CAN SMALL~SCALE BIPOLAR STRUCTURES ORIGINATE IN THE SOLAR ATMOSPHERE ?
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ABSTRACT. Using the formalism of the magnetohydrodynamics shock waves the
simple model of the origin of small-scale bipolar structures in a magnetized
plasma is outlined. It is shown that there are regions in the atmosphere of
the Sun where such object can naturally occur. Properties of these structures
and their typicel dimension are examined.

MOT'YT-JIt BO3HMKATE B COJHEYHOR ATMOCSEPE MAJIHE BUIIOJISPHHE CTPYKIVPH 7 Mcmoxb-
3ys fopMeamsM MarHuTOrMpoAMHaMudeckoit yzapHo#f BOAHN noxkasaHa npocTas MOXEXb
BOSHMKHOBEHMS MEAKOMACHTAGHHX GHNOASPHHX CTPYKTYyP B MArHMTHOX nassme. Kax mo-
xasaHo, B armoctepe Coamna HaxoaaTcd obaacTu, Kie 3T OOBEKTH MOryT eCTEeCTBEN-
HO BO3HMKATBL. [loKasaHN MX THOMYHHNE DasMepH K npyrue csolicrsa.

MOZU MALE BIPOLARNE STRUKTORY VZNIKAT v SLNEINEJ ATMOSFERE ? V préci Je
nairtnuty jednoduchy model viniku malorozmernych, bipolérnych Btruktir v
"zmagnetizovanej"plazme vyuZijic formalizmu meagnetohydrodynsmickfch rdgovych
vin. Axo Je ukézané, v stmosfére Slnka si oblasti, kde by sa takéto objekty
mohli vyskytnit. TieZ si sinimané ich vlastnosti a uvedené ich typické rozmery.

1. INTRODUCTION

Various structures seen on the Sun, such as fibrils, postflare loops, co-
ronal streamers, or coronal loops might be regarded as tracers of the magnetic
field lines. This assumption on the alignment of observed structures with the
magnetic field might be Jjustified by considering high electrical conductivity
in the solar atmosphere which prevents the plasma from diffusing sacross the
magnetic field, and the supression of cross-field heat conduction in the mag-
netized plasma which maintains the inhomogeneity in the temperature.
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But there are another common features which are possesed by above mentio-
ned structures: All they are large-scale and posses a higher degree of symme-
try compared to the other large-scale structures of the Sun’s atmosphere.

It is therefore natural to put a question if there may also exist, in the
Sun’s atmosphere, small-scale structures being tracers of magnetic field and
having possesed a certain degree of symmetry.

The intention of this paper is to show that such structures may really
originate in the Sun’s atmosphere. We present a model that is simple enough to

yield an analytic solution but realistic enough to show all the required fea-
tures.

2. FORMULATION OF THE PROBLEM

In order to solve our problem we use a formalism of the Magnetohydrodyna-
mic shock wave, (see, for instance, Alfvén and Fdlthamar 1963, Cowling 1978).
Further, in order to obtain solution in an analytical form and also for the
sake of simplicity we introduce the following asumptions:

i. Magnetized plasma behaves like an "incompressible" fluid. This also
means that the presence of magnetic field does not lead to anizo-
tropy in velocity distribution (V‘s v, VA - Alfvén velocity).

ii. A plasma conductivity can be set equal to infinity (a highly elec-
trically conducting plasma).
iii. A magnetic field is supposed to be quasihomogeneous.
Under such assumptions the dynamics of our magnetized plasma is governed by
the following set of equations:
-~ Equation of motion which, taking the first assumption into account, can
be written in the familiar form (Alfvén and Fdlthamar 1963, Cowling 1978)

dﬂf-:-gradlo+—JXB : (1)

i.e., the shearing-forces and volume-forces of the non-electromagnetic origin
(for instance, gravitational ones) are neglected.
- Continuity equation

dt 4 tedivz =0 (2)
- Equation of state

p=R7T,y. (3)
- The Maxwell equations

V0£H=c ‘rTrj_ (4)

F-_A4

ro£E—-7-g%- 5)

divB=0 6)
~where 7

B- uH ' (1)
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and _ _ _
j=0(E+ L mxB) @)

