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Un modelo numerico bidimensional magnetohidrodinamico (MHD) es usado para simular dife
rentes tipos de. interacciones de corrientes de pla~a de alta velocidad con un flujo ambiental 
no perturbado de viento solar. Los origenes ffsicos de estos tipos de interacci6n se especifican 
suponiendo que las corrientes de plasma de alta velocidad se generan por medio de dos fen6me
nos forzados: (i) una liberaci6n de energia limitada en el tiempo y representada por un destello 
solar transitorio; (ii) una corriente de plasma de alta velocidad generada en un agujero coronal 
recien creado, la cual continua, sin disminuir, entregando energia al flujo original del viento so
lar. Debido a la diferencia en la escala de tiempo del destello solar y del agujero coronal, el 
desarrollo del flujo perturbado detras de los frentes de choque generados en el destello y en 
el agujero coronal es distinto. Esto es, el ultimo puede iniciarse en una escala de tiempo de un 
dfa, pero puede continuarse por una o mas rotaciones solares. Por otra parte, el primero puede 
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Simulation of Stream Interactions due to Solar-Flares and Newly-Created Coronal Holes. 
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iniciarse solamente en una escala de tiempo de minutes o hasta una hora, despues del cual su 
decaimiento se mide en una hora o dos mas. Por lo tanto, hemos iniciado un estudio de estas 
dos .;ausas variando simplemente la duraci6n temporal de los disturbios en el calculo del valor 
inicial. V arias diferencias en el comportamien to dinamico de la in teracci6n de! vien to solar con 
un frente de choque generado en un agujero coronal, y con el generado en un destello solar se 
hacen notar en este estudio. En el primer caso, un resultado {mico es el desarrollo de una bur
buja magnetica que viaja hacia afuera. 

ABSTRACT 

A two-dimensional, time-dependent, magnetohydrodynamic (MHD), numerical model is used to 
simulate several types of high speed stream interactions with an ambient, undisturbed solar 
wind flow.The physical origins of these two types of interactions are achieved by assuming that 
the high speed streams are generated by the occurrence of two "forcing" phenomena: (i) a tem
porally-limited energy release represented by a transient flare; and (ii) a newly-created, coronal 
hole-generated high speed stream which continues, unabated, to add energy into the original, 
background solar wind flow. Because of the difference in the time scales of a flare and an evolv
ing coronal hole, the development of the disturbed flow behind flare-generated and coronal
hole-generated shocks is different. That is, the latter can be initiated on a time scale of a day 
but can continue for one or more solar rotations. The former can be initiated on only a time 
scale of minutes or an hour after which its decay is measured within another hour or two. 
Therefore, we have initiated a study of these two cases by simply varying the time duration of 
the disturbances in the initial-value calculation. Thus, several differences in dynamical behavior 
for the solar wind interaction with a coronal-hole-generated shock and that due to a flare-gene
rated shock are exhibited in this study, In the former case, a unique result was the development 
of an outward-travelling magnetic "bubble". 

1. INTRODUCTION 

Recent progress in numerical simulation of shock propagation in the solar wind has 
been substantial. It has been improved from a simple one-dimensional hydrodynam
ic (HD) time-dependent, model (Hundhausen, 1973a, b) to a two-dimensional, 
time-dependent, magnetohydrodynamic (MHD) model (Wu et al., 1979). Certainly, 
each of these models has its specific assumptions and physical consequences which 
represent certain aspects of physical problems in HD and MHD problems in space 
plasma physics. For example, Hundhausen (1973a) and Dryer and Steinolfson 
(1976) have utilized the one-dimensional, time-dependent, HD and MHD models, 
respectively, to study high speed solar wind streams and large-scale solar wind evo
lution. Wu et al. (I 97 6) studied the propagation of flare-generated shocks for the 
June-July 1972 solar events by using a one-dimensional time-dependent, HD model. 
Most recently, Wu et al. (1979) have used a two-dimensional time-dependent, MHD 
model to simulate multiple high-speed solar wind interactions. This two-dimen
sional model has already been applied by D'Uston et al. ( 1981) to simulate major 
features of a flare-generated disturbance at widely-separated positions in solar 
helio-longitude. The intent of this research is to study the cause-and-effect (in the 
solar equatorial plane) via an iterative process, when appropriate. Intriligator (I 980) 
and Burlaga et al. (1980) have provided a wealth of recent examples of multi-space
craft observations by Helios, Voyager, Pione~r, and Imp spacecraft of disturbances 
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in the solar wind caused by solar flares and transient coronal holes. There are many 
more examples. For a review, the reader is referred to Dryer (1975). 

