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I. One-Dimensional Hydro-Magnetic Numeric Experiments

[. Introduction \

The surge prominences are short-living solar fenomena during which large
quantities of plasma from the lower layers of the solar atmosphere are ejected
into the corona with a velocity which may reach values of several hundred
kilometers per second (Newton, 1942; Ellison, 1949; Giovanelli and
McCabe, 1958; Gopasyuk, 1963). A ballistic maintenance by dynamic effects
is characteristic for them (Zirin, 1978). After reaching the maximum height,
they fall back into the chromosphere, usually along the same trajectory by which
they rose. Unlike the spray, the surge my be roughly defined as a well-collimated
ejection along the magnetnc field force lines of the active regions from the
place where a prominence is not originally present (Zirin, 1978). .

The surge prominences are associated genetically with the solar flares.
It is usually assumed that the fast changes of the magnetic structures provide
the energy necessary for the ejection of plasma. As a result of such changes
part of the local magnetic field assumes an open configuration which facilitates
the ejection.

In this paper we have studied with the aid of numeric simulations one
possible mechanism for.surge formation, which is similar to the plasma “raking-
up” mechanism. With the aid of this mechanism the energy of a magnetic field
with dipole configuration is transformed within a very short time directly
into the kinetic energy of the surge. In Section Il we outline the observational
and theoretical aspects of surge formation. Section IIl contains the hydro-
magnetic model, while the results and their discussion are provided in Sec-
tion IV.

* [n this article is used the unit of measurement 1A<=10—10 m.
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Il. Observational and Theoretical Considerations

It is considered at present that surge formation is closely related to the struc-
ture and dynamics of the local solar magnetic fields. This conclusion follows
mainly from the observation data where, as a rule, the surges are observed
in the active regions (see: Tandberg-Hanssen, 1974) and their move-
ments are along the magnetic force lines (Smith, 1964; Rompolt, 1965).

Many efiorts have been made to clarify the physical aspects of this pheno-
menon, associated with its dynamics and location. Koval (1965) comes to-
the conclusion that surges are formed in close vicinity to sunspots as a re-
sult of changes (mainly increase) of the magnetic field during the phase of
sunspot groups growing; if the surge . is formed outside a sunspot group
then small spots, pores or flocculs occur in the place where the surge has
been ejected, i. e in a sense the surge precedes the development of regions
with strong magnetic field.

The comparison of high-resolution on- and off-band H, filtergrams of disk
solar -surges and magnetic data (Roy, 1973 a) shows that the surges consti-
tute clusters of very fine jets. They are formed in regions of evolving mag-
netic features with dimensions of about 10* km and significant changes of
the magnetic flux over a period of less than one day. Probably the surge-for-
mation mechanism is closely associated with the mechanism of raising magne-
tic flux with one polarity in a region with already existing magnetic flux with
opposite polarity. Besides, the surge trajectories outline the magnetic force
lines of the dominant local magnetic field, calculated with a current-free appro-
ximation.

Platov (1973) divided the evolution of surge prominences into two sta-
ges: direct formation and acceleration, and material movement along the force
lines, as a mechanism responsible for the surge formation regulating the plas-
ma motion only during the first stage. During this stage a considerable line-
broadening in the surge spectrum is observed, which is determined by non-thermal
motions — probably plasma compression in the sight line direction (transverse
to the surge axis). Such process of longitudinal acceleration and simultaneous- -
ly transverse compression is possible, since the local magnetic field of the
surge plasma increases.

According to Roy (1973 b), the surge behaviour, studied from the curves
velocity-height, is described quite well by the mechanism of diamagnetic ejec-
tion. However, the deceleration of the outward-moving plasma, which takes
place after the maximum velocity has been reached, is stronger than when
gravity alone is acting. Besides, during the return stage, the acceleration to-
ward the solar surface is less than free-fall. Roy comes to the conclu-
sion that non-force-free effects in the surge supporting magnetic field could
explain the braking. :

The problem of surge location and origin has been studied a lot during
the last twenty years and the physical description has been continuously im-
proved. According to Gopasyuk et. al. (1968) and Gopasyuk and Ogir
(1963), surges are ejected from the penumbra or even the umbra of spots. La-
ter, Rust (1968) showed that the so-called satellit spots, which lie on the
boundary between the penumbra of the spots and the undisterbed photosphere
and have polarity opposite to that of the surrounding dominant magnetic
field, are the places from which surges are ejected. On the basis of high-reso-
lution observations, Roy (1973) further detailed the picture and brought atten-
tion to the thin structure of the surge prominences. It came out that the
surge is actually a cluster of fine dark (sometimes bright) jets, each connected
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at its lower end to an Ellerman bomb brightening; if the magnitographic ob-
servations indicate the existence of a-satellite spot, then these brightenings
overlie it. ;