For the further analysis some rearrangements of above equations are ne-
eded. Firstly, substituing eq. (4) into eq. (1) we have

5)5-‘-‘?-.-.- vad p - rad—B—2+-L(é~v)E

dt =97P T3 gr T I (9)

Further, eqs. (4), (5) and (8) are combined to yield
Lﬁ:ro{(ﬁxﬁ)+@ vH (10)
ot

where
s-‘-—z (1)
4wa

Finally, combining eqs. (9), (10), (2) and (6) we arrive with the following
four conservation laws (Baum et al 1958 ):

A. Momentum conservation (here a summation over repeated indices is as-
sumed )

2 )

a_t(h”")' 7 ¥ig (12)
where 2

i;s=P‘{is+f"’“i"’“s *Z%(%J-‘s-HiHs)

and dﬁis is a famous Kronecker’s symbol.

B. Energy conservation

2 /Su? oc . H” 26
aT(T*J’eMﬂ):‘ﬁs‘ 3

where

2 _
C=Su (4 € + 4 )+ 7= (H —(@-H)H)
and where g; is an internal energy.

C. "Mass conservation"

f_ 2
%___a_xs(st) (14)

D. Magnetic flux conservation

L//-.-_ OH 4 7 g Fovx (@xH) b -d5 =
brey H-ds .5//9* wde-vx(axH)} ds=0 (15)
or, equivalently
HY- 1(0.3) &
ad’:(._f—)_ IHT)a (16)
At this place we are in a position to demonstrate what are the necessary

conditions for a development of a shock wave in a presence of magnetic field.
This is a subject of the next chapter.

3. SOLUTION OF EQUATIONS

In order to obtain solutions to the equations of preceding section it is
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FRONT OF A SHOCK WAVE
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convenient to choose a coordinate system which is comoving with the front of
shock wave (Fig. 1). The advantage of such a system is clearly seen in the
case when the characteristic dimension, L, of a region where a magnetic field
can be treated as homogeneous is very small if compared to the "radius" of
sheock wave, R; In this case "curvature" of the front can be neglected, i.e.,
the front coicides with the y-z plane of our system (Fig. 1) and we thus ob-
tain, in fact, one-dimensional flowing. Taking this fact into account and
supposing (without any loss of generality) stacionarity of flowing we can re-
write eqs. (12-14) and (16) in the following form

dIxx _ a7)
dx 0

d Gx =0 (18)
dx

d(gﬂ:)zo (19)
dx

d (Hxy_py, dau (20)
dt <.§’ )°H" dx *

A: Now, let us firstly discuss the case when uLH. In this case U = (u,0,0)
and H = (0,H,0) and eqs. (17)-(20) become

2
L(posii ) g
d o, (4 P H (22)
dx{f“'(z +E+ .P)+M4Tr}‘0 2

c—ld;ww):o (23)

drHy 24
dx (5’ )—O (24)
After performing an integration fcross the front we obtain
2z Hi _ H2

PoeSius + ga=PSud+ &L (25)
Sy =S (26)
H,_ H

-1 =1 27
5, 21

Quantities with subscript "1 " are referred to the region before front of
a shock wave whereas those with subscript "B" are referred to the region be-
hind front.

After some manipulations, the following important equation can be obtained
from the eqs. (25)-(27)

2 2 2
P(8)=P +5 (1'}—91)*‘%(4- }%) (28)

687

© Astronomical Institute of the Slovak Academy of Sciences ¢ Provided by the NASA Astrophysics Data System



Similarly, integrating eq. (22) and using eq. (26) we obtain the second impor-
tant equation
L2 P Ha 2y P
»a' + 8= /“;,+ 4 —4 (29)
= fs 2n$, 1 £ erﬂ
With the help of eqs. (25)-(27), this last equation can be put to the follo-

wing form
- iﬂ 2 " 2 +b,£3- + 2 :0
2(2-8) b (52 ) {28 t040) 2- ()"0 o)
where
H1 _ v P
bgwﬁ / M—%'L / VSE?;L

Now, demanding for the roots of this quadric equation to be reasl we obtain
inequality

2 2
ey > W4V, (31)

which tells us nothing but that, for the plasma motion directed perpendicu-
larly to the direction of magnetic field, the shock wave only develops if the
velocity of flowing is greater than one of the fast magnetosonic wave.

