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ABSTRACT

In this paper, we study the evolution of azimuthal modulation of the solar wind with
magnetic field. The evolution of azimuthal modulation of the solar wind is examined by
numerical integration of the basic equations governing supersonic, super-Alfvenic , polytrophic
one fluid flow in the equatorial plane of the Sun with radial as well as azimuthal magnetic fields .
The numerical model is based on pseudo-conservative form of two dimensional time dependent
system. The computations are started by introducing various sets of finite amplitude
perturbations stationary with respect to the Sun. It is shown that for a properly chosen set of
simultaneous perturbations of the radial velocity and temperature, quantitative agreement with
the averaged observational results at 1AU can be obtained, including the advance of the density
modulation with respect to those of velocity and temperature. It is further shown that
modulations at 1 AU depends on the relative azimuthal positions between the Sun and Earth.
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INTRODUCTION

Many theoretical and experimental studies have been performed on the solar wind models
as an energy source for the generation of very high pressure and temperature. An extensive
literature of the solar wind models has been published [1] since the first detailed analysis by
Parker [2]. We may classify these models through their spatial and time dependence as the one -
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dimensional (referring to spherical symmetry) stationary, the one — dimensional time dependent,
the two - dimensional (referring to models in which variables are functions of two spatial
coordinates) stationary as well as the two - dimensional time dependent models. A number of
physical processes which affect the solar wind have been examined, such as the effects of
thermal conduction [3-4], rotation and magnetic fields viscosity non — thermal heating’s as well
as a combination of these effects [5-8]. Apart from such studies, in order to account for
modulations observed in association with solar flares ,the time dependent one-dimensional solar
wind has been examined, notably, in terms of similarity solutions [2, 9-12] and by a more
vigorous numerical integration of the governing non linear equations [13-14],. However, in the
one-dimensional models, the discussion of the effect of magnetic fields remains somewhat
superficial.

The purpose of this paper is to describe a two-dimensional time dependent solar wind
model with magnetic fields (as a function of the time t, radial r, and azimuthal ®,coordinats), and
to show that the physical characteristics of the observed average modulations [15] can be
quantitatively reproduced by numerical integration of the basic equations of the problem. The
details of formulations, numerical procedures and results are described together with discussions
of physical significance and implication of the results.

FORMULATION OF PROBLEM

The ‘average’ (excluding shocks) modulations of the solar wind near 1AU [15] have the
physical characteristic qualitatively similar to those for the density and velocity predicted
theoretically by Matsuda and Sakurai [16] for a steady one fluid azimuthally dependent solar
wind in the equatorial plane of the Sun with magnetic fields to the adiabatic, supersonic and
super-Alfvenic flow approximations. We examine the evolution of azimuthal modulations with
one fluid solar wind governed by the two- dimensional(r,®) hydro magnetic equations and an
adiabatic energy equation. It has been shown that the major thermal effects such as conduction
[4] and the non-thermal heating’s [17] are confined within the radial distance, say 25R(R the
solar radius). At 1AU observations show 90% of the energy is carried by the solar wind in the
form of kinetic energy [1]. However, it has been shown [15] that agreement between one fluid
adiabatic flow theory and observation is reasonably good. Thus we adapt the polytropic flow
approximation, i.e., the adiabatic energy equation for the heliocentric radial distance of interest
in this study. It was shown also by Weber and Daves [18] that the co- rotation of the solar wind
with respect to the Sun ceases beyond the radius around 20R where the solar wind speed
becomes equal to the local Alfven speed.

Hence in this study, we consider the modulations of the solar wind beyond the radial
distance 30R in a system of stationary coordinates with the origin at the center of the Sun for
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convenience of interpretation of modulations at 1AU on the evolution and relative azimuthal
positions between the Sun and the Earth, we consider modulations which are stationary in forms
and with respect to the Sun at 30R for the time t>1. It should be noted that such stationary
features with respect to the Sun appear in the present system of coordinates as a function F(r,®-
Qtywith = 2.87x10° rad s™ denoting the angular velocity of solar rotation .It is assumed that
before introduction of solar wind is characterized by a steady one dimensional solar wind
similar to that given by Weber and Daves [18].

The flow governing equation in pseudo-conservation form is,

oU JoF 190G
t—t——=

LA =5
ot Jdr rog

Where U, F, G and S are all vectors.