In the present paper, we continue this demonstration of representative temporal 
phenomena and shall present numerical results from the basic MHD numerical 
model of Wu et al. ( 1979). The results are initiated mathematically by using differ
ent boundary perturbation conditions which correspond to different representative 
physical situations. That is, in our first example, we will simulate the two-dimen
sional disturbance in the interplanetary (solar equatorial) medium produced by a 
flare-generated shock wave. In the second example, we will simulate the interplan
etary disturbance produced by a newly-created coronal hole-generated high speed 
stream which is maintained indefinitely. We will neglect solar rotational and latitud
inal effects in both examples. In Section 2, we summarize the basic physical laws 
for the model and describe the initial and boundary conditions. Numerical results 
for the flare- and coronal hole-generated disturbances are discussed in Section 3, 
and our concluding remarks are offered in Section 4. 

2. BASIC THEORY AND NUMERICAL PROCEDURES 

2. I . Governing equations 

The assumptions made in this study are identical to those given by Wu, Han and 
Dryer (1979). Thus the governing equations are the same. However, for the con
venience of numerical computation, we have recast the governing equations in a 
quasi-conservation form in spherical coordinates (r, 8, cJ> ) and specialized for the 
equatorial plane (8 = 90°) as discussed by Han (1977). Therefore, we will not con
sider latitudinal effects (i.e., a;ae = 0) which may be present in a time-dependent 
three-dimensional case. Thus, the general equation for the conservation of funda
mental physical quantities is given in Eq. (I): 

where 

rip 

r 2pV, 

r2pV,:, 
W= rB, 

rB,i, 

ri (-l- p + ! PIVl2 + Im:) 
y - I 2 2µ.o 

(I) 

(2) 
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The first term in Eqs. (2) through (5) gives the continuity equation. The second 
and third terms give the momentum equations in the radial and azimuthal direc· 
tions, respectively. The fourth and fifth terms give the induction equation with in· 
finite conductivity, governing the interaction between the plasma motion and the 
magnetic field. Finally, the sixth term provides the energy conservation equation. 
This dynamical system is assumed to be adiabatic and dissipationless ( except at 
shocks). The symbols have their usual meaning: p denotes the mass density; V = 

(V r, 0, V 4>) denotes flow velocity vector; T denotes temperature; B = (Br, 0, B<I>) 
denotes the magnetic field; p = pRT being the gas pressure; i/1 the gravity potential; 
'Y the specific heat ratio; and, finally, µ0 the magnetic permeability in a vacuum. 
The independent variables are time (t) and the two-dimensional radial (r) and 
azimuthal ( ¢) coordinates. 
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2.2 Initial/Boundary Conditions 

The initial boundary conditions arc the same as those used in the work of Wu et al. 
(1979) in which a steady, radially-dependent solar wind, with a representative 
spiral magnetic field configuration, is used. The magnitude of this solar wind is 
found by setting a/at = 0 in Eq. (I) and specifying representative parameters at 1 
AU. The steady-state solution is not carried through the critical points since we are 
interested in this study only in the outer flows. Our steady solar wind is similar to 
the solution obtained by Weber and Davis ( 1967). Specifically, the resulting bound
ary conditions at the inner boundary at 18 Rs (Rs being the solar radius) are: p0 = 

