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Abstract. A parameter study is undertaken for steady sym- Introduction
metrical planar field-aligned MHD bow shock flows around 810ck phenomena are abundant in space phvsics plasmas
perfectly conductipg_cylinder. For sets of valqes of the inﬂOWarge—slgale flows involving shocks are orlzten mpo dyele d aps con- ’
2\';?:;35 nasnr?o?lifsv,egIﬁuxﬁ?cglug:)tlftzégﬁ)s Vgg;;?n:govv\yh];g;] et)i(@uousﬂuids' and describgd by the equations of.hydrodynamics

hibits a complex bow shock shape and topology with multipf"é\nd magnetohydrodynamics (MHD) (e.g. Petrinec & Russell

shock fronts and a dimpled leading front. For parameter V,_LIE_99:). Bow shocks are formed when the solar wind encoun-

ues outside the switch-on domain, a classical single-front b?ers comets (e.g. Gombosi et[al. TH94, 1996) and planets (e.g.

» 4 (]
shock flow is obtained. These results show thatdtemd M 4 u[I992, Tanakg I993, Song & Russell 1997). Shocks play

parameter regime for which the complex bow shock topoloé’y important role in the magnetic topology of the heliosphere

. ich interacts with the interstellar wind (e.g. Pogorelov 1995,
oceurs, corresponds closely to the parameter regime for Whlgggorelov & Semendv 19097, Linde et ai( 1%98 EI;?atkiewicz et
itch- hock ible. : ’ S :
switc on shocks are pos§|b € [.[T998). Helios 1 spacecraft observations have detected in-
The axi-symmetrical field-aligned bow shock flow over ?

. . 8¥planetary shocks which are well correlated with fast solar
perfectly conducting sphere is then calculated for one Setcoronal mass ejections (CMESs) observed by the Solwind coron-
values for3 and M 4 in the switch-on domain, resulting in a ) y

. graph (Sheeley et al. 1985), and some bright features presentin
complex bow shock topology similar to the topology of tthM coronagraph images have been interpreted as signatures

flow around a cylinder. . .
. qf shocks induced by fast CMEs (Steinolfson & Hundhausen
These complex shock shapes and topologies may be 15190&‘ 1990c, Hundhausen 1998).

countered in lows space plasmas. Fast coronal mass ejections . —_ .
. . . Hydrodynamic bow shocks around a cylindrical object have
moving away from the sun in the lo@-inner corona may : . )
tri]ﬁ classical form and topology of Fid. 1a, with a single shock

induce preceding shock fronts with upstream parameters L . .
the switch-on domain. Planetary and cometary bow shocf%%m which is concave-inward (to the object). Most MHD bow

may have upstream parameters in the switch-on domain Whe rg)cks described in the space physics Ilterat_ure h_ave th_e same
Lo ! . simple shape and topology, but recent numerical simulation re-
the impinging solar wind occasionally becomes IGwThe . .

. : . . . sults have revealed a MHD bow shock flow which exhibits a
simulation results may be important for phenomena in the .
Earth’s magnetosheath more complex shape and topology, for the case of a low in-

' flow plasma3 and an inflow Alf\enic Mach numbei/ 4, which
corresponds to moderately super-Adhic flow. De Sterck et
Key words: Magnetohydrodynamics (MHD) — shock waves a | (1998b) study the steady state plands € 0 andv. = 0)

) . . . flcild-allgned bow shock flow with top—bottom symmetry around
methods: numerical — Sun: corona — comets: general — planets . : N
and satellites: general a perfectly conducting cylinder for one set of parameters in this
’ parameter domain. They describe a steady state bow shock flow
which exhibits a complex multiple-front shape and topology.
. The bow shock solution is shown in Hg. 2, and the topology of
Send offprint requests 16l De Sterck the flow is sketched in Fill 1b. The leading shock front contains a
o e ot Sclentf Researe - cEfhcave-outward dmpl’ andis ol by several ther i
Atmospheric Research, Boulder, CO, USA Continuities. The dlmplmg _of_shock fronts in a IoW-p]asmg
d%?sd been observed earlier in time-dependent numerical simula-

