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1. Introduction

We proposed in a previous paper (Der me n djiev et al., 1985) a one-
dimensional non-stationary hydromagnetic model of surge prominences. The
investigation of this model has shown that it reproduces satisfactorily the main
dynamic characteristics of the surge (time and space scales and velocity) on-
ly in the case when we set as a boundary condition a quick and at the same
time short-lived increase of the magnetic field in the lower chromosphere.
This requirement is quite indicative and in our opinion the essence of the phy-
sical mechanism of the surge formation lies in it.

The present paper is a continuation of the above-mentioned article and it con-
cerns the problem of the growth of magnetic energy in the solar photosphere and
chromosphere in relation to the problem of surge formation. We discuss in Sec-
tion 2 some observational and theoretical aspects, throwing new light upon
the physical mechanism of surge formation. The hydromagnetic model is pre-
sented and discussed in Section 3. The result from the numerical simulations
are given in Section 4. They show that the nonlinear process of interaction bet-
ween the compressible conductive media, as is the solar photospheric plasma,
and the magnetic field penetrating in it, is accompanied by the formation of
a self-maintained relatively denser and hotter layer, which arises as a con-
sequence of the predominantly Joule heating. On the basis of these results
we conclude in Section 5 that a unifying element exists in the magnetic and
thermal mechanisms of surge formation proposed by different authors.

2. Observational and theoretical considerations

A detailed description of the morphological and dynamical characteristics
of the surge prominences, as well as of the surge formation mechanisms was
presented in our previous paper (Dermendjiev et al., 1985). Here we
shall refer only to some observational and theoretical results, which directly
or indirectly concern the problem of surge formation,
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The observations show that al most the entire magnetic flux passing through
the solar photosphere is located in discrete elements with magnetic field in-
tensity ranging from 0,3 T in sunspots to no less than 0,1 T in facular and net-
work elements. These discrete elements possess very similar properties, inde-
pendent of their being in active or quiet regions. A detailed survey of the small-
scale solar magnetic fields is done by Stenflo (1976) and Zwaan
(1978).

The amplification of the magnetic field takes place mainly beneath the
solar surface and the lifetime of the smallest flux elements is very short. A
great part of the magnetic flux in the quiet regions comes directly from the sub-
photospheric layers and it is not a result of the turbulent diffusion of the mag-
netic fields in the active regions. The corresponding magnetic elements occupy
only a small part of the solar surface and their dimensions in the quiet regions
are usually less than 2,10° m. The photometric [eatures connected with
the magnetic elements, the so called bright points, have the same or larger
dimensions. The large concentration of bright points (BP) in the active regions
forms the picture of the so called filigree structure registered for the first time
by Dunn and Zirker (1973) on H-alpha filtergrams.

The lifetime of the concentrated magnetic flux and BP depends on their
dimensions. According to Mehltretter (1974) the lifetime of the facu-
lar BP with size of 1,5.105 m is from 5 to 15 min, while for structures which
are an aggregate of BP and “micropores” it is from 10 to 30 min. On the
basis of an extensive observational material M uller (1981) found that the
liffetime of the photospheric BP varies from 12 to 35 min with a mean value
of 25 min.

Quite recently Mein et al. (1984) found out that the BP of the fili-
gree structures inside the active regions, observed in the wings of the H-al-
pha line, are associated with plasma jets in the chromosphere above the BP.
The dynamical structure of these jets resembles the structure of larger fea-
tures, such as surges. This result is not a surprise with respect to the connec-
tion of BP and chromospheric plasma jets. As early as a decade ago Rovy
(1973) drew attention to the fact, that the surges resemble clusters of very fi-
ne jets of chromosphere plasma, the lower end of each being connected with
a chromosphere BP, i. e. the Ellerman bomb.

These observational results lead to the idea that the energy of the small-
scale magnetic fields is transformed in some way into a thermal energy in the
photospere and lower chromosphere and, as a result, a BP is generated and con-
sequently a plasma jet above it which is moved by the thermal plasma pres-
sure gradient. If one proceeds from such point of view, the dispute for the na-
ture of the moving force of the surge—magnetic or thermal one, becomes pointless

The elementary magnetic fields seem to be constantly involved in a num-
ber of solar phenomena. However, here we will not examine the question of
the formation of small-scale magnetic fields. We shall only note that they ge-
nerate in these places of the photosphere network in the quiet regions and floc-
cules of the active regions where descending streams of matter appear. For
a discussion on this problem we refer to Stenflo’'s (1976) review paper.