4.4 x 10-21 gm cm·3 (n0 = 2.6 x 103 cm-3); T
O 

= 1.06 x 106K; radial velocity 
V ro = 250 km s·l; azimuthal velocity V ¢ 0 = 3.3 km s· 1; radial magnetic field Bro 
= 300 -y; and the azimuthal magnetic field B ¢ 0 = 10 'Y, where the negative sign in
dicates an eastern polarity in the usual Archimedian sense. The conditions at 1 AU 
(where 1 AU= 1 Astronomical Unit= 215 Rs) for density, temperature, and radial 
and azimuthal values of bulk velocity and magnetic field, respectively, are as fol
lows: 2.2 x 10-23 gm cm·3 (- 13 cm-3), 3.1 x !040K, 359 km s·l, 0.29 km s·l, 
2.15 'Y and - 0.82 'Y· From these conditions, we realize that the flow motion 
still is dominated by radial motion, and the magnetic field has a spiral angle of 
- 21 ° which is a representative deviation at I AU from the so-called "classical" 
value of 45°. 

2.3. Perturbed Boundary Conditions 

The perturbed boundary conditions (i.e., t > 0) are chosen to be the shock jump 
conditions. Since the inner (i.e., low corona) boundary is outside each of the critical 
points, we are ahle to specify combined density, velocity, temperature and magnet
ic field disturhances according to the magnetohydrodynamic Rankine-Hugoniot 
shock jump conditions (Han et al., 1979). The initial ordinary gasdynamic Mach 
and Alfvcn Mach numbers are 8.68 and 8.20, respectively. The shock velocity is 
1300 km/sec. These disturbances are set at the lower boundary of 18 Rs. Physical
ly, these mathematical disturbances can be interpreted as a shock wave that is gen
erated by either a flare or by an intensive coronal-hole-generated high-speed stream. 
These two cases will be distinguished by time duration of their imposition at the 
lower boundary. Thus, the temporal duration, r , of the flare-generated shock dis
turbance is taken to be relatively short ( r = I hr.). On the other hand, the evolving 
coronal-hole-generated shock disturbance may be considered just like that for the 
flare except for the fact that the time duration is allowed to persist as long as the 
simulated time duration of the entire computation itself ( r = oo). 

The properties at the outer boundary are those established by the steady-state 
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solar wind solution as discussed above. Our two examples are obviously idealized, 
but we believe that they will provide insight to spatially and temporally changing 
physical properties in the solar wind as a global response to two extreme cases with
in the class of an infinite number of possible solar disturbances. 

2.4. Numerical Procedures 

The grid points of the numerical computation are identically arranged as described 
in our previous work (Wu et al., 1979). Because of the limitation of computer ca
pacity, we designed our numerical system in the radial direction ( as represented by 
the index "i") in the following way: between the lower boundary ( 18 Rs) and an 
intermediate radial position ( r = 86 Rs) the grid size, 6.r, was taken to be 2 Rs· 
Thus, a total of 35 points (i.e., 1 '( i ,( 35) arc needed. Then, within the region 
from 86 Rs to 222 Rs (- 1 AU), 6.r was increased to 4 Rs. The procedure again 
required a total of 35 points (i.e., imax = 70). The calculation is performed con
secutively within each region; thus, results at i = 35 from the first region are stored 
and initialized for the next region's calculation with increasing time. This arrange
ment allows us to use the computer capacity effectively and resolves the problem 
of storage limitation. This process can be repeated, thereby allowing calculations 
to an unlimited radial as well as azimuthal extent. The azimuthal direction is re
presented by the index "j". A total of 30 radial grid arrays are utilized. Adjacent 
arrays are 2° apart, thus the azimuthal distance, r6. ¢ , varies from 0.63 Rs at the 
lower boundary (- 18 Rs) to - 7.7 Rs at the outer boundary of I AU, thus, the 
domain of simulated heliographic longitude is 60° for the present computation. 

The numerical computation is started with the introduction of perturbed bound
ary conditions as discussed in the previous sub-section (2.3). The numerical results 
are reported in the following section. 

3. NUMERICAL RESULTS 

The following discussion is divided into two parts: flare-generated disturbance 
(3.1) and evolving coronal-hole-generated disturbance (3.2). 

