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Abstract. A one-dimensional (1-D), time-dependent, Keywords. Interplanetary physics (Interplanetary shocks,
adaptive-grid MHD model with solar wind structure has beenInterplanetary magnetic fields, MHD waves and turbulence)
used in the past to study the interaction of shocks. In the
present study, we wish to study some fundamental processes
that may be associated with slow shock genesis and their posg
sible interactions with other discontinuities. This adaptive-

grid model, suitable for appropriate spatial and temporal nU-There are six classical shock solutions — one fast and one
merical simulations, is used for this purpose because its finegjow shock, and four intermediate shockeHoffmann and
grld sizesinthe V|C|n|ty of the steep gradients at shocks makere”er, 19501 according to the theory of magnetohydrody_
it possible to delineate the physical parameters on both sideggmic (MHD) Rankine-Hugoniot relations. All six shocks
of the shocks. We found that a perturbation with decelera-gre coplanar: the upstream and downstream magnetic field
tion of solar wind will generate an ensemble consisting of and velocity vectors are in the same plane. Fast shocks
a forward slow shock, a fast forward wave and a reverseproduce a jump from the upstream flow speed from above
slow shock. On the other hand, a perturbation with an in-the fast speed to below the fast speed downstream; also the
crease in acceleration of solar wind will generate both a slowransverse component of the magnetic field increases across
shock and a fast shock. These two perturbations, althouglhe fast shock. Slow shocks change the flow speed from
not unique, may be representative of momentum and presapove the slow speed upstream to below the slow speed
sure changes at the solar surface. downstream, and the transverse component of the magnetic
During the transition of a fast shock overtaking a slow field decreases across the slow shock. Intermediate shocks
shock from behind, the slow shock might disappear tem-take the flow speed from above the intermediate speed up-
porarily. Also, during the process of the merging of two stream to below the intermediate speed downstream; in addi-
slow shocks, a slow shock-like structure is formed first; later,tion, they rotate the transverse component of the magnetic
the slow shock-like structure evolves into an intermediatefield by 180 (Kennel et al, 1989. From simulation re-
shock-like structure. This intermediate shock-like structuresults, Chu and Taussig1967 showed that the intermedi-
then evolves into an intermediate wave and a slow shock-likeate shock is nonevolutionary, and claimed that the interme-
structure. Finally, the slow shock-like structure evolves into adiate shocks should not be expected in nature. HowgVer,
slow shock, but the intermediate wave disappears by interact1987 showed that, via simulation of a set of resistive MHD
ing with the non-uniform solar wind. This complex behavior equations, that the intermediate shock can be stable in some
demonstrates the non-unique nature of the formation of slovsituations. In additionChao et al(1993 identified an in-
shocks, intermediate shocks and their derivative structures. termediate shock near 9 AU from the Voyager 1 plasma and
We emphasize the main aim of this work to be both: magnetic field data.
(a) non-unique input physical parameters to explain the Whang(1987) suggested that the decrease in the Ailfv
paucity of observed slow shocks, as well as (b) the imposspeed at increasing heliocentric distance causes the normal
sibility of backward tracing to the history of input bound- Alfvén Mach number of a forward slow shock to become
ary conditions in view of the present inability to describe greater than 1, and the shock should eventually evolve from a

Introduction

unambiguous inputs at the Sun. slow shock into a fast shockchao et al(1987 andWu et al.
(19963 employed two ideal finite-difference MHD simula-
Correspondence taC.-C. Wu tion codes to simulate a slow forward shock propagating in

(wuc@cspar.uah.edu) a non-uniform solar wind. The simulation demonstrated that
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the speed of the slow shock decreases and that the slow sho@ Magnetohydrodynamics Equations

does not evolve into a fast shock in a special situation that in-

volves propagation into a positive density gradient. The large-scale dynamics in the interplanetary solar wind can
be theoretically modeled by the following MHD equations

