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Abstract. The influence of the momentum addition, which may be associated with the average or fluctuation
transverse component of the magnetic field or others, on the acceleration the solar wind or stellar wind is
studied in a local streamtube. The results show that the larger the momentum addition the stronger the
acceleration of the wind. For example, if the typical transverse magnetic field is about 0.1 of the longitudinal
field, the velocity of the solar wind at 1 AU may be increased by 40%,. The coronal hole may be considered
as a streamtube, the presence of a high stream from the coronal hole may be explained by the existence
of an average or fluctuation transverse magnetic field in the streamtube. A similar conclusion may be applied
to the polar region, where the velocity of the solar wind will be larger than elsewhere as if there is a transverse
component of magnetic field, as well as to the stellar wind. The influence of other parameters on the
acceleration of the solar wind is also discussed. From the viewpoint of the solar wind mechanism, the present
paper shows that the momentum addition in the subsonic flow region can increase the velocity of the solar
wind at 1 AU.

1. Introduction

The acceleration mechanism of solar wind is a matter of importance, not only in solar
physics (see Parker, 1963; and Hundhausen, 1972) but also in astrophysics (see, for
examples, Holzer, 1979; Hu, 1982b). One of the important topics in the solar wind
theory is the acceleration mechanism, and one of the main concerns is the inconsistency
between the smaller velocities given by theoretical models and the large velocities at
1 AU observed by satellite. The difficulty is even more serious for the high-speed streams
of coronal holes. It is believed that some unaccounted energy deposition must speed up
the solar wind.

We analyzed the influence of energy addition on the solar wind acceleration, and
shown that the solar wind velocity at 1 AU may be increased even if the additional
energy is supplied in the region of subsonic flow (Hu, 1982a). This conclusion is applied
to study the acceleration process of jet beam for the double source in radio galaxy, where
the jet has larger velocity and the energy is added near the center optical galaxy in the
subsonic flow (Hu, 1982b). These conclusions are different from the ones of Leer and
Holzer (1980), because the initial and boundary conditions are different. The purpose
of the present paper is to analyze the other side of the solar wind acceleration, that is,
the influence of momentum addition on the acceleration, and it shows that the solar wind
velocity is increased even if the momentum addition is supplied in the subsonic region.

The momentuni addition may be associated with the average or finctuation transverse
component of the magnetic field or others. The solar wind may be accelerated by local
Lorentz forces if the local solar magnetic field is not a potential or force-free field.
One-dimensional models are often adopted in studing the acceleration of the solar wind,
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the role of the magnetic field is only considered as a confining tube along which the solar
wind flows. In this consideration, the Lorentz force is absent, and the acceleration
process is solely that of pure gas dynamics. However, a Lorentz force is non-zero even
in the one-dimensional model if there is a non-uniform transverse component of magnetic
field in or at the flux tube. This is important because the magnetic energy is larger than
the kinetic energy of the solar wind at distances of less than the solar radii, and, on the
other hand, a transverse component of magnetic field is suggested by the observations
in the jet beam of double source in the radio galaxy (Bridle, 1982). In the present paper,
we will pay attentions on the solar wind acceleration, and the influence on the radio
galaxy will be discussed elsewhere.

Weber and Davis (1967) discussed the solar wind flow near the equatorial plan
including the magnetic field, their results will be different from the ones in a flux tube
as discussed in the present paper. Whang and Chien (1978) analyzed the influence of
the Lorentz.force and Alfvénic fluctuation pressure on the high-speed stream in a
streamtube. Pneuman (1971), Yeh and Pneuman (1976) solved the magnetohydro-
dynamic equations and obtained a globally consistent solution for the solar wind. Hu
(1981a) analyzed the transitional features of the solar wind in the local flux tube and
showed that the magnetic field has an important influence on the acceleration if two-
dimensional effects are included, and that, in addition to the sonic velocity, there are
other two critical velocities. On the other hand, Leer and Holzer (1980) discussed the
influence of a source or sink of energy and momentum on the solar wind acceleration
for a fixed initial mass flux, in this case, they found that the velocities at 1 AU are
decreased or changed slightly if the additional energy or momentum are supplied in the
subsonic region. The present paper will discuss the solar wind flow in a fixed flux tube,
and the initial mass flux changes for different additional momentum.

