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ON PARTICULAR SOLUTIONS OF MHD
EQUATIONS FOR A SINGLE-FLUID COLLISIONLESS
PLASMA OF ANISOTROPIC SOLAR WIND

M. M. Bashim'vﬂ

Baku State University,AZ 1148 ,Baku site,Z.Khalilov str 28

In this work the MHD theory of the solar wind is considered, taking into account
the anisotropy of the heat flux and the thermal pressure of the plasma.The
resulting equations have singularities. The dependence of the solar wind speed
on the radial distance is complex and depends on the thermal velocities of
plasma particles.In this study, special solutions for different comparable cases
of the components of the solar wind speed and the thermal velocity of the
plasma are considered. As a result, the expressions depending on the speed
of the solar wind for different distances from the sun and the radial distance
for the Mach number were obtained. Found formulas are particular solutions.
The obtained expressions play an important role in determining of the speed
of the solar wind on the whole heliosphere. The radial dependences of the so-
lar wind velocity and thermal velocities are investigated for several special cases.

Keywords: Magnetohydrodynamics (MHD)-sun-solar wind (SW)-corona—
heliosphere

1. INTRODUCTION

The solar wind (SW) as a physical phenomenon that is not only of academic
interest, with the study of processes in plasma, which is in the natural conditions
of outer space, but is also a factor that must be taken into account when study-
ing the processes occurring in the vicinity of the Earth and affecting our a life.
Solar wind streams strongly affect the Earth’s magnetosphere, its structure, and
non-stationary processes on the Sun can lead to magnetic storms, disrupting radio
communications, also affects weather-sensitive people. The solar wind parameters
strongly depend on latitude, plasma anisotropy and on the solar magnetic field.
The solar magnetic field is the main cause of anisotropy in SW plasma.
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CW is highly variable and a wide variety of variations in its physical properties
are observed in a wide range of amplitudes, spatial and temporal scales.The pres-
ence of these variations shows that the expansion of the corona is a much more
complex process than the stationary outflow of a uniform plasma flow, as Parker
originally assumed.The characteristic time scales of the phenomena in this case
vary over a wide range from fractions of a second (plasma waves and "noises") to
tens of hours and days (variations associated with the inhomogeneity of the solar
corona and large-scale changes in its structure).

First the fluid description of SW in a collisionless plasma was undertaken with
certain assumptions in the framework of the CGL MHD approximation, which
has known limitations as when studying shock waves in this approximation, heat
fluxes were not taken into account, which can significantly change the properties
of linear and shock waves [1H4]. The radial and stationary outflow of plasma
from the Sun was simulated on the basis of usual isotropic MHD equations.It was
recognized that the complete disregard for parallel heat fluxes for a collisionless
plasma is not entirely justified [5].In real situations during plasma flow from the
sun — there appears an anisotropy in the solar wind rare collisional plasma, and
the heat fluxes along the magnetic field in the solar wind become important.

A system of equations for a collisionless plasma, including heat fluxes along the
magnetic field, was proposed in [5,6|. Heat fluxes are the result of an asymmetric
distribution function of particles in the plasma, which, according to measure-
ments, more realistically reflects the conditions in the SW [7]. When studying the
radial spherical expansion of a stationary SW, the problem is reduced to solving
a system of three nonlinear ordinary differential equations. Early some particular
solutions of these MHD equations for one-liquid fluid collisionless plasma of the
anisotropic solar wind have been found, which can be used to find global solutions
[8H10].

BASIC EQUATIONS

For the radial plasma propagation By = 0 and V; = 0, and if we take into ac-
count that all the parameters of the solar wind depend only on the radial distances
r, then B = B, h, = 1, hy = 0, and after solving the basic equations and assuming
the longitudinal propagation of the plasma in the direction magnetic field, which
is chosen perpendicular to the surface of the Sun, six integral constants and three
differential equations |7] were obtained for spherical coordinates,

B = C1,r*pV = Cy (1)
vz o1 3 1 1 GM  Cs
2+p<PL+2P”>+pV<SL+2S)_ - —62 (2)
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™ (pLV+S1) = CCs (3)
d (V-P d
4 2 | 2 _
rpdr<r2p2>+dr(r5”)_4rbl_0 (4)
1d (. V3 3d(P)\?
v (55) 25 (5) =0 ®)
P P P \?
4 T‘QSLK 4——i PR )~ (=) =0 (6)
dr p p dr p p

