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CALCULATION OF THE MAIN PARAMETERS OF A MAGNETIC
FLUX TUBE WITHIN THE MODEL OF CYLINDRICALLY-
SYMMETRIC EQUILIBRIA OF TWO-COMPONENT PLASMA
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PACYET OCHOBHBIX TAPAMETPOB MATHUTHOM TPYBKU
B PAMKAX MOJIEJIN HUWINHAPUIYECKU-CUMMETPUYHOI'O
PABHOBECHOI'O COCTOSAHUA
JIBYXKOMITOHEHTHOM T1JTA3MBI
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B oannoii pabome npeocmasnena anarumuyeckas mooeiv macnumuou mpyoxu (MT),
KOMOpAsi ONUCHIBAEMCsl KAK YUTUHOPULECKU-CUMMEMPUTUHOE PABHOBECHOE COCMOSHUL O8YX-
KOMNOHEHMHOU naazmvl. [lnazmennsiii nomox npeocmasgisaemcs 6 uoe Cynepnosuyuu 08yx
3APSINCEHHBIX CHCUMAEMBIX KOMNOHEHM NAA3Mbl, KOMOpble 63aUMOOelCmEyon MmoabKo 8
VCIOBUAX DNEKMPOMACHUMHO20 noasd. CymMmapHas naomHOCMb 2NeKMPULecKo2o 3apsaoa npu-
HumMaemcs paenou Hymo. Komnonenmol niasmol — smo cmecb npomoHHO20 U 31EKMPOHHOZO
2a308, KOMopbvle 8pAWAsACh BOKpY2 00ujetl OCU ¢ PA3HbIMU Y2I08bIMU CKOPOCMAMU, NPOU3EO-
OslM HEHYNeBVI0 NJIOMHOCHb MOKA 000UX KOMNOHEHM, KOMOPAS CLYHCUM 8 KAuecmee UCmoy-
HUKA MAZHUMHO20 NOJIA.

I'panuya MT obycroenena paccmosnuem, Ha KOMOPOM Y2lo8ble CKOPOCMU OOHYIAIOM-
ca. Pasnosecnoe cocmosinue cucmemvl obecneueno spawjeHuem niazmul 8 cucmeme mpex cul
— MACHUMHOU, YeHMPOOeNCHOU U epadueHma OasieHusi. B nawem ciyuae mooensv secoma
UOeanu3uUpoOBana u 02panuiena YCiosuem mozo, Ymo oKpyscaowas niasma 0OHOpoOHa U He-
noosudicna. Hecmomps na smo, npeocmasnennas mooenv, npu 3a0aHHbIX NApPAMempax — 0d-
€m 803MOICHOCMb PACUEMA OCHOBHbIX napamempos MT.
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In this work, we propose one from possible options of build of model, that
allows an almost analytical solution. In order to build an adequate model, it is
practical to use the Maxwell equations in the MHD approximation.

A two-component plasma can be visioned as superposition of two com-
pressible fluids carrying electric charge densities, which move independently
and interact only via their common electromagnetic field. Simplest equilibria of
such a matter with non-zero magnetic field possess cylindrical symmetry, hence,
describe magnetic flux tubes. These descriptions make it possible to estimate
main characteristics of tubes and link them to that of surrounding plasma. This
way total magnetic energy per unit of length can be linked to pressure and densi-
ty beyond the tube as necessary condition of equilibrium. Therefore, construc-
tion of equilibria of this sort is a possible approach to modeling solar magnetic
flux tubes. In simplest case both plasma components rotate about common axis.
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As both of them carry electric charge, their rotation creates some current densi-
ties that produces magnetic field acts. Its strength is collinear to the axis. Thus,
each component stays in equilibrium determined by balance of centrifugal,
magnetic and pressure forces. The total charge density is assumed to be zero
everywhere, so that possible electrostatic force is not taken into account.