If there exists, within the flux tube, a transverse magnetic field, which may be the
component of either the average or fluctuation field, or both, then the velocity of the solar
wind may have a transverse component. The total kinetic energy of the solar wind is
the sum of the transverse and longitudinal kinetic energies, where the transverse and
longitudinal directions are taken with respect to the center line of the flux tube. In the
solar corona, the kinetic transverse energy may be larger if the transverse component
of the magnetic field is appreciable. Since we assume that the transverse component of

 the magnetic field is produced in a localized current region, this transverse component,
as well as the transverse component of velocity, has to decrease with increasing distance
from the solar surface. Therefore, far from the solar surface, the longitudinal velocity
may be larger in the case where the transverse component of the field is present than
in the case without the transverse magnetic field. On the other hand, the pressure of the
fluctuation field may also accelerate the flow of the solar wind in the streamtube. By
using these ideas, we can explain some features of the solar wind.

In Section 2, the basic equations are analyzed. In Section 3, the flow features and the
influence of the momentum addition are studied qualitatively. In Section 4, the accelera-
tion and high-stream flow are given quantitatively for some typical model. In the last
section, we discuss implications and conclusions.
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2. The Basic Equations

In spherical coordinates (r, 6. ¢), the distributions of magnetic field and plasma velocity
are two-dimensional - i.e.,

B=(B,,0,B,) 2.1)
and

v=1(1,,0,0p), 2.2)

where the configuration of flux tube is axisymmetrical. As the flux tube is slender, the
varieties of quantities in 8 will be small.

The equations of solar wind in the case of one-dimensional approximation may be
written as

pv,4A = m (constant) , (2.3)
do d GAH v2 B, dB,r dW,
e =P Ty p B Te ST T (2.4)
dr dr r r* 4nr dr dr
BZ
=2 2.5
pug in )
de d /1 1 dr’q,
v, —+op —|-)]=- s (2.6)
p[ dr ? dr <p):l r dr
B,A = ® (constant), 2.7
d
— |r(v,B, —v.B,)1 =0, 2.8
5 [r(vg ol (2.8)

where p, p, T, and e are, respectively, the gas density, pressure, temperature, and internal
energy; W, is the momentum addition other than the Lorentz component; q, = q,(r)e,
is the heat flux and is assumed to be a function of r only. In the right-hand side of
Equation (2.4), the last three terms associate with the momentum addition. By using the
method of local expansion for small 6 (Hu, 1981b, ¢, 1982b), Equations (2.3)-(2.8) may
be demonstrated from the magnetohydrodynamic equations as given in the appendix.
However, the equations given above are more general.
Equation (2.4} may be written as

d, dp  GM _dWa

s 2.9
" dr dr P r? dr @9)
where the total momentum addition is
BZ
We =W, + =2 (2.10)

8n
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The measurements of solar wind show that there are large fluctuations of magnetic field
in the solar wind and the fluctuations of thermodynamical quantities are small. If the
magnetic field is denoted as the sum of average and fluctuation fields, we have

B=B,+B. (2.11)-

In this case, the momentum addition terms in Equation (2.9) will include the contribution
from the Alfvénic fluctuation pressure, and relationship (2.10) may be rewritten as

B, (38D |

W* = Wl +
8n 8

(2.12)
and the last term in relationship (2.12) is the average of the fluctuation magnetic
pressure. Equation (2.9) agrees with that of Belcher (1971) or Whang and Chien (1978)
if term { 0B?)/8x is considered as the Alfvénic fluctuation pressure, and agrees with
the result of Weber and Davis (1967) if the fluctuation terms are omitted.

Basic equations (2.3), (2.9), and (2.6) are consistent if the cross section of the
streamtube and the momentum addition W are given. Some simplifications of Alfvénic
fluctuation pressure have been suggested (see, for examples, Hollweg, 1973; Whang and
Chien, 1978). However, the determination of the fluctuation pressure is still a subject
for the further research. As the purpose of the present paper is majorly to study the
influence of the momentum addition on the solar wind acceleration, we will discuss a
typical distribution of momentum addition W, and the results may shed light on the
acceleration processes.

3. The Acceleration Processes

It is easily seen that the force associated with the momentum addition is not a simple
function of thermodynamical quantities, and the energy equation cannot be integrated
to give a simple energy relationship. Therefore, the acceleration process of the flow field
here is much more complicated than the usual solar wind acceleration.