3 .1. Rare-Generated Dist!frbance 

In this case, the numerical results are obtained for a short duration ( r = I hr.) 
shock disturbance at the lower boundaey over a spatial extent of 8° in longitude. 
centered within our 60° longitudinal domain. As mentioned above, this physically 
corresponds to a flare-generated disturbance. Fig. I shows the three-dimensional 
representation of the normalized temperature change ( 6.T ) and density change 

To 
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PULSE AT 18 R.: SINGLE SHOCK ( r= I hr.) 

/ 

I 
t'f' po 

Hg. I Three-dimensional display (in Cartesian coordinates) of disturbed, normalized, temper
ature enhancement (.cl T/T 

0
), left side, and density enhancement (<lp/ p 0 ), right side, 

within the solar equatorial domain from 86 Rs to l AU at approximately 15 hrs., 31 
hrs. and 51 hrs. after introduction of a solar flare-generated shock disturbance of dura
tion r = l hr. at the lower boundary of 18 Rs. Heliocentric radius is plotted to the left, 
solar longitude (60° domain) to the right, and amplitude is plotted vertically. 

( l;:,p__ ) at 15 hrs., 31 hrs. and 51 hrs. after the introduction of the disturbance at 
. Po . 
18 Rs; the disturbed region shown here extends from 86 Rs to I AU. The evolu
tion and propagation of the disturbance is already clearly indicated after one day. 
For example, at t = 31 hrs., the two-dimensional interaction of the flare-generated 
shock with the initial, steady state solar wind produces, as expected, the peak rise 
of temperature and density. For our example, the temperature maximizes after 
51 hrs. near I AU at ~ 1400 % of its steady-state value at that location near the 
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central meridian of the flare; the density peaks at - 140 % . The magnitudes of 
these maxima diminish as the shock becomes weaker in the azimuthal directions, 
both to the east and west. This compression and heating is followed by a rarefac
tion region in the density profile to a value as low as 75 % lower than the original 
value as shown in Fig. 1 at t = 51 hrs. The temperature profile also shows eventual 
cooling. This behavior is not in phase with the rarefaction because the plasma ap
pears to be trying to maintain its thermal pressure near the central part of the dis
turbance. The impulsive momentum transfer to the ambient solar wind cannot, of 
course, be maintained, and the temperature eventually also falls below its original 
values before finally recovering to the ambient state. This behavior has already been 
demonstrated in the one-dimensional HD and MHD models (see, respectively, Wu 
et al, 1976, and Dryer and Steinolfson, 1976). In separate computations (not 
shown), the longitudinal extent of the global disturbance is governed, as expected, 
by the longitudinal width and magnitude of the flare-generated shock introduced 
at the lower ( 18 Rs) boundary. 

~ ~ ~ 

Fig. 2 shows the vector field of the disturbed solar wind velocity (~ V = V Y 0 ) 
~ ...,. ~ 

and magnetic field (~B = B - B0 ) for t = 15 hrs., 31 hrs. and 51 hrs. in the region 
from 86 Rs to - 1 AU after introduction of the shock disturbance at 18 Rs· The 
decrease in magnetic field magnitude within the disturbance (i.e., behind the initial 
shock enhancement) is clearly shown. The magnetic polarity is always outward as 
indicated by several representative vectors. Note that the polarities on the eastern 
side of the flare central meridian undergo (at least) a single oscillation before re
turning to the pre-flare spiral. Furthermore, we plot in Figure 3 the normalized 
change of magnetic field (~B/180 1) fifty hours after introduction of the short dura
tion ( 7 = 1 hr.) flare-generated shock disturbance. This presentation shows more 
clearly the interaction of the asymmetrical MHD shock with the ambient medium 
within the domain from 86 Rs to I AU. It clearly indicates that an asymmetrical 
MHD shock has already reached l AU. Figure 3 also shows that regions exist within 
the disturbance where the magnetic field magnitude is decreased from its undis
turbed value. The compression of the magnetic field is greater on the westernmost 
side of the shock because of the initial Archimedian spiral shape; that is, the jump 
in B cp is larger on the west relative to that on the eastern side of the shock because 
of the initial quasi-perpendicularity of the shock on the west compared with its 
quasi-parallel character on the eastern side. Note, also, that the polarity changes ( on 
both sides of the shock's central meridian) toward the center of the disturbance as 
noted above in the discussion of Figure 2. In the region from 18 Rs to 86 Rs, the 
solar wind velocity has nearly returned at t = 51 hrs. to the initial state, but the dis
turbance has caused a longitudinally asymmetrical change in magnetic field magni
tude as the initial Archimedian spiral is temporarily, but drastically, disturbed. Al
though we are unable to show any latitudinal polarity disturbances, we suggest that 
they, too, would occur if the initial polarity of Be were either northward or south-
ward {as in thP <''1~1' of '1 u,,:impcl <nfor f'1tn-ant •haat\ 
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t=50 hr 

