL, Golovin I.N,, Ivanov D.P.,, KirilovV.D,
Petrov D. P, RazumovaK. A, Tavliinski N. A. 1958. Proc.
Sgcond Int. Conf. on the Peaceful Uses of Atomic Energy (Geneva, 1958), 32,
2226.

Coltage, S. A, Ferguson J.P.,, Furth P. H. 1958. Proc. Second Int. Conf.
on the Peaceful Uses of Atomic Energy (Geneva, 1958), 32, 369.

De Jager,C., Kuperus M., Rosenberg H. 1976. Phil. Trans. Roy. Soc.
London A281, 507.

Dungey, J.BW. 1958. Cosmic Electrodynamics, Cambridge University Press, London,

9

p. 98.

Frost, K. J. 1969. Astrophys. J. Letters, 158, L159.

Gargill,P.J, Pneuman G. W. 1984. Astrophys. J., 276, 379.
Giovanelli, R. G. 1947. Monthly Notices Roy. Astron. Soc., 107, 338.

134



Giovanelli, R. G. 1948 Monthly Notices Roy. Astron. Soc., 108, 183.

Kane, S. R. 1974. in G. Newkirk (ed.), IAU Symp., 57, 105.

Kaufman, P, Strauss F. M, Opher J.,, Laporte C. 1980. Asiron. Ast-
rophys., 87, H8.

Kaufman,P,, Correia E, Costa J.E.R.,, Dennis B.R,, Hurford
G. H, Brown J. C. 1984. Solar Phys., 91, 359.

Kiplinger, AL, Dennis B.R.,, Emslie A. G, Frost K.J,, Orwig
L. E. 1983, Astrophys. J. Letters, 265, L99.

Knobloch, E. 1981. Astrophys. J. Letters, 247, L93.

Komelkov,V.S., SkvortzovY.V., Tserevitinov S.S., Vasiliev
V. 1. 1960. Proc. Fourth Int. Conf. on Ionized Phenomena in Gases (Upsala, 1959),
2, 1141.

Komelkov, V.S, Skvortzov Y., Tereshenko V. N,, Zereviti-
nov S.S. 1962. Proc. Fifth Int. Conf. on Ionized Phenomena in Gases (Munich,
1961), 2, 2191.

L amb, H 1932. Hydrodynamics, Cambridge University Press.

Orszag,S. A, Tang C.-M, 1979. J. Fluid Mech., 90, 129.

Parker, E. N. 1957. Astrophys. J. Suppl., 8, 51.

Priest, E. R. 1982, Solar Magnetohydrodynamics, D. Reidel P. C., 80.

Sturrock, P. A. 1980. in P. A. Sturrock (ed.), Solar Flares, Colorado University Press,
Boulder, p. 411.

Sturrock, P. A, Kaufman P.,, Moore R.L, Smith D.F. 1984. Solar
Phys., 94, 341.

Sweet, P. A 1958. Electromagnetic Phenomena in Cosmical Physics, B. Lehnert (ed.),
Cambridge University Press, Cambridge, p. 123.

Takakura T.,, Kaufman P, Costa J.E . R.,, Degaonkar S.S.,, Ohki
K., Nitta N. 1983. Nature, 302, 317.

Turner,J.S. 1957. Proc. Roy. Soc. London A239, 61.

Van Beek, H F, de Feiter L. D.,, de Jager C. 1974. Space Res., 14, 447.

Vasiljev,V.J, Komelkov V.S, Skvortzov Y. N, Zerevitinov
S.S.1960. J. T. P., 30, 756.

Weiss, N. Q. 1966. Proc. Roy. Soc. London, A293, 310,

MHI‘HPITOI'I/UIpO,III/IHaMHI{ECKaH MOA€JNb 3MEMEHTAPHBIX BCIbIIICY-
HbIX BCIIJIECKOB, Haﬁ.'l}OIlaeMle B PEHTI€HOBCKOM H3JYYECHHH

B. H. [epmendacues

(Peawme)

[Mpeanoxena MIJI Mozenb 3JeMeHTapHbIX BCIBILEYHbIX BCMJECKOB, Ha6Jo-
AaeMbIX BO BpeMs HMMYJbCHBHOH (a3bl COJHEYHBIX BCHBIIIEK B MHKDPOBOJIHO-
BOM H PEHTI€HOBCKOM u3/ayuyeHHH. OCHOBHOE NpENNoJOKEHHE B MOJENH, a HMEH-
HOo—o006pa3oBaHHe TOKOBOTO lIHYpa B TOPOHJAJbHOM BHXpE, CAEJNaHO HA OCHOBE
o0o0LueHus pe3y/bTaToB, NOJYYeHHBIX B J1a0OpaTOPHBIX [J1a3MEHHEIX H TUAPO-
IWHAMHYECKHX JKCIEePHMEHTaX.
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