We define the gravitational potential

y= -G 3.1)

r

and the heat energy addition

4 d r2q1>
== —|—)dr. (3.2)
1 J r? dr( m
The specific energy density associated with the momentum addition may be written as
W= fl Ly (3.3)
p dr
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Then the energy integral of Equations (2.6) and (2.9) gives

2
e+£+%’+|//_q+W=E(constant). (3.4

P
In terms of the sonic velocity a = \/y#T, Equation (3.4) becomes

2 2

e +%’+x//—q+W=E. (3.5)

y-1

Equation (3.5) reduces to those of a gasdynamic usual solar wind if W = 0.

The momentum addition W may be converted into the kinetic energy of the solar
wind. If the typical transverse magnetic field is 1 G and the plasma density is
10~ !¢ g cm 3, then the magnitude order of W will be

Wl,o11e~0.5x 105 cm?s=2. (3.6)

We compare this order of magnitude with the kinetic energy corresponding to a velocity
of 400 km s~ !, that is,
UZ
— =0.8 x 10" cm?s~ 2, 3.7
2lr=1aU
It shows that the energy associated with the momentum addition is not small. Therefore,
the solar wind may be accelerated to higher speed if there is suitable momentum
addition, such as the transverse magnetic field, or heating source. For example, if the
Alfvénic fluctuation is considered, there is a fluctuation transverse velocity

bv, = T Do (3.8)
4mp :

or, by use of (2.5), the transverse magnetic energy must balanced by the transverse
kinetic energy, and the rotational velocity must equal the local Alfvén velocity

B, '
4mp

Uy = (3.9

In this case, the stream line of the solar wind is helical, and so is the acceleration of the
solar wind.

According to Equations (2.3), (2.6), and (2.9), the acceleration equation of the solar
wind is
v} -a*>dy, add GH _ydw
v, dr 4 dr r dr p dr .

(3.10)

In the above equation, the last term gives the influence of the momentum addition on
the solar wind acceleration. As W decreases rapidly far away from the solar surfaces,
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and there is the conversion of magnetic energy into kinetic energy of the solar wind.

With the aid of the energy integral (3.5), the equation of Mach number M = v,/a may
be rewritten as

2 2 _
M ldM=<1+L.le)Z§é_(V_“E%+
M? dr 2 A dr a*r?

+1+VM2%_(?+1)[1+(}’—1)M2] M4 dw
a?  dr a m dr

3

(3.11)

where the relation between a and M is obtained from the equation for the conservation
of energy of the form

_CL[(AJ._.,_]_V{E)Lﬁ_%_ :]+%9E—- 3.12)
drl\y=1 2 r 9 m dr ' G-

Equation (3.12) may be alternatively rewritten as

M?-1da® 'M2a2%+2—(y—1)M2 G.MH

y—1 dr A & 2+(-DM> P

. 7y - DM* + (y+ DM? -2 dg

2+ (y- 1)M? dr

2Z-DM*—(y-1)M?>+2 aMA d
LUIZ DM G- DM +2 aMA dW (3.13)
2+ (y-1)M? m dr
If the boundary conditions are given in the form

er=r0=M09 alr=rg=a0’ (3'14)

then the flow fields of the solar wind may be solved from Equations (3.11) and (3.13),
subject to the boundary conditions (3.14).

In the case W =0, energy integral (3.6) is an algebraic equation, and only
Equation (3.11) needs to be discussed. The accelerating feature and the characteristics
of the singular points may be analyzed in the (M, r)-plane. In the case of W # 0, we must
discuss the problem in the three-dimensional space (M, a, r). The integral curves of
Equations (3.11) and (3.13) are curves in three dimensions which can be projected to
the plane (M, r), but the characteristic concept in three dimensions is quite different from
those in two-dimensional problems with W = 0. The scheme of an integral curve in three
dimensions and its projections in the (M, r)-plane are shown in Figure 1. There may be
several singular sonic points in the (M, r)-plane, but these sonic points may correspond
to different integral curves as the critical sonic velocities are different.