A theoretical model of the surges must provide a mechanism which could
accelerate a plasma volume with macroscopic dimensions and high electric
conductivity to considerable velocities in a short time. Historically, the first
was the diamagnetic ejection, proposed by Schluter (1957). Later, Sweet
(1938) studied the possibility of plasina acceleration by rapid reconnection
(i. e. diffusion) of a magnetic field, while Altschuler et. al (1968 a; 1968 b)
investigated it during relaxation of the magnetic field generated by two anti-
parallel coaxial current loops. Platov et al. (1973) studied surge formation
as a result of plasma raking-up, associated with the growth of a dipolar local
magnetic field. Recently, Carlqvist (1979) proposed a mechanism of surge-
formation based on current disruption in the filamentary current.

The basic assumption in all of the above-mentioned mechanisms is_that
the surge kinetic energy is supplied by releasing the energy of suitably “select-
ed magnetic field. However, there is another possibility.

The close association between surges and flares during which large quan-
tities of termal energy is released indicates that the reason for surge forma-
tion could be gas-dynamic. During the last few years a number of studies have
been published investigating that possibility. McClymont (1978) proposed
a simple projectile model in which the ejection is assumed to have been caus-
ed by the adiabatic expansion of impulsively heated layer of the chromo-
sphere, Recently, Steinlfson et al. (1979) and Dermendjiev (1981) nu-
merically simulated the surge formation during a sudden gas-dynamic impulse.

Among the above-mentioned mechanisms there is not a single one to be
generally accepted. There are a number of arguments against the possibility of
each one of them. The diamagnetic ejection, for example, does not provide
any explanation for the observed subsequent practically free fall of plasma
along the same trajectory — it could only “ooze” down slowly, due to gra-
vity. The reconnection of magnetic force lines, on the other hand, has a ten-
dency to demolish the initial magnetic field configuration, while observations
indicate that surges are often repeated in the same place. Besides, since sur-
ges are a relatively common phenomenon, it is not likely that the presurge
magnetic configurations are very complicated or require unusual initial condi-
tions. The main deficiency of the Altschuler et. al.’s mechanism is the assum-
ed downward motion of a large quantity of coronal plasma, which is signi-
ficantly greater than the surge plasma (Kiepenheuer, 1968; Platov et
al, 1973). In the Platov et al. ’s mechanism, the phase of surge falling is not
studied, while the main deficiency of the simple projectile model is that the
obtained surge temperature is greater than the observed when the chromo-
spheric layers are heathed enough, in order to move the surge to realistic
heights. :

The numerical experiments, which are an jmportant link between theory
and observations, allow to simulate surge dynamics, in particular their thermo-
dynamic properties, the time scales, the physical dimensions and surge mass
and energy. The results of such simulations are in general in good agreement
with that from observations, but such simulations do not take into account
the effect of the magnetic field.

Briefly, the general surge characteristics are as follows (Tandberg-
Hanssen, 1974): the maximum height attained by surges ranges from
2> 10* to 108 km, where for most of them it is less than 5x10* km. They
last from 2 min. to 2.5 hours, with a mean lifetime of approximately 25 min,
Surge velocities vary from 100 to 200 km sec—.

10 Acrpodmsmuyeckne Hcc/iefoBanust, KN, 4
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1II. A Hydromagnetic Model

The physical considerations on which the model is based have been discussed
in detail in an earlier paper by one of the authors (Dermendjiev, 1982).
Briefly, the idea is as follows:

We assume magnetic flux variations as a result of emerging time-variable
magnetic dipoles. In the one-dimensional case, where we are interested in the
magnetic field behaviour only at the top of the dipole loop, the magnetic field
perturbations are the following:

BE-n (l+%t),

32 B0,

where B, is the initial value of the-magnet_ic field at the base; %? is the

increase ot the magnetic field; B, and B, are the horizontal and vertical com-
ponents of the magnetic field, respectively. The movement of chromospheric
plasma in the field of such developing dipole will simulate a surge jet.

