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Summary
A model is daveloped for the formation and propagation through
the lower corona of the loop-like coronal transients in which mass
is ejected from near the solar surface to the outer corona. wThe mass
ejections are simulated with numerical solutions of the time-dependent,
twosiimensional, dissipationless, magnetohydrodynamic equations of
motion. The objective is to obtain a better understanding of the
physical processes responsible for and occurring in the mass ejections.
The main difference between this model and previous similar
models is that we assume that the initial state for the transient is
a coronal streamer. In previous models the initial state has been
taken asa hydrostatic state with a force-free magnetic field. In the
coronal streamer, the atmosphere is not stationary and the magnetic
field i1s not fcrce-free. A coronal streamcr consists of closed magnetic field
lines near the solar surface with overlying and adjacent open field lines. The
plasma is stationary in the closed rvegion and flows outward in the open region.
Coronal streamers are observed to last for long periods on the
solar surface and, thégefore, must represent a quasi stéédyasﬁane
solution to the complege time—dependént equations, Since'n seli-
consistent analytic solution fof coronal streamers does not exist,
a numerical solution is constructed. The initial state for the
streamer is a polytropic, hydrodynamic solution to the steady-state
radial equation of motion coupled with a force-free dipole magnetic
field. The numerical solution of the complete time~dependent equations

then gradually approaches a stationary coronal-streamer configuration,

The streamer configuration becomes the initial state for the coronal

11

- AT

S




transient. The streamer and transient simulations are performed

completely independent of each other. The transient is created by
"y a sudden increasa:in the pressure at the base of the closed-field

reglon in the streamer configuration. Both coronal streamers and
coronal, transients are calculated for values of the plasma beta

(the ratio of thermal to magnetic pressure) varying from 0.1 to 100.
We compare our results with similar results obtained using the
previously-developed model mentioned above in which the initial
atmosphere is stationary and the magnetic field is force~free. We

also compare both our results and the previous results with the

L

observed characteristics of loop~like, mass ejection coronal transients

in order to evaluate the relative marits of the two models.,
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I.  INTRODUCTION

Coronal mass ejections are transients or disturbances in the corona
in which material appears to escape from the Sun. The data obtained
during the Skylab mission, by both on~board and groundFBaséd instrumento~
tion, have contyibuted significantly to the understanding of coronal
mass ejections. For several ejections the coverage was complete enough
that observations of the coronal transient (seen in white light and radio)
could be associated with observations related to the solar phenomena,
usually eruptive prominences or flares (seen in XUV, EUV, Hy and X-ray),
responsible for the transient (Hildner et al., 1975a, b; Rust and Hildner,
1976; Dulk et al., 1976; Poland and Munro, 1976; Schmahl and Hildner,
1977). This complete data analysis and establishment of a cause-effect
relationship are crucial in determining the physical processes in mass
ejections. These assoclations are particularly informative for the
purpose of developing dynamic models when the data can be used to infer
the thermodynamic properties (temperature, density and pressure),
velogities and magnetic fields of at leaaﬁ some portionsor features
of either the solar event or the transient, If the simulation can be
made to reasonably reproduce the observed physical properties, then
since all the above propertiesare included 1in the simulation, information will
be obtained on the physics of the solar event and transient for which
observations are not available.

Several models have been developed to simulate the dynamics of
the transient (see, e.g., Nakagawa et al., 1975; Stelnolfson and
Nakagawa, 1976; Steinolfson et al., 1978; Wu et al., 1978). These

models do clarify some basic physics of the observed featuresof mass
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ejections; however, they are not able (by the very nature of the models)
to gimulate some other important features. The shortcomings of the
current models (which will be discussed in Section V) are such
that 41t 1s questionable whether they are capable of simulating
the detailed structure of mass ejections; even though they may be
applicable to other types of atmospheric transients. In this report
we present a model which leads to a more realistic simulation of the
observed features of mass ejections and, consequently, to a belter
understanding of the related physical processes. The particular
class of ejections which we simulate is the loop-like mass ejections
that tend to be associlated with eruptive prominences (Hildmer, 1977).
The equations used in the model and the procedure followed in
solving the equations are discussed in Section I1. The complete
simluation consilsts of two parts. In the first part a coronal- or
helmet-streamer configuration 1s established; this is discussed in
Section III. A coronal-streamer configuration consists of closed
magnetic loops on the solar surface that lie beneath and adjacent to
an open-field region. In the second part a perturbation in the thermal
pressure is introduced at the basé of the closed loops which simulates
the solar event. The numerical solution of the time~dependent equations
then simulates the resulting coronal transient. The coronal transient
1s discussed in Sectdon IV. The model is compared with a previous model
in Section V and with observations in Section VI. The results are
summarized and the conclusions that can be made from this study are

discussed in Section VII,
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II. EQUATIONS AND SOLUTION PROCEDURE

The solar atmosphere is agsumed to behave as n single fluid with
negligible dissipative effects, With these assumptions the time~dependent
magnetohydrodynamic (MHD) equations that describe atmospheric flows in

the meridional plane can be written in MKS units as follows:

% . 3 D (ev) .. 208 pvo (la)
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where the dependent variables are the density p, radial velocity u,
meridional velocity v, pressure p, radial magnetic field Br’ and
meridional magnetic f£ield B@. The independent variables are the radius
r and the latitude 0, The constants are the polytropice index Y,
magnetic permeability y, solar gravitational constant G, and solar

mass Ms‘
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The region in which the solution to the above equations is desired

SRR

is shown in Figure 1; i.e., the region bounded by the solar surface and

-t

5 solar radii (R@) in radial distance and by the equator and the pole in
meridional distance. The solution is assumed ¢ be symmetric about the
equator. The equations are solved numerically uaing a modified Lax-
Wendroff difference scheme given by Rubin and Burstein (1967). The grid
spacings used are Ar = 0,1 RG and A0=2,5 deg, The time step 1s chosen

to be the maximum allowable from the usual stabflity criterion for
Eulerian difference schemes; i.e., At = min (Atr, Ate) where At = Ar/ |2r]
and Aty = rAB/lAal and [2_| ([Ag]) is the maximum eigenvalue (the sum of

the fluid velocity and the characteristic veloeity) in the radial (meridional)

direction. A smoothing term suggested by Lapidus (1967) is used to re-

duce numerical oscillations. The amount of the smoothing is controlled *
by a constant. Lapidui ysed é value of 4 we use a value of 2. The
initial conditionz Lnd the boundary conditions for this initial-boundary i
value problenxfoé:che coronal streamer and the coronal transient calcu- y
lations are diéﬁussed in Sections IIT and IV, respectively,
When Equaéione (1) are written in conservation form, as they must be M N

in order to solve‘qumerically, they contain singularities at the pole due to

terms of the form v/sin © and Be/sin 9. DBoth the numerator and denominator of E

these relations vanish at the pole. In the numerical solution these singu- IK
larities were overcome by setting the values of the above two relations at the
pole (point 2 in Figure 1) equal to their respective values at the grid point l

next to the pole (point 3).

The above equations can be non-dimensionalized with res‘péct to some
selected reference values in such a way that the only parameters are

Y,.B (the ratio of thermal to magnetic pressure), and a parameter

4
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involving the reference temperature. We selected the reference values

ag the initial values at the solar surface at the equator, Since y and

the reference teémperature are kept constant, the only parameter remsining
in the equations 18 B. A number of theoretical studies have demonstrated

the importance of the value of £ (see, e.g,, Steinolfson and Dryer, 1978;

Nakagawa et al., 1976; Steinolfson et al., 1978). The importance of {3

in the present problem is investigated by examining coronal~streamer and
coronal~transient structures for f varying from 0.1 to 100, The results
for B = 4 and B = 0,5 are discusased In the most detail.

A listing of the computer code used to numerically solve Equations (1)
is included in Appendix A along with a description of the input variables
for the code, A separate code 1s used to produce the compuber-generated
plots presentec in this report, and this computer code and a deseription
of the input variables for it arc given in Appendix B, Appendix C
containg a listing of a sample run for a goronal-streamer simulation.

All of the computer simulations were performed on the CRAY-1l computer at

the National Center for Atmospihieric Research in Boulder, Colorado,




J A\ U

III, CORONAL STREAMERS

A schematic of the magnetic field lines in a coronal streamer is
shown in Figure 2., The fluid velocity is essentially zevo inside the
closed~field region with 11 the outward flow occurring in the open-field
reglon., A current sheet exists on the gquator in the open region where
the magnetic field reverses dircction. Coronal streamers are long-lived
structures (often lasting for daya) and, hence, rust represent, in some
sense at least, a configuration approaching a solution to the steady
state form of Equations (1), However,such a steady~state solution would
be extremely difficult to obtain, Pneuman and Kopp (1971) have con-
structed a steady state solution, but they assumed that the field lines
were known a priori aud neglected the interaction between the field
lines and the fluld. Our approach 1s to start with an initilal state
a8 close to a coronal streamer as feasible, numerically solve the time-
dependent equations and let the solution relax with time to o coronal=-
streamer configuration. This approach was used by Endler (1971) and
Weber (1978) for a constant temperature medium; an assumption which
we do not make. The final coronal-streamer configuration serves as
the initial state for the coronal transient discussed in Section IV,

A. Initial State and Boundary Conditions

The thermodynamic variables and the velealty are given initially

by a radial, hydrodynamic solution to the time~independent form of Equations
(1); 1i.e., a Parker-type solution (Parker, 1963). The reference values

for the thermodynamic variables in the initial state at 1 R@ are

6 8 3

temperature T=1.8 x 10° K and electron number density n = 2,25 x 10° em -,
where p = nmp and n$ ls the proton mass. With these values the only

solutions to the steady-state hydrodynamic equations with the eritical

6
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polnt beyond 1 R, are obtained for 1 < vy < 1.1. The larger the value of
Y, the more rapidly B increases with distance. Since too large an in-
crease in £ with increasing distance is unrealistic and since ¥ =1 implies
that the temperature is constant, we used an intermediate value for Y of
1.05, The hydrodynamic solution then gives a value for the initial radial
veloeity at the solar surface of 8.2 km s“l. The initial meridional
velocity is assumed to be zern.

The magnetic field is assumed to be force~free initially. The
equations for the vanishing of the Lorentz force and the absence of free
magnetic poles then determine the initial magnetic field configuration,
wnich is given in terms of Legendre polynomials of order 1. The dinitial
configuration selected ig the dipole configuration obtained by using the
Legendre polynomial of degree 1l; i.e.,

2B cos 0
o) ;

Br = 3 ’
r
- B, sin 9
¢ 3
r

where Bo is the reference magnetic field. This configuration tends to
restrain waterlal ejected near the equator and consequently is referred to
as a "closed field" configuration, The reference magnetic field is
selected to obtain the desired value for B. Values for the reference
magnetic ﬁield of 0.83 G and 2.35 G at 1 Ro at the equator yield

values foﬁ the plasma beta of 4 and 0.5, reséectively. B ineéreases with
radius and decreases away from the equator. The initial value of B at

1 R@ at the pole 1s a factor of 2 less than at 1 R@ at the equator.

ST
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The above chosen initial state does not, of courke, represent a
steady-state sd&d&ian to the complete two~dimenslonal equati@hﬁ. lHence,
when used as the initial state, the time~dependent solution to Equationg..
(1) will evolve until the solution relaxes to or approaches n steady~
state solution (the coronal streanmer),

The remaining quantities that must be specified for the numerlcal
solution are the boundary conditions at the four houndaries in Figure 1, The
solution is assumed to be symmetrlce about the equator, and hence, the

boundary conditions there become (using the notation in Flgure 1)

n, = u p, = P By = 1
1 3 1 3 01 03

v, =~y
1 1 3

3
For the coronal-streamer calculation, the pole con also be considered as
a symmetry boundary. The boundary conditions there then become the same
as for the equator with the following exceptions:
B, = -B B = B,
) .

Op Y
Note that there is no flow across elther of the above two boundaries.
There is flow, however, across the remaining two boundariles at 1 RQ and
5 Rb (the ifnner and outer boundaries) and this makes thelr trecatment

somewhat more difficult. The recason can best be explained using the theory

of characteristics,
hydrodynamic £low by

and Nakagawa (1.976).

analysis to the prese

are a hyperbolic system of equatioﬁs, and therefore, the characteristics

This has been done previously for one-dimensional,
Nakagawa and Steinolfson (1976) and Steinolfson
We will briefly discuss the extenslon of their

nt problem (see also Endler, 1971), Equations (1)
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- of the six characteriscle velocities. At the outer boundary the flow i

for the equations ave all real. In this caee information From any polnt

in the flow fleld can only propagate in the characteristic divections. In
the vadial divection, then, information propagates at the slx veloclties

equal to the sum of the radial veloelty and the radial component of cach

generally supersonic and supev-Alfvenic, and henee, information from the

i
outer boundary only propagates downgtveam, 1.e¢., outside the region of
Intevest. Another way of viewing this 1s that all six radial characteristic

directions at the outer boundary ave positive. This implies that the

boundary conditions at 5 R"1 can be specified arbitrarily. We choose to
Linearly extrapolate using the relation WB = Q“ + AQ (notation as in Figure 1)
where Q is anydependent vaviable and AQ is caleulated at cach time step From
the values at the two radial grid points adjacent to the boundary. at the
dnner boundary two of the six radial chaxacterdstic divectlions are negative,
and consequently, information from the reglon of interest propagiates up=
strean to the boundary. 1In this cage four dependent vardables at the loawer
boundary can be specificd avbitrarily, and two must be caleulared from some
form-of compatibllivy velatlons (sce Stelnolfson and Nakagawa, 1976).
Strictly speaking, the compatibility velations are equations that can be
dorived from Equations (1) which must be Snt&sfiodrby the dependent variables
in cach of the charvacteristic directions, Stelnolfson and Nakagawa (1976)
have shown that first-order or second-order (linear) extrapolation often ;i

works as well as using the more complex compatibility relatlons, We choogy

te hold the pressure, density and radial magnetic field at thedir inicLuﬂf

L
i

values at the boundavy and caleulate the weridional veloclty so that phi

total velocity and magnetic fileld are parallel at the boundary. The

/N, R . Y .
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radial veloclty and meridional magnetic field are calculated from linear

extrapolation. When the veloaity approaches zero inside the closed-field

region, the pressure and density at the boundary are allowed to increase
A

accordingly by linear extrapolation.