Equations (3.11) and (3.13) show that M = 1 is the singular plane, and the relation
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Fig. 1. The integral curve in three dimensions and its projection in plane (M, R).

in this plane is

dlnd(r,) 1 G4 y-1 dgq(r,) _AGy) dW ()

dr a? r a? dr am  dr

5

0, (3.15)

where the critical sonic velocity and the position of sonic point are
a(r)=a, and r=r,, whenM=1. (3.16)

By use of Equations (3.11) and (3.5), the differential relationship of the Mach number
at the sonic point satisfied the equation

4 [dM(rS)} +8;(r,) ) _ 8y(r,) =0, (3.17)
dr d

r

where the coefficients are

8,00 =2y - 1) 41040 | 2 G 237 - 1) dg(r)

dr a’ 2r? Ca? dr *
392 4 29— 2 dw(r
A— L () ) , (3.18)

ma dr
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S, =" 1 [2Gﬂ dq(r) R yA@M)a dW(r):I y

-1
a® rr (=1 dr m dr

X

TERCE gjest

dr 2 m dr a’?

2 2 .
x,:az d 1nA+2G%_(y_l)ﬂ_y(y+l)a i(A gVI_’)jI

dr? r? dr? m dr dr
3.19)

The solutions of Equation (3.17) are

dm 1 S e

0 L 5,0,) + /570 + 168,01 (3.20)

dr 4

If the solutions give two real roots — that is, if

St(r) + 1685(r,)> 0, (3.21)

there are two real characteristic directions at the sonic points, and the positive root
corresponds to the integral curve along which the flow accelerates smoothly from
subsonic into supersonic velocities. Projecting this three-dimensional integral curve in
the (M, r)-plane, the sonic point is a saddle point. If the condition (3.21) is not satisfied,
the flow of the solar wind cannot accelerate smoothly into the superonic one. According
to the distributions of A(#), ¢(¢), and W(r), there may be one or several singular points
in the sonic plane M = 1. It can be seen that the configurations of the integral curves
in three dimensions are generally more complicated than that in two dimensions.

4. The High Stream Flow

The solar wind from the coronal hole associates with high stream flow. We analyzed
the influence of the energy addition on the high stream flow (Hu, 1982a), and now we
discuss the influence of additional momentum.

Observations show that magnetic fields in coronal holes are divergent and open, and
are weaker. The dynamical process near the solar surface is easily to twist the magnetic
force line in the flux tube and gives an azimuthal component of the magnetic field (see,
for example, Hu, 1981b). Adopting B, =1G and n = 103 cm 3, we find that the
azimuthal Alfvén velocity becomes

By
4np

vy = ~200kms~?'. 4.0
On the other hand, the density, temperature and magnetic field in the coronal hole are
smaller than those in the region outside. From the viewpoint of mechanical balance, we
need some of radial forces to maintain equilibrium in the radial direction. One of these
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forces may be centrifugal force, which maintains a higher pressure in the outer region
and lower pressure in the inner region.

According to (3.9), rotational velocity must exist if the azimuthal magnetic field exists,
and then the solar wind is accelerated helically. The velocity of the solar wind in such
a coronal hole must be larger than normal one as a larger amount of azimuthal kinetic
energy is converted into the kinetic energy along the flux tube. The stronger the azimuthal
magnetic field in the coronal hole, the higher the stream velocity near the Earth’s orbit.
Furthermore, the solar wind from the coronal hole may accelerate to high stream if other
additional momentum supplies in the coronal hole.

A similar discussion may be applied to the polar region, where the magnetic field is
open, and the velocity must be larger if there is a larger azimuthal component of the
magnetic field or an additional momentum.

We now study the acceleration process quantitatively, and introduce the following
non-dimensional quantities:

R=L, a4-=2, A1=£’
7o a A,
GAH q 2w
Gi=s 0B, = Hog®), (42)
ots as s

where Gy, Q,, H, are non-dimensional parameters, the subscription 0 denotes the initial
value. We will use the following typical distributions:

f(R)=1—exp(—R'R°),
Rl

g(R) =exp (— R I_{ RO) R (4.3)

A,(R)=R?.
Equations (3.11) and (3.12) become

dM - '
_ ‘M {i(l_,_y 1M2>_(y+l)G1_
dR 2M-1) R 2 R

(y- D1+ yM?) R-R
- 0 L axp( -0 +
aiR, 1
1 H,MR? R -R
P +(y - DM?] H MR exp(—— °>} 4.4)
2 a1 R, R,
da, _ y—1 I:MaldM G O Xp(_R—RO)_
dr a2+ (y- 1)M?] dR R R, R,

MA, H, R - R,
_MAB, ( } @)
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If we choose the sonic conditions as
M=1 and a;=1, when R=R,, (4.6)

the acceleration process of the solar wind may be solved from Equations (4.4) and (4.5).
In this case, the position of sonic point is determined from condition (3.15) as

-1 2 R - H.R* R, -
Rs _ ﬂ _ (y )QORS exp ( _ s RO) + Y ORS eXp ( _ s RO) - 0 ,
2 R, R, 2R, R

4.7

and R, = R, = 1.1R is adopted in the computations.