As a first approximation, this motion could be described with the equa-
tions of the one-dimensional magnetohydrodynamics of compressible fluid,
where the dissipation process and radiation have been neglected
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Here the independent variables are the y coordinate, directed vertically up-
ward from the solar limb and the time /. The dependent variables are the
density p, gas pressure P, velocity V and the horizontal component of the
magnetic field, which in (2) is indicated by B. G and Mg’ are the gravity con-
stant and the solar mass, respectively. We assume also that the thermodyna-
_mic properties of the media are described by the equation for an ideal one
atom (y=25/3) gas. ;

The similarity of (2) with the hydrodynamic equations for compressible
media allows us to use a direct two-step finite difference conservative scheme
method (Lax and Wendroff, 1960). We simulate a hydrostatical initial atmo-
sphere, without a magnetic field, with a density and a pressure which satisfy
the empirical model of the solar atmosphere (Allen, 1973),

In hydrodynamics and magnetohydrodynamics the improper definition of
the boundary conditions of numerical experiments often leads to difficulties
and errors. For this reason in our numerical experiments we observe the Chu
and Sereny (1974) recommendations by using first order extrapolation for
the variables which are not specified on the boundaries.

The system (2) is approximated on a network with nodes 1<;<150 spa-
ce step A=350 km and time step A¢, satisfying the Courant-Friedrichs-Lewy

condition AftA/|V |+ (lp;:+4§;p)uz for stable approximation at every node of
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the network. The network beginning is placed in the lower chromosphere
where we simulate an impulsive increase of the magnetic field in a time in-
terval t

V. Results and Discussion

The emerging magnetic flux depends on three parameters: B,, dij, and t. By

specifying suitable values for these variables, it is possible to simulate res-
pectively fast/slow emergence of strong/week magnetic flux. In our numerical
experiments we specify combinations of the three parameters varying respec-

tively B, from-0.2 to 10 gs, df from IGs/mm to 10 Gs/min and t from 0.5

min to 5 min. The magnetic impulse is interrupted after t haselapsed and the
plasma behaviour is studied numerically within the region specified 20 more
minutes.

The phenomenon simulated displays great variety — from phenomena simi-
lar to spiculs up to fast ejections. A phenomenon similar to a surge jet, in its
physical characteristics as well as in its dynamics, is simulated with values
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Fig. 1. Density profiles of a’ simulated surge

close to By= 4gs;%f =1 gs/min, and =1 min. The profiles of density, temperature,

velocity and magnetic field, obtained during this simulation are shown on Figs
1, 2, 3 and 4 as functions of the height above the network base for ten values
of £ — from t=0 fo ¢=20 min, at an interval of 1 min,
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It is possible to trace how with the introduction of the pulse a radial
flow of “dense” and “cold” plasma develops on Figs 1 and 2, where the
density and temperature profiles are shown. The curves for £=0 illustrate the
initial density profiles and the initial temperature. The steep gradient of these
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Fig. 2. Temperature profiles of a simulated surge

profiles indicates the presence of a weak shock wave at the leading jet edge. The
main effects are observed behind the shock, where density is almost constant and
the temperature increases insignificantly. This cold and dense region is the si-
mulated surge jet, which moves upward initially and then begins falling back—
downward. ‘ :

As it could be seen on the velocity profiles shown on Fig. 3, the jet reaches
quickly a velocity greater than 100 km/sec. After the pulse has been interrupt-
ed, the plasma in the top part of the jet continues to accelerate, while the plas-
- ma in the lower part decelerates. After the tenth minute, the plasma in the
lower part of the jet begins to fall, while after the 12th minute the velocity
profiles become negative, i. e. the jet plasma is moving exclusively downward.
Such movements correspond to the description provided by Newton (1942)
and Roy (1973) of the surge motion.

The dynamic effects during the jet plasma fall in the denser layers of the
chromosphere are not taken into account, since the lower and upper bounda-
ries are assumed as free, i. e. we simulate an infinitely wide container which
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is open from both ends. The plasma can flow out freely through the ‘lower
and the upper ends.

The magnetic field profiles (Fig. 4) are similar to those of the densi-
ties for the corresponding times which is in agreement with the raking-up
process.
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Fig. 3. Velocity profiles of a simulated surge
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Fig. 4. Magnetic field profiles of a simulated surge
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On Fig. 5, with dashed lines is shown the trajectory of 99/, density
level defined with respect to the density of the chromospheric plasma when
j=1. This trajectory shows the path of the leading upper edge of the jet as
a function of time. On the same figure for comparison are shown the curves
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Fig. 5. Height versus time for (a) the fluid level at width density
equal 99/, ol the Initial base density (b, ¢, d, e) of surge tops obtained
from observations (Roy, 1973b) with filter sequence —2A, —7/8
—5/8 A and —1/4 ~, respectively ‘

L— _23 s e——T/8 X - des i45/8 X ;= —1/410\

for the heights of the surge tops as a function of time, obtained by Roy
(1973) by observations with a H, filter sequence, respectively —2, —7/8, —5/8
and —1/4 &* As it could be seen, there is a very good agreement between
our results and the observation data.