** Research Associate of the Fund for Scientific Research — Flan . .
(Belgium) tions of CMEs moving faster than the Afiw speed, and dimpled
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Theoretical reasoning based on symmetry considerations
has proposed the possible occurrence of fast switch-on shocks
in a parameter regime which is called the switch-on regime, as
an explanation for the occurrence of multiple-front MHD bow
shocks and the dimpling of the leading shock front of fast CMEs
(Steinolfson & Hundhausen 1990a, 1900c, Hundhalisen| 1998,
De Sterck et al. 1998b). This line of thought will be clarified in
SectZ1. This reasoning predicts complex bow shock topolo-
Fig. 1a and b.Possible bow shock topologies for a 2D uniform flongies for all bow shock flows with parameters in the switch-on
(streamlines have arrows) falling in on a cylinder from the left. Shodlegime. In the present paper we will verify this prediction.
normals are shown as thin dashed liree$raditional single-front bow In the present paper we extend the numerical results of De
shock topologyb Complex multiple-front bow shock topology which sterck et al [{1998b) on MHD bow shock topology in the switch-
appears f_or the fie!d-aligned MHD bow shock flow of Fig. 2 with Pag regime in two ways. In Se€l. 3 we carry out a detailed pa-
rameters in the switch-on domain. rameter study of symmetrical planaB{ = 0 andv, = 0)
field-aligned bow shock flows around a cylinder. We study how
the shape and topology of the bow shock solution which was ob-
tained by De Sterck et al. (1998b) for one particular set of param-
eters within the switch-on domain, changes when parameters
are varied within the switch-on domain and when parameters
are taken outside the switch-on domain. In 9dct. 4 we present
results for the axi-symmetrical field-aligned bow shock flow
over a perfectly conducting sphere for a set of parameters in the
switch-on domain. The presentation of these results is preceded
by a short discussion in Selct. 2 of the properties of MHD shocks
and the switch-on regime, and a discussion of the numerical so-
lution technique. Finally, our conclusions are formulated and
discussed in Setl 5.

These extended results on MHD bow shock flows in the
switch-on regime, together with the detailed discussion of
one example of a complex bow shock flow in De Sterck et
al. (1998b), form an extension of the general theory and phe-
nomenology of MHD bow shock flows, with possible applica-
tions in space physics (Petrinec & Russell 1997).
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X 2. Properties of MHD shocks and numerical solution

Fig. 2. Part of the steady bow shock solution for one set of inflow of the MHD equations
parameters in the switch-on domain obtained in De Sterck etal. (1998b) Properties of MHD shocks
(inflow Mach numbeM 4 = 1.5 and inflow plasma = 0.4, 120 x
120 grid). We show density contours (piling up in the shocks) ariche complex topology of bow shock flows in the switch-on
magnetic field lines (coming in horizontally on the left). The flowegime can be understood in terms of the properties of MHD
comes in from the left. The cylinder is situated on the right (thickhocks. This will be explained in the present section. Contrary

solid). The leading shock front is slightly dimpled. In the central pag}) the hydrodynamic equations, which allow for only one wave

of the flow, a second front has separated and is trailing the Iead'w\q)de the MHD equations allow for three distinct wave modes
front. Additional discontinuities can be seen in the central interacti ' '

region. The topology of the flow is sketched in . 1b. The shocks e?ﬂe fast magneto-acoustic wave, the Alfwave, and the slow

fast, hydrodynamic, and intermediate, as discussed in[Sdct. 2.1. ma_gne_to-acoustlcWave,_Wlth (positive) anl_sotroplc wave speeds
satisfyingcy > ca > ¢, in standard notation. Three types of

shocks are described by the MHD equations, connecting plasma

states which are traditionally labeled franto 4, with state 1
bright features in coronagraph images have been related to darsuper-fast state, state 2 sub-fast but superéAify, state 3
pled shock fronts preceding super-Adfvic CMEs (Steinolfson sub-Alfvénic but super-slow, and state 4 sub-slow (Landau &
& Hundhausen 1990a, 1990c, Hundhausen 1998). These efféifshitz[1984, Anderson 1963, De Sterck et al. 1998b). Fast 1—
have to be clearly separated from the observed concave-outwaiHD shocks refract the magnetic field away from the shock
shapes of somslow (sub-Alfvénic) CME fronts, which have normal. Intermediate MHD shocks (1-3, 1-4, 2-3, and 2-4)
been related to the geometrical propertieslotvMHD shocks change the sign of the component of the magnetic field which is
(Steinolfson & Hundhausen 1990b). In this paper we discuss taagential to the shock front, and thus flip magnetic field lines
geometrical shapes dst(super-Alfvenic) MHD bow shocks. over the shock normal. A special case of a 1-4 intermediate
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h 25

shock is a 1-4 hydrodynamic (intermediate) shock, for whic
the magnetic field is perpendicular to the shock and does not*° g
change through the shock. Slow 3-4 MHD shocks refract the 15 _ /;}?’"””’ -
magnetic field towards the shock normal. 1.0 ////////%///////////////////////////,,,,,