Figures 2 and 4 show the influence of the magnetic field on the velocity distribution.
Figures 3 and 5 are the distributions of the Mach number. The parameters are adopted
as G, = 6.2577 in Figures 2 and 3, and Q, = 50 and G, = 2 in Figures 4 and 5. If the
temperature at the sonic point is about 2 x 10 K, the parameter G, = 6.2577 cor-
responds to the case of the Sun, a larger value of G, associates with a lower temperature
at the sonic point, so, the value G; = 2 corresponds to the stellar wind where the star
has smaller mass, higher plasma temperature and larger stellar radius. Figure 2 shows
that the velocity of the solar wind at the Earth’s orbit will increase about 40%, if H,,
increases from 0 to 0.5. Similar conclusion about the acceleration by the momentum
addition may be seen clearly from Figure 4. The distributions of the Mach number in
Figures 3 and 5 show that the Mach number is increased by the increasing H,,, but the

3 T T T
v
H=0.5
2k J
0.25%
7]
1 4
o L 1 L 2
0 100 R 200

Fig. 2. The distribution of velocity, where G, = 6.2577 and Q, = 15.
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M . : ' T

0 100 R 200

Fig. 3. The Mach number distribution, where G, = 6.2577 and Q, = 15.

Ho=1.9

4 1 N N 2

0
100 R 200

Fig. 4. The distribution of velocity, where G, = 2 and 0, = 15.

increment of the Mach number is faster than the increment of H,, in this case, the
influence of momentum addition produces a larger increment of velocity and a relative
small increment of the temperature, and the plasma will be relatively cooler in the case
of larger momentum addition. If the parameter H, is large enough, the Mach number
will increase rapidly at some place, such as shown in Figure 6. At this point, the
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0 100 R 200

Fig. 5. The Mach number distribution, where G; =2 and @, = 50.

30 T T )
M
20 7
10 | .
0 i A N

2 4 6 8 R 10

Fig. 6. An example of the Mach number distribution which increases rapidly. The parameters are
G, = 62577, Qy = 10, and H, = 0.5.
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u

Fig. 7. The integral curves of the solar wind equations, where is a shock jump shown as the thickened
line.

BN NN

temperature decreases rapidly, a heat such as the energy released from recombination
is needed, otherwise the cross section of the flux tube will shrink, and there is a shock
wave similar to the phenomenon of shock-wave disk in the supersonic wind tunnel. The
solution with shock wave corresponds to the discontinuous jump from a supersonic flow
to a subsonic flow as shown in Figure 7.

Figure 8 gives the velocity and Mach-number distributions for the parameters
Qo =100, H, = 1, and G, = 2. Comparing these results with those in Figures 4 and 5,
it shows that the more heat is added, the smaller the velocity and the Mach number at
1 AU are obtained. In fact, the heat energy added in the solar coronal converts partly
into kinetic energy and partly into internal energy of the solar wind plasma. As the
amount of the energy addition is increased, the position of critical sonic point R, and
the plasma temperature in the solar atmosphere will increase also. In this case, the
temperature and thus the sonic velocity will increase at the Earth’s orbit, on the other
hand, the velocity of the solar wind will decrease.

Leer and Holzer (1980) treated the solar wind flow in considerations of the influence
of the source or sink of energy and momentum additions by a computational approach.
They concluded that the energy or momentum additions in the region of subsonic flow
increases the solar wind mass flux but has little effect on or significantly reduced, the
solar wind speed at 1 AU. The present paper, on the other hand, shows that the velocity
of the solar wind at 1 AU can be increased by the momentum addition even in the
subsonic flow region. The different conclusions come from the different initial and
boundary conditions. We do not impose the condition that the initial mass flux at the
initial position r, should keep constant. The implication of this condition can be seen
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v v 1 50
2 F 1 40

4 30

0 100 R 200

Fig. 8. The distributions of the Mach number and velocity, where G, = 2, @, = 100, and H, = 1.