The components of equation (1) can be identified with the equation of continuity, the radial and
azimuthal equations of motion the radial and azimuthal equations of magnetic field induction,
and the equation of energy conservation.
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(4)

Where p is the density, ¥ = (v, Vg) the velocity, B = (B, By) the magnetic field

induction, G the gravitational constant, M [S the solar mass. In deriving these equations we

assume that the solar wind is a thermally perfect gas so that the internal energy is given by

p
p(y-1)

where ¥ denoting the adiabatic index.

In order to examine the evolution of the magnetic field configuration, we obtain the following

equation,

(6)
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where A is the stream function and C is a determinate constant for each specific line of
force. Equation (6) is obtained from the equation of magnetic field induction, after integration,

with the use of the defining equation of the components of magnetic field in terms of 4 , i.e.

10A 1 0A
BTZ—T—ZW, Bq) = - . (7)

The numerical integrations are performed in a system of polar grid points ranging from
30 R to 230 R with radial grid distance of R and @ = 0° to 180° with azimuthal grid
distance of 2.5° . With this system of grid points the following time resolutions of the

modulations at 1AU (215R) are obtained, i.e. for the radial velocity of 600 km s~ 1 the

s . : R . . o . .
radial time resolution of about 30 min(= v—) and in the azimuthal direction the time resolution
r

2.5°
of about 4.2h (= T) .The disparity of the radial and azimuthal grid points and resolutions are

selected in consideration of the dominance of radial flow of the solar wind and the numerical
stability of the results , after a number of trial computations.

NUMERICAL ANALYSIS

We use Rusanov scheme for solution of equation (1)-(5).The grid for the numerical
calculations is chosen such that along the r and @ the spacing is equidistant. The indices i, j are
used for numbering the grid points. This each grid point in space is defined by an ordered pair of
in space is defined by an ordered pair of indices(Z, j). For the time step along the t — coordinate
the notation t = n T, is used hy h; are step sizes along 7 and @ then following set of explicit

difference equations are derived.



Golden Research Thoughts
Vol -2, ISSUE -12, June.2013

ISSN:- 2231-5063 Available online at www.aygrt.net
+1
U;?j _U:}_F F::-Lj FiTil,j+G::Lj+l_ Ggl,j—l
T 2h, 20,
= S
4 1 Q ]n U:l+1,j_ Lj 0.)" ij U?—l,j
1
2 ez hy a2 h,
Uy Uilj 1 Uf_1j+1— Ul 1
+(912]#1_ FLAP 2 (ﬂlzjn L 2= 2
2 n U??j+1 — U:l; n Ufj_ Ufj—l
? (szj h _Eﬂzzj._l h
z 2 b3 2
Uan+1;+— U:1 lJr'+l U;lj—l a U:L—lj'—l
+ Enzlj?_ 1 2 2"'{:“21)1.1. 1 22 22
Lj+3 hy Lj=3 hy
n _ n —
where (Qag)!, 1 = Qg (Uy1,), @B =12,
n n
on y = ey
it 2
ices Q) - Qup = Ag.Ag+ Cog, A1 = =, A, =
The matrices qp are defined as ap = Aq-Ap + Cgp, A1 = qu 2T

aac

U W here Caﬁ are the matrices which include the influence of the artificial viscosity.

h
The stability criterion of the difference scheme used is given by CFL as T < :_ﬁ ,a <1

, O is the spectral radius of the matrices A; and A,,h = hy; = h, . For the present problem,
the artificial viscosity matrices were chosen to be

C12 = C21 = O, Cll = C22 = ‘U.I, [is the ldentlty

matrix. For the step sizes in 7, — direction the following special choice was taken
2

h=h, =h, u= 2,110};—2 , Lo = Constant

The numerical results are discussed in the next section.
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NUMERICAL RESULTS

The solutions of the algebraic equations which result from the integrals of the governing
equations examine the problem [18]. More precisely the algebraic equations are solved for a set

of conditions given at 1AU , such as Vg pg , Tg (S0 that pg), B,g, and vgyg , where the
subscript E refers to the values at 1AU . Such determinations for a given set of 1AU values lead

to a set of values y and 7,

Where 1, is the radius at which the radial velocity becomes equal to the local Alfven
speed , we then selected the solutions which give the conditions similar to the undisturbed state

5
of solar wind of and the value of ¥ close to 3 with T less than 30R .i.e.