In this paper, we use a one-dimensional, time-dependem(,priest 1982 Hughes and Brightqri967) in SI units,
adaptive-grid, MHD model with a representative solar wind

structure to study the interaction of slow shocks. Actually, Dp _

X . — +pV-V=0 Q)
the model is a %D code in the sense that the transverse ve- Dt
locity and magnetic field components are considered; how- DV GM(r)
ever, their variation with respect to the azimuthal direction p Dt r2
is taken to be zero. Three cases with different types of per- 1 1B |2
turbation are studied in this paper. In Case 1, we will show — |:,oe+—p [V %+
that a forward slow shock (FSS) and a reverse slow shock 2 2Ho
(RSS) can be generated by a perturbation that incorporates B x (V xB) GM(r),
a decreasing pressure and radial velocity. In Case 2, a per- Lo 2
turbation withincreasingpressure and radial velocity will  5g

generate both a slow shock and a fast shock. w =V x(VxB) 4)

1
=-Vp+—(VxB)yxB-p f (2)
Mo

1
] +V. [V{pe+§p |V 12 +p}

r

In order to understand further the interaction between the D T .

. ; . where = denotes the total derivativg,is the mass density,

fast and slow shocks, two perturbations will be put into thev is thgtvelocit of the flow is the ISotropic das pressure
lower boundary (at 2B, where R, is the solar radius, Y P pic gas p '

6.95x 10° km) at a different time period for Case 3. First, GM(r) is the gravitation forced is the magnetic field; is

we introduce a perturbation with decreasing pressure and ra;-he internal energy per unit mass<(p/(y—1)p) andy is
. . : he specific heat ratio. Equations (1), (2) and (3) express the
dial velocity at the lower boundary in order to generate slow . .
. . .~ . conservation of mass, momentum and energy, respectively.
shocks. Later, we introduce another perturbation with in- ) . .

. . . In Eq. (2), we have ignored the viscous term but included the
creasing pressure and radial velocity at the lower boundary. ravitational force. Equation (4) is the induction equation
in order to generate a fast shock and allow it to overtake a? o : .

. . or a perfectly conducting medium. The formulation is then
slow shock from behind. The results will show that the slow closed by the ideal gas | 2, RT and the diveraence free
shock disappears temporarily during the transition of the fast y 9 W=cp 9

shock overtaking the slow shock from behind; during the _magnet|c fieldV-B=0. HereR is the gas constan; is the

. : isotropic plasma temperature; and a factor of 2 is due to the
temporal transition of the two merging slow shocks, a slowfuIIy ionized nature of the hydrogen solar wind plasma
shock-like structure will first be created. The slow shock- '
like structure will then evolve into an intermediate shock-like
structure later. Then, the intermediate shock-like structure3 Sjmulation Results
will evolve into a slow shock-like structure and an interme-
diate wave. The former will steepen into a slow shock, butin the following, the transition of interaction of slow shocks
the latter will disappear by interacting with the non-uniform will be presented in detail. The numerical scheme used in
solar wind. this analysis is an extension of the two-step Lax-Wendroff fi-
nite difference method_gx and Wendroff1960. An adap-

. The main aim Qf this work is to explore two _pomts_ viaa tive grid finite difference schemeP&nitchob 1987 Pan-
limited search in input parameter space. The first point is to

X . . itchob et al, 1987 is used here to understand the particu-
examine some possible reason(s) for the paucity of observe, ; . . .
L L arly interesting cases of the interaction of slow shocks. The
slow shocks. The second point is to explore the possibility of . . L
) . . . O simulation domain is between 28 Rand 230R,. The rea-
backward tracing of various interplanetary discontinuities toSon we chose the lower boundary to be at 28iRthat the
the history of input boundary conditions at the Sun. We are y

. . solar wind is already supersonic and super-Aific there;
not aware of published work in either of these two contexts. . o
: ST - hence, the perturbation can be chosen arbitrarily at the lower
The parameter space for this objective is almost limitless,

l%oundary Wu and Wang1987. The steady-state represen-

Nevertheless, we have chosen a I|m|te.d and a specific S.eJF Fative solar wind is obtained here from Panitchob’s (1987)
momentum and thermal pulses that might represent activity

o : . .. _’non-relativistic MHD solar wind model. Table 1 summarizes
within active regions or coronal holes. We do not consider .
changes in the magnetic field in this study. the steady-state values at 28 Rnd 1AU.. Figure 1 (from