Irrespective of how the small-scale magnetic fied is formed, its appearan-
ce in the photosphere is always accompanied by the formation of BP, or a
cluster of BP, i. e. filigree structures. The lifetime of the magnetic elements,
as well as of the photometric phenomena, depends on their dimensions, but
on the average it is ~15 min. Evidently a process proceeds for a comparatively
short time which by its physical nature is similar to the skin effect and the dis-
sipative instability in the magnetic hydrodynamics.
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The physical picture of the emergence of a small-scale magnetic field in
the photosphere and the lower chromosphere is similar to the physical treat-
ment examined by Tichonov et al. (1967), but differing in that here a
magnetic flux penetrates in a plasma medium. Consequently, we could study
such a process by means of a one-dimensional hydromagnetic model. The pro-
cess of interaction between the penetrating magnetic field and the plasma
medium is, however, highly non-linear. Besides, as the advancement of com-
putational physics has shown, the vector and topological properties of the mag-
netic field are essential for the process proceeding. We have, therefore, deve-
loped a two-dimensional hydromagnetic model.

In previous papers (Der mendjiev, 1983; Dermendijiev,
Zahariev, 1985) we studied by means of two-di mensional hydromagnetic
computer simulations the process of the magnetic energy increase in a homo-
genous hydrogen plasma medium. The results obtained unambigiously show
that a relatively denser and hotter layer forms directly above the lower boun-
dary where the magnetic puls isapplied. Those results do not, however, give
complete idea of the process of formation of this layer, because of the short
duration of these simulations, and they do not allow us to draw the conclu-
sion to what extent the point of view for the mechanism of surge fomation here
maintained might be accepted or rejected. We shall try to answer these ques-
tions in the next Section.

3. Two-dimensional hydromagnetic model

The model in cartesian coordinates describes a magnetic arch system, suppo-
sed to exist in the solar photosphere, linearly growing with time. Its magne-
tic flux perturbations simulates the emergence of a magnetic flux through the
photosphere. Due to the symmetry, only the right-hand part of the magnetic
arch is considered, which is expressed by equation (1):

B, =B, cos (—;——EJ—) (l—l-j}; —‘%5—15) ;
(1) E —Bosin(% {0—) (1+—B‘—0 "T‘jt),

Be=0 Sl T

where L, is the size of the region of interest, B, is the initial wvalue of
magnetic induction, Z—f is the growth of the magnetic field and r is the

duration of the magnetic pulse.

We describe the behaviour of the plasma medium of the photosphere and
the lower chromosphere during the pertubation of the magnetic flux by the equa-
tions of two-dimensional magneto-hydrodynamics of compressible media
(2-8), obtained by making the following assumptions: 1) The investigated me-
dium is a completely ionized hydrogen plasma; 2) Joule heating is limited to
the electrons only; 3) Viscosity, and radiation are neglected; 4) The transport
coefficients are isotropic, and 5) The thermodynamic properties of the medium
are described by the equation of the ideal gas.

Taking into account these assumptions time dependent equations writ
ten in modified SI are as follows;
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where y=5/3 is the ratio of specific heats, f is the magnetic eddy diffusivity,
% is the electron thermal conductivity, R is the gasconstant and ge is the gra-
vity on the surface of the Sun. The independent variables x and 2z coordina-
tes are directed tangent and radially upward to the solar limb respectively.
The dependent variables are the density p, gas pressure P, horizontal U/ and
vertical V velocity, horizontal B, and vertical B, components of the magnetic
field induction, and temperature T.

For the finite-difference approximation of the model (1-8) on an Euler
network we used a two-step modification of the Lax-Wendroff [inite differen-
ce scheme and a two-dimensiona! representation of the Dufort-Frankel finite
difference scheme (Dermendjiev, Zaharieyv, 1985).

4. Results and discussion

We use the following scenario for the computer simulations. We arrange a
two-dimensional 80X 80 network, with a step Ax=Az=10'm, in the solar
atmosphere in such a way that the beginning of the network is situated at
the bottom of the photosphere. The initial atmosphere is assumed to be mo-
tionless with temperature and density satisfying the empirical H. S. R. A.
atmosphere (Gingerich et al, 1971). On its lower boundary we set mag-
netic field perturbations (1) which simulate the magnetic flux emergerce.

The model allows the current component in y direction, therefore from
the physical point of view it can be expected for skin layers to be formed in
the plasma medium during the increase of magnetic field.