B, Numerical Results

The initial-boundary value problem discussed above forms a well-
posed problem, and the cime—depgndun% equations arenow solved numerically
uéing the appropriate initial state and boundary conditions. It remalns
to select a criterion by which to determine when a steady-state, coronal-
streamer configuration has been achieved. Admittedly this decision must
be somewhat subjective. The criterion we used was to continue the time~
“ependent solution until the configuration did not change apprecisbly
ové@ a period of at least one hour of physical time. 1In generai, the
smaller the value of é;‘the more rapidly the solution evolved to a coronal~

streamer configuration.

1. B=4
The initial dipole magnetic field is shown in Filgure 3(a),

The field lines are spaced at 5 deg intervals at the solar surface.

The curve consisting of long dashes represents the location where the

radial flow velocity is equal to the sound speed (sonic curve). The

radial flow velocity is equal to the Alfven velocity based on the total
magne%;c field along the curve composed;bf short dashes (Alfven curvej.

The evolving magnetic field is shown for ‘three succeSSiQB times in Figure 3.
Thé numerical solution is changing so slowly with time after 24 hours

that the solution at that time is selected as the final coronal-streamer
configuration. Several of the dependent variables after 24 hours are

shown in Figure 4. The nondimensional values given for the pressure and

density are the values referenced to theilrrespective initial values at

10
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each point in the flow field. TFrom Figures 3 and 4, it is easy to scc the

field lines evolving from a closed dipole field to a coronal-streamer
configuration with the closed field lines lying beneath and adjacent to
open field lines. The sonic curve is displaced inward in the final state,
except for a small region around the equator, due to the general increase
in velocity. The velocity decreases somewhat at the equator frem that

in the initial state and increases at the pole as shown in Figure 5. The

changes in the pressure and density at the equator and pole referenced to their

respective initial values at each point are also shown in the figure.

The top of the closed~field region in Figure 4(a) at the equator occurs
at approximately the same radius at which the Alfven curve intersccts the
equator. The reason for this is that the magnetic field at the equator
is approximately zero above the closed region, and the velocity is approxi-
mately zero in the closed region. There is one field line above the inﬁér—
section of the Alfven curve with the equator that appears to be closed in
Figure 4(a), but this is believed to be due to the interpolation between
the relatively large grid spacing that we have used. The intersection
of this field line with the equator 1s gradually moving outwaxrd.

The pressure and density are increased over their initial values
and the velocity is approximately zero in the closed regilon as indicated
in Figures 4 and 5. The temperature is proportional to the ratio of the
pressure to the density, and hence, it is evident that the temperature also
increases throughout the flow field. The increments in pressure and
density between the contour lines in Figure 4 are equal so more tightly
grouped curves denote larger gradients. The velocity vectors clesely
parallel the magnetic field lines in Figure 4 despite the relatively large
value of R. The open field lines never become completely radial; not

even the field lines next to the pole. Hence, assuming that the flow

11
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does follow the field lines, the flow near the pole is in a region where
the cross-sectional area of an infinitesimal flow tube increases more
rapidly than as the radius squared., Several steady-state studies for f£low
in coronal holes where the cross-sectional area of a flow tube is specified
to increase more vapidly than as the radius squared have appeared In the
11:e:atugg (see, e.g., Kopp and Holzer, 1976, and Steinolfson and Tandberg-
Hangégn, 1977). These steady-state studies conclude that the velocity
increases in coronal holes, but that the temperature and density decrease,
which is in contrast with the present results. The reason, for the
discrepancy is not immediately apparent, but it is most 1likely related to
the different boundary conditions applied at the solar surface in the

two studies and to the inclusion of the meridional terms in the equations used

in our study.

The results discussed above for B = 4 display several of the character-

istics expected of coronal streamers (correct magnetic field configuration,
higher pressure and density and éé{e velocdity in the closed region, etc.)
in spite of the fact that f = 4 is ﬁarger than would be expected in coronal
streamers. We now consider a reference plasma beta almost an order:of
magnitude smaller (R = 0.5) which is a value more consistent with obéérvations.

2. B=0.5

The initial dipole magnetic field configuration and the location

of the sonic curve ére the same regardless of the value of the reference
magnetic field as can be seen by comparing Figures 6(a) for $# = 0.5 and
.3(a) for B = 4. The only difference in the two figures is that the Alfven
velocity increases with the magnetic field causing the Alfven curve'to
move outward as B is decreased (magnetic field increased). As the magnetic

field evolves in this case, as shown in Figure 6, the Alfven curve moves

inward throughout the flow field as does the sonic curve except for a
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small region around the equator. Some of the variables in the final
coronal-streamer configuration are presented in Figure 7. The sonic
curve inversects the equator in Figure 7(a) at approximately the same
radius as for B =4 in Figure 4(a) indicating that the sonic Mach number near
the equator must be similar for the two cases. The radial velocities
along the equator are about the same as can be seen by comparing Figures
5 and 8, and therefore, the temperatures along the equator must be
similar. The temperature distribution along the pole is clearl} quite
different for the two values of B with the temperature for B=0.5
being considerably larger. The velocity in the open region near the pole
for 8 = 0.5 is more than a factor of two larger than the velocity over the
closed region near the equator. The velocity in the closed region is
again approximately zero as would be expected, but the pressure and
density in Fhe closed region are increased considerably more for {=0.5
than they were for the larger value of B.

The distribution of B throughout the flow field is shown in
Figure 9 for both the initial state and the coronal streamer.
For the initial state B increases from 0.5 (0.25) at the solar surface
to 10.2 (2.6) at 5 R0 along the equator (pole). In the coronal streamer
the value of B increases at the equator and becomes infinite along the
neutral line above the closed region. Since B iIs so large near the
equator and since the ineremental spacing between the curves in Figure 9(b)
is fixed, the @ distribution is not shown within 10 deg of the
equator in order to show the distribution in the remainder of the flow field.
B is decreased at the pole near the solar surface and increased at 5 R@ at
the pole compared to the corresponding values in the initial state. Through-

out most of the flow field, f is lower in the coronal streamer than for

13
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the inltial state. Because of this and gince the thermal pressure is
higher in the coronal streamer than initially, the magnetic pressure in
the coronal streamer is also higher than the initial value throughout
most of the flow field,

As fqr the previous example, the velocity flows more or less along
the field iines. Also, none of the field linee becomes exactly radial.
The radial location of the top of the closed field region is not changed
appreclably from that for the higher value of B. The dimensions of the
closed-field region are considered below for a wider range of B.

3. Coronal-Streamer Structure
As the magnitude of the reference magnetic field is increased

in studies such as the above two, one would expect that the field lines
would remain closed to a higher altitude in the solar atmosphere. That this
indeed happens is fllustrated in Figure 10 where the dimensions of the height
and the base at the solar surface for the closed region are plotted as a
function of B. The circles indicate values obtained from individual computer
runs. A closed region is not achieved fbr f = 100. The base dimension
of the closed region is relatively unaffected by the values of B unless f8
becomes larger than about 5. The maxiﬁum values of the pressure and
density (referenced to their respective initial values at each point) in
the closed region are plotted as a function of Bvin Figure 1ll. The large
increase in the pressure and density with decreasing B is due partly
to the increased Lorentz force which is directed inward on the closed
region and partly to the increased magnetic field strength which increases

the tensile strength of the fleld lines and makes it more difficult to open

the closed field lines. This latter effect has been demonstrated by Steinolfson

14

H
i
e e e e s . e : ]
. PP . R v . «v.‘J

EEY




R L A

R -

"

#

et al. (1978). Both of these effects must be balanced by an increase in
thermal pressure in the closed region, and both affects also tend to

compress the fluid in the closed region. For B = 100 the magnetic field
is so weak (B = 0.17 G) that the solution remains essentially unchanged.

The velocity and the thermodynamic variables at 5 R@ are presented
as a function of meridional angle in Figures 12 and 13, respectively, for
several values of . The velocity is consistently larger over the pole
than the equator with the velocity differential between the two regions
increasing dramatically as B decfeases. The pressure and density are
highest near the equator and the temperature is highest at the pole for
each value of B. The temperature distribution for B equal to 4,10 and
100 are so close to being the same that the curves cannot be resolved in
Figure 13. For the two lowest values of B (0.5 and 0.1), the density
decreases and the velocity increases from their respective initial
values in the polar regilon in analogy with flow in coromal holes (Kopp
and Holzét, 1976). However, according to the study of Steinolfson and
Tandberg~Hanssen (1977) the temperature and pressure should also decrease
in coronal holes, while in the present study both variables increase. Hence,
although the open magnetic field in the present study is diverging as
would be expected in coronal holes, it appears that the flows in the open
regions in the present study are not analogous to previous steady-state
studies of flows in coronal holes. As mentioned earlier, the discrepancy
may be due to the different boundary conditions in the two studies, but
it may also be partially due to the meridional gradients in the equations

that we use which are neglected in the steady-state studies.
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IV. CORONAL TRANSIENTS

The coronal-streamer configurations discussed in the previous section
are long~lasting structures which may remain virtually unchanged on the
solar surface for periods up to several days. These configurations are often
observed to exist prior, both spatially and temporally, to the occurence of
mags ejections or, as they are often referred to, coronal transients. We now
gimulate a coronal transient by using the final state for the coronal streamer
as the initial state for the coronal transient,

A. Initial State, Boundary Conditions and Perturbation

As mentioned above, the final state for the coronal streamer is
used as the initial state for the coronal transient. The reference B
referred to in this section (and all other reference conditions) is the
reference value used for the coronal streamer. Naturally, all the dependent
variables may have a different value in the final streamer simulation than
they did in the corresponding initial state.

The boundary conditions applied at the equator, pole and 5 R, for the
coronal transient are the same as those used for the coronal streamer., At
the solar surface a perturbation in the thermodyvwamic varilables from their
initial values (the final values for the coronal streamer) i1s introduced
near the equator to simulate the solar event that produces the resulting
coronal transient. The perturbation is assumed to occur iastantaneously,
to be symmetric about the equator, and to extend in the meridional direction

3 ki,

over a total of 10 deg (5 deg on each side of the equator) or 1.22 x 10
The perturbed values are maintained for the duration of the calculation.

The magnitude of the perturbation varies with each simulation and is discussed
along with the corresponding numerical results. The pressure and density

are assumed to be constant throughout the perturbed region. Outside this

region they are calculated from linear extrapolation as fnr the streamer

16
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simulation, The remaining variables at the solar surface are simply set
equal to the value at the grid point next to the boundary at each time
step; 1.,2., Qp = Q, (first-order extrapolation).
For the streamer simulation the computation had to be
carried out for the entire flow regime at each time step. In this
section we only compute the solution from the solar surface to the
leading edge of the coronal transient,
B, Numerical Results |
The coronal transients for the two values of R used in the
previous section (B = 0.5, 4) are investigated, The transient for the
lower value of 8 is examined in more detail since, as will be shown later,
it agéees more closely with observations., Some of the more impertant results
for other values of B are also discussed.
l. B=24

The thermal pressure in the perturbation is increased by a
factor of 2.6 above the initialvalue at the solar surface for the streamer
calculation which, as discussed in the previous section (see Iigure 5),
remained unchanged throughout thatcalculation. The pressure increase
results from a factor of 2 increase in temperature and a factor of 1.3
increase in density. Some of the variables in the resulting coronal
transient are shown in Figure 14 after 60 minutes and in Figure 15 after
120 minutes. The corresponding variables for the initial state for the

transient are those in Figure 4. The time is now referenced to the start

of the transient simulation. The pressure and density are referenced
to thelr initial wvalues for the streamer calculation at each point in

tha £low fdeld.
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The large velocity that develops at the solar surface in the vicinity {
of the perturbed region causes tha flow to become super-Alfvenic there |
after 60 minutes and both supersonic and super-Alfvenic after 120 minutes
as seen in Figures l4(a) and 15(a). The coronal transient is preceded by
an MHD shock which has the characteristics of a fast shock since it
increases the meridional component in both the velocity and magnetic field.

It 418 not clear from the figures that the shock rormal (or the direction of
shock propagation) lies directly along the magnetic field, except, of

course, when the shock propagates into the open region along the equator.