In De Sterck et al|(1998b) the types of the discontinuities 0.5
that are present in the complex bow shock flow of Fig.2 are 00 02 04 06 08 10 12 14
clearly identified. The results of this detailed analysis can be B
summarized as follows, using the lettering labels of Hig. 1big. 3. Parameter domain for which switch-on shocks are possible. For
Shock parts A-B and D-E are 1-2 fast shocks, E—F is a 1+4 5/3, switch-on shocks are possible for upstream valug$ ard
hydrodynamic shock, and B—-C-D is a 1-3 intermediate shodi located in the shaded region. In S&ét. 3, numerically obtained bow
E—G is a 1=2—3=4 intermediate shock. D—G—H—I is a 2—4 igbock flows are presented for inflow quantities with fixee: 0.4 and
termediate shock. E-H is a tangential discontinuity. Other tal{ varying from 1.1 to 1.9 (the diamonds on the vertical line), and
gential discontinuities stretch out from points G and H alont§th fixéd Ma = 1.5 and/3 varying from 0.1 0 0.9 (the triangles on
the streamlines to infinity. The reader can verify in Eig. 2 thilt® horizontal line).
all the intermediate shocks indeed flip magnetic field lines over
the shock normal. parameter domain in thé — M, plane for which switch-on

We remark here that the presence of intermediate shocksibcks can occur, is sketched in . 3.
this flow is an important illustration in two dimensions (2D) of These properties of MHD shocks allow us to understand
many of the new theoretical results on the existence of intemmqy the classical single shock front solution of Fig. 1a is not
diate shocks (WU 1991, Freistuehler & Szmolyan 1995, Myofgund for MHD bow shocks in the switch-on regime. Because
& Roe[1997). We refer to De Sterck et al. (1998b) for a digf symmetry, the magnetic field line which coincides with the
cussion of this subject. Analysis of this stationary flow in termgagnation streamline (stretching horizontally from infinity to
of steady state characteristic curves and elliptic and hyperbqlig stagnation point(= 0) at the cylinder) has to be a straight
regions, shows that this flow contains a steady state analogié. In other words, on this line, the field is not deflected by the
anzt MHD compound shock (Brio & Wl1988, Myong & Roeshock. Away from this line along the shock front, the shock has
1997), which is a manifestation of the non-convex nature of tk@be a fast MHD ShOCk, with the field refracted away from the
MHD equations (De Sterck, Low, & Poedts, submitte®ttys. normal (Fig[l.a) in order to have the post-shock flowing plasma
P|a5ma$. It is important to note that there is still diSCUSSiO@rape around the Cy"nder_ AsS we move a|ong th|S fast ShOCk
about the stability of intermediate shocks against non-plafggnt closer and closer to the intersection of the front with the
perturbations (Wir1991, Barmin et al. 1996), and it will be instagnation line, the upstream tangential component of the mag-
teresting to see how the intermediate shocks present in our g&ic field goes to zero. But when the upstream parameters lie in
planar simulation results, would survive in a three-dimensiongk switch-on domain, the downstream tangential component of
(3D) context which allows for non-planar perturbations. Thighe magnetic field does not vanish as we approach this intersec-
remains subject of further work. tion point, resulting in a switch-on shock with a finite turning

A fast switch-on shock is a limiting case of the fast shocgngkag, as illustrated in FigJla. Clearly, approaching the stag-
for which the upstream magnetic field direction coincides withation line from its two sides along the fast shock front, would
the direction of the shock normal, and the downstream magnegigid to two switch-on shocks of opposite deflection. This means
field makes a finite anglé with the shock normal. The down-that there is a discontinuity between the two physical states on
stream normal plasma speed exactly equals the downstream fi+two sides of the stagnation field line. Such a discontinuity
mal Alfvén speed in the shock frame. The component of thenot physically justified, so the concave-inward shock geom-
magnetic field parallel to the shock surface is thus effectiveéyry (as in Figdla) needs to be modified in order to avoid this
‘switched on’ in going from the upstream to the downstreagscontinuity. In the present paper it is studied how nature ac-
state of the shock. The shock at point B in Elg. 1b is an examplgmplishes this, i.e. what alternatives to the concave-inward
of afast switch-on shock. From the MHD Rankine-Hugoniot rehock geometry the flow finds to get around the object and how
lations one can derive (Kennel etial. 1989) that switch-on shogkgs alternative depends on the parameters that characterize the
can be encountered for upstream parameters satisfying  fiow, viz. the plasma betaand the Alfenic Mach numbeb/ 4.

o

B <2/, @ _ . _
q 2.2. Numerical solution of the MHD equations
an
In Sect[B, we will present numerically obtained bow shock flows
< M y1-p8)+1 5 around a cylinder for various parameter sets inside and outside
< Ma< y—1 ’ @ the switch-on domain, to investigate closely the correspondence

between the complex bow shock topology as it was obtained in
with 3 = 2p/B? the plasmag, and the Alfienic Mach number De Sterck et al[(1998b), and the parameter domain in which
given by M4 = v/c4, wherev is the plasma velocity andy  switch-on shocks can occur. In Sédt. 4, we will investigate the
the Alfvén speed along the shock normal. Foe= 5/3, the axi-symmetrical bow shock flow over a sphere. In the present
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section we will briefly describe the numerical solution technique As proposed by Powell et al. (1995), we have put a source
used. term proportional té/ - B in the right hand side (RHS) of Hg. 3.