From expressions (1-3), four constants are obtained and there are still three dif-
ferential equations. Passing over the dimensionless quantities and parameters,
where u? = pVp and u? = p, /p thermal velocities, we obtained |79):

()50 ot 2
(Co-26) D0 4 i) - x@)ZE - 22w =0 m)

(38 1) 2 2 (e - G X - 2 0) i o (-

(10)

Here vy is the characteristic speed for the solar wind (the speed of the solar wind
near the Earth = Vg): However, in the case of one-dimensional strictly parallel
plasma motions, the equations for parallel and perpendicular mechanical energy
become independent and can be written in a closed conservative form. In the
spherical coordinate for the system, the equation has:

C 2K (r CgC C
PU:7§;5H+3PUU+PU3: TIQ()QSJ_+PJ_U: i42§32721 (11)
where

4 ( - S Cs 2 C6 _
K == 56 K:—(Q——) 12
! 3(05+x x3> 2732\ 7Y (12)
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In the posed problem, the induction of the magnetic field of the sun depends
on the distance (11). To study the singularity, we represent the equations in the
form of differentials of each variable. And solving we get from (7) - (9)

3dX(7’) fi(r) o r3dY(T) Ja(r) _ PBX(r dZ(r) f3(r) _
3r I +f(7“) =0, 6 I +f(7“) =0, 6r°X(r) I +f(T)A(7”) 0
(13)
where
A(r) A};(((:)) —1,B(r) = Z(Kl(r) —3X(r)),D(r)=2Z(r)—rg,E(r) =2Cs—rg
(14)
1) = A 40 - 0+ ) = 340D +286) (1)

f2(r) = A(r) fu(r) =6D(r) f(r)  f3(r) = fr(r)(D(r) = E(r)) = 12f(r) Z(r)* (16)

Approach to the solution:The derived equations (16) are a generaliza-
tion of the Parker problem to the case of anisotropic radial and stationary solar
wind [7, p.10]. Found particular solutions for ¥ = 2X([8,p.339]. Several more
particular solutions were found with the use of changes of variables |9, p.251, 10,
p.19, 11, p.56]. The difficulty in solving these equations is associated with the
zeros of the functions f(r) and A(r) in the domain of integration 1 < r < co. But
these equations contain two more unknown constants C5 and C6, which make
it possible to make the singularities removable. Let’s study particular solutions.
From (14)

Y (r) = (A(r)+1)X(r) (17)

When the condition

Z(r) < % of (14) D(r) = 2Z(r) — rg ~ —gr

Of (8) considering (16) we get 6r°X (r) 24 — (2+ A(r)) 242 — 6D (r) = 0 of (13)

and (14)

A(r) = (1/dX(r))

dr dr 3X(r) dr 3r3

(18)

First case
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1) Y(r)< X(r), A(r)=-—1,at g=1 from (13)

1 dX(r) 2 (4Cs + 1) B
X0 dr 37 T(Cytr—Co) - rX(r) (19)
And
d dX(r)  dX(r) | 6D(r) o
YOO R g T =g e K= (20)

X(T):%—FC; at r =00X(r)=0,—-C =0, at X(r) = X0,C = X0

from (19)
2
AtC’: 0,05 — CG — O,X(T) = 77Y(’I") = Z(’I") =0

AtC #0,C5r% 47— Cs = 0,7 (Cs + 1) (i—l—C) =

(14 C5) (r+ Cg) = Cgr? + (g + Cg) r + Cs

Cs5=0,9=1+0Cs,~Cs=C = 0,C5 = 1 Xoo, Y(r)=Z(r) =0,X(r) = 24+ Xy,

at Xoo =0,C5 = Cg = 0; and ar Xty #0,C5 = %XOO,C'G =0
Second case Y (r) =nX(r)n = const, A(r) =n—1,n > 0.