Note that a meridional velocity component cannot be produced by the shock
along the equator because of the boundary conditions therz. When the shock
normal and magnetic field are parallel for some finite length of the shock,
the fast shock becomes a switch-on shock since it produces a meridional
component in the magnetic fileld and velordiv when neither was present ahead

of the shock. The numerical shock is necessarily spread over a few grid
points due to the relatively large grid spacing that we used. Hence the shock
location shown in the figures is selected to be approximately at the mid-
point of the jump in the dependent variables produced by the shock. The

shock has not completely formed at large meridional angles near the pole

after 60 minutes., The shock velocity along the equator increases from 306 km 5‘1
at 2 Ro to 584 km s"1 at 4 Rb implying that the shock travels considerably

faster in the initially open region than it does in the initially closed region.

One reason for this is that there is an ambiant outward f£low in the onen
region which tends to increase the shock velocity in the laboratory frame.
The contact surface separates the initial coronal plasma from that which -~

has been emitted from vhe perturbed region. The maximum increase in pressure

lies along the equator below the contact surface while the maximum increase
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in density is between the contact surface and the shock. Due to the relatively

large value of £ used for this simulation, the magnetic field does not have g

large effect on guiding the outward-propagating plasma and is, to a large

extent, essentially carried along with the plasma. As can be sacn in the

figures, the contact surface travels outward both radially and mevidionally,
It appears from the figures that the fluid is propagating across the field
lines (which should not occur due to the infinite conductivity) since the

contact surface at 120 minutes encloses more field lines than at the earlier

time. That this is not actually happening is a result of the method used
to calculate the field lines. The field lines are calculated by starting
at the same location on the solar surface at each time step and using the
magnitude and direction of the magnetic £ield at that time as rhe starting
values. Since the magnitudes of both components of the magnetic field at

the solar surface are allowed to change with time, different field lines

may be traced out from each starting location at eaczh time. ]

{ 2, B= 0.5

The thermal pressure in the perturbation is increased by a factor

]

of 10; the temperature by a factor of 5, and the density by a factor of
i ) 2. All of these increases are with respect to the corresponding final
. : values at the solar surface for the streamer calculation. Some of the
% | variables in the coronal transient produced by this perturbation are
| : shown in Figure 16 after 80 minutes and in Figure 17 after 180 minutes.
: | The corresponding variables for the initial state for this transient
are given in Figure 7.

The relatively low velocities and large magnetic fileld prevent

the flow from becoming either supersonic or super—Alfvenic at the solar

ne surface near the perturbed region as it did for B = 4. The transient
|




is again preceded by a fast MHD shock which may, over a portion of its
extent, be a switch-on shock. The shock velocity along the equator
increases from 397 km 3'1 at 2Re to 517 km 571 at 4 Ree Hence, as for
the rasults at B = 4, the shock truvels faster in the initially open
region than in che initially closed region, However, the shock velocity
is now larger at 2 Ry and smaller at 4 Rg than it was for B = 4, The
shock veloeitias for these two values of 8 and for other values of B
will be discussed in more detail later,

The contact surface doesnot travel as far in themeridional direction
as for B= 4, This 18 due to the larger magnetic field in this case
which tends to restrict the meridional mogument of the plasma. Along

the equator the maximum increase in pressure again occurs below the

contact surface gnd the maximum increase in density between the contact
gurface and the shock., This is shown better in Figure 18 which gives
the radial profiles of the radial velocity, pressure and density along
the equator initially and at two subsequent times. The mass excess
initially in the closed region of the coronal streamer (illustrated

by the increase in density between 1 and 2 Re in the figure) is at the

later times distributed between the shock and the contact surface.

The fluid ahead of the contact surface (including the fluid initially in the

closed region) has beean heated, compressed and accelerated by the shock.
This figure also demonstrates how the shock is spread over a number of
grid points. At t = 80 minutes, the shock, which should be a sharp
discontinuity, extends approximately from 3.75 Reg to 4.25 Rg»

The curves consisting of the dark shorter dashes in Figures 16 (d)
and 17 (d) enclose a region in which the density is higher than in the

adjacent regions in the meridional direction. That is, in a scan from
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the equator to the pole at a fixed radius, an increase in density would
be found in this region., This 18 illustrated by the meridional scans
of pressure and density at 4 Ry for three times in Figure 19, The
density has a definite peak at approximately 30 degrees at 180 minutes
where the scan is now through the "leg" of the high density region in
Figure 17 (d). At the previous times the scans are partially through
the top of che high density region. The pressure, on the other hand,
does not have a peak away from the equator at 180 minutes and decreases
more or less monotonically for all three times from the equator to the
pdle. The curves with the dark longer dashes in Figures 16 (d) and

17 (d) represent the approximate locations of the maximum in the high-

density region. The importance of this dense region will be discussed
in the following sections,

The distribution of B throughout the flow field (except near the
equator, since 8 again becomes ver& large there) for the two times in
Figures 16 and 1 7 are given in Figure 20. The initial distribution
of B is shown in Figure 9 (b). The B contours are very similar to
those of the pressure —- especially after 180 minutes when the magnetic

field is almost radial. These plots illustrate that for the region

shown, B remains relatively small during and following the passage of

the coronal transient.

3. Other Pertinent Results

The shock velocities along the equator at various walues of B are
showi in Figure 21. A wide range of perturbations in the thermodynamic

variables was used to obtain these results as shown in Table I. The
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shock velocities For the 8= 4 and Bx= 0.5 studies discussed above are
represented by the dasghed curves. There ave saveral iwportant results
that should be noted from the {igure. PFivst of all, despite more than
an order of magnitude change in both B and the magnitude of the pressure
perturbation, tha shock velocities for all simulations do not vary that
much in magnitude; at 4 R@, the velocitlies ave all within 200 km 9"1 of
each other, Note also that at a fixedB, a mductiunfin the magnitude of
the pressure perturbation reduces the shock velocity although the shape
of the curve remains generally the same, This is true for both B= 4,
whare both runs have the same density perturbations, and 8= 0,5, where
the two runs have different density perturbations. One would expect
that L the density pargurbmctou was varied over a wide vange this

vesult way be altered., Finally,as Bis decreased, the shock velocitvy

curves tend to become flatter until for B = 0.1 the shock velocity is
essentially constant over the vadius range considered. Tf the results had
been extended to a larger radius, the curves for B = 4 would certainly

approach a coustant velocity also although the final veloeity in this
cuse may be somewhat larger,

The fact that a larger pressure perturbation was used to obtain the
results in Figure 21 as B decreases is not coincidental. In fact, at
each value of B there is a value of the magnitude of the pressure per-
turbation (at a fixed value of the density peg;urbation) below which a
physically rvealistic solution (in the sense éﬁat the flow along the equator
is outward) is not obtained. This would be expected since the perturbation
is in a eclosed-field vegion, and a certain pressure force is vequirved to
open the field lines so the fluid can flow outward. As the strength of y
the magnatic Fleld incresses (B decreases), one would expect that a larger o

!
i
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force would be required. The approximate minimum pressuras perturbation
for a fixed density perturbation of 1.3 is shown in Figure 22 for the
‘»:aunge of 8 used for the results in Figure 21. The cireles indicate the
runs used to obtain the curve. Hence, Lt is ~lear t:lmt: as B ia decreased
below 0.5, the required pressure perturbation increases very rapidly.
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V. COMPARISON WITR\OTHER APPLICABLE MODELS

The other models which we will consider here are those which are similar
to the one we have developed in the sense that they consider the transient to

be the coronal rasponse to a simulated solar event near the solar surface,

That is, the driving force responsible for the transient originated and remains .

near the solar surface. We do not consider the magnetically-driven model
proposed by Mouschovias and Poland (1978) and further studied by Anzer (1978).
They assume that the driving force is the magnetic force produced b& the

interaction of currents flowing in .the loops with their self-induced magnetic

p—

fields. Yeh and Dryer (1980) have attempted to show that coronal loop transients

cannot be driven by such magnetic forces,

All similar models that have appeared in the literature which purport
to be applicable to the formation and propagation of coronal transients
in the iower corona (with the inner b&ﬁndary ingide the c¢ritical points
near the solar surface) in either the meridional or latitudinal plane
and including the magnetic field have assumed that the étmosphere is
initially stationary. On the surface this appears to be a reasonable

assumption since the kinetic energy in the inner corona is cerfhinly less than

15 bl i o & s b

either the thermal or magnetic energies. It is definitely simpler to assume

anhinitially stationary atmosphere since an analytic planar solution including
the magnetic field (other than a purely radial field, which is unrealistic in
the lower corona) and i finite velocity has not been obtained for the lower
corona to the author's knowledge. In addition to including the velocity in

the initial streamer for the transient in the present study, the magnetic field

[

in the streamer decreases with radius similar to a dipole fileld. This offers the'
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advantage of producing a reasonable increase in $ with radius. For any hipner
order field B inereases too rapidly with radius to be reasonable. We first
present some results for an initially stationary atmosphere and then compare these

and other similar results from the literature with our results obtained

~using a coronal streamer as the initial state.

A. A Model with an Initially Stationary Atmosphere

The initial state for this wmodel is taken to be an initially hydro-
static atmosphere for the thermodynamic variables and a dipole magnetic
field, This initial state represents a solution to the steady-state
form of the complete set of time-dependent equations (Equations(l)ﬁ. The
reference conditions for the thermodynamic variables and the magnetic

field are the same as used for the streamer simulations. Again we will

consider the B = 4 and B= 0‘.5 simulations. The boundary conditions,
grid spacings and spatial distribution of the perturbation are also
the same as used above. Hence the simulations considered here are in
every way as close as possible to the same as those done for the coronal
transients in the previous section.

The spatial distribution of some of the variables for the coranal

transient for B= 4 are shown in Figure 23 after 120 minutes. The mag-

nitudes of the pressure and density perturbatiors used for this simulation

are the same as those used in the previous section for B= 4. Similar
results for B = 0.5 are presented in Figure 24 after 80 minutes. The
pressure in the perturbation is now increased by a factor of G and the

density by 1.3, which is not the same as those used in the previous
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section for B= 0.5. The corresponding results obtained when the initial

atmosphere 1s a coronal streamer are given in Figure 15 for B = 4 and in

Figure 16 for'bl- 0.5. The pressure and density along a meridicnal scan

ut 4 No for the present simulation with B = 0.5 are 1llustrated in Figure
25. These results are analagous to those in Figure 19 for the streamer
initial configuration. All the above results for the initially stationary

atmosphere will now be discussed vis-a-vis the results from the previous

section.

ﬁ; Comparisons

Tor convenience, the results obtained in this section and other
previously published results for an initially stationary atmosphere will
be referred to as the "stationary" results, while those in the previous
section for an initial atmosphere consisting of a coronal streamer will
be referred to as the "streamer" results. The figure numbers of the results
presented in this paper will only be referred to when some confusion may
arise.,

Since: the perturbations are identical for both the stationary and
streamer results for B = 4 and since the magnetic field in this case is
relatively small, a comparison of the results should be similar to what
one would expect from a similar hydrodynamic studf. Indeed they are, as
will soon become apparent. The shock travels more rapidly and the fluid
velocity is larger for the streamer results due to the initial fluid
velocity. The shape of the shock curves in Figure 23(a) and l5(a) are

also similar, which would be expected since the shock velocity in a lab- -
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oratory frame depends to a large extent on the characteristic speeds in the
ambient medium through which it is propagating (in addition to its dependence
on the velocity in the ambient medfum). As the magnetic field is relatively
small in this case the sound speed dominates, and, of course, this speed is
approximately the same for the two sets of results. The separation between
the shock and contact surface is larger in the stationary results since the
velocity of the contact surface depends entirely on the fluid velocity which
is smaller for the stationary results. The general shape of the pressure
and density profiles for the two cases are quite different with the higher
pressure and density values being confined to a region closer to the equator
for the streamer results. The maxima of the pressure and density are larger
for the streamer results because of the increased values in the initial
closed magnetic field region near the equator and thé solar surface.

The magnetic field would be expected to have aylarger effect on
the results for 8 = 0.5. Note that a larger pressure pulse was used for
the streamer results when B = 0.5 than for the stationary results. This
difference is not expected to affect the comparisons., The shock travels faster
along the equator (despite a smaller pressure perturbation) and slower at the
pole for the stationary results as compared to the streamer results (Figures
24 (a) and 16 (a)). This ;esult is reasonable since shocks with a given initiali
strength always travel faster across field lines than along them. This effect
1s not important for B= 4 since the field is so small. The other results
mentioned above for B = 4 remain much the same at the lower B. It is
important to note that the high preséure and density region near the equator

for the streamer results is even more exaggerated at B = 0.5,
27
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The curves consisting of heavy short dashes in Figure 24 (d) enclose
the high density vegion that would be observed in a meridional scan at a fixed
radius in analogy with the similiar curves in Figures 16 (d) and 17 (d). A
curve with heavy longer dashes again identifies the approximate center of the
maxima of this high-density region. The density peaks away from the equator
for the stationary results show up on the meridional scans at 4 R. in
Figure 25; however, they are much further from the equator than for the
streamer results in Figure 19.