In our simulations a uniform field-aligned flow in planamDiscretization of this form of the equations results in anumerical
symmetry (Sectl3;yz systemwithd/9z = 0,andB, = 0and scheme which conserves tRe- B = 0 constraint up to a dis-
v, = 0) oraxial symmetry (Sedfl 4;-¢ systemwithd/0¢ = 0, cretization error. This approach is an attractive alternative to the
andB, = 0 andv, = 0) enters from the left and encounters aise of an extra artificielV - B correction in every time step ob-
perfectly conducting rigid cylinder (Sefi. 3) or sphere (Séct. 4ained via solution of an elliptic equation, because it consumes
The magnetic field is aligned with the plasma velocity in thiess computing time and because it cureswheB problems in
whole domain of the resulting stationary ideal MHD flow. Thea way which is more in harmony with the hyperbolicity of the
stationary bow shock flow is completely determined by the iMHD system.
flow 3 and M 4 in the direction of the flow speed. We take the We solve Ed.B using a conservative finite volume high reso-
x axis horizontal, and we can freely chogse- 1 andB, =1 lution Godunov shock capturing scheme which is second order
(implying that the Alf\ien speed along the field lineg = 1). inspace andtime, employing a slope-limiter approach (Leveque
The pressure and velocity can then be determined fécand [1992, Gombosi et al._ 1994 6th & Odstrcil[1996, Linde et al.
M 4. Finally, we takeB, = 0 (B, = 0) andv, = 0 (v, = 0). [1998) with minmod-limiting on the slopes of the primitive vari-
As the resulting stationary ideal MHD flow is scale invariangbles. The time-integration is explicit with a two-step Runge-
we can freely choose the radius of the cylinder (sphere). \Weatta method. The code was previously used for MHD simula-
taker = 0.125 and the cylinder (sphere) is placed at the origitions of interacting hot filaments in a tokamak (De Sterck et al.
of the coordinate system. We simulate the flow in the upper |8898a). For our present simulations, we use the Lax-Friedrichs
guadrant, on a stretched elliptic polar-like structured grid. Weumerical flux function (Leveque 199261h & Odstrcil[ 1996,
impose the above described uniform flow as the initial condsarmin et al[_ 1996), which is simple and robust. Contact and
tion. We use ghost cells to specify the boundary conditions. @angential discontinuities are not perfectly well resolved due to
the left, we impose the uniform superfast incoming flow. Thiae relatively high numerical dissipation for these waves, but
obstructing object is perfectly conducting. We look for a stahocks are well resolved in steady state calculations. We did not
tionary flow solution with top—bottom symmetry, such that these Roe’s scheme (Roe & Balsara 1996) although this scheme in
horizontal line which extends to the center of the cylinder is thieory could resolve shocks and, especially, tangential discon-
stagnation line, parallel to the incoming flow (Fif. 1). This syntinuities much better. We have found several problems while
metry has to be imposed in the boundary condition on the lowteying to apply this scheme to our simulation. Roe’s scheme
border of the simulation domain in order to obtain a stationasuffers from various instabilities, like the carbuncle-instability
symmetrical solution. The right outflow condition is superfastQuirk [1994), and as a result of these numerical instabilities,
so there we extrapolate all quantities to the ghost cells. Tsieady state solutions could not be obtained with this scheme.
flow evolves in time until a converged steady state bow shotlsing the Lax-Friedrichs scheme, we obtained convergence of

solution is obtained. more than eight orders of magnitude in the norm of the den-
We solve the equations of ideal one-fluid MHD. In ‘consersity residual. We can remark that the code sometimes generates
vative form’ these equations are given by small spurious oscillations in the upstream part of the flow, as
can be seen in Fif] 2. Such oscillations seem to be hard to avoid
P pv with shock-capturing numerical schemes, but fortunately they
9 |pv +V- pvo+I(p+B-B/2)-BB are very small.
ot | B vB — By The bow shock flow of Figi]2 constitutes an interesting new
e (e+p+B-B/2)v—(v-B)B test case for ideal MHD codes, because it is a well-defined prob-
0 lem with a simple set-up but with a wealth of MHD shocks and
_ 13 V.B. (3 discontinuities in the resulting flow.
v-B