clearly from the condition of mass conservation. Equation (2.3) requires that

A(LAU) _ povo
4, (Pv,), =1 av

(4.8)

If the initial mass flux p,,, is fixed, différent value of mass flux at 1 AU (pv,),_; avu
requires different value of the ratio of cross-section areas of the flux tube at 1 AU and
at initial position ry, and these conclusions are obtained for different flux tubes which
may have similar configurations. However, the results of the present paper are applied
to one, and only one, flux tube. Figures 2, 4, and 8 give the non-dimensional velocity
profiles. If the plasma density and temperature at the critical point are same values for
different H,, the larger mass flux at 1 AU requires a larger mass flux at the initial
boundary r,. However, the results displayed in the figures show that the relative
increment of the mass flux is only about 30%,, and the increment may even smaller if
the plasma temperature and density at the sonic point are lower or that the distribution
of the momentum addition function g(R) in (4.3) is increased first and then decreased.
Thus, the momentum addition will not change the mass flux appreciably, but increase
the solar wind velocity obviously. Therefore, the momentum addition may be one of the
more effective agents for the acceleration of the solar wind and stellar wind.
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5. Discussion

The velocity of the solar wind may be obviously increased even if the momentum
addition is supplied in the region of subsonic flow region. We suggest that the momentum
addition may be the average or fluctuation component of azimuthal magnetic pressure.
However, the momentum addition discussed here may has a broader meaning, encom-
passing other than the magnetic field. Therefore, the conclusions of the present paper
is more general, that is, the momentum addition accelerates the solar wind in a fixed
streamtube, the larger the momentum addition, the higher the stream velocity. As the
conclusion is for a fixed tube, the increase in velocity associates with the increase of
the initial mass flux, however, the increment is not large to contradict with the observa-
tions. On the other hand, the comparison of different cases in the same streamtube is
reasonable.

In the definition of the non-dimensional quantities in relationships (4.2), the typical
values are mostly adopted as the ones at the sonic point. This approach is convenient
for solving the equations, but they will change if the initial conditions are changed. For
example, G; will be smaller if the temperature at sonic point is higher. In Figures 4 and 5,
weuse G, = 2, which is smaller than the value given in Figures 2 and 3. Comparing these
results, it shows that the wind flow is faster in the case of smaller G,, which may be
relevant to the stellar wind. For examples, the young stars have higher surface tempera-
ture and larger mass, the red giant and supergiant have larger radii, the value of G; may
be smaller, and thus, the stellar wind may has higher velocity. '

The results of the present paper show that the acceleration process is more effective
in the open magnetic flux tube if there is an azimuthal magnetic field. According to this
concept, there must be higher speed stream from the coronal holes and the polar region.
The velocity may increase by about 40, for a reasonable magnitude of the azimuthal
magnetic field, and this may be one of the reasons that the solar wind velocity from the
coronal hole is larger than that of the normal solar wind velocity. One of the other
reasons may be the larger energy addition in the coronal hole than elsewhere (Hu,
1982a). The velocity of the high-stream flow of the solar wind may be two times the
velocity of the normal solar wind if both the momentum and the energy additions are
included. This conclusion is useful in explanation the observation of the high-stream
flow.

Similar considerations may be applied to the acceleration processes of the stellar wind
and the jet beam of double sources in radio galaxy. We cannot be sure whether the steflar
atmosphere have structures similar to those of a coronal hole, but it is probable that the
stellar, like the solar, magnetic field is nearly a dipole field and the magnetic field
near the polar region is open. On the other hand, the observations show the existence
of the longitudinal and azimuthal magnetic fields. The acceleration mechanism by
momentum, and also energy, additions will be useful in many astrophysical gasdynamical
processes.
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Appendix

In spherical coordinates (7, 6, ¢), in the case of the axisymmetric condition &/0¢ = 0, the

magnetohydrodynamic equations may be written in the component forms as follows:
1 dpo,r? N 1 Opv,sinf
r or sin o0