The maxima of the high density region (the curves consigting of the
heavy longer dashes in Figuresl6 (d), 17 (d), and 24 (d) are shown for
several times for 8 = 0.5 and for both the stationary (dashed curves) and
streamer results in Figure 26, The maxima for the streamer results are
contained within 30 deg of the equator, while the maxima for the stationagy
results extends to the pole. A plot similiar to that in Figure 26 is shown
in Figure 27 for only the streamer results for 8= 0.1, This plot demonstrates
that as B is decreased below 0.5 the angle of confinement of the density
maxima decreases. The variation of the density along a meridional scan at
4 R, for 8= 0.1 corresponding to the results in Figurem27 is presented in
Figure 28. This result is in comparison with that 19;?1gure 19 and shows
that as B decreases the density peak becomes more pr;minent. The importance
of these results will be discussed in comparing the results with observations

in the following section.
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VI. COMPARISON WITH OBSERVATIONS

Among the aeverq} classes into which coronal transients in general
tend to be grouped (Hildner, 1977), the type we have attempted to simulate
is the loop-like transients in which mass 1s ejected from near the solar
surface to the outer corona. The major observed characteristics of this
type of transient will first be discussed followed by a comparisop with
the calculated results. We concentrate on attempting to simulaceifust
the charactaristics for this single class of transient since it is
extremely difficult to simulate all observed aspects of one particular
transient (due to inhomogenieties, non-planar effects, dissipative effects,
etc.). One would also expect that different physical processes are

involved in the different classes of transients.

A. Observed Characteristics of Coronal Transients

The velocity of the leading edge of a transient is a relatively simple
quantity to determine from the white-light observations. These velocities
generally lie in the range of 100-1200 km s;l with an average value of
470 km s-l (Gosling et al,, 1976). The velocity tends to increase or remain
about constant between approximately 2.5 - 5 Ra'

The reason that coronal transients are obhserved by the white-light
coronagraph is that the density in the transients exceedsthat in the .
surrounding medium. Hence it is necessary that the simulated transient
produce a density enhancement similar to that observed. It should be

pointed out that the coronagraph only observes the projection of the
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transient in the meridional plane so it is certainly possible that they

do not lie in that plane. For the purpose of the following discussion

we will assume that the observed transients do lie in or near the meridional
plane, As shown by Hildner (1977), the observed transient tends to take

the shape of a loop, with the loop extending from near the solar surface,

out to some maximum height (which increases with time) in the atmosphere,

~ and back to the solar surface, The northern and southern edges (the legs) of

the; loop genergzlly remain stationary so the loop just stretches outward
with time. The centers of the loops usually lie within 40 deg of the equator,

with a symmetrical distribution about a maximum at the equator. The Lat-

dtudinal extents of the tramsients are usually less than 65 deg.

The coronal magnetic field cannot be measured directly so other
means are necessary to infer its value. Dulk et al. (1976) used data
from type IV radio bursts along with white-light data to calculate the
magnetic field for the loop-shaped mass ejection of 15 September 1973,
They calculated a value of 2.6 G at a height of 3.1 Ry and a f at that
height of 0.007. Further evidence for expecting relatively large fields
near transients is due to the observations that at least three-quarters
of the transients occur over active regions (Hildner, 1977) where the
magnetic field is larger than elsewhere on the sun, Mass ejections also
tend to be associated with magnetic phenomena (flzres, eruptive prominences,’
etc.) which occur near lines on the gsolar surface which separate uni-polar

regions of the photospheric magnetic field.

The mass associated with a mass ejection generally lies in the range

15 15

1 - 24 x 1077 g with an average of 6.2 x 10 "g while the energy ranges y

from 1.6 - 69.8 x 1030 erg with an average of 11.9 x 1030 erg (Hildner, 1977).

CES
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In order to obtain these values it is necessary to make some rather

speculative assumptions concerning the size of the transient,

B. Comparisons

The radial velocity of the leading edge of the transient can be
easily simulated by the model proposed herein, as shown in Figure 21,
or by any of the previous models which do not use the streamer config-
: uration as the initial state, Larger velocities than those in Figure 2)

can be obtained in our present model by increasing the magnitude of the pressure

R

perturbation. The observed increase in veloelty with radius, however,
is generally between that shown in Figure 21 for 8 = 0.5 and B = 0.1,
implying that the lower B results are more realistic in this sense.
The fact that previous models also reproduce the observed velocities

(as demonstrated by the one-dimensional study by Steinolfson and Naka-

gawa, 1977, and the two - dimensional study by Dryer et al., 1979) makes

the leading-edge velocity a poor quantity by which to judge the relative

merits of various models.

E One observed characteristic that previous models gggggg adequately
simulate (at least not for any of the results published to date) is the

i shape of the loop as given by the density enhancement., This is seen

quite clearly for the calculations presented in Section V for a non-

T N streamer, stationary initial state (see Figures23(d) and 24(d)). The

"l

enhanced density region moves both radially and laterally away from the

AT

simulated solar event similar to the motion of an expanding bubble. Similiar

L%,

results for a non-streamer, stationary initial state have been obtained in all

previous two-dimensional studies (see eg. Dryer et al., 1979; and Nakagawa,

| Sm—_—
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Wu and Han, 1978). These praviois results are obtained regardless of

-

vhether the initial magnetic field configuration is assumed to be closed

over the location of the simulated solar event (as for the initial dipole

[
Lo

configuration for the streamer calculation in Figure 3(a)) of open (as
if the configuration in Figure 3(a) was rotated 90 deg so the configuration

originally at the pole was at the equator). The edges of the loop do

Betomiin, §
L A ——
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not move laterally in the present model as seen in Figures 16(d) and

17(d). The most graphic comparison of the present model with previous

e s

PRSI

models is shown in Figure 26 which shows the outward motion of the high

density regions near the outer edge of the transient. The latitudinal §§

i

extent of the transient for the present model is 60 deg which lies within

-

the observed latitudinal extent of 65 deg. The results in Figure 27 show
that if B is decreased the latitudinal extent of the transient decreases.
Hence it is obvious that the present model agrees considerably better

than the previous models with the observed density enhancement which

is certainly one of the more important observed characteristics.

Since the coronal magnetic field cannot be measured directly, a
direct comparison cannot be made between observed and calculated magnetic
field magnitudes at various points in the flow field. The inferred value
of the magnetic field of 2.6G at 3.1 Ry made by Dulk et al. (1976) j
agrees closely with the values at that height in our model for the § = 0.1
calculation. Dulk, gowever, obtained a B of 0.007 at that height which
is about an order of‘magnitudgﬁless than what we calculated indicating
a difference in thermal preaggle. Although the magnetic field cannot | ]

be measured, it is reasonable to expect that if the B 1s relatively small ;;

(as observations indicate it should be) it may be important in guiding
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the fluid; that is, in determining the shape of the expanding loop.
Thus it is logical to assume that the magnetic field prevents the lateral

expansion of the loop, as has been done by several authors., This assumption

would agree with our model since it is the magnetic field that contains
the lateral expansion in Figures 26 and 27. The fact that mass cjections
generally originate near lines separating uni-polar regions on the solar
surface implies that previous studies using open field lines do not apply
to mass ejections.

We have not attempted to calculate the mass or energy associated
with the mass ejections in our simulations. Due to the assumptions that
must be made for the dimensions of the transient both in the observations

j and in the simulation, it is not felt that a direct comparison of the

; _ absolute magnitudes would be meaningful.
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VII. DISCUSSION AND CONCLUSIONS

The main objective for developing self-consistent models such as the one

we have preserited herein 1s to attempt to gain a better unéoracnnding of the
physical mechanisms occurring in and responsible for observed coronal
transients, As such, it is necessary that the simulations reproduce the
available observations as well as possible in order that valid conclusions
regarding the behavior of transient quantities that are not observed can

be made from the simulations. From the previous section it is apparent
that the present model does reproduce the observations better than similar
models published previously. Again we should point out that the only other
models we are considering here assume that a sudden disturbance near the
gsolar surface produced the transient.

The major difference between the present models and previous ones
is the initial state.for the coronal transient, While previous models
simply use a stationary atmosphere with a forxce-free magnetic field, we
have used a coronal-streamer configuration in which the atmosphere is
not stationary (except in the closed-field region) nor is the magnetic
field force~free, Coronal streamers are frequently observed in the lower
solar corona and are observed to occur over uni-polar regions of the
photospheric magnetic field. As mentioned previously, this is the region
in which mass ejections commonly originate. We should also mention that
the class of transieyits which we are concerned with is the loop-like
transient in which mass 1s ejected to the outer corona. Although it does
not appear likely that previous models apply to these transients, they

may certainly be applicable to other classes of transients or other gsolar
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phenomena.

The magnetically-driven models studied by Mouschovias and Poland
(1978) and Anzer (1978) may also merit some consideration as the mechanism
involved in mass ejections. However, the simplifications made in their
analysis and the fact that their st;dy is confined to just the top of
the loop limit the application of their results. A more complete study
of magnetically-driven models may prove worthwhile, *

In the present and previous similar models, the raaially-
pfopagating, leading edge of the transient is a shock wave. This
shock wave certainly agrees with observations in that it travels radially
outward and produces the necessary density enhancement. The fact that
both type II and type IV radio bursts (which are indicative of shocks)
are often observed in transients substantiates the pos%}bility that
the leading edge may be a shock. Other than the frequ;;t observation
of radio bursts there is no a priorireason why the leading edge should
be a shock. In fact, in the magnetically-driven models, it is not.

The lateral edges of previous models are also shock waves (which travel
laterally as well as somewhat radially), while in the’present model

they are due to plasma confinement by the magnetic field. Sipce the
lateral edges of observed transients do not travel laterally,{ﬁhey,

of course, cannot be‘shocks. ;

The available observations imply that the magnetic fie1d éssociated
with mass ejection coronal transients would be expected to be relatively
large. The plasma beta is certainly less than one and may be one or

two orders of magnitude smaller. This conclusion being due to the usual

occurance of mass ejections over active regions and their association with
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magnatic phenomena. The present study supports this view since the best
agrecment with the well-observed, leading-edge velocities of transients
is obtained for B £ 0.5. The lower beta results in the simulation
also produced better lateral confinement of the edges of the transient.
As B is decreased, the more the simulated corvonal transients with
a coronal streamer injtial state differ from those with an initially
stationary, force-fraee initial state - as shown in the rvesults in Section
V. One reason for chis is that - as discussed in Section III - the
coronal streamer diverges more from the initially stationary, force-

free state with decreasing B. For the coromal streamer,as B decreases

the following changes occur in the variables: (1) the pressure and density

in the closed-field regilon increase, (2) the velocities increase throughout

the open region and the gradient in the velocities between the values at
4 Ry at the equator and at the pole increases, and (3) larger changes
occur in all the thermodynamic variables and, as for the vq}ocity, the
gradients in all the thermodynamic variables between the values at 4 R,
at the equator and at the pole increase. Hence the meridional inhomo-
geneities in the streamer increase with decreasingﬁ,

For a constant reference temperature, as we have assumed, the only

other parameter in our model besides B is the polytropic index Y. We

" used a value of 1.05 which is not much different than the constant temp-

erature value of 1. TFrom the vesults in SectionsIII and IV it appears
that the temperature does not change much in our simulation of either
the streamer or transient providing B 2 1. Hence for a large B, the

constant temperature solution should not be much different than ours.
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However, as B is decreased below 1, the temperature changes more and
more from the steady-state value indicating that a constant temperature
solution is no longer valid.

The mass that is contained in the expanding loop in our model (i.e.; the
enhancement thaé would be observed by a white-light coronagraph) is entirely
composed of mass which was in the corona prior to the occurance of the solar
event responsible for the transient. Part of the mass was initially in the
closed region and part in the open region of the coronal streamer. In this
respect our model contrasts with other more apﬁroximnte one-dimensional
models Where the mass is assumed to initially reside in a loop without any
consideration given to how the mass-filled loop was formed (Mouschovias and
Poland, 1978; and Anzer, 1978). The transient in these simplified models conzists
of an expansion of the top section of the initial loop outward through the
corona, while in our model both the formation and propagation of the loop

ave calculated-self-consistently throughout the meridional plane.
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Table T. Perturbation parameters used to obtain the results in Figure 21.

ﬁ curve 8 P 8r 81
4 solid 2.0 1.3 1.54
4 daShed 2-6 1-3 200
1 solid 5 1.3 3.85
0.5 solid 8 1.3 6.15
0.5 dashed 10 2 5.00
0.1 solid 30 1.3 23.10
)
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1.

2.
3.

5.

9.

10.

11.

12.

13.

14,

FIGURE CAPTIONS

A schematic of the portion of the meridional plane in which the solution
is calculated. The grid spacings are also sketched (not to scale)
along with the nomenclature used for the boundary conditions.

A schematic of the magnetic field lines in a coronal streamer.

The evolution of the coronal magnetic field for 8 = 4. The sonic
curve is represented by the curve with long dashes and the Alfven
curve by the curve with shorter dashes.

Planar maps of several of the dependent variables in the coronal streamer
for B = 4, The maximum values given are the maximum values throughout
the regions shown. The velocity vectors point in the direction of the
velocity at their base and their length 1s proportional to the magnitude
of the velocity, The pressure and density are referenced to their respec-
tive initial values at each point in the flow field.

Radial distributions of the density, pressure, and radial velocity
initially (solid curve) and in the coronal streamer for B = 4 (Figure 4)
at the pole (shorter dashes) and equator (long dashes).

The evolution of the coronal magnetic field for B = 0.5, See the
caption for Figure 3.

Planar maps of several of the dependent variables in the coronal streamer
for B = 0.5. See the caption for Figure 4.

Radial distributions of the density, pressure, and radial velocity
initially (solid curve) and in the coronal streamer for B = 0.5
(Figure 7) at the pole (short dashes) and at the equator (long dashes).