B: A different situation arises when motion is directed along the direction
of magnetic field. Following the same procedure as in the preceding case we
obtain, instead of (31), the following one

VIR (32)

The inequalities (31), (32) are of a great importance for us. They give simple
restrictions on the velocity of flowing if a bipolar object is to be formed.

Formation of bipolar object.

It is clear that a bipolar object formed provided that there is, in some
direction, a great increase in the fluid density whereas in the direction per-
pendicular to the former there is no (or, only very small) density increase.
In our model the only source of density increase is developedshock wave. It
can easily be shown in the following manner.

We take eq. (28) as a starting point and use eq. (3). For the first case
(@]l H), the fact that Ty - T, taking into account, eq. (28) can be put to the

form
2

P ] “ IS
S—=14+= (1- £ (33)
“’4 Vsz ( f )
yielding a solution N
Py 2
=M (34)
7= ()
We thus see that there will be a great increase in the fluid density only if
Ay >> Ve (35)

On the other hand, for the perpendicular motion (u H) there must be ni incre-
ase in a fluid density. But this can easily be realized requiring that shock
wave will not develop in this case, i.e.,

ZeviT - v e ve (36)
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Because the last two conditions must hold simultaneously we require
Vo > Ve (37)

However, at the very beginning we noted that the formalism of "incompressible"
fluid can only be applied if

My 2 Va (38)
Because eqs. (36), (37), taken together, imply
.u,’ < VA
we finally obtgin very strict condition on the possible values of u,
PToR-SA : (39)

To complete this section a dimension of the developed bipolar object shculd

be estimated. To do this it is sufficient to note that our theory can only be
applied to those of the Sun’s atmosphere regions where the requirement of ho-
mogeneity of magnetic field is satisfied. Denoting a typical dimension of
these regions as L, it is clear that

DslL (40)

where D stands for a characteristic dimension of our bipolar object.

4. DISCUSSION AND CONCLUSION

In order to assign a physical significance to our model we should demon-
strate that there are really regions, in the Sun’s atmosphere, where condition
(37) is satisfied.

From the model of Vernazza et al (1981) we read that at the height h = 0
(f7500f~1) the velocity of sound Vg = 10° km s ~! at h = 0 and increases with
increasing height; We find that it is h = 2000 km where Vs is still ~10° xm
s”! but where V, = 10° km ™', i.e., the condition (37) is clearly satisfied.
It might there-fore seem that eq. (37) holds for

h £ 2000 km (41)

but this is not so. We must have in mind the fact that our model is only sim-
plified one; We have taken an assumption that a magnetized plasma behaves as
an "incompressible" fluid. Such an assumption, however, is only correct if

n << ny (42)

where ng and ny stand for the electron number density and the total hydrogen
number density, respectively. Condition (42) is certainly satisfied for h = 0
(n/n; ¥ 1073) but fails to hold for h Z 2,5 x 107km. Really, in this case
ny £ n, (Vernazza et al 1981) and our "incompressible" fluid should be repla-
ced by "meny components™ one. Thus we come to the conclusion taht the only

regions where bipolar structures may be seen are those with

RT(2-2,5)x 10 im
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To complete our treatment we make the following remark. It is now clear that

n

=~ +n -1
u, V‘-lo km 8

Hence, if the condition (40) is taken into account then we can obtain the
upper bound on the life-~time of such objects

gz L
bl
Supposing L to be of order 102 km we have 7 = 10° s. Thus our objects are
shortly (a few seconds) living ones.

REFERENCES

Alfvén, H., F§lthamar, C.G.: 1963, "Cosmcal Electrodynamics", Fundamental
Principles. 2-nd edition, Oxford at Clarendon Press.

Baum, F.A., Kaplan, S.A., Stanyukovich, K.P.: 1958, Vvedenyje v Kosmicheskuju
Gazodinamiku", GIFML, Moskva.

Cowling, T.G.: 1978, "Magnetohydrodynamics", Russian translation, Moskva.
Vernazza, J.E., Avrett, E.H., Loeser, R.: 1981, ApJ Suppl. Ser. 45, 635.

690

© Astronomical Institute of the Slovak Academy of Sciences ¢ Provided by the NASA Astrophysics Data System