Vg = 400’%m , pg =14 x 1073g cm™3
T, =5 x 10*K , B, =3 x 1075G,
Vog = 2 kms™! ) 7. = 19.4 R,
y =
1.6227 ) 3

Where pg corresponds to the number density of 7 particles cm™3 with the mean

molecular weight 2 X 10724 g,

Numerical computations are performed for various sets of finite amplitude perturbations,

such as modulations of p , T and v, in different combinations with different azimuthal extents
and amplitudes as well as phases. After a number of computations it is found that the average
solar wind modulations can be reproduced closely by the following set of perturbations,

5 1 s

vr=vr0[z+zsm(®,t)], Qt< D < Qt+ 5

3 1 . T
T=T0[E+Esm(®,t)], Qt<®<ﬂt+;, 9)

Where
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sin(@,t)=sin[6(®—ﬂt)—§], (10)

vy, = 346 km s™tand Ty = 6.49 X 10° K are the values at 7 = 30 R of the initial
steady state. Physically, equations (9) and (10) represent simultaneous sinusoidal modulations of
v, and T of the azimuthal extent 60°, having the amplitudes 1.5 Up,and 2 Tg at 30 R. The
cause of these simultaneous enhancements of v, and T, may be identified with a large

photospheric region of activity, since such a region is characterized

by open magnetic field lines with higher coronal temperature which subsequently can lead to

higher temperature and flow velocity at 30 R .

The successive evolution of the perturbations given by equations (9) and (10) has shown in
figures 1, 2 and 3, in terms of the modulations of ¥, and the magnetic field line configurations.
The perturbations are introduced at t > 0 centered at @ = 30° , and in figure 1 the figures
for t = 0 refer to the initial state. By assumption the ¥, perturbation maintains the same form

at 30 R and rotates in the figures with elapsing time due to the present choice of coordinates. It
can be seen readily in figure 1that the initial developments of the modulations are mainly in the
radial direction, followed by subsequent gradual but complex azimuthal modulations as seen in

figures 2 and 3 for t > 50 h . It can be noticed in figures 2 and 3 that the modulations reach
1 AU aboutt = 75h at® = 45° | then for t > 125 h the modulations evolve to a quasi-

stationary state, and for @ > 75% the modulations are purely azimuthal and stationary.

The dependence of modulation at 1 AU on the relative positions between the Sun and the
Earth are shown in figure 4 in which evolutions of the modulations of radial velocity; v, ,

number density N and temperature T seen at different azimuthal angles () are shown. At

® = 45° the modulations at 1 AU resemble those of one dimensional time dependent

solutions discussed by Hundhausen while at @ = 75% the physical characteristics of
modulations resemble those of the two-dimensional stationary solutions given by Matsuda and
Sakurai [16]. The most physically significant result shown in figure 4 is that the density

modulations start in advance of those of the radial velocity and temperature for all @, ie.

approximately 5 hat @ = 45° 10 h at® = 60°

and 20 h at @ = 759 . Such as advance of the density signal has not been obtained previously
for modulations introduced near the Sun either in the one-dimensional time dependent solutions
or in the two — dimensional stationary solutions by Matsuda and Sakurai [16]. The results shown
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in figure 4 also give the time difference between the start and the peak of density modulation
aslOh at® = 45° 15hat® = 60° and 34 h at @ = 75°. Further figure 4 shows that
the relative time differences between the peaks of density and radial velocity modulations are
10hat® = 45°20hat ® = 60° and 25h at ® = 75°, and the similar time difference

between the density and temperature being 7h at @ = 45° 8h at @ = 60° and11h at
¢ = 759.

The average modulations are reproduced by the results shown in figure 4 at 60° < <

75°, in quantitative agreement with respect to the amplitudes of modulations as well as the time
differences between the peaks of modulations of density , radial velocity and temperature ,
including the advance of the density signal with respect to the velocity and temperature of
10 — 20 h . In addition the peaks of temperature modulations are attained 10 — 15 h ahead

of the velocity peaks in comparison with approximate 6h in the average modulations.