Wu et al, 1996 shows a plot of the physical parameters of

The basic MHD equations are listed in the next section enthe steady-state solar wind. This calculation is sometimes
titled “Magnetohydrodynamic Equations.” We will discuss in referred to as a%D simulation, where only spatial gradi-
more detail the interaction of two slow shocks and the evo-ents in the radial direction of the two vector components of
lution of slow shock-like and intermediate shock-like struc- velocity and magnetic field are considered. According to ear-
tures in a non-uniform solar wind in Sect. 3 on “Simulations lier simulation results\u, 1993 Wu et al, 19961, a nega-
Results.” A discussion and summary of our results are givertive, nearly-square wave pulse with decreasing density, tem-
in the final section. perature or radial velocity will create a pair of slow shocks
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Table 1. Summary of steady-state solar wind values akR28and (a) TIME = 0 Hours

1AU. 108 E
Dependent Variable  Steady-State Value Steady-State Value " 105
At 28 Rp At1AU E

T,K 3.7684x10° 1.3x10° Tk

o, gm/cm3 1.026x10-21 1.453x10°23 3 104k J

V-, km/s 261.28 312.890 = F 1
Vy, km/s 4.0012 1.263 B
By, gauss 2.9481073 5x10°° 60 F
By, gauss 6.135%10°4  -7.143x10°5 T 5o
y: Polytropic Index 1.25 1.25 £ of
— —-20F
> —40

~60

S0F T ]

X E E
(a forward and a reverse slow shock). Also, a nearly-square £ 250 ¢
wave pulse with increasing density, temperature or radial ve- = 200 g
locity will create a pair of slow shocks and a pair of fast 150 F
shocks (a forward fast shock and a reverse fast shock). __10720F

r')

In order to generate these shock ensembles, we introduce au 10721
perturbation at the lower boundary with respect to the steady E 10722
solar wind condition, as given in Fig. 1. Two specific simu- 5 - zai
lations are studied. Case 1 involves a decrease in both radial
velocity and pressure; Case 2, an increase of these parame-
ters.

In the first case, we put a perturbation wiﬁé}:OA and

50 100 150 200
Heliocentric Radius, (R/Rs)

Fig. 1. The initial representative steady-state of the solar wind. Note
——O 4 at the lower boundary, wheng_, T, represent the that theBy direction is in the direction of a typical, Archimedean
|n|t|al value of radial velocity and temperature at 28R, IMF outward polarity.

andT’ represent the temporal evolution of density and tem-

perature at 28 B. The rise and decay time of the disturbance

is one hour, and the total duration time is 9h. Att=15h, apnumber of slow shocks were observed, we assume that the
reverse slow shock (RSS) and a forward slow shock (FSSkjow shock might be overtaken by the fast shock from be-
are generated, propagating toward Earth (seeZjigThis  hind. Therefore, based on the results of the above two cases,
ensemble follows behind a forward fast wave (FFW) which, o put a perturbation ofi—O 4 and 1_04 at the begin-

is seen at r=5R at t=15h (see Fig. 2a). At t=97h, this
expanding ensemble propagates outward while the sunwariing (t=0 h). Then, we put another perturbation \/\A@h—l 6
properties recover to their original conditions, as indicated i inand Z- I” _5.0 at t=15 h at the lower boundary, whene’“ and
Fig. 2b. These results are a repetition of those fimet al. “T”” represent the temporal evolution of the second input

(1996H. pulses of temperature and radial velocity at 28 Rhe rise

In the second case, we initialized a perturbation at @8R and decay time of each disturbance is 1h, and the duration
W|th =1.6 andT =5. Att=5h, a forward fast shock (FFS) time is again 9 h. We refer to this combined example as
was formed at 40 1R and an FSS was formed at 38.6R Case 3.