dA(r) dA(r) A(r)+2 dX(r) D(r)

dr 0, X(r) dr + 2 P 0,
dX(r) 2 2
% . X()=—"— 420
dr (n+1)r?’ () (n+1)r +2C

There C5r2 +r—Cs = qq,

And  (n+1)(4Cs —r(3n—1))—6r(3(n—1)(n—5)—3) =q
From (13) get 3)§((1f)r =q

8 q _ 4 _ 1 4 2 —0
Fromhere X(r) = 3.2 = n+1) +2C, 5.2 = Cemyae do2 2 .0

lp=a <rC + nll),% (Cs5r? + gr — Cs) = (rC + n+1) (% - grn*)
When n, =31 4 (n —1)(n —5), X (r) = (n+1) + X6, Cs =0,C5 =

From (8) can find Z, (n — DX ()20 4 (O — Z(r)) 20 ;,,Z(r) =0
considering X (r) = + Xo,Cs =0,

(n+1)

2 dZ(r) 2 2 B
(n—1) ((n+1)r + Xoo) e o 1)TQZ(T) — = Z(r)*=0
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Let’s introduce a new variable. Let’s admit

2 az(r) _ <_ch(7)>

1
T==,rell,o0], 7 €[0,1];9, = o

r (n+1)’ dr
dZ(r)
dr

(n—=1)(gnT + Xo) —271Z(r)? + guZ(r) =0,Z = Z(7)

dZ(x)
dx

s(@) . !

S(xz)=n(nz+Cn—az—C)n1

A)Atn=0;90=2,Z2(0) = Zo, (n—1)(z+C) +2x7(x)* - Z(x) =0

1 7002 X,
M(z)=—-2(nz+Cn—x—C) 1 n*Cy, Z(t)= 7}}?0(7)003
M1(1) = 22507 Xoo In (go7 + Xoo) — QZongo In (go7 + Xoo) + gS’T + gSXOO 4+ 2707 X0

+2Z00TX oo I (Xoo) + 2700 X2 In (X o)

B) Atan,@z%,Z(ﬂz%-Zoo; Aat Z(1) = Zy get

A) Atn =0, 2(7) = “200tEes) M2(7) = 220 X oo —g3T—g0 Xoo—2Z0907 X o

Zo (g0 + Xoo)
B) Atn=2,2(7) = 7_2Z07ZO+92°jXOO;2Z<<gT,2ZT<<1

Y(r) = 2X (), 20) = 0,X(r) = 32 4+ Xow,  Xoo = 0,05 = C =0

Y =nX,2Z < r From dY—1<(Y—1> X 2) (21)

dr 2 T dr 2
Y=nX2Z<<r

mom 8 =L (5 - 1) % - )

ax [ 4 2K1(r) 2 4C%
— 2n—1 = ([ (83n—=1) -

dr ( +an + X ) 3r2 <( n—1) r
and else n2 +2n—1=0 nz—l:l:\/i, and

dX (2K1(r)) 2 4Cs\ dX  r(3n—1) - 4Cs
( X > =32 <(3n 1) . )mthere ~ = 2 (C5T2+T—Cﬁ)dr

dr

Cc2

a1 c2
X — 4C5Cs+1+2C5r+1 \ 2 4C5C6+1 \/m Ce . 6%
VAC5Cs+1—-2C5r—1 T
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— 1 .
C2= 3¢ — a5 — b

3nC Cs
thereCl—QC’5+*—ﬁ—4gg+2 402’

and at
r— 00Xoo = (—1) V4C5C6+ Cs CCYZ,
6

?

Third case 2Z(r) < r,7 = 1. d‘?ls_ 7 4 2X1(T) d)éy) - X%T) ~ 0,

In at X(r) - 250 _ 27 7(1)2 + (Z(7) - Cp) - 20
Find X in form X (7) = ar? 4+ b7 + X0
A)a=0,b=2,Cs=0,C5 = § X0, B)a= 25,0 =4, Cs = o5 =
And get for A

A(r) = —% -1n (aT2 + b1 + Xoo) + —29 . arctanh (M) +

|
o

vV4aX oo —b? V4aX oo —b?

1
—|—C— - arctanh (

b+ 2ar )
A

Vi4aXs — b?