V. Conclusions

We have shown that the relatively simple one-dimensional hydromagnetic mo-
del could reproduce the main observed characteristics of the surge. A very
good agreement with the observations is achieved, even though in the nume-
ric simulation the dissipation process has not been taken into account, such as
thermal condition and radiation. This study demonstrates also the ability of
numeric experiments to supplement observations, aiming at determining the
physics of separate solar phenomena. ;

The question of the surge energy source, i. e. the force which moves it
within the solar corona, is still under discussion. Basically, the problem is
whether this force is magnetic or thermodynamic. From theoretical point of
view the magnetic force is an acceptable possibility. As it was emphasized in
Section 11, most -of the surge formation mechanisms assume exactly the pre-
sence of such force.

#lA=10—10 m.

150



Assuming magnetic pressure from an increasing with the time magnetic
field as a possible motion force, we simulated numerically the dynamics of a
chromospheric plasma jet in solar atmosphere. After the magnetic pressure
pulse is interrupted, the plasma is left to fall free in the presence of the
emerged magnetic field, which is slowly relaxed.

Our simulations show that the plasma raking-up process is fast, with rela-
tively quick changes of the magnetic field which is in agreement with Platov
et al. (1973) results. Besides, a necessary condition is that the action of the
magnetic force is with short duration, i. e. T~1 min. Only under these two
canditions the simulated jet has surge dynamic characteristics.

When the magnetic field pulse is interrupted, we specify a new boundary
condition, which “functions” as on open bottom of the container and the
plasma falls freely, without the effect of the denser media in the chromo-
sphere. As a result, such dynamic effects are not reflected in the density and
temperature profiles as secondary shock wave in proximity of the impulse lo-
calization. Actually, it is not clear whether or not there could be such effects,
because the magnetic field which remains together with the plasma in the re-
gion under study will not allow fast fall. This subject, as well as a two-dimen-
sional model of surge prominences are subject of our future studies.
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O6pasoBanue BO3BpPATHHIX BLIOPOCOB B COMHEUHOH atMocgepe
[. OxHomMepHbBIe THADOMArHHTHEIE YHCIEHHBIE SKCMEPHMEHTHI

B. H. ﬂep.ueftdofcyee, . K. Saxapues, Z. I'. Koxomarnerkos

(Peswome)

[Toctpoena HecTaumoHaphasi oiHOMepHAs THAPOMATHHTHAA MOJEJdb BO3BPATHBIX
BbIGpoCcoB. [Ipn momoiuu uMc/eHHBIX SKCIIEDUMEHTOB HCCJeI0BAHA BO3MOMHOCTD
06pa30BaHusi TaKMx BHIGPOCOB B Pe3yAbTaTe ,CrpeSaHHs* C MOCJAeNYIOUHM JBH-
YKEHHEM XPOMOCHEepPHOH MIa3Mbl NPH HMIYJALCHOM BO3PACTAHHH MArHHTHOTO 7laB-
nenus. MoJiesb BOCIPOM3BOAMT r/iaBHble MHAMHUYECKHE XapaKTEPHCTHKH BO3BpAT-
HBIX BBIOPOCOB — BpEMeHHble H MPOCTPAHCTBEHHBIE MAacIITabbl H CKOPOCTH —
U TOKA3bIBAeT, YTO BLIGPOCH MOXHO HHTEPIPETHPOBATh KAaK OTKAHK COJHEdHOMH
arMocgepsl Ha MMNYJbCHOE BO3PACTAHHE MArHHTHOrO JAABJACHHS B HHXHEH Xpo-
Mocdepe. Mosesb 3aBHCHT OT TpeX rpaHHYHBHIX MNAPAMETPOB — HAYaJbHOTO
MarHUTHOTO MOJs, BO3pacTaHusA MOJSi H IPOJOKHTEIbHOCTH N1eHCTBHA HMNYJbCA.
[MonyyenHsie pesysbTaThi MOKA3HIBAIOT, YTO AMHAMHKA BBIGPOCOB BOCHPOM3BO-
AWTCA MPH GLICTPOM H KPATKOBPEMEHHOM BO3PAcTaHUW MarHuTHOro noJs. Cpas-
HEHHE 3THX Pe3y.bTATOB C HAOMIOAATCJABHBLIMH JaHHBIMH [10KA3bIBAET HX XOpPO-
YK COrVIacOBaHHOCTD.
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