3. Parameter study of the flow around a cylinder

This set of equations has to be supplemented with the divergefjeg,is section we present numerical simulation results for sym-

free conditionV - B = 0 as an initial condition. Herp andp  erical how shock flows around a cylinder, for the values of
are the plasma density and pressure respectivélythe plasma yhe parameters and M, which are indicated by the triangles

velocity, B the magnetic field, and and diamonds in Fi3.
p v-v B-B In Fig.[4 we show global views of the bow shock solutions
¢=21 tr—t+t—— (4) for afixed3 = 0.4 and M, varying from 1.1 to 1.9. It follows

from Eq2 that the critical Alfénic Mach number under which
is the total energy density of the plasnias the unity matrix. switch-on shocks can exist &4 = 1.732. For inflow speeds
The magnetic permeabilify = 1 in our units. These equationsmuch faster than the Alen speedd, = 1), the bow shock has
describe the conservation of mass, momentum, magnetic figlk traditional single-front topology that is also encountered
and energy. in hydrodynamic bow shocks. If the inflow speed drops below
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Fig. 4. Stationary bow shock solutions for
fixed 8 = 0.4 and for varying inflow speeds
(80 x 80 grids, z € [-0.35,0], y €
[—2, 2]). Density contours pile up in shocks,
and streamlines come in horizontally from
the left. For inflow speeds much faster than
— ——| the Alfvén speedds = 1), the bow shock

— —  hasthe traditional single-front topology that
is also encountered in hydrodynamic bow
shocks. If the inflow speed drops below
1.732 however, a concave-outward dimple
forms in the leading shock front and a sec-
— ond shock front appears.
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1.732 however, a concave-outward dimple forms in the leadirdp, however, show that shock E-G is present also for the flow
shock front and a second shock front appears. This changavith v, = 1.1. For inflow velocityv, = 1.7, close to the criti-
shape and topology of the bow shock flow thus happens wheal velocity ofv,, = 1.732, the secondary shock fronts become
the inflow speed becomes lower than the critical speed uneerak and shock E—G can hardly be identified with the resolu-
which switch-on shocks are possible. tion of Fig.[8. For, = 1.8 the secondary (stationary) waves are
In Fig.[3 we show a detailed representation of the flow nestill present, but they are not steepened into shocks any more.
the stagnation streamline for the bow shock solutions with vaffhe secondary waves have disappeared almost completely for
ing inflow speed of Fid.l4. For inflow velocities below the critical,, = 1.9, and the simple single-front bow shock topology of
switch-on value for the inflow speedds < 1.732), the lead- Fig[la is recovered. We can thus conclude that for all the flows
ing shock front has a dimpled shape. The dimpling becomagh parameters in the switch-on domainh{ M4 < 1.732),
much more pronounced as the inflow velocity decreases. Belthe topology of Fid.1Lb is recovered. The shapes, sizes and shock
the critical inflow speed, a second shock front appears whistiengths of the shock parts present in the topology ofFig. 1b,
trails the leading shock front, and additional discontinuities avary whenM 4 is varied within the switch-on region. The dim-
present between the two shock fronts. All the shocks and dme effect is more pronounced for smaller inflow Agfvic Mach
continuities present in the topology sketch of Fig. 1b seem namberiM 4.
be present in all the flows. Inspection of the way in which the Above we discussed how the flow manages to go around
field lines are refracted when they pass the shocks, reveals thatobstructing cylinder by adjusting the bow shock shape and
the shocks in all the flows are of the same type as the shot#gology to the inflow Alfienic Mach number. Hereby the
in the model flow of Fid.2 which were discussed in Secl. 2.filasmas value was fixed to 0.4. Below we fix the inflow
and this conclusion is confirmed by detailed analysis of updfvénic Mach number and verify how the flow modifies the
stream and downstream Mach numbers, along the lines of gemmetrical structure of the bow shock when the value of the
detailed analysis in De Sterck et al. (1998b). For smaller inflgplasmas is varied.
velocities, the central interaction region becomes smaller and In Fig.[f we show global views of the bow shock solutions for
the leading shocks become weaker while the trailing shock leefixedM 4 = 1.5 andg varying from 0.1 to 0.9. It follows from
comes stronger. As a consequence, the shock E-G dflFigEdi2 that the critical plasma under which switch-on shocks
can not be identified for the flow with, = 1.1 with the resolu- can existis? = 0.7. For plasma3 values larger than the critical
tion of Fig[B. More detailed simulations and plots (not showwplue of3 = 0.7, the bow shock has the traditional single-front
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Fig.5. Detailed representation of the flow
near the stagnation streamline for the bow
shock solutions with varying inflow speed
and fixeds = 0.4 (80 x 80 grids). Density

0.05¢ 0.05 0.05f

0.00¢ 0.00¢ E 0.00¢ contours pile up in shocks, and streamlines
come in horizontally from the left. Under the
critical switch-on value for the inflow speed,
0051 -0.05 -0.05¢ the leading shock front dimples and a sec-
ond shock front appears. Additional discon-
-0.10 -0.10 -0.10 | tinuities can be seen between the two shock
-0.250 -0.125 -0.250 -0.125 -0.250 -0.125 fronts.