both continuing to propagate toward the Earth (see 8jg. In Case 3, before we introduce a second perturbation (ini-
Note that a substantial length of time {7 h) is required be-  tjated at t=15h), a reverse slow shock (RSS) and a forward
fore the sunward side of the FSS relaxes to its original set oklow shock (FSS) are generated 15 h after the first perturba-
properties. This is a result of the relaxation time of the addedion was initiated. The results of first 15 h is the same as that
kinetic and thermal energy to be distributed to the outer heshown in Case 1 (see Fig. 2a) just at the moment of the sec-
liosphere. Figure8b and3c show the development, respec- ond pulse’s initiation as noted above. We now look at this
tively, at t=11h and t=77h. Note that the FSS decays into grocess in more detail. Figukeshows a set of high time
forward slow wave (see Figc). resolution profiles of the evolutionary development of the
Many fast mode MHD shocks have been observed bycomplex set of discontinuities that are described as follows
in-situ spacecraft, but only a few limited number of slow for Case 3. At t=21h (see Fida for Case 3), a FSS(A) is
shocks have been observed at heliocentric distances greatlercated at about 41K a FFS(B) and FSS(B) follow it. “A”
than 0.3 AU. In order to understand why only a few limited denotes the shock that was generated by the first perturbation,
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(a) TIME = 15 Hours (b) TIME = 97 Hours

-

30 40 50 60 70 50 100 150 200
Heliocentric Radius, (R/Rs) Heliocentric Radius, (R/Rs)

Fig. 2. Solar wind solution versus heliocentric distance for Case;”fi::OA, T—;=O.4. (a) and(b) show the solar wind solution versus
heliocentric distance for t=15 and 97 h, respectively.

and “B” denotes the shock that was generated by the secondl Discussion and Summary
perturbation (initiated at t=15h). At t=22.06 h (see Hb)
the FFS(B) overtakes the FSS(A) from behind and appears tqhe purpose of this study is intended to be an exploratory ex-
eliminate it temporarily. In Figdc, at t=22.31h, the FSS(A)  amination of numerical studies of shock interaction in the so-
reappears behind the FFS(B). This FSS(A) merges with thear wind; we made no attempt to perform a parametric study.
other FSS(B) after it was overtaken by FFS(B) from behind. |n the first case of numerical simulation, a pair of slow shocks
These two slow shocks merge into a nonlinear slow shock{one FSS and one RSS) was generated by a perturbation at
like structure, SSLS (see Fig. 4d). This entire ensemble is=28 R, consisting of a combined decrease of pressure and
trailed by a reverse fast shock, RFS(B). The reverse slowagdial velocity. In the second case of numerical simulation,
shock generated by the first perturbation (Case 1, Fig. 2) ig forward fast shock and a forward slow shock were gener-
not able to be identified. ated by a perturbation consisting of an increase in both pres-
Figure 5, in a continuation of temporal development in sure and radial velocity. Physically, these two cases may be
Case 3, shows the transition of the slow shock-like structureconsidered to be a combination of momentum and pressure
evolution in detail. This nonlinear wave is a slow shock-like decreases (Case 1) or increases (Case 2).
structure (SSLS) (see Fig. 4d for t=22.8 h), which evolves The perturbations for Cases 1 and 2 were then combined
into an intermediate shock-like structure, ISLS (see B&y. to be Case 3, in order to examine in detail the evolution of a
for t=23.3 h). The magnetic field in thg-direction drops to  fast-slow shock interaction. In this latter case, the slow shock
a minimum at t=25.08 h (see Fig. 5b). The ISLS exists onlydisappeared temporarily but then reappeared after the fast
for a short period (about4 h, see Figsbb, c, d), evolving  shock overtook and passed through the slow shock. At the
into a SSLS (see Figdc and d) and a nonlinear interme- moment of disappearance of the slow shock, it seemed that
diate wave (IW, identified by a vertical long-dashed line). it was destroyed by the fact that it had been overtaken by the
This ensemble is followed by the survival of a reverse fastfast shock. The merging of two slow shocks appears, at first,
shock, RFS(B) and a reverse slow wave, RSW. The SSLSo produce another slow shock; however, the evolution of
evolved into a forward slow shock, FSS(A+B) (see .  the merging of these two slow shocks generates other forms
The nonlinear intermediate wave decayed and was not ablef discontinuities, namely shocks and waves. In the begin-
to be identified after interacting with non-uniform solar wind ning of this merging, a slow shock-like structure (SSLS) was
(see Figs6ec and d). created. A SSLS was temporarily created, evolving into an
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Fig. 3. Solar wind solution versus heliocentric distance for Casgﬁz,_l 6, ;D =5.0. (a), (b) and(c) show the solar wind solution versus

heliocentric distance for t=5, 11 and 77 h. Note that non-physical oscillations linked to the use of the Lax-Wendroff scheme are found behind
the fast slow wave, FSW.