(o2t ey L (B0 geR)
or r 00 ¥ r 00 I3

0, A.D

or 4=

1 AB+B) G

, A2
8 or r? (4-2)
,,(vrév_uv_e%ﬁ_@_m?): Lo,
or r 08 r r r 08
2 2 2
+i<Br§§£+B,BB_B¢ctg0)_i_ ABZ+BY 43
4z or r r 8ar 08

p<v %+w_v@+vrv¢+v_ev_¢@>_ix
" or v 00 r r

0 B
X (B, 9By Bo 9By | BBy, BoBycte 6) . (A4)

or r 06 ¥ r
2

p(v,%+ﬂ9§f)—£<u,a—[)+%§£>=iﬂ, )

o r 08/ p o r 08) r dr
J . .
" [sin @ (v,B, — v,B,)] = 0, (A.6)
0
o [r(vrBB - UOBr)] =0 ’ (A7)
or
0 d
5 [r(v,B, ~ v,Bg)] - 3—9 [v9By — v4Bel = 0, (A.8)
p=parT, (A.9)

N .

L B> 1 3Besin® (A.10)

r or sin 8 o0

where the heat flux is assumed to be a function of r only, q = g(r)e,. It is difficult to
obtain the complet solution of such equations. If our interesting is in the local region,
the expansion for small angle 6 — 6, may be used (Hu, 1981, 1982). For example, we
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expand the quantities in the series of angle

v= Y ¥, B=Y BO@, p=Y p™e,
n=0 n=0 n=0

p=Y PO, e=Y Mg, T=Y TW¢ (A.11)
n=0 n=0 n=0

When we substitute the series (A.11) into Equations (A.1)-(A.10), equations may be
obtained for every order of 6”.
After some calculations, the equations of zero order are:

v =0, (A.12)
BY =0, (A.13)
P (,,(0) dos” _ "_gjf) _ oLy

Todr r 4z

) 0)2 (W]
X (Bg;p By’ Be > YT o G (A

dr r dr r?
@) ,,(0)2 B(d(’))z
@2 =9 A.15
P . 4z ( )
©0) 0) (Y}
O p© drog” _ B,” drBy> (A.16)
dr 4n  dr
0) 2
P I:v£0) de + 0@ p© 4 (L):I _1dq , (A.17)
dr dr \p©® r? dr
d
< [7(0§ B — vi? BD)] - [v§? BY - v BYP1 =0, (A.18)
PO = p©@ FTO (A.19)
By using Equation (A.15), Equation (A.14) becomes
© ( (
PO y© do® _ i (B_£E) - dioj — o© % . (A.20)
dr dr\ 8z dr r?
These equations are the basic equations of one-dimensional solar wind flow.
Similarly, the first-order equations may be written as
1 dr2o© p©
il OW N (A.21)

r dr
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do do©® o 2 dv® @2
p«»(v(m ; + o &7 ~9__C“_;vg>)u§b1) +pW(p@ X T o

r dr r dr r
- —1—~<B(9”B(,‘> 1) drBy B dng,?)) _ P p» G4 (A.22)
4nr * dr * dr dr r2

@ 5 1) ©)2 (1) (1)
_2070057057 0" 1 oy (B8’ pwy) - 3p@ gy | - P
o s ¢ o Do :

r r 4n dr r
(A.23)
©
PO D v + (p@ oD + pV () drog’ _ 1 X
dr 4n
(1)
» (39)3‘? T ) (A.24)
dr dr
o) © 51O ©
p© (Ug)) de®® | p» de™ | ”_’Lﬁ) + P p© de™ |
dr dr Y dr
d/1
©) (1) 4 (DO} © = (©0) (0
+ PP+ 0P (p(o)>+p P x
M (D D
‘ [—vﬁ") i(”—) 4o i(—L) vo P ] 0,  (A29)
dr \p©? dr \p© r pO2
p® BW = y(L BO (A.26)
d
&1 B - o BO) - 160 B - o0 5] -
-2’ BY - v’ BP) - 0 BY - v’ BY) =0,  (A27)
1 dr? BY
S Wy, (A.28)
r dr
PV = RPOTD 4 pOTOY (A.29)

Similarly, equations may be given for the higher order.
If the basic flow of the solar wind in the flux tube is a spherical expansion, it gives

P v® 2 = m (constant) . (A.30)
Using (A.30), we find that Equation (A.21) gives
P =0, (A.3])
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and Equation (A.28) gives

B =0. (A32)
Substituting (A.32) into (A.28), the condition of magnetic flux conservation is

B® y? = @ (constant) . (A.33)

As the plasma and magnetic field are frozen together, conditions (A.30) and (A.33) are
consisted.
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