topology that is also encountered in hydrodynamic bow shockse of the same type as the shocks in the model flow of Fig. 2
If the plasmag drops below0.7 however, a concave-outwardwhich were discussed in Sdct.2.1, and this conclusion is con-
dimple forms in the leading shock front and a second shoftkmed by detailed analysis of upstream and downstream Mach
front appears. This second shock front thus appears when lnenbers, along the lines of the detailed analysis in De Sterck et
plasmas becomes lower than the critical plasgander which al. (1998b). For smaller plasniavalues, the central interaction
switch-on shocks are possible. region in front of the cylinder becomes smaller. As a conse-

In Fig.[4 we show a detailed representation of the flow negunence, the shock E-G of Fig. 1b can not be identified for the
the stagnation streamline for the bow shock solutions with vafjew with 3 = 0.1 with the resolution of Fid.]7. More detailed
ing plasmas of Fig.[6. For plasmad values below the critical plots (not shown) do, however, show that shock E-G is present
switch-on value for the plasma (8 < 0.7), the leading shock also for the flow with3 = 0.1. For plasma = 0.7, which is the
front has a dimpled shape. The dimpling becomes more pumitical value, the secondary (stationary) wave has only nearly
nounced as the plasnfds decreased. Below the critical plasmateepened into a shock. Shock E-G can not be identified for
3, a second shock front appears which trails the leading shdhlis critical value of the parameters. Fde= 0.8 the secondary
front, and additional discontinuities are present between the twaves are still present, but they have not steepened into shocks
shock fronts. All the shocks and discontinuities present in th@y more. The secondary waves are even weakes for0.9,
topology sketch of Figl1lb seem to be present in all the flonend the simple single-front bow shock topology of Eig. 1a is
Inspection of the way in which the field lines are refracted wheacovered. We can thus conclude that for all the flows with pa-
the shocks are passed, reveals that the shocks in all the flommeter values in the switch-on domath< 0.7), the topology
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Fig. 6. Stationary bow shock solutions for
fixed M4 = 1.5 and for varying plasma
B (80 x 80 grids, z € [-0.35,0], y €
[-1.4,1.4]). Density contours pile up in
shocks, and streamlines come in horizon-
tally from the left. For plasma values larger
than the critical value o8 = 0.7, the bow
shock has the traditional single-front topol-
ogy that is also encountered in hydrody-
namic bow shocks. If the plasma drops
below0.7 however, a concave-outward dim-
ple forms in the leading shock front and a
second shock front appears.

Fig. 7. Detailed representation of the flow
near the stagnation streamline for the bow

-0.350 -0.125

shock solutions with varying plasnfaand
3=0.8 forfixed M4 = 1.5 (80 x 80 grids). Density
0.10 contours pile up in shocks, and streamlines
0.05| come in horizontally from the left. Under
0.00 the critical switch-on value for the plasmia
‘ the leading shock front dimples and a sec-
-0.05} ond shock front appears. Additional discon-
-0.10 tinuities can be seen between the two shock
-0.350 -0.125 -0.350 -0.125 fronts.

of Fig.[db is recovered. The shapes, sizes and shock strengtirmplexinteracting shock structure with a dimpled leading front
of the shock parts present in the topology of Eig. 1b, vary whappears near that location, for the bow shock flows of Elgs. 4 and
3 is varied in the switch-on regime. The dimple effect is mof@ that have inflow parameters in the switch-on regime. Switch-
pronounced for smalles. on shocks are present in all these flows, however, and can be
We can thus conclude from this parameter study, that théoeind at the locations on the leading shock fronts correspond-
is a close correspondence between inflow parameters for whinfp to point B in the topology sketch of F[d. 1b. The topology
a complex bow shock topology is found, and parameters fofrthe bow shock solution obtained in De Sterck et/al. (1998b)
which switch-on shocks are possible. This proves that the coamd sketched in Fif] 1b is encountered for all the bow shock
plex bow shock topology is indeed closely related to the possilflews with parameters in the switch-on domain, and this topol-
occurrence of switch-on shocks. Because of the symmetry regy is thus more generally valid than only for the single set of
sonsdiscussed in S€ct.R.1, switch-on shocks do not occur whgaeameters{ = 0.4, M4 = 1.5) considered in De Sterck et
the leading shock fronts intersect the stagnation line. In steadla(1998b). The shapes, sizes and shock strengths of the shock
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Fig. 8. aSteady axi-symmetrical solution of the flow over a perfectly -0.145 -0.135 -0.125

conducting sphere, with74, = 1.5 and3 = 0.4 (100 x 100 grid). X

Density contours pile up in shocks, and streamlines come in horizdtg. 9. Detail of the steady axi-symmetrical solution of the flow over a

tally from the left.b For comparison, the steady bow shock solution fgserfectly conducting spher&@0 x 100 grid). Density contours pile up

the flow around a cylinder (Fifil 2), with the same inflow parameteiis. shocks, and streamlines come in horizontally from the left. For the