Planar maps of the plasma beta for the B = 0.5 simulation initially
and in the coronal streamer.

The dependence of the dimensions of the closed region on the reference
beﬁa. A closed region is not obtained for 8 = 100.

The‘dependence of the maximup pressure and density in the closed
regton on the reference beta. .

The meriddunal distribution of the radial velocity at 5 R as a
function of the reference beta.

The meridional distribution of the thermodynamic variables at 5 R as a
function of the reference beta.

Planar maps of several dependent variables in the coronal transient for
B = 4 after 60 min. The approximate locations of the shock (double
lines) and contact surface (heavy dashed lines) are dindicated. See
the caption for Figure 4.
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15,

16.

17.

18.

19.

20.

21.

22.

23.

24.

25,

26.

27.

28.

Planar maps of several dependent variables in the coronal transient
for B= 4 after 120 min, See the caption for Figure 4.

Planar maps of several dependent variables in the coronal transient
for B = 0.5 after 80 min., The short dashed curves in (d) enclose
the maximum density region and the curve with longer dashes traces
out the approximate location of the maximum density in this region,
See the caption for Figure 4.

Planar maps of several dependent variables in the coronal transient
for B= 0.5 after 180 min. See the captions for Figures 4 :and 16.

Radial distributions of the density, pressure, and radial velocity
initially and at two later times in the coronal transient for 8= 0.5.

Meridional distribution at 4 R, of the pressure and density in the
coronal transient for = 0.5 at three times.

Planar maps of the plasma beta for the coronal transient forB= 0.5
after 80 and 180 min.

The variation of the shock velocity along the equator with radius
for several values of the reference beta.

The magnitude of the pressure perturbation required to produce a
mass ejection coronal transient for a fixed value of the density
perturbation as a function of the reference beta,

Planar maps of several dependent variables in the coronal transient
for B = 4 after 120 min for an initially stationary atmosphere
with a force-free magnetic field. See the caption for Figure 4.

Planar maps of several dependent variables in the corcnal transient
for B= 0.5 after 80 min., frr an initially stationary atmosphere
with a force-free magnetic field. See the captionsfor Figure 4 and 16.

Meridional distributions at 4 Ry of the density and pressure at three -
times in the coronal transient for B = 0.5 for an initially stationary
atmosphere with a force-free magnetic field.

The maxima of the high density regions at several times in the coronal tran-
sient with B= 0.5 for an fnitial state consisting of a coronal streamer (solid
curves) and an initially stationary, force-free atmosphere (dashed curves).

The maxima of the high density regions at serveral times in the coronal
transient with 8= 0.1 for an initial state consisting of a coronal
streamer.

Meridional distributionsat 4 R of the deansity at two times in the

coronal transient for 8 = 0.5 for an initial state consisting of a
coronal streamer.
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APPENDIX A. COMPUTER CODE FOR NUMERICAL SOLUTION

The simulations of the coronal streamer and the coronal transient
are performed in two separaée computar runs., The numerical salutions
for the streamer simulation at each value of B are output to mass
storage devices at selected time intervals. These solutions can then
be recalled by the plotting routine in Appendix B and plotted in
various formats by the computer. The streamer simulation at the
last time for which it is calculated is then used as the initial
state for the transient simulation. The transient solutions are
also output to mass storage devices at selected time intervals, and
plots can again be produced.

As an example of the computer time required, the streamer simu-
lation for £ = 0.5 required 6 min and 45 sec on the CRAY-1 computer
to simulate 16 hrs of physical time. The transient simulation for
B = 0.5 required 40 sec on the same computer to simulate 2 hrs of
physical time.

Since the codes for the streamer and transient simulations are
essentially identical, only the code for the streamer simulation
is presented here. The variables that must be input to the code

are given first followed by a listing of the code.
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Description of TInput Variables for Computer Code MHDHS*(CRAf;l)
Eiiﬁ - :
Varizble Columns Definition Comments Lnits |
= i
!
, LRun Identification (Card 1)!
; RN 1-4 Run number Right-adjusted integer f
k Title 5-80 Run tritle Any alphanumeric information
[ Steady-State Parameters (Card 3)]
RO 1~-8 Reference radius a. The time-dependent solution is computed for solar
r > RE radii
b. The values of the remaining wvariahbles on this
card must be the values at this radius
T 9-16 Temperature X
17-24 Electron (or proton) density no/ca3
PI 25-32 Polytropic index Constant everywhere (1< PIX 573). If input as O,
set to 5/3.
, B 33-40 Magnetic field The reference value at RP and theta = 90°,
i
[ﬁéulse Parameters {(Card 4) '
TAU 1-8 Pulse duration _ minutes
; DMG{I}, 9-16 Determine the dependent The values ixrut depend on the type of pulse being -
¢ variables in the pulse at considered ~ See IPULS on the option card
R@.
f1=z,9 17-24
73-80
*This code is two~dimensional and is applicable to the meridional or r»E!plane in spherical coordinates. The azimuthal
coxzponents of the velocity and magnetic field are neglected. This cod: does not use the large core BemOTY.
B2.0 el bed st
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Variable Columns Definirion Comments Units
que:ical Solution Parameters (Cards 5 and 6) !
’ - Card 5 -
Steady State
REND 1-8 Maximum radius soclar
. . . . radii
DR 9-16 Grid spacing in radial
direction
Time Dependent
DIT 17-24 Grid spacing in theta It is best to select DTT such that R*DIT is about degrees
direction equal to DRT at (RMAYHRE)/2
DRT 25-32 Grid spacing in radial Sz solar
direction radii
TMAX 33-40 Maximum distance in theta The solution is computed from the equatorial plane degrees
direction (theta = 90°) to TMAX > 90°.
RIAX 41-48 Maximum distance in radial The solution is computed from R@ to RMAX. solar
direction radii
DITP 43-56 §Z§§:izgcri2322da§u:hICh If either (pr both) is input as 0, every grid point degrees
P is printed nut in that {or both) direction at eack solar
DRTP 57-64 Radial increment at which specified time increment (DIP). radii
solution printed out ‘
TMAX 65-72 Time limit The solution is calculated until the simelated time )
: exceeds TMAKX.
DTP 73-80 Time increment at which If input as 0, the solution is printed out at every
solution printed out time increment. r~ mimstes
- Card 6 -
DTPT 1-8 Tize increment at which If ipput as 0, the solution is written out at everyid
sclution is written out on a time increment
plot file
STBY 9-16 Stzbility constant a. STBY £ 1.0

b. Recommend using a value as near 1.0 as possible
without numerical instabilities developing.




Variable Colusms Definition Comments _ - Units
SMTH 17-24 Smoothing constant a. Removes some numerical instabilities.
b. Recommended using SMTH 1.0 if possible.
c. Only used if ISMTH = 1 and ICHCK = 0.
TSTR 25-32 Times at which solution Thesolution can then be used as the initial state Hinutes
written on mass storage for restart in a separate program.
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Variable Columns Definition Yalue Description

Options (Card 2}

ISTST 1-4 Steady~state solution 1 Isothermal solar wind.

2 Polytropic solar wind.

IPULS 5-8 Pulse The pulse depends on the parricular study being

conducted. The types of pulses currently available

are the following {(all sysmetrical about theta =
90°Y

1 Pulse in temperature and density. ;
DMG(L)=TM (Meridional extent of pulse in degrees), ﬁ
DMG(2)=6T, DMG(3)=5p. The maximum pulse in T and
p is at theta = 90°, and it falls off sinusocidally
to ambient walues at theta = TM. See IPULS = 2 also.

2 Pulse in the magnetic field. DMG(1) as for IPULS=1,
? DMG(z)s{Ba)P gauss, DHG(3)=(Br)p where (Bé)p and

¢ (Br)p are the maximum values of the latitudinal and

P i S S e R S

e e

‘ . radial components, respectively, in the pulse. Input
4 0 if no pulse desired in one of the components. The

' theta dependence is the same as for IPULS=l. For
both IPULS=1 and =2, DMG{4)=DTI where DTI is the

L time in minutes for the pulse to reach maximu=m

; magnitude. The pulse iIncreases linearly in magnitude
i with time.

ICHCK 9-12 Time-dependent sclution check O Do not check the time-dependent solution.

Check the time-dependent solution by starting it
with the steady-state solution. The space terms are
handled properly (and the steady-stare solution is
correct) if the time-dependent solution does not
deviate appreciably from the steady-state solution
after a sufficiently long time.

IBDRY 1316 Boundary treatment at R@ The boundary treatment depends on the tvpe of pulse
(IPULS) being used. See the subroutine BDRY. The
current options are:
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Variable Colomny; Definition Value Description

0 No boundary treatment
1 v and v, at RP set to value ar adjacent radial grid

point (R@+DRT).

IMAGF 17-20 St
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losed dipole
2 Open quadrupole

3 Open dipole

4 Closed hexapole
5 Open hexapole
6 Closed decapole
7 Open decapole

If TMAGF = 1, S or 6 (2, 3, S or 7), the option

BDXP is set to 2(3) internallyv.
IFWCS 21-24 Contact surface calculation 0 Follow the contact surfaces along r at & = 90°
1 Do not follow the contact surfaces along r at &= 90°
IPTFL 25-28 Print out radii at which sound 0 Print out
and Alfvén Mach numbers are ¥ :
. . : No print out
one initially and at each time
print out solution
IPTVR 29-32 Dependent variable plots 0 No plots of the dependent variables
1 Produce plots of the dependent variables (UAN)
2 Produce plots of the dependent variables (NCAR)
ISTS 33~-356 time TSTR 0 0 not store solution
for restart . . )
1 Store solution
I1SMTHE :‘_ At Smoothing { 5 o= thing -
1 i - i ".t-'.
. N 1=44 r - ing § ~ -
BDXP 55-48 dar tr T ¢ -
- = -
e »1 >
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; Variable Columns Definition Value Description
]
' 2 Up T TN3s V) T V3s By = Bgys By T B3
, 3 up T Tu3p V) = V3 By T -Bggs By = B
; 4 No boundary treatment
3 IBDXM 49-52 Boundary treatment at TMAX The nomenclature is: ( )1 = value at TMAN-DIT, ( )2 = {
value at TMAX, ( )3 = value at TMAX+DTIT.
0 No boundary treatment, calculation stops when reach
T™™AX.

Q3 = QZ’ where Q is any dependent variable
Q3 = 2Q2 - Ql, where Q is any dependent variable
Q3 = Ql’ wherz Q is any dependent variable

IBDYM : 53-56 Boundary treatment at RMAX The nomenclature is: ( )1 = value at RMAY-DRT, ( )2
value at RMAX, ( )3 = value at RMAX+DRT.

0 No boundary treatment, calculaticn stops when reach
BRMAX.
g‘ 1 Q3 = 2Q2 - Ql, where Q is any dependent variable
= o 2 Q3 = Ql’ where Q is any dependent variatie
IRDTN 57-60 Radiation-Not included in 0 Yeglect radiation .
these codes 1 Calculate radiation (Cox-Tucker), but decz't allow

. it to effect the solution

2 Calculate radiation (Cox-Tucker) and include it in
equations.
ILYWB 61-64 Application of numerical 0 Use usual method with equations in conservation form.

différencing procedure

Use modified method. This method is often necessary
when B is small (B = 0.1) and the magnetic field is
essentially radial.
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APPENDIX B. COMPUTER CODE FOR COMPUTER-GENERATED PLOTS

One outstanding advantage of a computing facility such ¢y that
at the National Center for Atmospheric Research in Boulder, Colorado,
which is where these simulations were performed, i{s the capability
of quickly producing multi-dimensional plots of the physical variables.
A listing of the code we used to obtain computer-generated plots
(some of which are presented in this report) is given here along
with a description of the variables that must be input to the coda.
The routines in the listing that actually generate the plots are,
in general, unique to the NCAR Computing Facility; however, the remaining
logic should be applicable to any facility.