In order to have an idea of the process of magnetic flux emergence through
the initial atmosphere, let us compute the values of some characteristic times
and dimensionless parameters. According to the above described scenario, the
initial atmosphere has a length scale L,=8.10° m. Then for the density dis-
turbances time scale ts=Ly/(v Py/po)t/? We obtain 97<1,<108 s, and for the
Alivén wave disturbances time scale t4=L/(B3/pyp,)/*=106 s in the case

when a magnetic field B,=0,15 T is applied. If we assume that the magnetic
flux penetrates with a velocity V,=2.10° m/s which is close to the turbulent
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velocity of the photospheric plasma, then we obtain for turnover time scale
1=Ly/ V=400 sec. Magnetic eddy diffusivity is fj=V,L,=1,6.10° and mag-
netic diffusion timescale t4=L2/f=400 sec. From the physical point of view
1= 1q means that the process of penetration of the field is accompanied by a
rapid dissipation.
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Fig. 1. Densily profiles for four consecutive times: t=4 s (level
of p/pe==1,025 is presented), =20 s (levels 1,05; 1,10; 1,15; 1,20;
1,25), t=36 s (levels 1,05; 1,10; 1,15; 1,20; 1,25; 1,30; 1,35; 1,40
1,45), {=56 s (levels 0,80; 1,00; 1,20; 1,40; 1,60; 1,80)

The plasma beta is B=2y,P,/Bz=10-2, therefore the magnetic pressure
at the lower boundary dominates the plasma pressure. For a collision-domi-
nated model of hydrogen plasma at a temperature T~6000 K we obtain coei-
ficient of thermal conductivity »=1,8.10-107%2/In A=5,02 . {0 B
K-']. This value is rather smaller than the value of magnetic eddy diffusi-
vity. Even the magnetic diffusivity of the collision-dominated hydrogen plas-
ma n=>5,2.10" In AT-32=10°[m® s~!] has a bigger value than the value of
the thermal conductivity. Therefore the magnetic field dominates and we can-
not consider the thermal conductivity as a function of the temperature and the
coordinates.

At the boundaries the independent variables, except for the magnetic
field on the lower boundary, are engaged in calculations in such a way that
the first-order extrapolation is satisfied, as recommended by Chu and Se -
reny (1974) for the one-dimensional numeric simulations. In our opinion
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s_uch a setting of the boundary conditions in a two-dimensional hydromagne-
tic simulation is rather acceptable.
The process of magnetic field penetration depends on three parameters:

9B and t. Due to the short characteristic time of this process, in our
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Fig. 2. Temperature profiles for four consecutive times: t=4 s (levels
of T/Ty=1,025; 1,05; 1,10 are presented ), (=20 s (levels 1,05; 1,10;
1,15; 1,20; 1,25; 1,30), =36 s (levels 1,05; 1,10; 1,15; 1,20; 1,25;
1,30; 1,35), =56 s (levels 0,80; 1,00; 1,20; 1,40; 1,60; 1,80; 2,00)

case the parameter By is crucial. For it the magnetographic observations (S tAe'n~

f10,1976) give values ranging from 0.1 to 0.2 tesla. We set a value of B,=0,15T.
For the growth of the magnetic field we give —‘f—:lO‘a T/s which means
that in ~100 sec the magnetic pulse would be doubled. As we shall see below,
however, during the skinning time the boundary magnetic pulse does not in-
crease substantially. The perturbations are continuously maintained through-
out the computer simulation.

The problem of displaying the output values is very difficult. The com-
plete set of physical parameter profiles for each time step is an excessively
large body of data. Therefore we have selected four consecutive sets for the tem-
perature and density profiles (Fig. | and Fig. 2) and three consecutive sets of
vectors of magnetic field and velocity field profiles (Fig. 3 and Fig. 4) to indi-
cate the thermodynamic response of the solar photosphere and chromosphere
and velocity and magnetic fields established by the emergence of the magne-

tic flux,
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~ Due to the continuous presence of magnetic field gradient Joule dissipa-
tion increases and within 35 sec a relatively hotter (7/T,~1.2) and denser
(p/pg~1.25) zone in the lower chromosphere is created (gl and Eigs o
It can be considered as an analogy of the so called T-layer (Tichonov et
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Fig. 3. Velocily field profiles for four consecutive times ¢=4 s, 20s,
36 s, 96 s

al., 1967). This hotter and denser zone gives a reasonable simulation of a chro-
mospheric BP, the phenomenon notified as Ellerman bomb or moustache,
because of the characteristic H-alpha emission profiles. Recently Kitai
(1983) obtained from observational data that in the chromospheric layers of
the moustache bright points a hotter (AT=1500 ) and denser (p/p,=3) zone
is formed in which the matter shows a movement, usually upward, with a
velocity of a 6.10° m/sec. Our results are in accordance with Kitai's results
if we consider the chromospheric layer at height ~4.10° m above the zero level
and t=>55 sec (Figs 1, 2).