In the flow over a sphere, the shock fronts are much closer to the objgatnmetrical flow over a sphere, parameters in the switch-on domain

than in the cylinder case, because a sphere obstructs the flow muchlkzsss to a complicated topology which is very similar to the topology

than a cylinder. of the flow around a cylinder.

parts present in the topology of Fig. 1b, vary whg&and M 4
are varied in the switch-on regime. The dimple effect is mogéagnation streamline) is an axis of rotational symmetry. The
pronounced for low values gf andM 4. leading shock front shows a clear dimple, and there seem to be
As a final remark, we can say that in the parameter regiragditional discontinuities behind the leading shock front. The
under consideration, the global stand-off distance of the b@lock front is much closer to the object than in the case of the
shocks (Petrinec & Russéll 1997) decreases for incredding flow around a cylinder with the same inflow parameters, which
while keepings constant (Fig.4) — although the stand-off disis shown in Figl Bb for comparison.
tance on the stagnation line does not seem to change muchin Fig.[8 we show a detailed representation of the central
(Fig.[®). The stand-off distance increases for increagindpile  part of the axi-symmetrical bow shock solution near the stagna-
M 4 is kept constant (Figsl 6 ahdl 7). tion streamline. This plot is to be compared to its cylinder flow
equivalent shown in Fi@]2 (where only the upper part of the
symmetrical flow is plotted). The flow clearly exhibits a topol-
ogy which is very similar to the topology of the flow around a
In this section we present numerical simulation results for aglinder. Inspection of the way in which the field lines are re-
axi-symmetrical bow shock flow over a perfectly conductinfyacted when the shocks are passed, reveals that the shocks in all
sphere, for parameter values®f= 0.4 and M4 = 1.5 which the flows are of the same type as the shocks in the model flow of
are situated in the switch-on domain (1. 3). These are the sarig[2 which were discussed in Sdcfl2.1, and detailed analysis
parameters as for the bow shock flow around a cylinder whiohupstream and downstream Mach numbers, along the lines of
was studied in De Sterck et al. (1998b). We will investigate if thbe detailed analysis in De Sterck et al. (1998b), confirms this
axi-symmetrical bow shock flow over a sphere in the switch-aonclusion.
regime exhibits a complex bow shock topology similar to the We can thus conclude that in the switch-on regime the axi-
topology of a flow around a cylinder in that parameter regime. symmetrical flow over a sphere exhibits a complex bow shock
Fig.[8a we show a global view of the converged axi-symmetridalpology very similar to the topology of a bow shock flow around
bow shock solution. The horizontataxis (coinciding with the a cylinder in that parameter regime.

4. Axi-symmetrical flow over a sphere



H. De Sterck & S. Poedts: MHD bow shocks in the switch-on regime 649

5. Conclusion AcknowledgementdIDS acknowledges illuminating discussions

. . . . with B. C. Low, A. Hundhausen, H. Deconinck, A. &sK. Powell,
In this paper we have shown how symmetrical field-aligned bQW - Hansen and T. Barth.

shock flows around a perfectly conducting cylinder and over a

perfectly conducting sphere exhibit a complex flow topology in

a parameter regime which corresponds closely to the paramé&tgferences

regime for which switch-on shocks are possible. This provagderson J.E., 1963, Magnetohydrodynamic shock waves. Ph.D. The-
that the complex bow shock topology is indeed closely related sis, M. 1. T.

to the possible occurrence of switch-on shocks. The topoloBgrmin A.A., Kulikovskiy A.G., Pogorelov N.V., 1996, J. Compuit.

of the bow shock solution obtained in De Sterck et/al. (1998b) Phys. 126, 77

and sketched in Fif] 1b is encountered for all the cylinder bdio M., Wu. C.C., 1988, J. Comput. Phys. 75, 400

shock flows with parameters in the switch-on domain, and thy€ Sterck H., Poedts S., Goedbloed J.P., 19984, J. Plasma Physics 59/2,
topology is thus more generally valid than only for the single étzck H., Low B.C., Poedts S., 1998b, Phys. Plasmas 5/11, 4015
set of parameters considered in De Sterck etal. (1998b). reistuehler H., Szmolyan P., 1995, SIAM J. Math. Anal. 26(1), 112

shapes, sizes and shock strengths of the shock parts preseatombosi T1.. Powell K.G., De Zeeuw D.L., 1994, J. Geophys

the topology of Fid.Ilb, vary whefi and M 4 are varied in the Res. 99(A11), 21525

switch-on regime. The dimple effect is more pronounced f@fomposi T.1., De Zeeuw D.L., Haberli R.L., Powell K.G., 1996, J.
low values of3 and M 4. Geophys. Res. 101, 15233