... . . .. . . 
~ .......... 

T = 1 hr 
(Single Shock Pulse) 

~~~,~·--:· . . .. -:...~~ , . . -, -. ' ' ' - . , . . .. ' ' ' 
......... --_·._·_·,', \ '" ,-----''' '• 

........ -:.. ---~ ........ -- .... - I I I \ ' .. 

~
,., ---:...--- ... ,,, , \' ------ ........ ,,, '--,. -- - - .._ ._ - ., ~ I I ',, ', --:·. -- .......,_, ...._-_., ..... ,.,, , ',. . ', ' . . - - - "" , , , , ··.. ,, •, ·- -.. . - ----- .,,,. --, · .. ',, · .. -:.. -:.. -:.. -- -_..,,,. -:.., ... :.. - . . . . ---- - .,,,,,. .,,, ,,,.- - .... -· .. -~ ~ -:. -- ~ - , , -- -:. ... .... ' ' .. . . 
\~~~~~~-~-- .. 1,' .. 
~~~~-- ... ~-~-- ,, , .. \~~:::~-~--,,II .. : !·,·~-=---,:,~-~,, ,,, .. ··~, .... _..-,,,,,, 
:l~~~~ .. :~,1 ~, 
,l111I' ,11 II, .,,,,,,. 
t t 

86R 0 1 AU 

Fig. 3 Normalized vectorial magnetic field enhancement (LiB/ IB 0 I) in the domain from 86 Rs 
to I AU at t '1150 hrs. after introduction ofa flare-generated shock at 18 Rs. 

3.2. Evolving coronal-hole-generated disturbance 

We now discuss the numerical results for the long duration disturbances. That is, we 
"tum-on" the 1300 km/sec shock at t = 0 over the 8° longitudinal extent at 18 Rs 
and proceed to inject energy for an indefinite period ( T = 00 ). Physically, this long
lasting disturbance may represent the transient evolution of a very rapid (admit
tedly, extremely so) high speed stream which issues from a newly-created coronal
hole generated disturbance. The magnitude of the disturbance is probably unrea
listically high since it is the same as that used for the flare-generated disturbance. 
The physics, however, has been appropriately incorporated in our model such that 
it can demonstrate (via normalized and vectorial changes of the velocity and mag
netic field) the disturbance caused by continuous energy addition to the original, 
undisturbed solar wind. Figure 4 shows, within the 60° equatori~l domain from 
18 Rs to 86 Rs, the three-dimensional plots for the normalized temperature change 
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( ~I ) and density change ( fj ) at 10 hrs after introduction of the disturbance. 
It i~ seen that the initial comp?ession is again followed by a rarefaction in spite of 
the fact that energy and momentum continue to be injected at the inner boundary. 
This result clearly demonstrates the fundamental process of nonlinear MHD, large
amplitude waves (including shocks) regardless of the temporal mode of the initiat
ing disturbance. Comparison of Figure 4 with Figure 1 clearly shows the differ
ences between the disturbance with long duration ( T -+ 00 ; the evolving "coronal
hole-generated" disturbance) and the disturbance with short duration ( T = 1 hr; the 
"flare-generated" disturbance). In the latter case (flare-generated shock), the ther
mal pressure attempts to compensate, with temporary success, for the diminution 
of the kinetic energy. In the former case (the newly-created, sustained high speed 
stream), the kinetic energy continues to dominate the flow and the thermal energy 
plummets immediately after its initial shock-induced enhancement. 