Since the plots are placed on microfilm, this introduces the
possibility of producing computer-generale: movies. We have produced
movies of the evolving magnetic field lines for the streamer and

transient simulations for both B = 0.5 and 8 = 4,
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Description of Inpur Variables for Plor Rourine PLIPTS for Codes HUDHS and HDCT (CRAY-1)

Variable Columns Definition . B o Corments —— , Inits
| cara 1 b
XDS i-4 Number of data sets to ba NDS should he set equal to the last value of NPTVR -
: plotted printed out by code MHDMP *
,
: AXNGH 1-8 Angular orientation of See XCAR wmanuszl "XCAR Software Support Librare, degraes
% } surface plots Vol. 3" for write-up on Subroutine SRFACE.
L ANGV 9-16
' i Options {Card 2}!
} Variable Columns Definition Value _Comments 7
I IPST 17-20 Surface plots of non-dimen- i} Produce plots — see write-up on SRFACE in above
: sional pressure, density, manuval.
- velocity magnitude and
o temperature 1 Xo plots
’ IPHT 21-24 Half~tone plets of non- 11} Produce plots -~ see write-up om BAFTOR in sbowe
‘ dimension=1 density, nanual.
; temperatuz< and pressure
1 Xo plotg
IPVV 23-28 Velocity vect x plot 0 Produce plots ~ see write-up on VELVEC in abowe
manual.
1 No plots
IPFL 29-32 Contour nlots of magnetic ¢} Produce plots ~ sSee write-up om OOMREC in abowe
field lines and the non— manual.
dimensional density less the .
; ambient walue 1 Yo plots
; IPRN 33-36 Half-tone plots of tetal 0

Treduse plots - see write-up on HATION in above

; radiation (Cox-Tucker} and rarual.
: the total radiation minus e
the background value 1 Nooplota
37-40 Plots at &t = @ o Produce =»lots

1 Ne plots




T TETCESANCT ¥ W T n o

Variable Columns Definition Value Comments
IPFLO 41-44 If IPFLO=0, determines 0 All contour polar plots.
;‘1‘:22 contour polar 1 Only do calculated field line contour polar plok.
IPRSA 45-48 MS=1 and MA=1l curves on 0 Include on plots.
calculated field line ,
, contour polar plots. 1 Not on plots.
ICLCK 49-52 Clock on calculated field 0 No clock.
line contour polar plots. 1 Include clock.
IMOVY 53-56 Use flash buffers if making 0 No flash buffers used.
a novie. 1 Use flash buffers, Set all variables to 1 except
IPFLO=IPTO=IPRSA=0.
IDISP 57-60 Disposing dd8C instructions to Less than 1000 frames so use usual DISPOSE card
7600 procedure.
1 More than 1000 frames so remove DISPOSE cards and

use Fortran call to dispose.
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Listing of Computer Code PLTPTS ‘
| R -
ZELT,I0L +SAMPLE,,STOP o T ]
L ELT BR1 S74Q1C 04725750 11:18:44 (->0) .-
1. . 00 . _ *»JOB+5346,35881000,STEINOLFSON | v - —
2. a6 *FORTRAN yD=PLIB4DN=PLTCYZ2,AF,FL :
\ % 3. 00 PROCRAM PLTPTS .-
: & 00 C 1< .IY AND_JJ MUST BE_ AT LEAST AS LARGE AS _ARRAYS READ ON TAPE, o »
. Se 00 c. ITGELLEX=2, JIGESLNY; 1I%IXT, 33=1Y7 ’
| - c0 C 2. DIYENSIONS OF Z MUST BE EQUAL TO ACTUAL NUMBER OF POINTS PLOTTED, -
Y e e 00 _____C__ ..MZ7 AND N7, F7=IMXP, N7=JMXP o A
K 8. -, 0¢ ¢ 3. DIMENSIONS OF WORK MUSY BE AT LEAST AS LARGE AS ZeRTaNTsM7eN? )
" 9. - 00 C 4o IUKE2«IMXPw MXPSIMXPLINXP, I[IVZIAXP/2+1, JIVEJAXP/21 Ve
10. 90 ___ C S NMELE3ISIMXP . e . »
Y = 11e - 00 ~ PARAMETER (IXT=3741Y7=41,INXP=37, L AAXPELY, TWK=2614, 1TIV=19,10V=21, T
L2 12 00 INTFL®=12D) e
T Y3 00 _ . ___ REAL LAB1,LAB e e ——— . e e e e
14, 00 DIMENSION PCIX7,IY7) 9D CIXT Y74 VEIX?,I1Y7YUCIX?,I¥73,3X(IXT,IYT), -
- 15. 00 1BYLIXT,IY7) ,XCIXT),LYCIXT?), YOIV ruxn.un. ~
e b 00 TACIYZ)LBACIYT) S RADINLIVZ) e e :
17. 00 . DIMENSION 1(IMxP, JMXP) ,WORK (TWK) ,VUCITV, JIVI VVCIIV,IIVY,SPV(D), v
N 18. 09 © T ILABTLSY JLAB(6) ,ZC(IRXP, IMXPY , 22 CIMXPy IMXN} 4 VUCCIIV,IIV), .o
e 19 00 ._m,__zvvc(uv,uv),xxLuxn,vn.ux?).xxu(!xn JYVUCIXT) o VUD LISV, 1IV)y S
- 20. a0 ZUVDCIIV,IIVI XXPIRMFL) , YYM(NMFL)
| S 21. 00 COMMON /TRANS/YT,Y2,X1,X2 -
R . 22 00 56_FORMAT_(' saws INCREASE NMFL_eee’)
23, 6o 4 FOREAT (IZ/2F3.0,614) o0
A 26. 00 3 FORPAT (*1INPUT ="//3X'NDS =14 / 3,, N
- o 25400 . _23ACANGH ="E11.& /7 3X"ANGV ="E11.4 7 3IX"IPSU =°,I3 J 3IX'IPHT =*, .. 5 - _
. 26. 00 IIS/AXCIPVY =*,I3/3X"IPFL =", I3/3IX IPRN =", I3/3X*IPTD =°,1I3) 24
~ - 27. oo 21 FORPAT (°TIME =",1PE10.3,° MIN.,» ") < .
L 28, L) SPY€13=0.0 ; L R,
29. 00 : SPVC(2)=0.0 .
= 30. 00 I1PXPV=IMXP/2 D9 .
’ 31, 00.. . T_1F (2eIRXPV.LT.IMXP) IMXPVSIMXPV+1 . e o=
22. oe JMXPV=IMXP/2 #g -
L 33. 06 IF (2«JMXPV.LT.IMXP) JMXPVZIMXPVH] -
O 7 S 0C=-__ € PLOT OPTION =~ WATCH Z DIMENSION e e e e 3; . .
’ 3s, 00 IPLOT=1 ~
“w 36. 00 c -
: 37¢ ... 0C _ _. __ NDSY=T v . . .. e e e _— .
18, 00 . PIEC=3.1415526
- 395, 60 RLTIC=,05 aw
Fe 40. 00 RAPDG=401724533 . . _ e e >
41. : 00 READ (10) TIME,M,N, CCP (T, 1) 40CI,0),UCT 2 I G VCI, 33 ,3XCT1 47, avu..n. T ’
W 42. 20 11=1,%),471, N).xrax,vo vnu.u(n.xﬂ M) o YCID 3T NI S CCFLTLGI) .

: o &3, 00 _.. e 1=14M) L ITI,N)ST0L,00,CRADN . e e e et e st < e v i o e = e h e
T L4, oo Y1=y(1) : o
b 45, 00 Y2=Y (JMXPI-Y1 e
Y. 46. 00 FX-E3 2 B2 & SO _ -

: 7. 60 DO 49 I=1,IMXP «
. 4 48, 00 XCII=XCII*RAPDG e
' 4% . ... 00 . L. .  MAXLUII=Y(1)+COS(PIEC-XCII) e e e
- 50. 00 YYLCII=Y(1)*«SIN(PIEC-X(12) -
- 51. 00 XXULI)=Y (JXMXP) *COS (PIEC-X{1)) il
S5Za ¢e 49_YYutld= tumu-rsm(gxec_:x.(xn ! e e —_— in
‘ 53. 00 Y1v2=Y1+472 e
L3 Sk, 90 X2=XCIMXPI=X(1) e
) 55¢ ... o8B0 . L...xa=0,.0. _ ., . . P . ¥