In other words, the present results imply that the observed average modulations represent
at mixture of azimuthal and evolutional modulations, since purely azimuthal (steady)
modulations at 1 AU for @ > 759 show less satisfactory quantitative agreement with the
average modulations , particularly with the smaller amplitude and a larger advance of the density
signal.

CONCLUSION

It is shown in this paper that the observed ‘average’ modulations at 1 AU can be
reproduced in quantitative agreement by a set of simultaneous perturbations of the radial velocity

and temperature at 30 R . It is also shown that the ‘average’ modulations at 1 AU can be a

mixture of azimuthal and evolutional modulations and that the modulations at 1 AU depend on
the relative positions between the Sun and the Earth. Gosling, noted that the advance of the
density signal with respect to radial velocity and temperature has not been obtained in (previous)
theoretical models, and these authors attributed the possible cause to the presence of a density
enhancement ahead of the possible velocity modulation near the Sun in the basic slow
stream|[15].

It was also noted that the modulations observed at 1 AU are not exactly reproduced at
every solar rotation [15]. This result is again in agreement with the present results that the
average modulations contain the evolutional effect and also with the fact that the mean life time
of coronal structures, prominences, and large scale solar magnetic fields in low heliographic
latitudes are of the order of one rotation [19]. In other words, we make consider that the
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modulations observed at 1 AU always contain some evolutional consequences. The results of
present study then clearly illustrate the importance or the examinations of time dependent
solutions. The present results also illustrate the limitations of the linear perturbation approach
such as the scheme proposed by some pioneer workers [20] for the identification of the casual
relationships between the modulations observed at 1 AU and those near the Sun through super
positions of linear perturbations.

In summery, we must stress the importance of nonlinear time dependent study and the basic
differences between the one — dimensional and two — dimensional solar wind models. It was
pointed out by [21] that large azimuthal modulations can result in the two — dimensional model
because of the difference in the radial dependences of the variables B, and Vg between the one
— dimensional and two — dimensional steady state solutions. It is shown in this study that a full
account of nonlinear time evolution can lead to still another effect such as the advance of density
signal ahead of other modulations. However we must note the limited scope of the results of the
present numerical study, apart from the full account of two — dimensional hydromagnetics.
Under realistic circumstances, the modulations observed at 1 AU must be subject to complex
physical processes, i.e., the perturbations in the solar corona are subject to thermal conduction
near the Sun [4] then to various possible non-thermal heating’s [17,22] even near the Earth [7]
including small scale instabilities such as perturbations in magnetic fields [23,24].

Nevertheless, we may state that the resent study reflects some of the physical reality of the
actual modulations of the solar wind, and illustrate the difficulties of a unique identification

between the observed modulations at 1 AU and specific physical causes near the Sun, needless
to say with particular coronal structures.
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Fig. l. The evolutions of the radial velocity v, and the magnetic field configuration denoted by B in
response to stationary azimuthal modulations with respect to the Sun introduced at 30 Rat 7= 0. The
domain covers from 30 R to 230 R, and ¢ refers to the lapsed time.
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Fig. 2. Theevolutions of the radial velocity v, and the magnetic field configuration denoted by B in
response to stationary azimuthal modulations with respect to the Sun introduced at 30 R at r= 0,
t 1efers to the lapsed time.
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t = 150h

Fig. 3. The evolutions of the radial velocity - and the magnetic field configuration denoted by B in
response to stationary azimuthal modulations with respect to the Sun introduced at 30 R at r=0;
t refers to the lapsed time.

15



Golden Research Thoughts
Vol -2, ISSUE -12, June.2013

ISSN:- 2231-5063 Available online at www.aygrt.net
$=45° $=60° $=75°
- SO0 I T ¥ T J T
"r'u = — i — — -
= EDO = — — = - o -—
‘E ;ﬁ.hﬁ T & -~ - | I f i S
— 400 — —— — - - -
}I—. — - - =t =3 -
200~ — - - - =

a
£
2
=
o L | i 1 ! |
Q 100 200 i) 100 200 (] 100 200
500 T T " m— T T T T T T
400} 4 F 4 F -
x
% 300} 4 | 4 -
§'eoo- 4 k 4 F -
=

y
_k_ ||\~.“-.__. \\“*- — \H"""-...
o 1 1 1 1 l 1 1 e

I
O 50 100 150200 2500 S50 100 150 200 250 0 50 100 150 200 250
TIME (h)
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