The problem of equilibrium of the system under consideration is one-
dimensional in round cylinder coordinates {z,p,p} in which all functions to be
found depend only on p. These functions characterize plasma components, their
rotation and acting forces. Since the total charge density is zero everywhere and,
as usual particles of components have charges + e where e stands for that of
electron, total numbers of particles of the components in each spatial domain are
equal. Therefore there exists a specific (numerical) density of both components
V(p). Mass densities of the components are given by this density as m,v(p)
where m. are masses of the particles. Temperatures of the components are as-
sumed to be equal and same everywhere. Therefore partial pressures of the
components are as in an ideal gas

p.(p)=1v(p). (1)

The components rotate with angular velocities 2 =+ (p) which also are functions
to be found. Current densities of the components are

J.(p) =+ev(p) P, (p) (2)
and so that the total current density is

J(p) = ev(p)plQ.(p)-Q (p)] (3)
hence, magnetic field strength H (p) satisfies the equation

dH

0 VPR =R ()], 4

(2.4) will be ones of Maxwell's equations.
Each of two components moves under action of three forces which are cen-
trifugal force equal to pQ*mv, magnetic force equal to HJ, and gradient of pres-

sure. Therefore conditions of their equilibrium are
dv
m. Q3 (p)pv(p) = epu, H(p)v(p)Q, - Yo 0.

Since m_%« m,, m angular velocity of the electron component m_Q? there-
fore equilibrium conditions for the electron component simplifies

e e P ()p(p), 5)
o)

If we express partial pressure from this, then equilibrium condition for the pro-
ton component takes the form
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Qi +M(Q+ -Q)=0,

and from here you can find the difference in angular velocities:

Q-0 =—" 2. (6)
ey H(p)

In result, equation (4) takes the form

dH m, Q’
= pv ,
dp HoH (p)
2
or finally %df =P 2 (7)
7% Hy

It is convenient to introduce a new independent variable x:

P

x= Idttv(t) )
0

and rewrite the equations (5) u (7) in the form

Tﬂ =—eu,H(x)Q_(x)

. ©)

= eQ+ (X)

X

And the equilibrium condition for the proton component should be replaced by
the equation (6).
As a result, we have the following system of equations:

Tﬂ =—e,H(x)Q_(x)
dx

Hy dH’

2 dx

n eptyH (x)

=-m Q}(x) (10)

Q? (Q,-Q)=0

This system consists of three equations for four unknowns, therefore one of
desired functions can be specified arbitrarily.

Suppose, the function H(x) is specified explicitly. Then, explicit form of
the function Q, (x) follows from the equation in the second line of the system
(10). Now, as the function Q_(x) can be obtained from the equation in the third
line:

m,Q, (x)

Q x)=Q,(x)1+ )

). (11)

And finally, it remains to obtain the function 1(x) by integrating in the first line
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V() ==~ [dHRQ (7). (12)

The last step is to pass from the variable x to the coordinate p that can on-
ly be done numerically. We chose the function H(x) as

H:Hocoszleﬂ (13)

assuming that it has a maximum on the axis and decreases to zero at the magnet-
ic flux tube boundary. We take the value of tension from observations of sun-

spots H, :%IOSA/m, temperature in the convection zone 7 = /0° K and density

10 kg/m’. In these conditions, the numerical density v plasma is equal to
6-10”m"' inside magnetic flux tube and 10" outside, also /' ~2-10™ "

The content of the model constructed in this paper is completely predeter-
mined by the analytical solution of the system of equations (8) and (10).

The system (10) it is completely solvable and gives all the desired values as
a functions of the variable x, which be stay unknown. In the scope of the con-
structed semi-analytical model, the radius of the tube with the selected parame-
ters turned out to be equal 2.06-10°x . The central part is characterized by an al-
most constant value of magnetic field strength and a plasma density close to ze-
ro. At the periphery, the plasma density rises sharply to an external value, while
the magnetic field strength also drops sharply to zero. The model well explains
the phenomenon buoyancy of magnetic tube, since it requires that the plasma
density inside the tube be lower than outside it. As a result, the tube explodes as
it moves upward, in this time the pressure around it decreases and reaches a cer-
tain critical value.

As a result, we have the model that determines the relationships between
the characteristics of the tube and the surrounding plasma. For example, be-
tween the pressure and the maximum value of the magnetic force in the magnet-
ic tube. Something parameters calculated within that analytical model will un-
doubtedly prove to be very instructive for the understanding of solar phenome-
na.
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