_ - e — — - — — — s T
® =]
- 56. o READ (5,43 MDS,ANGH,ANGV,IPSU,IPHT,IPVV,IFFL,IPRN,IPTO - B j
57 0o PRINT 3, NDS ) ANGH yANGV,IPSU IPHT , IPVV,IPFL,IPRNsIPTD A “
S58. .. ..l.o..BO L . .B0 22 I=1,K . S
59, 00 TACH =PLT,03/001,0) - ;
60, 80 22 PACHI=DLT,N) &
e B e DO TECCIPRNGEGT) G0 TO_ B4 . ool e L SR,
62, 00 PO 25 I=1,% ¥,
- £3, fe]4) 25 RADTNCI)=RADFN(TALII=xTOI*(DALIIXDOI*x2«CRADK .»
oo Bbe e D0 44 IF (IPTO.EG.1) &6 TO 36 . . .. , e o
65, 5o ENCODE (24,31,LAB1) TIME
- 664 99 LAB (I =LABT (D) ‘®
- 67a 00 o LAB(2)=LABI(2).__. . U o B
48, 00 LAB(33=LAB1(3) o4
- 69. 00 B0 TO 26 X
70. . 80 . 46 IPTO=1 . ;
71. 30 14 REAp (103 Tims, LY, (LY (3D, 351,1%)
- 72. 00 . ENCODE (24,31,LAB1) TIME @
5 P 20 S LABCIISLABIONY ot e o ; C
T4, 00 LAB{2)SLAB1(2)
- 75. 00 LAB(3)=LABT(3) .9
76a o .. 00 .. DG 14 IsTLX. )
77. o0 L =LYLI)
x ] 78, a¢ READ (103  (PCX,u43,D00I,3),BXCT,33,BY0I,3),001,4),YCI,3),FLLI, 3}, ¥
R £- SO .08 R ES SE T SO @ e i e r e+ e 5 i o et e e
E0. 00 14 CONTINUE ‘
- E1. oo C . SURFALE PLOTS &
824 - . . .. .00 . .. . _IF (IPSU.ES.1) €0 TO 13 . _ . , , o .. . .. :
B3. 20 DO 7 MM=1,4 ‘
9 8. ot DO & I=1,INXP o
e e e 85 e 00 .. pO_& J=1,IMXP_ — - e e e o ot 2 . e e e o
86. 00 ‘60 TG (B,9,17,18) ,M» i v
5 e a7. 00 B ZUI,30=P(I,49) : T e
f BBae . ... .0O0.__.__ .. €D TO 6 . - e o ) . - - ;
| . BY. 09 9 201.43=DC1,4)
® 90. 0o €0 T0 6 -
: e @ L L o0 17.3F QHOSTLEGLT) B0 .TO T . o e e e e -
92. 00 Z{I,33=SURTCU(I,JI%*2+V(1,3)x*2) .
~ 9 93, 00 50 TO & -
Fhe Lo B0 L 18 ZC(I,3ISPLILIIIDCTLS). . .
. : 95, 00 & CONTINUE :
®- 96. 00 €0 TO (32,33,34,357,mM L -
,' LR - SO a0 32 A ABLCA Y SAHPRESSURE o o i i o e e
: _ 98. 00 LAB(S)I=1H L
‘ L I 9%. 00 LABCEI=1H .
e A0G.. . 9D . _ &0 TG .36 e U o
st 101. 00 33 LABC4LI=THDENSITY -
‘ 9~ 102. 00 60 TO 36 . " .
. 10Z e 60._.. R LABAY S BHVEL OCT T e
a 104. oc - LAB{(5)=5H MAGNITU =
® 105. 0o LAB(6)=2ZHDE . ]
- J106. . . .08 . . &0 TO 36 o
. 107. 00 35 LAB(4)=BHTEMPERAT
. 108. 00 LA2 (5)=3HURE .9
: 109 L B0 _LAB(EI=IM _ . .. .. . G S . e e e e
110, o6 26 CALL PWRY(65,1008,LA8,48,2,0,2) ‘
® 111. 29 CALL EZSRFCCZ INXP,JNXP,ANGH,AKGY,w0RK) -
112. a3 7 CONTIYUE
Er ]
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: 113. 0o C HALFTON PLOTS T T i
| 114, 00 13 1f C(1PHT.Eu.1) GO TO 15 :
e M5, . .00 . ... .00 2 mM=3,3 L - e - . -
- 116, 00 00 S I=1,IPXP
9" 117. 00 DO S J=1,JZXP
= 112 . 00 CO_TO0_C11,12,26),P0.
. 119. 00 11 2C1,43=0CY,3)/0ACJ)
o 120. 00 GO T0 S
e 12T 00 L 92 2T, 3)=PCI, /(DT ETAQIY) . e e .
; 122, 00 60 TG S
@ 123. 00 26 2CL4JI=PLT .Y/ CTACII*DALID)
i 124. 00 S CONTINUE .
: 125. . 00 60 TO (37,32,39),Mn .
LN 126. .00 - 37 LAB(&LI=4HD/DO
c12% o o 00 LAB(SIEIH_ e e e o e e e R
128. 00 LAB(6)=1H )
¢ 129. 00 60 TO 40
; 130. 00 38 LABCLIZLHT/TO
: 131. 00, 60 TO 40 )
L 132. ot 39 LABC(4LI=4LHP/PO
e 1334, . 00____ ___ &0_CALL PWRY(1356,1008,LAB,48,2,0,2) _ L A o
. 134, 00 CALL EZHFTA(Z,IMKP,JHXP)
L ] 135. #» 00 2 CONTINUE -
136, 00 C__RADIATION PLOTS_ — .. —_— . —t .
137. 00 15 IF (IPRN.EG.1) GO TO 26
- 138. 00 C DO 27 mM=1,2
%39 .00 __ .. __ 00_28B I=1,IFXP U, ) e e
140, 00 00 28 J=1,JMxP T
e 141, 00 GO TO (29,30),mM .
: 142, 00, 29 _ZCIsd)ZRADFNCP (T, J)2T0/DCT53))2(DCT,3)0D0)*a22CRADN . e
143, 00 60 T0 28 ’
L 4 144, 00 30 2(I1,4222(1,3)=RADTINLI) "
o o %4Se . 06__ ... 28 CONYINUE_ U o e
. ‘148, 00 G0 TO (41,32),m%
@ - 147, 00 41 LABCL)=BHRADIATIO
148, 00 LAB(5)Z1hN A e L _—
- 149. 00 LACL8)=1H
*$ 150. 00 GO TO 43
151, .. 00 42 LAB(S)=8HN = AMB1 ~ i L
152, 00 LABUEI=3HENT
9 153, 00 43 CALLPWRY(136,1008,LAB,42,2,0,2)
154, 60, _CALL EZHETN(ZSIMXP JMXLY | _— e e e e e ey :
155. 00 27 CONTINUE -
L 156. 00 € VELOCITY VECTOR PLOTS
©oe 157, .00 _ .26 IF CIPVV.EG.1) 60 TQ 10 _ _ .. . . . e o
158. co K1=-1 )
@ 15%. 00 b0 19 I=1,1%XPV :
- 160.___. 00 KI=KI®2_ o - e e ¢
. 161, 00 KJ=-1
L 162. 00 50 15 J=1,I2XPV
163¢. ... 00 _ _ KJIZKI+2 ] . — X i o i
- 184, 00 YYRCI)=XIKID
o 16%, 00 VU(L,d)=0CKI KJ)
1 66 00 19 _VVLILIISVCRI,KI) S .
) 167« 00 00 48 1=1,ImXPV
® 168, 00 DG 4B J=1,I%XPV
169 00 VVCLIIYSVVLT,L) ) . ..
L
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170. ag 48 VUCLI,I¥=Vp(l,J)
171. 00 DO 5B J=1,JMXPV [ ]
172.. . ... 5@ DO 58 I=1,InXPV )
173. 22 K=IMXPY41—~I
174, 20 XX®LIF=YY™{K) . @
AT e DO VYD IIEVYCL KD e . s e .
1764 o0 58 YURQI, DI=VUCL},K) .
177, - 00 DO 59 J=1,IPXpV ®
. .178. 5] . DO 59 I=1,I¥XPV i ;, ,
1?79 [11] IF (VUDCI 3 I) el Tl sE-GoANDYVD({J 1. LTelE~4) &0 T0 50
150. 20 IF (VUD(J,I)GT.1.E~4+V¥D(J,I)) GO TO 67 N ) =
18%.. 80 e AL PSO B o e o e —— et i 11 v e < et ke e e o rt——
182. 00 €0 70 68 .
182, 20 67 IF (VWp{J,I).6T«TE-4*xVUB(J,I)) €0 TD &% ®
484, . 5¢. ALP=PIEC/2.
1B85. 20 60 TO 63
186, o 69 ALP=ATANCABS(VUD (I, IX/V¥D ()12 = 1
e 1B B8R 68 IF_(VUDBLILI).GE.0.0) PHISPIEC-XX(I}+iLP - R . e
: - 18B. 00 IF (VUD(J,1).LE-T,0) PHI=PIEC-XX™L{I}-ALF
189. 00 CCI=SORTLVUDLI LI «=22+VYD{JI, 1) *x2) ®
e 2180._ . .80 L VVELI,II=CCIxCOSKPHID
491, 03 VUC{I,1Y=CLI*SIK(PHI) :
- 192. 20 60 T0 59 &
T e 193 0 —-.00 B0 VVELL II=YVECS 91 e e e B . e e e
- 194. 00 VUC(I,13=VUD{I; 1)
~- 195. 40 59 CONTINUE 3
' 196, 00 e LABCLI=BRVELCCITY
197, Lt LEB(5)=8H VECTORS
o 158, L) LAB(6)Y=1H @
NUUUURUES L-1- P | ISR 1 - 2 1 L S et ot i o et oo 25 . . " o
’ 200. e G0 70 73 ) 4
A\ 201, 00 72 CALL EZVEC (VVC,VUC,JMXPV,IMXPV) ® ;
: . 292.. eo CONTOUR PLOTS . . 1
b 263. oC 10 IF (IPFL.EG.1) €O TO 21 ~
S 2564, co DO 74 ¥M=1,% . @
e e 2050 W DO 20 X2 I8KP o e s . - e . o
: 206. co DO 20 J=1,JEXP
W 237, co GO TO (75,76,77,78,79) M7 ®
208, .. D875 ZZCI,I0TFLLI,J) . . : . .
o _ 209, ¢ G0 TO 20 ]
& T o216, 59 76 ZZLI,1Y=P(I,JIICTACII*DALIY) &
e 21 e i D0 G . B0 T020 e e e e et e e o e et i s e
: 212, 0¢ 77 ZZC3,1=2014J)/DALI)
o 213, a0 60 TO 20
* 24, L B0 78 220,100 {3,d)-0A0S) -
- 215. oo 6o 1O 29
W 214, 00 7% ZZ01,13=P LT, 33/ (DLI,3)*TACID)
- 217 OO 20 CONTINUE L o e et e i et + e o s o+ et easoteeme e
_ 218, 00 DO L7 J=1,J0MXP
v 219. ae D3 47 I=7,IMXP
‘ 220. 80 L K=EIMXP+1-I _
) 221. o 47 ICCI,1YSZZTI,4K)
» 222. co 66 TO (BU,81482,53,84),¥M
" e 2234 . BC ... B0 LAB{LI=BHMAGKRETIC . . .. ... ... .
224 . B o] LAB(5Y=8H FIELD L
- 225. 39 LAB(&I=LHINES
226. 30 60 T0 3%
5 J
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. 227. 00 21 LAB(L)=4HP/PO - A
®: 228. 00 LAB(S)=1H 5e
e 229 00 S 1 - €5 £ 1 O U S e e et ot e — i
2390, 00 G0 To 85 £
L 231, 00 B2 LAB(&)=4HD/DO ]
e 2320 20 60_Y0_85 . . _ . . _ ..
’ 233, L] B3 LAB(&)=BHMASS EXC *
L 234, 00 LAB(S)=8HESS (D-p q
e 235. . 00 LABCOIZ2MOD | . o e e R -
4 236, 00 G0 TO 85 -
LN 237. 00 84 LaB(&)=LHTITO e
- 238. 00 LABLS5)=1H ~e
239. 00 “LAB(EI=TH } L
® 240, 00 85 CALL PWRY(66,1008,LA8,48,2,0,2) ' ¢
e 281, B0 .. CALL SET (.054+955405,095,0¢0,A8:,040,A8,1) . .
" 242, 00 . Do 39 I=1,2
e 243. 00 CALL LINE (0.0,0.0,A8,9.0) e
e 244, 00 CALL LINE €0.0,0.0,0,0,A8) e . e e
245, 00 29 CONTINUE =
L ] 246, 00 D0 86 122,15 ‘e
e 2604 _ .00 RITI - . . . . e F
248, 00 IF (RI.GE«AB~1.E-5) GO TC 87 *
e 249, 00 CALL LINE (RI,0.0,RI,RLTIC) -4
250. 00 CALL_LINE CO0.O0,RI,RLTIC.RY) — -
= 251. 00 B& CONTINUE ™
L ] 252. 00 87 CALL CURVE(XXL,YYL,IMXP) "q
: - 253e ., .00 _. CALL CURVE (XXU,YYU,IRXP) e e e . e
b 254, 00 CALL EZCNTR(IC,IMXP,INKP) :
- @ 55 00 IF (IPT0.ES.0) G0 TO BE |
; " 2564 00 74_CONTINUE et n ———— o
257, 00 88 IPFL1=1 S
L 258, 00 73 CALL PWRY(06,1005,LAB,48,2,0,2) |
o R5%e .. . _... 00 . CALL SET (.05,+555:05,495+0.0,48,0.0,48,1) e - -
- 260. 00 b0 90 I=1,2 s
e 261, 90 CALL LINE (0.0,0.0,4B,0.03 -q
- 262, 00 CALL LINE_€040,0.0,0.0,48) e -
263, 0o 90 CONTINUE s
® 264, 00 pG 61 122,15 ]
.. 265, . 00 .. RI=1 ) L o o i . R
g 266. 00 IF (RI.GE-AB-1.E-5) GO TG 52 :
®- 267, 00 CALL LINE (RI,0.C,RI,RLTIC) +€
1 268, 00 CALL LINE (0,0,RI;RLTIC,RI) —_ - -
T 269, o 61 CONTINUE 2
9 270. 00 $2 CALL CURVE(XXL,YYL,IMXP) M |
o TVe L. 00 e CALL CURVE (XXU,YYU,IRXP) _ .. e e e e .
. ‘: 272. 00 G0 TO (71,72),1PFLY *
‘ @ 273, 00 71 BL=Y(I~YI(D) e
22, 00 DO_50 _1=1,1IMXP . - e — >
275. 00 DO S0 J=1,3mXP [
9 276. 00 BXCI,3)=~BX(I,d) e
e RTTe .. B0 50 BY(I,J)=-BY(I,J) . . e . .
278, 30 LAB(&)=BHMAGNETIC .
o 279. 00 " LAZ(5)=SH FIELD L -6
280, 06 LAB(EI=LHINES | e e — — ‘i
. 281. 00 InXPRI=1InXP-1 'j
o 282. 00 00 70 L=4,IMXPA1,2 |
T e 283e L. 00 _RI=Y(1) e ) ] e - e - . v
® [ |

B e
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PN ot sy
9 o
- 2B4. 20 Ti=XCL} e ;
2&3. 60 XX% (1) =R1=C0S(PIEC~T1) -1 i
286. . .06 © . YYMU1}=R1+SIN(PIEC~T1) :
" 287. < 1COMP=0Q .
% 288. 0g BRI-8Y(L,1) ‘@
e w289l e @0 . BTI=BX(L,1). . . e e e o e n
290. 00 PO 51 K=2Z,NMFL T
B 291. £0 KK=X @
-.292e ... _....B5G. . BR=pL .
293. 0o IF (ABS(ST1).6T<1.E~5=ABS(BR1)} DR=DL=AES{BRI/BTII/SLRT{I+L{BR1/
L 29%. 00 TBT1I*»2) @
‘ 255. 0. ~IF SBRILTeGeB). ORS=DR. . .. _ . ... . v r e —————— 0 e . e pe e e e <,
296. 0o BT=DL/R1 T
LV 257, ¢o IF (A3S{BR1}.ET.1.E~5+ABS{ETI)) DT=ABS(BRABTI/BRI)/R1 ®
296. . 00 — IF (BTT.LT.0.0) DT==LT
299. cg R1=R1+BR
L . 3ocC. o0 T1=T1+01 ®
e 300 0C. . IF (R1.8T.Y1)) 60.T0 63 _ __ e e ey
) 302, 05 R1=Y(T) ST
A 4 303. o0 ICOomMP=1 R
Lo 30Lo. o L L B0 .. B3 IF (R1.LT.YCJIMXP)) GO 1D 64 A }
305. 00 R1I=¥(INnyp) )
k.4 306, 00 ICOMP=1 ® ;
S 307.. 00 84 TE (TI.8TaX{12 60 TO. 65 . .. __ .. . e ;
& 30€. 90 Ti=X(1) T
t & 309. ot ICoNP=1 N )
310 <o D@ L 65 IF (TTLT.XCIMXP)IGD TO 66 V , , : o .
o 311, 60 T1=X(INXP) ) N
s X 312. 60 1COMP=1 9
313, .00 B8 XXRCKIZRIACOSAPIECTTID ool et o e e 1
9L, 60 YYM{K)=RT1+SIN(PIEC-T1) .
®: 315, o0 IF (ICOMP.£0.1) GG T8 57 g
Cooo.o3%60 . L 00 . DO 52 I=z.Imxp -
317. os 11=1 -
9 318. 00 IF (X(I).ET.T4) 60 TO 53 °d
o 319 e 0G_.__ FEEONTIRUE o i B -
’ 320, 00 53 1=11-3 - T
LA 321. 00 I1P1=1+1 .
C. 322 ... G0 ... DO 54 §=2,amxp i :
323. 00 Ji=yg " '
L 32¢. 09 IF (Y(J).6T-R1) 60 To 55 ‘d
e a.325. ..08 S BONTIRUE o e e e e e e e S
Ll 326. 00 55 J=Ji-1 ' T
®- 327. o0 IP1=4+1 ‘e
' e 3280 ... .00 ... BRI=BY (1,43 +(R1-Y(III*ABY(L,JP1)-BY(I,0))/(Y{IPII~FCIII+LTI=X 1))+ V «
“o 329. 00 1LBYCIPT,d3~BY Iy 3+ CRI=Y(J)I)#(BY(IPT, JP13=BY{IPT,d)-BY(T,4PT)+ -
L A 330, 0o 2BY (1,437 CYCIP1I=Y (4D I 7 EXCTIPTI-X K1) ) N
o 331, oo BT1=BX(Lsd)+(RI=Y(JI) 2 (8XLT,JPT1I=BX (1,43 /LY LIPTI-YLIII+LTI-XLII) > L o .
. 332, 6c TABXC(IPY  I)=BXCI, I+ CRI=Y I I I~ (BX(IPT, JPTI-BXLIPT, J)~BX 1, dP1)% .
] 313, 80 ZBXCL, YAV CIPII=Y (I3 AL CIP T 3-XL1)) &
’ L334, .. 06 . 51 CONTINUE ) oo
L 335, 00 PRINT 56 i
@ 334, a0 57 CALL CURNE (XXM, YYM,XK) @&
v o 33T @O 20 CONTINGE. . . N . L , e e
238, oo CALL FRAME =
e

3359, oo IF (IPTOD.EC.0) 6O 70 L& t
340, a0 21 KOST=NDST+1 .