-~ -+ 
A particularly intere,tiilg and L'omplctcly new ~el nf results for !::,,V and t:,,B is 

shown in Figure 5. l11is final figure shows the vectorial representation of the change 
of velocity and magnetic field at IO hrs. after introduction of the disturbance. We 
caution again that the relative changes of magnitude and polarity, not the absolute 
magnitudes, are relevant for our discussion. Moreover, solar rotation (not consider
ed) would introduce (at t = 10 hr.) only a 6° relative skewing. The most distinctive 
difference between this result (apart from the obvious outward jetting and entrain-

-+ 
ment effect seen in !::,,V) and that for the "flare-generated" disturbance (see Figure 
2 at t :=:::: I 5 hr.) is the fact that the disturbed magnetic field in Figure 5 displays a 
change of polarity in the central portions of the disturbance. This behavior may be 
explained as follows. Since energy is continuously fed into the system, the asym
metric shock forces the polarity ( as before, for the T = I hr. case) to be directed 
toward the center as seen near 86 Rs. However, the magnitude decrease is accom
panied by polarity reversal which is produced by a new current system. A magnetic 
void (or "bubble") region, formed together with a null point, moves outward as 
sustained energy and momentum continue to be added to the flow. We could not 
specify whether reconnection occurs since the electrical conductivity in this com
putation is taken to be infinite. The vectorial velocity representation shows a foun
tain-like behavior ( as noted above) with a relatively large velocity in the center of 
the disturbance (like water ejected from a garden hose). This result is consistent 
with the three-dimensional graphical representation (Figure 4) for the density pro
file, which shows a flat rarefaction region in the center of the disturbance. Thus 
continuity of mass flux and, as discussed above, conservation of energy flux (with 
domination of the kinetic over the thermal energy flux) are conserved, as required. 
Hypothetical observations at a single point would detect a time series of data for a 
compression followed by a rarefaction, albeit with a fairly constant velocity, to
gether with a complete 360° rotation of the magnetic polarity. This kind of obser
vation (possibly observed by Burlaga and Klein, 1980) could properly be described 
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Fig. 5 Disturbed vectorial velocity enhancement (AV ; V_ V 0 ) and magnetil' field enhance-
ment (AB; B - B

0
) for newly created coronal hole-generated shock wave descril:led in 

Figure 4 and in the text. The heliocentric radial extent (from 18 Rs to 86 Rs) and 
solar equatorial longitude (Ac,, ; 60°) are shown in polar coordinates at t; IO hrs. Sus
tained energy and momentum input at 18 Rs is indicated by the notation, T 
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as a transient "bubble" or "cloud". This topic has also been discussed by Bobrov 
( 1979), Pudovkin et al. (1979 ), and Gosling et al. (1973 ). ' 

4. CONCLUDING REMARKS 

We have used our earlier-developed two-dimensional, time-dependent, MHD com· 
puter code (Wu et al., 1979) to simulate the temporal and spatial dynamical be
havior of several extreme cases of solar events. Several simple cases: (i) a short-lived 
solar flare and (ii) a long-lived evolution of a high-speed stream emitted from a new
ly created coronal hole, have been examined. Our numerical results, confined to a 
60° segment of the solar equatorial plane, have demonstrated a number of funda
mental physical phenomena. For example, the structure of asymmetrical MHD 
shocks and their weakening in the azimuthal direction has clearly been shown for 
both cases. Also, large azimuthal velocity and magnetic field gradients, including 
"bubble" formation, are also shown. We believe that a theoretical description of the 
kind found here (and which has been speculated upon by various observers) has not 
been found previously. To reveal more physics of these types of dynamical be
havior, the numerical model should be improved by including finite electrical con· 
ductivity; thus, the reconnection of field lines can be shown more precisely. In or
der to show three-dimensional "bubble" propagation, a quasi-three-dimensional 
(i.e., non-plane approximation) numerical code should be developed. 
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