The parameter study of the cylinder flow and the result fefundhausen A.J., 1998, Coronal mass ejections. In: Strong K.T., Saba
the axi-symmetrical flow over a sphere are extensions of the re- J.L.R., Haisch B.M., Schmelz J.T. (eds.) The many faces of the
sult presented in De Sterck et al. (1998b). The results on MHD sun. Springer-Verlag, New York, 143
bow shock flows in the switch-on regime of the present piennel C.F., Blandford R.D., Coppi P., 1989, J. Plasma Physics 42,
per, together with the detailed discussion of one example of a 299 _ _
complex bow shock flow in De Sterck et dl. (1998b), form areveque R.J., 1992, N_umerlcal Mgthod; for Conservation Laws. Lec-
important extension of the general theory and phenomenolq_qx tures in Mathematics ETH Zurich, Birkhauser-Verlag, Basel

. . L . de T.J., GombosiT.l.,, Roe P.L., Powell K.G., De Zeeuw D.L., 1998,
of MHD bow shock flows, with possible applications in space J. Geophys. Res. 103(A2), 1889

physics (Petrinec & Russell 1997). Fast coronal mass ejec'[i(?.%ﬁdau L.D., Lifshitz E. M, 1984, Electrodynamics of continuous
moving away from the suninthe lowinner coronamay induce  media. Pergamon Press, Oxford

preceding shock fronts with upstream parameters in the switghyong R.S., Roe P.L., 1997, J. Plasma Physics 58, 521

on domain. The solar wind is normally high-but planetary petrinec S.M., Russell C.T., 1997, Space Sci. Rev. 79, 757

and cometary bow shocks may have upstream parameters irftbgorelov N.V, 1995, A&A 297, 835

switch-on domain when the impinging solar wind occasionalRogorelov, N.V., Semenov A.Yu., 1997, A&A 321, 330

becomes low3 (Steinolfson & Cablé 1993). The effects dePowell K.G., Roe P.L., Myong R.S., Gombosi T.I., De Zeeuw D.L.,
scribed by our simulations may be important for phenomena in 1995, AIAA Paper 95-1704-CP

the Earth’s magnetosheath (Petrinec & Russell 1997, Songg&i”_“]"_]" 1994, Int. J. Numer. Methods Fluids 18, 555
Russel[1997). atkiewicz R., Barnes A., Molvik G.A., et al., 1998, A&A 335, 363

oe P.L., Balsara D.S., 1996, SIAM J. Appl. Math. 56, 57

R
The current 2D result§, howev_er, do not C_omplete the tr@ﬁeeley N.R. Jr., Howard R.A., Michels D.J., et al., 1985, J. Geophys.
ory of MHD bow shocks in the switch-on regime. If we want' p.< g9 163

to relax the condition on field-aligned flow by allowing for asong p, Russell C.T., 1997, Adv. Space Res. 20, 747

finite angle between the incoming velocity and magnetic fieldteinolfson R.S., Cable S., 1993, Geophys. Res. Lett. 20(8), 755
we have to consider the 3D ideal MHD problem of a stationagteinolfson R.S., Hundhausen A.J., 1990a, J. Geophys. Res. 95(A5),
flow around a sphere, because in a 2D flow the magnetic flux 6389
can not be carried around a cylinder without reconnection whgteinolfson R.S., Hundhausen A.J., 1990b, J. Geophys. Res. 95, 15251
the flow is not field-aligned. In this case the flow will lose som&teinolfson R.S., Hundhausen A.J., 1990c, J. Geophys. Res. 95(A12),
of its symmetries and the stationary solution may be different. It 20693
will be interesting to see how the intermediate shocks presen??)?;'(‘;a T(Sdlirgcﬁl' ; : ?ggzhﬁs.ciﬁbgf(gﬁg’ 1;;522

r 2D planar simulation results, woul rvive ina 3D con N N e : ' :
\(/)vl:ﬂch aFI)I({;lW{;1 fzr n%r?frﬁangf:siurggtidoiz Przlim?nzrycr(;stuel S C.C., 1991, New theory of mhd shock waves. In: Shearer M. (ed.)

. L L Viscous profiles and numerical methods for shock waves. SIAM

show thaj[ also in the 3D case th_e Ieadlng shock front is d|rT_1- Proceedings Series, SIAM, Philadelphia, 209
pled and is followed by a second intermediate shock front. TRig, c.c., 1992, Geophys. Res. Lett. 19(2), 87
remains subject of further study.



	Introduction
	Properties of MHD shocks and numerical solutionhfill penalty -@M of the MHD equations
	Properties of MHD shocks
	Numerical solution of the MHD equations

	Parameter study of the flow around a cylinder
	Axi-symmetrical flow over a sphere
	Conclusion