As one can trace on Fig. 3, the plasma medium shows movement similar
to the movement of the matter in a magnetic arch system with a velocity rea-
ching to 2.10* m/sec. From the temperature and density profiles, however,
one can see that the hotter and denser zone as a whole expands with a velo-
city of 7.103 m/sec , in good agreement with the observational data.

The magnetic field (Fig. 4) deforms strongly during the skining process.
The gradients increase and this coincides in time and place with the forma-
tion of the hotter and denser zone. After 45 s an overheating instability deve-
lopes with a characteristic time 4 s and as a result a shock wave is formed.
The steep gradients of the temperature and density on the respective profiles
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give us a reason to make such a conclusion. Unfortunately the numerical me-
thod used by us does not give a possibility to trace the development of this
instability. It is not difficult, however, to realise its consequences, i. e. the dy-
namical response of the upper chromosphere and the corona.
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Fig. 4. Magnetic field profiles for four consecutive times /=4 s, 20s, 36 s, 56 s

Nakagawa etal (1975) have shown by means of hydrodynamic si-
mulation that the surge-like phenomenon in the solar corona forms when a
short-lasting temperature pulse (AT=1,25T,; t=5 min) is applied. Later,
Steinolisonetal (1979) have shown that surge-like plasma jets from
the upper chromosphere form when a thermal pressure pulse (P/P,) ranges
irom 5 to 20. The authors suppose that such a pulse can arise during a small
flare event.

In our simulations for the bright point zone in the lower chromosphere
we obtain T=1,6 T, and P/Py~4. Therefore, it is possible for the created tem-
perature gradient to be a moving force of chromespheric jet which in its mo-
vement along the lines of force of a preexisting large-scale magnetic field re-
sembles a jet of a surge prominence or of a surging arch.

5. Conclusions
The results obtained throw a new light on the problem of surge formation.

A new interpretation of the mechanism of surge formation is possible, taking
into account the equal importance of the magnetic and hydrodynamic proces-
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ses and their consecution. The results do not contradict the commonly accep-
ted opinion that the fast changes in the magnetic structures provide the ener-
gy needed for chromospheric plasma jets. They also present an opportunity
to make some important conclusions concerning the question how this ener-
gy is supplied.

We idealize the picture of the fast changesinthe magnetic field and guid-
ed from some recent observational results we reduce it to the picture of short
time-scale emergence of small-scale magnetic flux through the photosphere.

The process of penetration of the magnetic flux in the photosphere and
lower chromosphere we examine by means of relatively simple two-dimensio-
nal hydromagnetic model in which the radiation and viscosity are neglected.

The result obtained shows that following Sokolov et al. (1978) it
is possible to divide this process into two physical processes with different
characteristic time: relatively slow formation of the skin layer in chromo-
sphere plasma and fast development of overheating instability.

During the time of the skinning phase, the magnetic energy is efficiently
transformed into Joule heat in the zones with large magnetic field gradients.
At the time of overheating instability the jet-like surge is created which can
be treated simply as a hydrodynamic phenomenon, because the plasma moves
along the force line of a preexisting large-scale magnetic field.
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O6pasoBanne BO3BPATHHIX BEIGPOCOB B COJHEUHOI atMmocdepe.
II. JIByXMepHble THAPOMArHHTHBIE YHUCJEHHbe 3IKCIIePHMEHTHI

B. H. [epmenosues, I'. C. Bytwokaues, K. 1. Cmaspes

(Pesome)

[Toctpoena necrannoHapHas AByMepHAsi THAPOMATHHTHASI MOAEAb BCIABIBAHUS
MaJlomMacuTaGHOr0 MAarHHTHOTO IOJISt B COJHEYHOM (oTocdiepe H HHKHEI XpOMo-
cdepe. B pacemarpupaeMoii Moiesn yuuThiBaloTcs 3dpeKThI TEMNJIONPOBOAHOCTH,
CHJBL TsiikecTH M J2KOyJleBOH AMCCHNIALIMH, a BASKOCTb W M3JydyeHHe NpeHebpe-
raprest. YUncnenuble skenepuvenThl, NpoBoAuMble Ha SBM, TokasbiBaior, uTo
fipouecc BCNJILIBANHA NMPOTeKaeT B ABYX (a3ax: ) oTHoCHTEJNbHO MejJleHHOe (op-
MHDOBaHHE TOPAUYEro H MJOTHOrO CKHH-CJIOSl H 2) moclefyloulee GbICTpoe paa-
BHTHE TENJIOBOH HeycToAunBocTH. OGcy»x/laeTcss BO3MOXKHOCTE O HOBOH (pu3H-
UeCKOM MHTEpINperanuu npouecca (OPMHPOBAHHA BO3BPATHBIX BLIGPOCOB.
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