(22)

C = 1§XOOJ

1 2 2
A0)=—-1,Cy = 5111 (Xoo) — I B arctanh (M—) -1

4a X — b? daXo — b2

Xoo 32 4 -2
1< A(T) < =057 =25y | ——2— h
< A(r) < 0.5 =2V5 2 L S L A g

[\

1
Z pu—
(") = 35007 (1) - Xoo

V2 -1
50

(24500, XY (hy,7) +49J (ho, 7))

F(r) =

< (h2, 1) + (V2 = D)CXo0Y (ha, 74) —

- 1
_%. (CZXOOY(hl,T*)+5OJ(h1,T*)> ; Z(l) :ZO—>O
Fourth case

27 «<r21Z < 1, Al Y < X
dA

dA
A(ro) 0, A= (1 —10) = (T=70); A= (T —70) .= (T =70) =>
dr dr
X 22— 1)X
dr — 4(Cs+71—Ce72) — 9X’
dA 1 (dX iz , dx
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Let us find X in the form

1
X (Tg) = X(),X() = aTg =+ bT() +c, 10 = 5 <1 + \/1 + 4C6C5 — 6CGXO>

Cs+ 1 — Cgr? 3 1—27Cq 1 —27Cs
A(T) =In <C’5 F— 067_02) + 7 <arctanh (h — arctanh —

1 1+4Csmo dA(r9) dX (7o) 1
- t — e —— = —1:—* 1 40
YAy L dr 3 (11 4C6m)
dA az
Xo (T —70) - d(:) + 27022 + (Cs — Z) - (2a10 4+ D) =0
arctanh x = 1ln (1 +az>
2 1—2x
3
C5+T—C67'2 h+1—-27Cs h—1+27C%\ 2"
™) n( Gt ro—Cor2 ) N = T Gy 1= 2nGs
dA dz
X(](T—To)' (TO) + 27 Z2 (Cﬁ—Z)'(QCLTo-f—b):O
dr  dr
dz
(t1—70) —+mZ°>+nZ+p=0
dr
m= — 6 - n_21—27'006 _ 1—27‘006
N 1+ 4719Cq on = 1—|—4T006’p_ 6 1+ 47Cs

Find Z:—2p*< +tg<p In(r—m)+ C)) P, = \/4pm —n2,p? > 0
Dx
(24)

1
mZg+nZo+p:0,Z(7‘0):Z0:2—- (—n:l:\/n2—4np>

m

)

Fifth case at A>1Y> X, from(8
dX 2 dX
217 — 1 A— =2(277 -1
dr A(T ) => dr (27 )
dA 1 dX dA
X—+-A—=1-277 X—=2(1-277
ar T2%ar T2 => Xgs =21 -272)
dZ dX
XAZ= 42722+ (Co—Z) — =0=> X - A=
dr dr
const =Y — X
const C dX
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X(0) =Cs,In(X) = % / (21Z —1)dr + Cy, X, -exp <i / (217 — 1)d7'>
0 0

C dX @_20*
dr dr C

(277 — 1) exp (2 - /OT(%Z _ 1)d7) and

az 9 20, 2 (7 B
C’E%-QTZ +(Cs—2)(21Z —1) c (27Z —1)exp (C’ -/0 (277 — 1)d7’> =0,

2 C 2
217 <1, X =C, - exp <—T> ,A= —exp <C7’—> > 1
T

dz 2C 2T C
C— +2r7% - =—* = =0;—=>1;X(0)=C,—0
& T T e eXp( C)ZOC C ©)
,or C — 0.
C%-l-%'ZQ%O7 Z(T*):Z07Z(T):L;2T2<<1:>Z0<<177’*—>0

dr (12 —=12) 20+ C
(25)
Particular cases can be continued, but with these solutions it is possible to
characterize the dependence of the solar wind speed on the distance from the Sun.
Conclusions- results: The MHD theory of anisotropic solar wind is considered,
taking into account the heat flux and the difference in the thermal pressure com-
ponents. The resulting equations have singularities. Found formulas in the work
are particular solutions. The dependence of the solar wind speed on the radial
distance is complex and depends on the thermal velocities of plasma particles.
The obtained solutions can be used to construct a global solution to the solar
wind equations numerically.
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