intermediate shock-like structure (ISLS). This latter structurewind. Our Case 3 then demonstrated the extremely complex
existed for only~4 hours, evolving again into another slow set of discontinuities by changing the set of boundary condi-
shock plus an intermediate wave; this latter wave, itself, dis-tions which may relate to physically-changing solar bound-
appeared via interaction with the upstream non-uniform solaary conditions. We have not compared our simulations to



1018 C.-C. Wu et al.: MHD slow shocks
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Fig. 4. Solar wind solution versus heliocentric distance for Cas§%=0 4, ; =04 —_1 6, ; =5.0. (a), (b), (c) and(d) show the solar
wind solution versus heliocentric distance for t=21.05, 22.06, 22.31 and 22.81 h respectlvely
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Fig. 5. Solar wind solution versus heliocentric distance for CasgL&—_O 4, ; =04 —_1 6, ; =5.0. (a), (b), (c) and(d) show the solar
wind solution versus heliocentric distance for t=23.32, 25.08, 27.84 and 28.35 h respectlvely Note that the RSW represents a reverse slow
wave and IW represents an intermediate wave.
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Fig. 6. Solar wind solution versus heliocentric distance for Casé,LS.—_O 4, %—O 4 _1 6, %—5 0.(a), (b), (c) and(d) show the solar
wind solution versus heliocentric distance for t=29.35, 30.11, 60.09 and 93.08 h respectlvely Note that the RSW represents a reverse slow

wave and IW represents an intermediate wave.
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R/Rs (Helioradial Distance),(R/R,)
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Fig. 7. Radius-time profile for Case 3. The upper panel shows the details, from the lower bounda®do@the various discontinuities
(see text), as well as the adaptive grid’s ability for fine tuning the grid sizes. The lower panel shows the continuation of these discontinuities

to larger distances.
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observations, since that objective is beyond the scope of theon-uniform solar wind. This slow shock does not evolve
present investigation. into any other type of shock or discontinuity.

For the SSLS, the density, radial velocity and temperature Finally, we note that this limited study of slow shock inter-
increase, and the transverse component of the magnetic fielactions was made possible by the development of the adap-
decreases. However, the jump conditions do not satisfy theive grid numerical technique. The results described above
Rankine-Hugoniot relations. Therefore, we call it an SSLSare not unique; instead, they are representative of a wide class
instead of a slow shock. of solutions that may be generated by a variety of physically-

For the ISLS, the density, radial velocity, and temperaturebased changes in solar conditions.
increase; the transverse component of the magnetic field of As a result of this non-uniqueness, one might safely con-
the ISLS changes direction, but the Adlen Mach number clude by noting that, if a complex set of discontinuities were
is less than one. Therefore, we call it an ISLS instead ofto be observed by a spacecratft, a correct inference of the re-
an intermediate shock. The procedure of the shock strengtBponsible boundary conditions at the Sun would (except for
Mach number calculation method is based strictly on steadysimple cases) be impossible.
state mass flux through the shock, regardless of its type (fast,
slow, intermediate, etc.). We also used a straightforwardAcknowledgementsThe work of CCW is supported partially by
method of calculating the average shock Mach number bethe NASA Living with a Star Targeted R&D program, NASA Grant
tween two radial positions as the shock propagating from ondNAG-12527 and NAG-512467) and Space Weather Program of
position at timey; (say) to a second position at We call National Science Foundation, ATM-028414. STW wishes to ac-
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identify the upstream location of ISLS for each time step. NOAA Space Environment Center. The authors thank both refer-
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The intermediate shock-like structure evolves into a slow  Topical Editor R. Forsyth thanks A. Usmanov and another ref-
shock-like structure and an intermediate wave. The sloweree for their help in evaluating this paper.
shock-like structure steepened into a slow shock, but the
intermediate wave disappeared by interaction with the non-
unique solar wind. This slow shock does not evolve into anyReferences
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