9 o
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341, . 00 IF (NDST.LE.NDS) GO TO 16 R

@ 342, 00 END "

R T4 __._%0 FUNCTION RADFNATS) | . . . . e e e }
- 34k, 00 DIMENSION T(49),3(49)

9 245, 00 DATA T/9e2E30T10Eas 1 o0BEL,1e15Eb 01 e26ELy 1 ehSELs T BSEL,2eEhy242Ek, -
;5____,3461___.___0.“__—____12;3&'2..&55!';19&"1055,‘ b e EL 8 .9E60500E6s5.10EL7.0286,8.554, "?
347, 20 210 1ESy 1e3ES+1465ES¢109E5,2017E52.63E5,2.85€5,2.98E5,3.3€5, : Ie

®: 358, 00 33,9E5,607E575.63E51602E50609ES+7+4ES,5.07E5,9.08E5,1.06€6,1,3E6,

o 359. _no 1756520 2BE6530 166, 6a3E6,7+03E6,9.85E6,1.2567,2.2367,3. 767, — — F'Q
5 350. 00 56.02E7,1.E8/ ‘ 3

‘.:!r 351. 00 °A1A 0’1:15'2"3.6E'2‘y8.055'2"1'655-23’3055-23'50355‘2" i
352, 20 18.35E=23,1.1E222,1e07E~22,9e5E=23,8.BE=23,1.E~22,1.2E=22,1,65€-22, u?
s 353, 00 . 22¢23E~224 34 15E=229%e3E-22,6.05E-22 74 25E<22,8.04E-22,8.08E-22, [

@ 354.° 00 38 3E-22,943E=22+1002E~2141eE~21,8.8E-22,76E~22,6.028-22,5.1E~22, Lt
3550 00.__ . 84uTE=2226.26-22,3.8E-22,284E=22,1,9E22,1-20E-224943E-23, —_ e e e et »;

o 356, 00 ST 123,60 62355076230 503E23y 4o 9E~2343.25E=23,2.4E=23,1.9€=23, a

9, 357, . 00 61.7E=23,1.5E-23,2425E-23,2.9E-23,3.47E-23/ Ee
i 358. 00 3 FORMAY (2X'wes T.6Yel.E8, gunnon EXTRAPOLATED eee®) @
e 359, 00 . IF. (TS.GE.TL1)) GO TO 1 ) . =

o:- 360. oo RADFN=0.0 . B
361. 20 _RETURN . _ __ U DO ADROY )
= 362, 00 1 IF (TS.LT.T(49)) 60 TO 2 o

L 383, a0 PRINT 3 ) tl
kS 364 00 RADENZQ(47)+(3(69)=0¢472) ¢ (T5=T 4221/ (T(49)=T(47)) ol
= 365. - 00 “RETURN ~ ~ 8

e 366, 00 2 00 & 121,43 =

T L 36Te . 00 _IPSI+Y_ e v e e mrm o  m m  n e e ——

o 358, 00 IF (TS.GE.T(I).ANS.TS.LT,T(IP)) G0 TO 5

9 359, 60 & CONTINUZ U
= 370. 00 S_RADENZQID*(QCIPI = (1)) e (TS=T (LI [ITCIPI=TLII) et
= 371, 00 . RETURN N B 3“_;

@ - 372. 00 END |
SIS » > DO— | N S : e e e e e o e e e e

@  END ELT. ERRORS: NONE. TIME: 3.532 SEC. IMAGE COUNT: 373 o
I P e

@' oPRT,S SAWPLE 9,; ¢
2" _ FURPUR 28RT.1 UY E35 S74T11 04725780 11318346, _ . _ - e e B e .

o 22 £
23 O o
ol " - ]

.. b Q U = ;:“
eme— e e i v i iy it oo o em w e e A e e e e c_g e e e — e e o~ —— _;:."':
N A
R R, . & . N {:;
. e

o e |
. . et s Wi e s e e t3 WA SR W Wk Gl i S I ) - - - - - e - - e - EPES PR N e v W - - - . > »—.-»j ‘

®: §0
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APPENDIX C, SAMPLE RUN

A listing of a typical computer run for a coronal streamer
simulation is presented. Tae input variables are listed first
followed by the initial ambient atmosphere and the time~-dependent
solution. The time-dependent solution is given at selected time
intervals along radial lines at selected meridional increments.
For this example the solution is only shown for the first time

increment.
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L
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—— = - _— - - . Won e T Cul et
TN
INPST - T
Sy INSHTIFICLTION - Tt Tmm e o e
e RUN_NUMBSR =1L e e n
YILMIT STREFAER SIMGLATIBH
saTIous N
hACE Pk S+ 2 ‘a o e - e I .
TS = 3 . o -
hox . so..1 v - L.
MDY = & .
TMLGE = ettt o — - - .
TFHLS = 5 o )
Ierfcy = s/ I - e ¢ A o 50 o 2 ettt ot S 5 L e it e vt rimett 2 e gt o e b on——
kT4 = £
e IQISL S LA L .
ISMIH = %
eI 2 . . )
I30X3 = 2
Tongd = P — e - . -
1204 = & - o
e IEAIN L2 L s . N
I oA3 = ¢
_LLxsany =2 L .
ATSANL-SISTE BA<AMTIERS 5T 35 e R o L
PG o= 1.005L02400 Hioat ~ATII | ) i ) T o
P S VS 15113 450> £ RO - .
3 = Z.2483TE+ls SLILTS NGO
(RN -3 SN AT S X 2+ R
§ = $,253303-31 GALID i
PILEE PREAMETIZS T T e T e - oo T —
B 911 R DA BZﬁEf”Z MINUFES
T = 4.34dF€78 JE391E3
ISV 5 &S00 - P ¥ - ;*..; X BHSL L e
8% = 7.033RE33 KM
OFY = S ellilew ot MYNGTIS e it et b e e b P, o . - —
L BIEADY=STATE Suilliart DeRn3ZT2R5. )
qrv) =26 350035453 SCuaw xuﬂ‘i
BB 2 AGUBEINS-NE LW AR RADIT
ITME- GEEENGINT SOLETI oL PRlAMITER S e e + e
OTT = 2+SCLE2iv s JE.7E5S T i T
e BT Z LR LCBDSE-02 G0LER JuTDIT PO
TUGA =1 8CITCE4IT Szimic3
e BMAK =5.BZ2DIECX 3MAY RAILTL L . U
NITP SH.5G0I08+0L JTRESS ’ -
RIS =5, CRCo1 403 SLL4% »iaa»&“ﬁm,p,wﬁu‘www,,.w - o e
THAA =1,.L4T0( 2403 HI%uT . ) - - i
e GIP 5 L.208IL%22 HIV w7;: R
ITPT ‘1-:3‘1,1-':‘*":.‘2 HInUTES
S5 5: 3 =S 1001 d b ivd oL 3 S R
SMTH =2,532035+3.
ISTR =4 abatiT ey HINVITS oot s et A3 rte s e e oot i . >

QBT-4UT -

S o A b rnoe e i S
o Y T e
AY AP e DS
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mc‘ogvoooo‘ooscoo

3 $.2GUITeCN  T5.243AE=G2 I, 3270E-F1  3.SCECI-01 Yo k3 InE-Gl IJ.e?92E~02 2.1671E~-32

BEFET DD QR: = T Cec

INI6E=J1__ I.2322E=C1

2eTI6E=TL  2+8966E=01 5.1327E=F5 1.0 3ITEe0L

4 re-., . P - e —- PR h N A L 3 L% 3
_ ) . - ‘0
QIVISZO VALUSS OF THAX AND RNAX
____IMAX =1.AC5cel2 DEGREES .
PMAX =5,70¢5+3% SOLAR REDIX <
ivX. X3
LMY = &1
— - . q
VALUES AT YO B
£ = 1a8323«22 DENSSICOME - et e e e o v o o o trane <t s Ao aan « % o 5 e e v
A = 1.756E+32 KN/SEC ¢
rr = cere NTE
N = 1.025Z+G3
S = §.138Te3% . e e e e s o e = - — . <
AT = Le3bBGIT~-21
. BIA =3.000Sea e - e o 4 e . i v 0 i e -
iP QRD =3.359E+3% CM3-S/ERG Q
¥ = g.zgztg"} .4, P AT
) _caIrIcal. ROINT e e e e e e e e e e
R = 4.2665+20 SOLAR RADIT
VE = 4,.6¥1Ce0P KMASEC e e e e e e o — e y— e oo
0 00 ¢
- SSLY’ e 1) = zQua S . — — — oI
:xoa-omsusxmu VARIABLES S
Q) 'y S : U S s T MFM . BETA 3 S |
1 1.0uC"°0 LebBEJE=3 1,RIICETE 1.8 +38 1.833C=e37T e BHHYC-E2 2436938 -01 e 2?T3E=02 1.59455’5‘ 8 z‘
2 1l100iTe3l Gi74ISE-D2_. 5.52325-0  S.LITeE-01 . 9.T233:01 G.e77IE-(2 1.5537I-L1 5.23325-32 9.79552e08 =
8.64268=32 'G.930TEeG] |

5 1 e6RBITe18 L1ewBG7E=FY 16533331 1.53313=31 Q.1236Z+31  1.5609EG1  FTSLEE-F1  1.9682E=T1 1493635032 @_}
_sg.mzamnmaL_x.mn-u__x.xaasiﬁ1.&.37:.5&&1‘:.35525,-s;-,s.tszsi:ax, 27632331 _1.3T82EeGL >0 ¢
7 1.58C0Ze53 2.,123%T~11 T.S8I6E-3Z E712E=32 B.%iTell 2.26155+71 S.8LWIT-01 2,13532T-81 1.271%E¢31 m
B 1. 7CD527 ca%5352-21  S.TabTI=12 6 5:.‘.;:32 T,7238381 | 2.5262E=(2 T+2B85LE=01 _c+26255=51 1.3267Ee21 . ,a —
G L BEICESTY 2.7T8IVT=01 5 WESIT=Z  S.ITITI-BZ  3.082%{Z=01 2.3I3STE-C1  B.655.Z~01 T.82332-51 1.5197E¢01 |
18 2.3033 ehu 3.30CET =21 3. S4LH2T=0F  4,15745-32 9,.5293F«03 X, 36650l I.9685E-81  3.18I7E-0L | 1.6686%.08 — e
11 2L02554.3 344362301 2,5633T=72 3.3G73Z-32  BeuWITE-0L  T.TIT3IE~al 1.360FE€RI 55573830 1.836CTe01
12 2.3103TI435 I TS4E=2. 2.3531E-32 _Z.81372-3F _ 3.3657E=0L deedlRatefl 1433755456 TG2GI1E-DL 2402238051 e @
13 2420758453 WGBEYE=31 1,9654FE=082 2.35693T=37 E.ZIIRE=0L eSBTIE~GL  L.5282E4LT  #.238LE-51 Z.228%€¢01
<l P.IGITeID  Re3TE2=51  1.B53ZE=02 _2eliS8E=IZ. . 5e22665201. _ #.923868 1 _ 1,732 ¢RI, .64 36E-01  2.A58TESRL N R
15 26056563 % 6779531 1.6141E-32 z.732t£~3z 8.16653-31 s.-n 1E-L% 1.95C1EesT S5.L238I-8L 2.7325Ee81 ¢
2.5332¢20 LN 2= GEelZ  A,2265%=31  S5.521 o0l 225235638 54353Cs-81 _2.3726Ze83 —
17 2.6088¢32 S5.E573E=-91 1.0573r-02 ..31 ~-12 £, 052228t D5,850%E~31 2CWhZBITIE 3.H535T7E-31  J.2661Zeld
1A 2.70CTEerl  G.S3EETeI1. 3.2514F-33  21.156353C_ N FLI2E~GL 6 IEITE~BI 2.6852E€¢87_ F.T315I-31  J.S803EeTL ci e g aneas e q
49 2,80I52e38 54237323t 2,.1514Z-(3 --KZBGE-NZ 7352 T=1 H5.5125&Ew¢2 -‘3575E’63 335583l  J29282Ee851
23 2.95357-43) 6.07175=31  T.2T025=37  9..3855-33 . TeFI76T=01  5e827 T4l 3.2432E2TL  F.HIISI=I1  ©.2IILECEL e e m———
21 3.488 . BJ32¥3I-31 5.04«3E-33 b.“«u.i-.;.! 7. 3605581 Te1359E~C% 3.5433E458 5.9355:=52 He6IIIC+3L L]
22 3.1TITTeId  S,57778=51  S5.7762I-03 TLII0E-)3  Tes23TvBl T+%365Em3i  S.958CEe0) 7T.37218-51 512638001
23 BZL I Eel3 BeBZTiI Ui S5.2020T=33 BeHA2ZE-IT  Ta 7885351 TTTILIEIL L 1565037 P. 65115352 5.5457Ie82
2l 323535 tll...l..ﬁb‘iﬁi:li_‘u? Sl elZ_ 6eL 733515  TeTRTTE~TL _B0166EwTs  4,52815+3C 7.833385-31 6.07705¢01 T
. 25 3.sl 23 7423573535 %e27395<33 D5.5%11E-13  T.7122Z-G1 5.2363E~F1 485428080 3.37I21E-31  6.6313E72
P8 3.583:Teild T.53u0f=31 3, B95RE-I3  5,07I56-33  7.5733E-31 B.SHIIE-LL  S.256uEe3d  S,uSTEE-NL  TolEx3zed2
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